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Introduction

Introduction

The aim of this work was to explore the interactomiween biomimetic supramolecular and
dynamic constitutional systems (nanoparticles, napsules, membranes) and simple

biological motifs (proteins, ion-channels, etc.).

The methodology of this process involved three stéjirstly preparation at the molecular
level of precursors using synthetic chemistry, selbpcontrolled assembly of the precursors
to the biologically relevant scale of nanomatereatsl lastly study of properties and specific
biointeractions of these materials using highlyssare techniques such as nanogravimetry,

fluorimetry and nuclear magnetic resonance spectms

Research was performed in the following areas wr@st: carbohydrate-protein interaction,

vesicles, bilayers, ion channels and membranegoahsonstituting three projects.

The carbohydrate-protein interaction is seen a#ah recognition step in many biological
processes. The exploration of interaction was pero by combining the quartz crystal
microbalance technique with signal amplifying biometic nanoparticle platforms with the
results showing highly evident specificity of reodggn and multivalency affinity

enhancement.

A novel type of synthetic ion-channel formed by ymdomolybdate nanoarchitectures has
been advanced in recent times by theoretical stddlied to the theoretical evidence for
spontaneous insertion they have been shown to ggsgecific cation complexing properties
as well as tuneable pore size and complexing fanatity. In this work bilayer insertion as
well as cationic transport properties are investidausing supported phospholipid bilayer

platforms and phospholipid vesicles.

Transport properties for a simple combinatorialrdily of disaccharides across a lectin
occluding nanoemulsion were assessed with a viexartts library amplification by selective
transport. Supported liquid membranes were usedcatain the hydrocarbon lectin-

nanoemulsion phase with the transport propertiespreted byHNMR studies.
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1.1 Cell Membrane Function

All cells in the prokaryote and eukaryote world pess a cell membrane. It provides structure
while creating a selectively permeable barrier leetwthe extracellular environment and the
highly functional and environmentally sensitiveradellular one. This barrier thus regulates
what enters and exits the cell having evolved iisamwith the complex biological processes

which it envelops as they adapted to a constahtiyging environment.

Many vital processes in the biological world arensequently mediated through the cell
membrane. In the structured and specialised enseoficklls that is the human body cell-cell
communication is an absolutely vital process. Ce#la respond to electromagnetic signals
such as light and to mechanical signals such ashtdut most cell to cell signalling is

chemical in nature. These chemical signalling evemtcurring across the complicated matrix
of extracellular fluid show specificity and affigitwhich can be described based on the

principles of molecular recognition.

Molecular recognition in biological systems occuorsstly at interfacial environments such as
at membrane surfaces, enzyme reaction sites, thieanterior of the DNA double helix. At
the cell membrane surface supramolecular recogntiociples of complementarity apply to
a range of specific non-covalent interactions udolg immune response [1], cell adhesion
[2], cell-cell interaction, cell-cell communicatipeell proliferation and cell death based on
carbohydrate-protein recognition. Protein-protegtagnition meanwhile can account for
signalling processes [3] cell-cell recognition,l@lhesion [2] and ion channel structure [4]
[5-7].

Supramolecular chemistry lies at the interface iofogical and molecular systems [8]. As
“chemistry beyond the molecule” it is underpinngdlite labile, reversible yet highly specific
interactions which exist throughout nature defingtigictures, mediating information transfer
etc. As an area of research it has been developed the past 20 years incorporating
interactions observed in nature such as hydrophatecaction, hydrogen bonding, metal ion
coordination, electrostatic interactions amdtacking. Complementary to the novel science
based around supramolecular interactions, syntthéiaspired supramolecular designs can
in turn provide a greater depth of understandingoiofogical mechanisms. Through the

principles of self-assembly, self organisation amolecular recognition allied to synthetic
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chemistry we can access a range of materials wdanohnteract with biology on a biological
scale and in a biological manner with the pos$ibito incorporate built-in information

transmitters from the nano to the macroscale.

This growing multidisciplinary field of nanobioteoblogy could have important

contributions to make to the future of medicin€l{d, as part of which, the consideration of
molecular recognition events at the cell membramdace as supramolecular information
transfer could have important implications wherplega to pharmaceutical development and

nanopharmaceuticals. [11]

Figure 1 Crystal structure of Peanut Lectin compleed with 1-Me--D-galactopyranoside [12].

1.2 Carbohydrates in biological systems

It is known that glycosides play a fundamental rolemolecular recognition processes
throughout the natural world. The role is such tihatan lead to the introduction of the
concept of aglycocodé, in other words biological information transfey bugars [13]. This
type of spatial coding offers huge numbers of stmat permutations for oligosaccharides
through variation of glycosidic linkage position a&ll as orientation. There exists also
another level to this information in overall glycsimape. Compared to oligopeptides the range
of movement in glycosidic chains is highly resedttand so to the accessible conformational

space.
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In biology cell surfaces present dense areas dotgdrate known as “glycocalyx”. In these
situations they normally appear conjugated to $pidr proteins (glycolipids and

glycoproteins) [14,15]. There appears to be twonfoof recognition processes through which
carbohydrates can facilitate information transfamely carbohydrate—protein [16-18] and

carbohydrate—carbohydrate [19,20] interactions.

The “decoding devices” for these sugar ensembkes@cifically recognising proteins. These
proteins can be separated into three distinct groapzymes which can degrade, assemble
and modify the glycan, immunoglobulins acting asigems and finally lectins. The lectins

encompass all carbohydrate binding proteins whiemaither antibodies nor enzymes.

1.3 Lectins

Present throughout nature lectins have shown irapbffunction in viruses and bacteria as
well as plants and animals. They have been founbletanvolved in a range of biological
processes [21] including clearance of glycoprotdios the circulatory system [22] [23],
adhesion of infectious agents to host cells [2d¢ruitment of leucocytes to inflammatory

sites [25], cell interactions in the immune systeammalignancy and metastasis [26].

They are defined as carbohydrate binding protemassa they interact with carbohydrates in a
supramolecular manner i.e. mainly through hydrogending and the hydrophobic

interaction. These interactions have shown verf Bpgcificity.

Most lectins belong to three classes simple, moaa@ macromolecular. The simple class
comprises practically all known plant lectins andsinof the galectin family and consist of a

small number of subunits with each monomeric uaittaining a carbohydrate binding site

[27]. Commonly lectins possess two or more bindgiigs hence showing agglutination

activity for carbohydrate presenting entities witiese processes being inhibited by the
carbohydrate for which the lectin is specific.

Amongst this simple lectin class lies the legunadihs which are abundant in plant seeds and

show a wide range of saccharide specificities.
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1.3.1 Legume Lectins as models

The legume lectins represent the largest and melststudied family of lectins. Concanavalin
A is the prototype member of this family. They naity consist of two or four identical or
near-identical subunits of 25-30 kDa each whicham@monly single polypeptide chains of
about 250 amino acids presenting one or two N-tinkégosaccharides. Each monomer
contains one carbohydrate binding site as well &ighily bound C& and transition metal
(usually Mrf* binding site.

On the primary, secondary and tertiary level leguleetin monomers are very similar
although they exhibit considerable variation inithguaternary structure due to small
differences in their amino acid sequences at theam@r-monomer interfaces.

This quaternary structure is also in most casesigpéndent and can reversibly dissociate as
for example in the case of Concanavalin A wherexists as a dimer below pH6 and as a
tetramer at physiological pH, or Peanut Lectin PM#Aich dissociates to a dimer at pH below

5.1 while again being tetrameric at physiologidal p

Typically these lectins have been used as modéhteto study the carbohydrate-protein
interaction due mainly to their abundance and atbdity. Of these Concanavalin A the first
lectin isolated pure [28,29], sequenced [30,314, nhave it's structure determined by X-ray
crystallography [32,33], is the most commonly usle@ to high relative abundance in jack
bean and it ease of preparation as a result ofhmihibecame the first lectin commercially

available.

1.3.2 Lectin-Carbohydrate interaction

The binding of carbohydrates by legume lectins o&dn shallow pockets on the protein
surface. These recognising pockets appear to Jerpred as little conformational change
occurs on binding [34]. The interaction itself i®dmted mainly through hydrogen bonding
and hydrophobic effects with Van der Waals intecaxs also playing a considerable role in

the binding energy situation [35]

Taking the highly appropriate case of ConcanavAlirecognition the selectivity principles
may be demonstrated. The interactions in the bgdite are typical for all legume lectin-
carbohydrate complexes elucidated by X-ray crysga#iphy. In this case the Concanavalin A

was crystallised with methyla-D-mannopyranoside which binds in the so called
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monosaccharide binding pocket. Each binding poské&trmed by a Tyrl2, Asnl4, Leu99,
Tyrl00, Asp208 and Arg228 series of amino acidenftthe binding scheme proposed by
Naismith et al. [36] (Figure 2) one can see thedrtant hydrogen bonds formed by the
03,04,05 and 06 of the mannose moiety. O4 and @6 #obidentate hydrogen bond with
the carboxylate of Asp208 and O5 and O6 form ariiate hydrogen bond with backbone
amide N atoms of Leu99 and Tyr100. The calciumigattached to three of the four loops
which bind the saccharide. They proposed that eénalisence of calcium it is likely that one

or more of these loops moves out of position thadishing saccharide binding.
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Figure 2 Methyl a-D-mannopyranoside complexed with Con A monosacchde binding site [36].

There are also present essential Van der Waalsaatitens between aromatic residue Tyrl2
and the sugar ring. The steric disposition of thdrbxyl groups on sugar moieties creates
hydrophobic patches [37] that can interact withropthobic regions of the protein [38]. There
is also now evidence of Chi-interactions between the sugar and the aromatsiciues,

something like a H-bond, although there is alsoydrdphobic aspect to this observed
interaction [39]. Spatial organization of aroma#intities thus plays an important role in
selectivity such as differentiating between manmapgse and glucopyranose structures in

the Concanavalin A monosaccharide binding pocket.

The highest affinity ligand for Concanavalin A ikettrimannosyl core Mati-3-[Mam1-6 |-
Manal-3 found inN-glycans [40]. The apparent affinity is realisedotigh an extended
binding site with specific interaction with all & sugar residues by way of hydrogen bonds.
Water molecules play mediating roles in lectin—casirate interactions with tightly bound

water molecules playing structuring roles and irtipgrselectivity [41]. For example in the
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above (Figure 2) there are water bridges betweerdund C& and the Asp208 and Asn14
residues. Water molecules also act as direct hydrdgpnding bridges between ligand and

protein [42].

Based on the energetics of theses interactiongasgtant affinities between lectins and
carbohydrates have been shown to be typically efditer of 18M™ for monosaccharides
and up to 10M™, or even higher, for complex carbohydrates. Indhse of Concanavalin A
specifically, the methyt-D-mannopyranoside ligand shows an affinity cornstng.2x10

M™ with the trimannoside showing a 6-fold increase at 40°M™. It shows a reduced

affinity for a-D-glucopyranoside at 2.7xiM™ and no galactopyranose affinity [43,44].

These interactions are in any case relatively waak to the solvent exposed nature of the
binding site and few direct contacts with the ligaj45]. The question then arises as to how
the affinities exhibited in nature for carbohydrgi®tein interactions are effected. Lectins
show both high affinity and rare selectivity in thmatural recognition processes with
oligosaccharide structures of glycoproteins anddlpids. Evidence has suggested that these

recognition proceses are governed by multiple augons or “multivalency”.

1.3.2.1 Multivalency

Multiple simultaneous interactions appear to hava\veed in many biological processes as a
means of maximising specificity without having tgeeat a cost on overall affinity [46].
These polyvalent interactions have been shown tmibeh stronger than their corresponding
monovalent ones. The multivalency phenomenon magaimon the entity recognition
properties qualitatively different from those deydd by its constituents. Examples of
multivalent biological interactions range from vVigdhesion to the cell, bacterial adhesion,
cell-cell and cell-antibody binding. [46] All thegeocesses involve multivalent carbohydrate
—protein recognition. Commonly bacteria [47] anduses [48] adhere through lectin-like
recognition of glycolipid clusters and glycoprotgirAlso the immune response is largely
realized by multivalent recognition. Antibodies wihiare a key protein in this response have
multiple equivalent receptor sites which recognisea multivalent manner “undesirable”
structures. Through this recognition they may iithiffection and/or promote clearance. The
characteristic repeating epitopes of invading pgéing can facilitate high affinity binding

through multivalent recognition.
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Thermodynamics of Multivalency
In the search for a greater understanding of theepoof multivalency the concept of

cooperativity was introduced designated hY, “This factor is defined by:

AG poly — a,AGmono

avg
Eql

where:

AGPY = the average free energy change per monovalenaatien.

avg

AG™"™ =the free energy change of the equivalent monavaieraction

We can thus assign these interactions as cooper#irl), non-cooperative ¢€1) or

negatively cooperativen€l).

But as Mamman et al. pointed out even though malkivt interactions may be negatively
cooperative ¢<1) the measured affinity may still be much higlaerd not many if any
multivalent systems have demonstrated positive eatjvity. Cooperativity is notoriously
difficult to access [49] and tighter binding doest mequire positive cooperativity. Non-
cooperative associations have generally been asston€on A meaning a value of 1 far
[50,51].

For many polyvalent systeni$ the number of ligand-receptor interactions is wvkn and
without which no interpretation regarding coopen#yiis possible. Another constant was thus
introduced being a ratio of multivalent avidity rmonovalent affinity constant and known as

the “enhancement factor”

K;nulti
ﬁ_ K;nono
Eq 2
AG multi -AG mono
Ing=-
o RT
Eq3

The concept of enhancement by decreased confomahtemtropy cost was introduced in
earlier works. It described how when the free eiesrgf association are compared between
two ideal systems we can come to appreciate tmbdecement factor as entropic in origin.
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Consider "multi” as a system with one multivaldéigand containingn ligands binding a
receptor withn receptor sites while "mono” refers ndree ligands binding free receptors.

Asmulti :A multi +ASmu|ti +ASmu|ti +AS'r_|n2ucl)tl

rans rot conf
Eq 4
The total entropy can be considered in terms ofrdmrtions from changes in translational,
rotational and conformational entropies on assmeriatin cases where the mass difference
between multivalent and monovalent ligand is nat gseat (<100 times) so as to greatly
affect the translational entropy difference then ga assume that the translational and
rotational contributions are equal leaving the @unftional one as the only difference based
on the linking of the monovalent ligands. Linkinfjtbe ligand therefore lowers the entropic
cost of binding as described in following equations

NAG ™" = nAH ™" —nTAS™"™

Eq 5

AG™" = AH ™" —TAS™" = nAH ™" — nTAS™™ — TAS™"(" (conformatonal)
Eq 6

(assumingdH equal and translational and rotational entopy tdsutions equal)

AG™" —nAG™™ =(n-1)TAS™" - TAS™"™

Eq7

The free energy difference (Eq 7) equation showséhhancement will be exhibited based to
a large degree on entropy of monovalent bindindgp Wit greater the number of, and the more
the negative the monovalent entropy of binding tireater the enhancement. The
enhancement factor thus generally becomes greatsystems that show a higher valency
number, and rigid linkers (a lower degree of comfational entropy loss).

In further work towards a thermodynamic model foultwalency Kitov and Bundle [52]
utilize the additivity of free energies as suggedty Jenks before them [53] in analysing a
system which considers a multivalent ligand intergcwith multivalent receptor.

(e} —_ (e} o
Ac-:'multi - IAC-:'mono + AG'int eraction
Eq 8
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Here AG? . is the binding energy of the corresponding monemalinteraction and

represents the valency of the compl&G?......, iS a balance between the favourable and

unfavourable effects of tethering. They go furtimeconsidering the avidity binding energy to

be made of three components.

-Intrinsic free binding energy of initial bimoleeul interaction similar to the free energy of
the intrinsic monovalent interactidG. .
-Intrinsic free binding energy for intramoleculandting of ligand branches to remaining

binding sites on the receptor surface
-A combinatorial factor representing the degenemaclgound states hence highly dependant

on valency.
These last two contributions constitute facets afitivalency effects: additional specific

interactions and the statistical factor.

-7
+ v experimenial ~ o
-B-:?]:x ---&--- best fit AGinter
o i .
o : predicted .

101 AGyidity =4  AGCntrad, Wi (i-1)
' ﬁf - TAS,yidity

number of branches

AG avidity
=
‘f -

Figure 3 Avidity Free Energy Concept [52]

AC-:'ao\/idity = AG‘iﬁter +AGiStra§\Ni (I _1) + RT?‘M In(\N| /Q|)
i=1 i=1
Eq9
The last term corresponds to avidity entrop$..,, and is a measure of the number of

microscopically distinct complexes possible andreafere grows with ligand valency.
Multivalency effects, when demonstrated by carboatgs, give rise to what is known as the

“cluster glycoside effect”.
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Equation 1 Examples of multivalent scaffolds [54]

1.3.2.2 The Cluster Glycoside Effect

“The enhancement in the activity of a multivalegahd beyond what would be expected due
to the increase in sugar local concentration alos¢he definition of an effect known as the

“cluster glycoside effect”.

As previously alluded to, exhibited carbohydratet@in affinities in nature are realised

through multivalency. Based on this understandigyrmultivalent carbohydrate presenting
ligands have been prepared with most showing aarex@ment in activity compared to the

corresponding monovalent ligand on per mole of lsacde or valence corrected basis
[55,56].
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These polyvalent glycoligands generally fall inte tategories of dendrimeric, polymeric and
liposomes or other amphiphilically driven assenslil Lundquist and Toone’s extensive

review of this effect up to 2002 [55] they analysported affinity enhancements to search for
trends. They noticed overall that:

-All multivalent ligands showed some enhancement

-There exists tremendous variation in the magnitifdae effect

-there appears to be a trend of increasing enhatemith increasing valency

-there appears to be an assay measurement tecli@geedency.

- For instances where more than one method was tosetwestigate binding considerable

discrepancies were observed.

In terms of a molecular understanding of the “®@ugjlycoside effect” the authors go on to
describe at least two models that can be propaseticlate effect (intramolecular binding)
and aggregation/precipitation (intermolecular bnggi

Toone and co-workers propose that in the vast niyjof cases where dendrititic ligands are
used to demonstrate the multivalency effect théadte presented between lectin binding
sites is too large too be spanned éﬁﬁpart in ConA [57]) and so the chelate effectuigd

out as a mechanism of affinity enhancement [S5gyTthus propose an aggregative model as
by far the most reasonable. Lectin aggregationbeadesignated as the driving force for the
observed affinity enhancement in many cases. Ce@dier work with Concanavalin A as
lectin model, evidence for this aggregative thdasrjorthcoming. Naismith and Toone report
structural and energetic studies of Con A bindimgendritic ligands [58] and they concluded
that multivalent ligands bound to multivalent lastcan form several species and are capable
of forming cross-links. The observations of higtirafy of multivalent glycoconjugates
reflect the propensity of such ligands to form a&ggttes rather than on any enhancement on
the actual protein-carbohydrate affinity. These atasions are based on observation of
cloudiness in solution as well as diminished emiesl of binding for higher valence
dendrimer consistent with an aggregation mechanism.

More recent work by Wolfenden and Cloninger [50thaglycodendrimers bearing up to 170
sugar residues of mannose/glucose/galactose conanigafits the earlier model of
Whitesides [46] mentioned earlier:

K'\I\:Iulti - (K monO)aN

Eq 10
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K = monovalent association constant

mono ~
K" = multivalent association constant

N = number of receptor-ligand interactions

a = cooperativity factor

By setting a=1 and N=2 (maximum multivalent interaction possibllue to shape
considerations of lectin and spherical dendrimer)fie larger dendrimers (generation G4, G5
and G6) which can span two binding sites on ConlnAthe optimised binding scenario
replacing all the mannose residues with glucoseilshcause a 16 (=% fold increase in
binding (as methyk-D-mannopyranoside has an affinity constant fomes that of methyd-
D-glucopyranoside) which is close to what they obsé. Monovalent binding differences, in
this case between mannose and glucose residuesgraddo be amplified by multivalency in
line with the equation described by Whitesides anedvorkers [46]. The activity of these
glycodendrimers was measured by hemagglutinatibibition assays and the number of Con
A lectins recruited by each dendrimer was also mnedk using precipitation assays. The
results presented indicate that these numberszgelependant and don’t change much with
functionality. Effectively it claims that the numbef lectins that can be bound to each
dendrimer is not affected when the relative activét altered by an order of magnitude as

measured at precipitation.

To summarize it appears that the cluster glycositert is something which definitely exists
based on observation; however there appears tanb&aities in the reporting of causes and
understanding of the effect. The measurement tgqalenis important as is the multivalent
scaffold as based on its form different effects came into play such as cross-linking and
chelate effects. The thermodynamics behind thiscetiave been described as being based on
a lowering of the configurational entropy cost dnding and also as occurring through a
combination of chelating effects with a statistidacrease in the number of bound

configurations with valency and therefore entrolbycavourable.
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1.4 Nanoscience exploration of biological function

1.4.1 2-D NanoPlatforms

Self-assembled and hybrid monolayers, where hogtiest are arranged in two dimensional
arrays with high directionality are prone to mudtient binding. On the other hand
combinations of small relatively rigid three dimemsal entities such as particles and
dendrimers are prone to intermolecular binding @&s \wreviously described (see section
1.3.2.2).

2-D assemblies offer a number of advantages ovértieo systems in the study of
multivalent interactions. The structure, densityd aenvironment of the immobilized
functionalities are easily varied through employmehthe routine gold and silica surface

chemistries [59].

Effective concentration at surfaces has been shmwplay an important role in binding
affinities and multivalent interactions at surfatese been studied for a range of cases such
as cyclodextrin host-guest complexes [60-62], vamgon dimer with self assembled
monolayers (SAMs) presenting-Ala-D-Ala functionalities [63] while not forgetting the
protein-carbohydrate interaction with SAM’s [64-6@ well as supported bilayer types
[68,69].

1.4.2 Surface based Biosensors

A biosensor can be defined as a device incorparatibiological sensing element connected
to or integrated within a transducer.

It usually consists of 3 parts:

-sensitive biological elementbiological material (e.g. tissue, microorganisms,
organelles, cell receptors, enzymes, antibodiesleiuacids, etc) or biomimetic such
as carbohydrate array or MIP.

-transducerthat transforms the signal resulting from thernat&on of the analyte with
the biological element into another signal that e more easily measured and
guantified.

-processorsthat are primarily responsible for the displaytbé results in a user-

friendly way.
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Surface based systems for biosensing in terms alftime label-free measurement of
biological interactions have been developed whixplat the electro-optical properties of
metals (Surface Plasmon Resonance), piezoelectpepies (Quartz Crystal Microbalance)

and electrochemical transduction.

SPR is an optical reflectance procedure whichmsisge to changes in the optical properties
of medium close to a metal surface. The sensitigitysPR can be very high, nanomolar
concentrations of proteins larger than®1Da can be detected [70]. The sensitivity is
determined by the polarizability and mass densftyadsorbed materials and so for those
materials of similar polarizabilites the responage be calibrated to mass.

For coloured or turbid samples one can turn totelebemical detection and QCM detection
as optical detection may become impracticable mseéhconditions. The electrochemical
biosensors can be categorised into amperometritenpometric and conductometric

biosensors. Potentiometric biosensors can meascinarege in potential at electrodes due to

chemical changes at an electrode surface provigtyyhefficient sensors.

This present work will however concentrate on quartstal microbalance (QCM) detection,
also known as nanogravimetry.

The normal QCM setup as later described consisis @fiartz crystal sandwiched between
two gold electrodes which generate bulk waves peligelar to the sensor surface. The
resonant frequency of this piezoelectric matesahighly sensitive to adsorbed mass and so
combined with microfluidic setups forms a way inigfh kinetics and thermodynamics of
surface interactions can be deduced. Again like 8RRsensitivity is mass limited as the

signal is also proportional to the mass of the @ral

Biosensor functional surfaces provide ideal platferfor the immobilization of the desired
biomolecules which can be achieved by physical gudiem, including electrostatic and
hydrophobic interaction, covalent bonding, and gmemteractions such as biotin-avidin,
antibody-antigen interaction and DNA hybridizatidine immobilization of biomolecules by
molecular recognition and specific interactions the surfaces as part of the biosensor
fabrication process can yield good orientation atadbility of the immobilized biomolecules

thus leading to high-functionality.
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1.4.2.1 . Surface functionalization

In order that biosensors be efficient measuringiadsv problems such as non-specific
adsorption, and biological activity of immobilisespecies should be controlled. Surface
engineering through development of surface cheynmithodologies and biochemistry have

led to the design of more efficient and highly sélee surfaces.

Organic monolayers

Self assembled monolayers are spontaneously forduedto the formation of covalent bonds
between a surface and the molecule of choice reguit a thin film typically 1-3 nm thick of
controlled functionality [71]. They provide a powdr means by which to fabricate
molecularly defined highly selective surfaces foiosensors [59]. The most highly
investigated surfaces amenable to this technigaegald and silica. Gold-thiol chemistry
provides the basis for gold surface functional@atand is a well developed area of research
[72,73]. On the other hand hydroxyl groups of metade surfaces like silicon dioxide can
react with alkyltrichlorosilane or alkyltriethoxyane and form covalent siloxane bonds at the
surface [74,75]. For both established surface chiei@s a range of surface functions can be

introduced, many from commercially available monsr|&€6].

Supported Bilayers

Supported bilayers can represent biomimetic platfowith which to study biointeractions.
This group can be separated into the so called §eBgported lipid bilayer) and HBMs
(hybrid bilayer membranes).

The SLB is conventionally formed on silica surfacesl stabilized by interactions between
the hydrophilic hydroxyl surface and the phosphdbipheadgroups [77,78]. It is a purely
phospholipid bilayer stabilised only by electrosmtand the hydrophobic effect, which,
through incorporation of bioactive structures sush membrane proteins, glycolipids and
glycoproteins can give a real biomimetic responib interacting species in solution.

The HBM consists of two differing leaves normallgngrated on a gold or silica surface. The
lower leaf is a long chain alkyl self assembled olaper while the upper leaf is phospholipid

monolayer [79,80]. This type of bilayer may showrgased stability due to the covalent
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nature of the lower leaf fixation however it woydcesent a system further from the biological
condition given this fixed nature and more limitaddity [81].

Biomacromolecule layers

For immobilisation of biomacromolecules such aditscor enzymes the most important
feature is the retention of biological activity nally related to native structure [82]. Direct
immobilisation can be accomplished by differenttesuincluding electrostatic interaction
[83], [84], hydrophobic interaction [85,86], covatebonding and specific interaction [87].
There are advantages and disadvantages to eacbaabppifor example, electrostatic and
hydrophobic are both simpler to achieve, fast amelct but can result in random molecular
orientation and possible denaturation. Covalendibigp gives good stability and long-term use
but is slow, normally irreversible and requires tise of linker molecules. Specific interaction
has the benefits of improved orientation, revelisgpand high functionality but requires a

biocompatible linker.

Polymers

Polymer films have been used for the functionatsatof surfaces as applied in
electrochemical, QCM [88-92] and SPR based seng€B8¢5]. Bioactive surfaces may be
prepared by polymer adsorption, either physicataralent, giving highly specific surfaces
which may incorporate anti-non-specific binding gedies by tuning of the main chain

functionality.

1.4.2.2 Nanomaterials as biosensors

The study of the interaction of nanomaterials amdogical structures has undergone much
growth in recent times. This interface has encosg@dsuch topics as drug delivery, anti-
pathogenic adhesion, targeting, etc. Their padicslitability to this purpose lies in their

scale as between 1 and 100nm lies the scale orhwhany biological entities such as
antibodies, viruses etc., interact. The interactiare normally governed at the molecular level
and so by exploitation of the experience of nanoubey in the preparation and

functionalization of nanomaterials we can producamimetic entities possessing special

intrinsic properties to facilitate biointeractiotudies.
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In terms of biosensors nanomaterials such as go@particles, carbon nanotubes, magnetic
nanoparticles and quantum dots have been actinegstigated.

Functional materials at the nanoscale may possess properties not present in the bulk
material. For example gold nanoparticles show aR 8Bsorption band in the visible region
giving the characteristic coloured solutions [9Based on this absorption biosensing assays
can be prepared as this adsorption profile is @anfted by interparticle distance[98-101].

There also exists many examples of nanoparticleglseposited on electrode surfaces, with
this nanostructured surface providing a biocompatiosorption matrix for biological objects
such as enzymes [102,103]. These modificationstlgreecrease the amount of immobilised
biomolecules at the surface thus improving sensit[{t04]. Nanoparticles have been used in
biosensing by SPR and QCM which will be discussethore detail in the next chapter (see
2.1.4.5).

Carbon nanotubes since their discovery in 1991 ijoayd have shown great potential in
applications such as nanoelectronics, biomedicgineering and biosensing [105]. The CNT
has a high surface to volume ratio, is biocompatibhd shows fast electron transfer
mediation for a wide range of electroactive spedidymer CNT composites offering the

possibility of ultra-sensitive electrochemical l#asors [106] and CNT framework modified
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electrodes for enzyme immobilisation covalently mon-covalently are amongst CNT

application to electrochemical sensors [107].

In terms of surface based optical and acousticeth@ve also been examples of CNT
exploitation. Biotinylated tween adsorbed on CNTave been used as surface area
augmenters for streptavidin detection by QCM [168} their application in bionsensors is

mainly centred around their electrical properties.

1.4.2.3 Multivalency and Supramolecular Scaffolds

Multivalent ligands represent multiple copies aaognition element connected in some way
to a central scaffold. Resultant affinity can bghty dependant on the nature of the scaffold
as multivalent interactions have been shown to rifieienced by such factors as shape,
valency, orientation and flexibility. Supramoleaukscaffolds can exhibit a large range of
valencies. Lower valency categories are supramltdscsuch as calixarenes and porphyrins

with higher valency scaffolds include dendrimetimstures and nanoparticles.

1.4.2.4 Outlook

The appliance of nanotechnology in medicine atgresmcludes areas from sunscreen and
cosmetics to targeted drug delivery and targetedging techniques. The possibility of
designing and engineering devices which can intexadiological entities is at the forefront
of medically oriented research .This work is anestigation using supramolecular chemistry
combined with characterisation techniques QCM, NBEHRI Fluorescence Spectroscopy of
the dynamic interplay between supramolecular askesnénd biointeractions which occur at

the cell membrane namely protein-carbohydrate andhannel-cation interactions.
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2.1 Introduction

2.1.1 Gold Nanopatrticles

Gold nanoparticles have become a huge area o€sttar the last 15 years with the growth of
nanoscience, the desire for controlled assembtifjeahanoscale and a greater understanding
of supramolecular processes in biological systemhgir size and shape endows them with
optical and electronic properties intrinsic to tienoscale including an intense absorption at
their surface plasmon resonance frequency (arofeb30 nm for gold nanoparticles) while
also rendering them highly applicable for the staflinteractions on the biological scale.

History

Colloidal gold is known since antiquity when it wased to make ruby glass and to colour
ceramics. Later "Soluble gold* was used up to thddhe ages as a form of miracle cure for
various diseases and as a dye in different mixecthdo In 1857 Faraday reported the
formation of deep red solutions of colloidal goldon reduction of an aqueous solution of
tetrachloaurate using @STurkevich in 1951 introduced the citrate reductaf chloroauric
acid (H[AuCl)), later refined by Frens it remains to this daynast simple and effective
method to produce spherical gold nanoparticles witttegree of size tenability [109-111].
The next major breakthrough in gold nanopatrticletisgsis arrived with the two-phase Brust
method [112] opening the way for a range of newarid) shell functionalised nanoparticles.
Proceeding work then looked for ways in which tatcol size and shape homogeneity in
such systems as well as producing functional namiofes in order to exploit their
extraordinary properties. The use of gold nanoglagifor biological applications is known

since the 1970s with the immunogold staining pracesl [113].
2.1.1.1 Gold Nanoparticle Synthesis

2.1.1.1.1  Turkevich Method of Gold Nanoparticle Preparation

As mentioned an early form of controlled nanopé&tisynthesis was the Turkevich citrate
reduction method [109,110]. Gold nanoparticlesfarmed by reduction of gold salts back to
the element usually in the presence of a cappiegtage. something to prevent precipitation
of the metallic gold due to Van de Waals attractidocording to DLVO (Derjaguin, Landau,

Verwey and Overbeek) theory which combines thecesfef Van der Waals interaction and

electrostatic repulsion [114]:
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W(D) =WD)a + WD)r

W(D)r = repulsive interaction energy due two electrjguigion

W(D), = attractive interaction energy due to van der M/ameraction.

The long range Van der Waals interaction is oveadmthis case by a surface layer of
negatively charged citrate ions around which liesther layer of positive sodium counterions
ions. Under the right conditions the particles welinain in colloidal solution indefinitely.

This method results in a relatively narrow sizdribsition for particles between 10 and 20nm
and this size can be controlled by adjusting thie 1@f citrate to AuCl ions [111,115]The
mechanism of particle growth for this preparati@s mecently been revisited by Pong et al
[116] where they describe, in contrast to an eavliielely accepted mechanism known as the
LaMer nucleation-growth model [117], how the inifaformed 5nm nanospheres self
assemble into nanowire structures before fragmeritito segments and forming the final
13nm citrate stabilised particles. This process banwitnessed as a colour change from

yellow to dark blue, dark purple, purple and figalliby red.

2.1.1.1.1.1 Properties of Citrate Passivated Gold Nanopatrticles

The nanoparticle size range that results from thesmal preparation goes from 9 up to
120nm by variation of the citrate: gold salt ratwth the drawback being that the quality
decreases as you increase the size, with elongadetles forming for the large sizes
(>85nm). Best size dispersion (13-16%) can be aeki¢or particles below 40 nm [115]. The
particle concentration is quite limited, below 2 nigold salt for stable particles and below

1mM to avoid a concentration dependence for the Bize.

2.1.1.1.2 Brust Method of Nanaoparticle Synthesis

An organic solution based synthesis was later d@esl known as the Brust method
[112,118]. This is a two-phase synthesis whereas@ltransfer catalyst, tetraoctylammonium
bromide, is used to transfer Gold (Ill) chloridedngte into the organic phase where it is then
reduced by NaBHto elemental goldh the presence of a stabilising thiol. This pregpian
results in air stable nanoparticles which handle &n organic compound. Using this method

a range of functionalised nanoparticles solublerganic solvents have been prepared.
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Other related one-step procedures in organic nfeara also been developed. A single phase
method was realised in THF thereby allowing theoiporation of a large range of ligands.
This method however involves the use of a veryngtn@ducing agent, Superhydride (lithium
triethylborohydride) which reduces esters, amided ather functional groups which would
otherwise have survived the brust method [119]. illen single phase method has also been
reported which uses LiBHas reducing agent again in THF and allows theafise broader
range of ligand functionalities [120]. The Brustthm was also adapted to preparing water
soluble particles, the gold salt is reduced by NaBHhe presence of the passivating ligand
with a water-methanol (1:9) mixture as solvent.sThiocedure was originally demonstrated
for 4-mercaptophenol [118] and was later extenden the preparation of AuNPs(gold

nanoparticles) with a variety of water soluble tida [121].

2.1.1.1.2.1. Properties

With the development of the Brust method a wholer mange of ligands in the form of
organic thiols could be incorporated for monolagmtected gold clusters. The size range of
the clusters is controllable through ligand:goldiardike in the Turkevich case although
tighter size dispersions are thought possible ugiymethod. Another advantage is that far
higher concentrations in solution may be preparee tb far higher stability against
agglomeration and the particles can be storedadespowders. The stability is somewhat
dependant on the thiol structure, with long alkhin ligands leading to the most stable
particles. Dark brown solutions of moderately padpérse particles in the size range of 1-5
nm can be obtained, depending on the reaction tongi The typical ruby red-colour of
colloidal gold emerges with particle sizes above £aam, the distinctive surface plasmon

absorption is absent for smaller particles.

2.1.1.1.3 Surface Bound Ligand exchange to Introduce Functionality

Prepared nanoparticle solutions may have their ositipn modified through ligand
exchange reactions. These exchange reactions awendiby the overall solution
thermodynamics whereby an increasing excess ofiexieggand can be used to drive up the
percentage replacement although there are a nudtiof other factors. The most commonly
used method is one that was first introduced byrMuet al. [122,123]. In this approach the
initial particle ligands are replaced with functadised ligands through simple surface-

solution ligand exchange to convey patrticle functio
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Citrate replacement has also proven a viable rautgptically active functionalised particles
[124]. Gold nanoparticles exhibiting both excellegtical sensitivity and stability can be
obtained by the synthesis of nanoparticles of hamogs size dispersion with an optimised
citrate reduction,followed by surface modification through chemisapt of a thiol
derivative. Diameters in the range of 10-15nm pievihe best balance between stability,
homogeneity and optical activity. When the gold opzarticles are exposed to a solution of
thiols, the interaction of these molecules with gjoéd surface takes place. To chemisorb, the
thiols must displace the stabilising citrate anidingt act as protecting agents for the gold
colloid. A drawback to this approach is that detiorpof this charged species may effect the
electrostatic stability and sometimes causes irsgvie aggregation [125,126}ggregation
can be easily observed by a colour change from ralyto violet to blueTEM images of
these systems reveal the fusion of gold cores [lE&fing to the assumption that during
electrostatic ligand displacement the electrosttbility is lost.

There are however cases where this strategy hasmplughly efficient such as the work by
Field and Russell [99,128,129] amongst others.

2.1.1.1.4 Seeded Growth Approach to Nanoparticle Synthesis

In the pursuit of nanoparticles featuring intemegtoptical properties, thus larger than 5nm,
particles can be grown from smaller seed partitiesugh epithaxial addition of metal atoms.
Studies have shown that particles of quite narr@petsion in the size range of 5-40 nm can
be prepared by this method with size control acethrough variation of the seed to metal
salt ratio [130-132].

2.1.1.2 Dynamic Properties of Monolayer on Protected Gold Clusters

While dependant on preparation procedure monolgyeatected clusters (MPC) or
nanoparticles possess some very interesting irtrpreperties when it comes to applications

for biorecognition:

Dynamic surface

Thiol mobility has been studied by Rotello and corkkers and has been shown to be limited

by intramonolayer hydrogen bonding [133-135]. Timyiced a surface adaptation towards

increased binding affinity over time for their st based on a mixed monolayer protected
cluster interacting with Flavin. This shows thatdh functional nanospheres possess an

adaptive quality which could be vital in the rectigm of biomacromolecules. The ligands
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can reorganise on the particle surface during actesns to the most energetically favourable
configuration. This may in a sense impart on thpadicles an even higher multivalent

affinity through adaptation.

Another example of this dynamic behaviour was destrated by X-ray diffraction and

reflectivity on particles immobilised at the airt@ainterface by Ngrgaard and co-workers
[136]. These mixed monolayer protected particlegd(bphobic/hydrophilic) were deemed
environmentally responsive to the hydrophobic éffes their ligand groups were shown to

reorganise to give a more stable equilibrium iratest
2.1.1.3 . Gold Nanoparticle Characterisation as applied to Biosensing

2.1.1.3.1 Optical Spectroscopy

The most common and accessible means of nanopartichracterisation is optical
spectroscopy. As mentioned earlier the size angdesbfthe gold clusters results in an intense

surface plasmon absorbance normally from 510-53@aoinpresent in the bulk metal.
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Figure 5 Typical optical absorption spectrum for ctrate stabilised gold nanoparticle solution.

This intense absorption is due to the excitationao$urface plasmon resonance. Surface
plasmons are surface electromagnetic waves thatapete in a direction parallel to the

metal/dielectric interface. Since the wave is oa floundary of the metal and the external
medium, these oscillations are very sensitive tp eimange of this boundary, such as the
adsorption of molecules to the metal surface. mfdion on the states of such colloidal

systems can be easily gleaned from optical spetha.extinction maximum is dependant on

particle size, interparticle distance and is alsusgive to surface modification [97,137].
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The nature of the surface plasmon absorbance basdationalised by Mie in 1908 [138].
The resonances denoted as surface plasmons wecebdds quantitatively by solving
Maxwell’s equations for spherical particles withpagpriate boundary conditions. This theory
attributes the plasmon band of the spherical gastito the dipole oscillations of the free
electrons in the conduction band occupying the ggnstates immediately above the Fermi
energy level [139]. The theory behind the opticedperties of nanoparticle solutions has
since been developed to incorporate variation gpsh dielectric environment and patrticle
composition [140-142]

The factors affecting the optical absorption ineyshrticle size (Figure 6) and shape, metal
composition and surrounding medium (Figure 7). Fonalisation of particles also has a
significant impact on plasmon absorbance. The contynased thiolate ligands for example
are responsible for a strong ligand field interagtivith the surface electron cloud which
shows up usually as a red shift in absorbance ampadson to naked theoretical particles or

electrostatically stabilised particles of equaksiz

Absorbance / a.u.

300 400 500 600 700 800
Wavelength / nm

Figure 6. UV-vis absorption spectra of gold nanopdicles corresponding to (a) 1.5 nm, (b) 3.4 nm, (§.4
nm, (d) 6.8 nm, and (e) 8.7 nm. Absorptions due timteractions with surface plasmons feature extinctin
coefficients that increase with particle size, makig particles with average diameters >8 nm approprige

for optical applications [143].

Of particular interest in biological applicatiorssthe sensing capability of nanoparticles based
on the sensitivity of the surface plasmon bandhé&osurrounding environment (Figure 8). The
absorption shows an interparticle distance deperydevhich is very useful in terms of

selective particle aggregation studies using bicfionalised particles [144].
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Figure 7 Optical absorption spectra of AUNP’s of @nmin diameter dispersed in (a) water, (b)ethanolsd

(c) chloroform. Dashed lines represent values caltated from Mie theory [145].

When AuNP’s aggregate their surface plasmons coendind the aggregate assembly acts as
one large particle in its optical behaviour. It ln@en observed in theoretical and experimental
studies that when the individual spherical goldtipees come into close proximity to one
another, electromagnetic coupling of clusters bexoeifective for cluster-cluster distances
smaller than five times the cluster radius (d <&Rere, d is the centre-to-centre distance and
R is the radius of the particles) and may lead deonmlicated extinction (extinction =
absorbance + scattering) spectra depending on iieeasid shape of the formed cluster
aggregate. This effect is negligible if d > 5R betomes increasingly important at smaller
distances [146]. Aggregation causes a couplinghef dold nanoparticle’s plasma modes,
which results in a red shift and broadening ofldmgitudinal plasma resonance in the optical
spectrum [147]. The wavelength at which absorptioa to dipole-dipole interactions occurs
may be varied from 520 nm (effectively isolatedtigdes) through 750 nm (particles that are
separated by only 0.5 nm), and the resulting speste a composite of the conventional
plasmon resonance due to single spherical par@ridghe new peaks resulting from particle-
particle interactions [148]. This interparticle ghaon coupling during biointeraction induced
aggregation has been exploited for DNA and antibaetgction and colorimetric detection of
lectin-carbohydrate interactions using functioredigarticles [128,149,150] among others.
Non-specific adsorption of biomacromolecules cannbeimised by using ethylene glycol

based linkers to protect the gold core [151].
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Figure 8 Red Shift due to specific recognition of @1 A by mannose functionalised nanoparticles used i

present work reversible with excess of high affinit ligand .

2.1.1.3.2 Transmission Electron Microscopy

TEM is a very powerful technique in nanoparticl@rEcterisation as it produces a real image
of the gold cores [112,118,152]. Hence it can kexlus examine particle size distribution and
nanoarray organisation directly (Figure 9). HRTEMncbe used to examine individual
nanocrystal atomic structure [153] with the highesiolution presently attainable being 0.08
nm. Morphologies of larger particles have traditityy been studied using SEM but for

particles smaller than 10nm the resolution limigpgproached for this technique.

The mean diameter of the cores taken form TE.Mupgs can be use to determine the mean
number of gold atoms, AN (Eq 11) [154].

477(‘;)3

Va

N, =

u
u

Eq 11

Using this data along with elemental analysis wigore the Au:S ratio the average number
of ligands per nanoparticle can be calculated. Thimber may also be accessed by XPS (X-
Ray Photoelectron Spectroscopy) or TGA (Thermognatiic Analysis) [155].
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Figure 9. TEM images and size distributions of Brat two—phase method prepared dodecanethiol
protected clusters(b) and following heat treatmertt in the solid state(c)150°C(d)190°C and (e) 230{T43]
2.1.1.3.3 Nuclear Magnetic Resonance Spectroscopy

NMR studies also have proven useful in nanoparthkracterisation especially for the small
MPCs prepared by the Brust method. Purity in teofmgeemoval of ligand excess and phase
transfer reagents may be determined given thalighad atoms close to the gold core give
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increasingly broadened signals as the core is appedl and the signals from the atoms
closest to the core (e.g. C1 and C2 of an alkaiod) thppear to disappear. This characteristic
results from spin-spin relaxational (T2) broadeniwngriations in gold-sulphur bonding sites

and gradient in packing density from close to theeut to the ligand peripheries [156,157].
Like NMR spectra for all compounds much structundrmation on the bound ligands can

be deduced.

2.1.2 Nanoparticle-Biomacromolecule interface

The recognition of biomacromolecular surfaces isteqehallenging due to the size and
structural complexity of the interaction and so tise of scaffolds which can present surfaces
with a scale similar to the biological represemtsatiractive strategy. As such, nanostructures
such as nanopatrticles, nanorods etc., on whicbextre of functionalisation techniques has
been developed, offer great potential based ondimgnsional quality as well as the already
mentioned nanoscale characterisation possibili@eg of the most accessible would be gold
nanoparticles as they represent the most intenysineéstigated group of nanostructures with
a number of techniques that have been developewiatf a level of size tunability and
relatively broad funtionalisation range [158]. Withis ability in hand to engineer the

nanoparticle-biomacromolecule interface advancedicakapplications can be envisaged.

2.1.2.1 Biocompatibility

Highly specific interactions have been demonstrdtetiveen functional gold nanoparticles
and biomacromolecules including those of high &#fisuch as biotin-strepdavidin [159] as
well as multivalently directed weak interactionsotving carbohydrates, mimicking the cell
adhesion and recognition process24.3). Gold nanoparticles appear highly approerfat
biomedical applications given as already stressenl functional tunability, but also their low
toxicity. GNPs (gold nanoparticles) are generatlyrfd to exhibit very low toxicity in vitro
and in vivo depending of course on the functiogabit biofunctionalised particles generally

show low toxicity [160].

2.1.3 Glyconanoparticles

Glyconanoparticle refers to nanoparticles decoratiglal saccharide moieties i.e; a metal core
stabilised by either polysaccharide or oligosaddearwhich as a result presents a biomimetic

nanoscale surface with the accompanying propeatissciated with nanoscale objects.
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The applicability of glyconanoparticles to the studf carbohydrate—carbohydrate and
carbohydrate-protein interactions stems from th@mimetic nature. These interactions are
characterised by high specificity and low affinifgee sectiondl.3.2.1,1.3.2.2) seldom
showing association constants beyon8M0, the evident affinity of this interaction in nagur

is effected through multivalent presentation [46]16

In the study of carbohydrate mediated interactiares biomimetic manner glyconanopatrticles
stand out as having a powerful potential. Firgtlit size range compares favourably with the
biological entities with which they can interacdamimic. Also, their natural structure,that of
a monolayer protected spherical platform, lenddfit® polyvalent presentatuion of glycosyl
moieties as exemplified by the glycolipid regioglycoprotein presentation and glycocalyx in
nature. Lastly with their optical properties thesoyide a means of interpreting nanoscale
interactions quite readily using the simple techeigptical spectroscopy as well as electron

microscopy.

The present interest in glyconanoparticles appearsave begun around 2001 when the
modified brust method for nanopatrticle synthes#s weveloped by de la Fuente et al [121].
Particles functionalised with Ed121], lactose, maltose and glucose [162] were gmep
using this method. Gold glyconanopatrticles havenbeeestigated recently by various groups
as biomimetic nanostructures for lectin recognitj@28,150] [149,163,164]. Colorimetric
sensing of this type of carbohydrate-protein intBom goes back t®tsuka et a[149] where
lactose functionalised nanoparticles were showrbitw reversibly to ricinus communis
agglutinn RCAy lectin Later examples of this type of sensing in solutiooked at both
Concanavalin A and RGAy with mannose and lactose functionalised gold ardersi
nanoparticles respectively, the high selectivityso€h structures was demonstrated for these
particles by selective recognition from lectin nupds [128]. Subsequent work demonstrated
how the ligand surface density related to bindiffigidy in this system [163].

Lin et al. prepared mannose and galactose fundisaoiagold nanoparticles by a modified
Brust method [112,118] and using SPR investigated inhibitory effects on the binding of
Con A to a mannose functionalised biosensor chipnahestrating the suitability of
nanoparticles as multivalent ligand carriers amtépendency of the relative inhibition shown
on particle size and ligand length and hydrophiidiL65]. Besides being applied for the

study of the Lectin interaction glyconanopartidiesre also been exploited in the study of the
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carbohydrate-carbohydrate [121,166,167] interactidrere polyvalency would seem to be
even more critical. This interaction was shown échighly divalent cation dependant through
various studies [168,169].

2.1.3.1 Characterisation Techniques for Glyconanoparticle Activity

As already stated (see sectipri.1.3) nanoparticles possess special opticalepties which
can be exploited for specific aggregation studi@gconanoparticles have been availed of in
this manner for colorimetric lectin detection. Imeir preparation for this type of detection
certain parameters are vital in order to optimieeresponse sought. The absorption spectrum
profile is highly dependant on particle size withaler particles < 8 nm being less suitable.
This can be seen with the naked eye as they ajpgdanown or dark solutions not suited to a
colorimetric assay as opposed to particles abome Svhich form ruby red solutions with a
clear optical absorption peak around 520 nm thghklyisuited.

Preparation procedure is the determinant of glyooparticle core size. Particles prepared by
the Penades method of reduction in methanolic isolsitin the presence of glycoligand
results in an average dimeter of ~2 nm. Thesegbastican be prepared and are stable in in
relatively high concentrations and so are amentbIEMR studies of the ligand function
[162]. Being too small for NP Plasmon resonana@ndparticle surface plasmon resonance
spectroscopy) investigation their carbohydrate-glaydrate interactions have been
investigated using surface SPR [166], AFM and isotfal titiration calorimetry [168].

For optical spectroscopy studies a larger nanaparis necessary as demonstrated for the
same C& mediated carbohydrate-carbohydrate interaction bsBlIl et al. [167] 16 nm gold
particles were prepare by a two step Turkevich cedn followed by ligand displacement
giving particles of optimal optical core size. Thakesults were characterised using

transmission electron microscopy along with optatadorption.

2.1.3.2 Glyconanoparticles,Multivalency and the Cluster Glycoside Effect

Returning to the discussion on multivalency andagyt it is accepted that a binding event is
accociated with a free energy chamy® .
AG = AH -TAS

Eq 12
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The Gibbs relation lends an understanding to theefat play in the association-dissociation
of matter when applied to biomolecular interactitincan give a qualitative understanding
based on a balance between the enthalpic contiiritof supramolecular interaction
(electronic interactions) and entropic contribusoof tendency towards systems with
increased number of microstates.

Aligning to previous argument on multivalency (sdso sectionl.3.2.1) the assumption is
that in the case of a multivalent ligand interactthe enthalpic contribution will be equal to
that of the corresponding sum of monovalent ligartdractions. It can also be considered
that other entropic contributions such as “freeinfwater molecules from the binding site
would remain consistent on increasing valency.

Biomolecular interactions occur with an entropistcto the free energy. "Clustering” of the
saccharide moieties can lower this cost in protairbohydrate interactions.
Glyconanopatrticles present high valency sacchaudi@ces in generally ordered monolayers.
Following the Boltzman understanding of entropy whés value is proportional to the
number of possible microstates for the given mdate$V (Eq 13) one could surmise that
S=kgInW

Eq 13

the multivalent system exhibits a lower number afrostates as a result of ligand fixation
while providing an equal or greater(chelate ejfectthalpic contribution hence larga&G
represented by increased association (Eq 14).

AG =-RTInK

Eq 14

2.1.4 Quartz Crystal Microbalance

2.1.4.1 Principle of Piezoelectric Sensing

QCM sensors work on the phenomenon of piezoel@gtri€his mechanical-electrical effect
was first reported in 1880 by the Curie brotherscdbing the generation of electrical charges
on the surface of solids caused by pulling, pusbinggrsion [170].

While a large number of crystals show piezoeleityricquartz provides the unique
combination of mechanical, electrical, chemical #mermal properties that give it standout

applicability. A shear strain is induced in an Adtquartz crystal when an alternating current
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voltage is applied across it through opposing ebelets deposited on its surface. This

generates a transversal acoustic wave propagétioggh the quartz to the contact media.

Initially it was demonstrated that there existsnadr relationship between mass adsorbed to
crystal surfaces and the crystals resonant frequienair or a vacuum [171]. Extension of this
observation to study biological interactions waalised with the design of solution based
systems and combination of these with microfluidaxsd controlled surface chemistry.
Consequently, QCM has become a highly relevantytinal technique due to it sensitive
solution-surface interface measurement capabllitpossesses a wide detection range which

at the low end can detect monolayer coverage byl smadecules.

Sauerbrey provided the first treatment of the eftdenass loading on quartz resonators[171]
He showed that an ideal layer of foreign mass tesul a frequency decrease that is
proportional to the deposited mass where the réspmaas operated in air or in a vacuum.
Assuming the density of the crystal and the adsbibger were equal then the following

equation applies.
-2f7

A\t

AF = Am=-S,Am

Eq 15

fo — resonant frequency(Hz)

Af — frequency change (Hz)

Am— Mass change (Q)

A — peizoelectrically active crystal area (Areavimen electrodes, T
pq — density of quartzpg = 2.648 g/cr)

1g —Shear modulus of quartz for AT-cut crysia| € 2.947x16" g/cm.$)

This equation is valid for a thin, uniform, rigidgttached mass. Application of QCM to
biological samples became possible when suitaldélaisr circuits for operation in liquids
were developed [172]. As the Sauerbrey relationslap formulated for thin rigid films in air
or vacuum questions arose as to the validity oSheerbrey relationship in liquid media. For
a long time it was postulated that a direct quaaiion of Protein adsorption at

functionalised surfaces was possible based onréhionship. However frequency shifts
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larger than those observed in air were frequentlgeoved in aqueous media for equivalent

proteins.

When used in liquid media other important frequedeyermining factors have to be taken
into account. When in contact with a liquid, thequency depends on the liquid density and
also on its viscosity. This modified resonant fregey shift was treated theoretically by
Kanazawa and Gordon [173] and their calculatiores \alid for rigid films immersed in
liquid. However this work is not valid for non-rayi'soft” materials. For soft material layers it
was even noticed that in applying Sauerbrey's emuaihe mass of the viscoelastic layer is
underestimated and the result is a “missing magsthwwas elucidated in calculations by
Voinova et al. [174].Alongside viscoelastic properties, electrolyte cimitions, surface
roughness and surface energy changes may have dons&lered. For example changes in
hydrophilicity can cause very large response charigeQCM as a function of surface
roughness [175,176]. Rough and hydrophilic surfaeesrap liquids in small cavities
contributing to the overall mass detected. Hydrdptsurface cavities may be unwetted and
SO contain air or vacuum cavities resulting in atifiaally large frequency change on
hydrophilisation of the surface. These problems lgarkept to a minimum by optimising

surface smoothness.

Although on analysing soft material adsorptionliquid environments the frequency shift
cannot be translated directly to mass load accgrtiinSauerbrey relationship, the quartz
crystal microbalance can however be used for |dbst analysis of binding events.
Concentration dependant measurements of the fregsrift together with the assumption of
a linear relationship betweetF and Am allow thermodynamic and kinetic parameters of

binding events to be determined as has been deratatsin numerous examples.

2.1.4.2 . Quartz Crystal Microbalance Biosensing

2.1.4.2.1 QCM Biosensing surfaces by Monolayer Assembly

Application of QCM to the study of biologically elved interactions has been ongoing for
the past 20 years. The approaches used for thedtretien of biological recognition
processes by QCM are enabled through both covaledt physical surface chemistry

techniques (see also sectibd.2.1). Overall QCM has been used extensivethénareas of

50



DNA hybridisation, protein adsorption studies, inmological systems and also in the areas
of protein-protein and protein-carbohydrate intéoac which this work is directed towards
[177]. In QCM detection of protein-carbohydrateenaictions the two main approaches to
surface functionalisation have been through sek@bled monolayer and adsorbed polymer.
Self assembled monolayer formation based on thd wedlerstood gold surface-thiol
chemistry remains a highly applicable approach idemsg the crystal sensor construction.
There are many examples of thiol monolayers beiregfl s a first step towards protein
immobilisation for QCM measurements but surprisyrfglw with the direct covalent coupling
of a biomolecular recognition element such as @alaydrate. Examples prepared using
carbohydrate SAMs to function as lectin biosensoes known since initially it was shown
through investigation by quartz crystal microbakaticat self-assembled monolayers of Gb3
mimics having different lengths of alkyl chains paeed on gold surfaces could interact with
galactose-specific lectincinus communis agglutifRCAs20) and Shiga toxins (Stxs) [65].
Later it was shown thathe o-Gal carbohydrate antigen interacted in a speoinner with
tri-Gal presenting SAMs [178]. "Click chemistry” wantroduced in a later work for the
preparation of carbohydrate functionalised crystafaces which then showed selective lectin
recognition [66] [179].

There are far more examples if one looks to oligtentme interactions with the first direct
DNA detection using QCM back in 1988 [180]. Follogithis there were many more studies
produced using immobilised oligonucleotide surfaddsese immobilisations were generally
performed using biotin-avidin [181], or gold-thiahteractions [182] [183] with varying

surface performances ensuing.

2.1.4.2.2 QCM biosensing surfaces by Polymer Adsorption

An alternative approach to SLM assembly is polya@sorption whereby biofunctional thin
films may be adsorbed on the crystal surface andchwimay be tuned by polymer
composition to control non-specific binding. Thispemach proved successful as applied to
carbohydrate-protein interaction by Matsuura ettlatough adsorption of lactose bearing
amphiphilic polymers on hydrophobic surfaces whiohn showed RCA, and peanut lectin
(PNA) affinity [184]. Carbohydrate surfaces premhley photo insertion into an adsorbed
polymer were tested by QCM and showed the prediatiities [90] while in the same year
a covalently bound glycopolymer demonstrated Coaalm A detection ability [185].
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2.1.4.3 .Advantages and Limitations of QCM for Biosensing

Advantages

QCM sensingeliminates the need for any labelling step to bet phthe signal transduction
mechanism. Signal transduction can operate in agaglutions which may be limiting in
optical techniques.The technique is capable of tatesubtle changes at the liquid-surface
interface such as density-viscosity changes imibdium, viscoelastic changes in the bound
layer and changes in the surface free energy.Alsts ifavour are its relative ease of use and

cost-effectiveness and continually improving sevisyt

Limitations

Although improving on a continuous basis the mamithtion of the QCM techniques as
opposed to other established optical techniquel aacSPR is actual sensitivity. A general
limit of detection could be described as an alkiaioéimonolayer. Therefore the case of small
molecule detection falls outside this limit in teynof mass detection. Amplification
approaches may be used to overcome this limitiagdher by mass amplification or surface

area increase (porous films) (see also se@ibr.5).

2.1.4.4 Comparison between QCM and other techniques in Biosensing

In terms of the application of QCM technology te ttudy of biomolecular interactions the
most relevant technique to compare would have teusface plasmon resonance as they are
both surface analytical techniques capable of tun ionitoring of interfacial processes. As
described QCM is an acoustic wave device wher&@® oscillation frequency and quality
are related to the mass loading and the viscoelpsbiperties of the adsorbed materials. On
the other hand, Surface Plasmon resonance (SP&theariabel-free detection technique, is
based on the resonance coupling between incidghitdnd a gold surface plasmon wave. In a
classical SPR instrument, this occurs at a typiceident angle, causing a minimum in the
reflectivity of the p-polarized light beam. The wvalof this critical angle depends on the
thickness and refraction index of any layer adstidrethe gold surface.

The measured signals are thus proportional to tHeaular weight of the adsorbed materials,

and can be used to quantify the number densityiftdreint types of adsorption [186]. SPR
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measures “dry mass” meaning that the signal meddaraeot sensitive to water associated
with macromolecules. This is not the case for QChere the response may also contain an
associated water contribution. Adsorbed moleculassrmay thus be more directly discerned
from SPR data.

It appears that in most cases the techniques anparable in terms of resulting sensitivity.
Whereas the SPR has the advantage in terms o$eaaitivity the fact the QCM technique
also measures entrapped water amplifies the granemeesponse and may render it
sensitivity comparable in macromolecular bindingpexments [187,188]. An added
advantage of QCM over SPR is the availability oé tCM-D technique which is a
measurement of the dissipation energy. A film tisaviscoelastic or “soft” will not fully
couple with the quartz crystal’s oscillation anddiming so will dampen it. This damping thus
contains information as to the film’s viscoelagtioperties and using these results viscosity,
elasticity and a more correct thickness than magdtenated with the Sauerbrey relationship
can be calculated on fitting to the so called Vongidel.

2.1.4.5 Quartz Crystal Microbalance Signal Amplification

As referred to earlier, a general limitation on QQénsitivity is the mass of the analyte
which is to be adsorbed from solution. At prese@Mdoes not have single small molecule
sensitivity The most common procedure for QCM detectof protein-carbohydrate
interaction is immobilisation of the small molecws the surface bound receptor as SAMs
[66,178,189] or polymer films [90,103] followed hwyonitoring of the binding of the
relatively large protein giving an easily measueaipéquency change. Amplification methods

may thus be employed in order to study certaindmiognition processes.

Two previously demonstrated ways in which to achiamglification are mass increase i.e.
the introduction of nanoplatforms such as nanoglagj vesicles [190] and micelles to carry
the recognising small molecule element, another iwdy increasing recognising surface area
e.g. porous films, MIP multilayers etc [191].

Nanoparticles as frequency change enhancementgtahe already been demonstrated for
the biotin-streptavidin interaction [192] and afeo enhanced DNA detection by QCM. DNA
—conjugated nanoparticles can be used to enhaa@ghal produced upon hybridization to a
surface bound single-stranded template [193]. Afls@ very recent work a lectin bound
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glyconanoparticle layer was shown to act as anreggraof lectin recognition response when

compared to a glyco-SAM [194].

2.1.4.6 . Glycovesicle-Lectin Surface Binding Studies by QCM.

Vesicular aggregates exhibit an important advantega biological sensing platform in that
they mimic the cell membrane-the site of moleculacking, ligand-receptor binding, and
other vital processes (see sectiof) in terms of progress in health and medicatrsm. In
the last two decades an interest has developduesetiposomal aggregates as drug delivery
systems with their major advantage being the ploygical origin of their components
leading to high systemic tolerance. A third poistthat they readily incorporate small
molecular species either in their aqueous cavitpophilic wall. These traits taken together
present the possibility of relatively syntheticallgcessible target directed drug delivery
systems [195]. Surveying specifically protein-cdnpdrate interaction studies the approaches
used have been to modify the phospholipid buildilagks [190] or to incorporate glycolipids
in the bilayer [196-201]. Vesicles have been usedeimonstrate molecular recognition on the

QCM platform for interactions such as biotin-steypdlin driven adsorption [202] [203].

Referring specifically to lectin recognition by sinanilamellar vesicles there are some
noteworthy advantages to using this platform in QCM

- the phospholipid surface is anti-adhesive towadedsin proteins [204] and so non-specific
binding can be avoided.

- glycolipids should easily partition into phospipads bilayer based structures [205].

- as alluded to earlier a limitation on the QCMhiicue is the analyte mass. A small

unilamellar vesicle has an average molar massooinal 1.5x16[2086].

Another interesting characteristic is the fluiditythe phospholipids bilayer which can allow
microdomain formation as is the case for glycosgalipids in the cell membrane where
polyvalent carbohydrate presentation is fundametatatell-cell interactions. Such fluidity

may also confer responsiveness to the recognisggiclke when in the presence of a

multivalent receptor.
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2.1.5 Plan of Action

The present Project can be described as the inaéstigof nanoparticles as amplifiers for a
Quartz Crystal Microbalance study of the carbohtg@otein interaction and extension to
exploring the dynamic nature of the particles.

It thus involved:

-Preparation and characterisation of glyconanogartibrary suitable for QCM technique

(i.e. fully water/buffer soluble, stable, poly-sugaesenting.

-Optimisation of QCM running conditions for the exppnents ( buffer used, flow speed,
surface properties)

-investigation of lectin layer formation

-Investigation of the specificity and affinity ofygonanoparticle interaction with adsorbed

protein layers.

2.1.5.1 . Quartz Crystal Microbalance Setup Used

The setup uses a Thickness—Shear—Mode resonator i8hicdmposed of an AT-cut quartz
crystal sandwiched between two gold electrodes sltgab from vacuum. One face of the
crystal is in contact with liquid while the oth@mnains in contact with air.

L ]
"2 altana ¢ p

Figure 10 Representation of QCM Experimental Setup

The analyte is passed in a continuous flow in theidi phase (normally buffer) over the
functionalised surface and specifically adsorbedsraan be discerned by transduction to an
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electrical signal as described. This combination noicrofluidics and quartz crystal
nanobalance allows the real-time label free measeiné of molecular interactions.
The instrument used was the A100 from Attana Stoockf®weden www.attana.comwhere

the crystal sensor is setup in a removable holden fwhich it itself can be removed and
chemically modified.

2.2 Results/Discussion
2.2.1 Microscopy on Particles

2.2.1.1 Scanning Electron Microscopy (S.E.M.)

¥

Figure 11 S.E.M. graph of MannoNP’s evaporated oaluminium slide.

Highly dilute Glyconanoparticle solutions were evegied on aluminium slides for scanning
electron microscopy characterisation using a HITAGH4500 | instrument. The results
indicated a homogenous patrticle size on observatiaround 13-14nm (Figure 11). Higher

resolution images by T.E.M. indicated a 12 nm diamnfgr the gold cores (Figure 12).
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2.2.1.2 Transmission Electron Microscopy Results

Figure 12 Con A agglomerated thiomannoside functicalised nanoparticles.

2.2.1.3 Dynamic Light Scattering Measurement of Hydrodynamic Radius

Dynamic light scattering measurements can givectimecess to the hydrodynamic diameter
of spherical nanoparticles. Using the Cordouan SLib3trument a result of 16.9+1nm was

determined. An estimated ligand length ofi1Pased on perfect gas geometry optimisation
would be in good agreement with a core size of 18ansidering the ligand shell.

2.2.2 Lectin Immobilisation on Quartz Crystal Surface

Concanavalin A was immobilised on gold coated quarystals by taking advantage of two
types of interaction, a non-specific hydrophobi¢eraction and by specific mannoside

recognition.

2.2.2.1 Lectin immobilisation by Hydrophobic Interaction

That Con A retains carbohydrate activity on hydrdpbammobilisation has been previously
demonstrated [207,208]. Gold coated quartz crystele rendered hydrophobic by cleaning
in piranha (HSOy/H,0,7:3 (vol.)) for 30 seconds at room temperatureofedid by extensive
rinsing with deionized water. They were then immérs&e 1mM ethanolic solutions of
octadecanethiol for 16hrs. Stable layers of Cone&keathen formed through immobilisation
on these octadecanethiol functionalised gold coatgdtals from phosphate (10 mM)
buffered as well as Tris (10 mM) buffered saline @N&.1M) solutions (Figure 13). The
advantage of this form of immobilisation is its pimity, with an ease of surface regeneration
apparent using surfactant solution SDS .3% w/vUuf&dL4).
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Figure 13 Con A immobilasation on ODT functionalise gold coated quartz crystal.

(Figure 13) and (Figure 14) show the reversible ohilsation of Concanavalin A on ODT
functionalised gold surfaces. At t=0 the surfacecWwhs under a constantly flowing buffer is
exposed to a Con A concentration ofill upon which adsorption occurs as signified by the
large frequency change of the quartz crystal sefp. second dotted line represents end of
injection whereupon running buffer replaces the Barontaining stream. A second injection
was then performed in order to saturate the suidftee which the surface was left under the
running buffer in order to equilibrate to a stableface useful for further measurement with
particles. Injection of aqueous SDS solutions (Q.3&sulted in complete removal of the

lectin layers adsorbed in this manner, regeneratidgan hydrophobic surface (Figure 14).

SDS regeneration of C18 surface on typical Con A injection
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Figure 14 Surface regeneration with SDS solution 8% (w/v)
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2.2.2.2 Specific adsorption on adsorbed polymer

Specific adsorption through mannoside recognitsoanother means of Con A immobilisation
and can be accomplished with self assembled moadasAMSs) or adsorbed films of high
specificity. Mannan adsorbed on polystyrene was aletnated as an effective Con A
immobilisation procedure in experiments by Peilg2@9]. By extension of this procedure to
an even more hydrophobic surface in an octadecah€¢@®DT) monolayer the surface could
be saturated with the polysaccharide giving a stéilvh through repeated injections at a low
concentration (5@g/ml) (Figure 15). Following this film depositioragsing of buffered Con
A solutions at {tM concentration resulted in the formation of ledyers which stabilised
with time (20-30minutes). The mannan film could bganerated with multiple injections of
buffer at pH 1.5.

Con A immobilisation on Mannan film

500 Tris pH1,5

\

400

Tris pH1,5

/Tris pH1,5

/ Tris pH1,5
»

300
ConA 1uM

AF

200

1 Mannan 50ug/ml x5
100

T T T T T T T T
0 500 1000 1500 2000
Time(seconds)

Figure 15 Mannan film immobilisation of Con A to fom layer which could be removed through multiple
acid injection.

The next goal was then to test the QCM responskesktdeposed films to glyconanoparticle
solutions. The particles were prepared as desciibéte experimental section by a method
similar to Russell et al [129]. These nanopartidbesng of optimal size for colorimetric
detection were then tested for reversible colonimetesponse to selectively recognising
lectins. Initially the mannoside functionalised toaes were tested for Con A recognition in
tris buffered solution (Figure 16). As describe@e(ssection2.1.1.1.1.1) aggregation of
nanoparticles based on specific recognition cameasured using UV-optical absorbance. A

red-shift in A ,.allied to increased intensities at longer wavelesghdicates clustering of
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nanoparticles to form larger aggregates due tonmascoupling. It was shown to be
concentration as well as time dependant as coukpected. The important thing was that it
also proved to be reversible on addition of higlmdf ligand a-1-methyl-D-

mannopyranoside indicating specificity (Figure 16).

25Con A-NP binding (30 minutes) Con A 250nM
— NP solution3mgim| =° B yryr=yes——
2 —COnAEOnM Con A — Con A 250N 30min
2 : — Con A 250nM 4hrs
—ConA 250nM P — Con A250nM 3days
w 15 —OOI’IAHDI’IM 151 — +alpha-Me-Mannose
= ; — ConA 5000rM =

0,5 1

0 T T T T T T .
40 490 500 50 600 &0 0 0 800

0 T T T T
400 450 500 5580 600 650 700 750 800

Wavelengthinm) Wavelength(nim)

Figure 16 Optical absorption spectroscopy demonsttas reversible Con A driven ManNP agglomeration

This technique was also used to validate the gamiggarticles which showed a reversible

aggregation with the galactospecific RCA120 le¢kigure 17).
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GalNP
GalNP+RCA., 500nM(5min)

+a-1-GalOMe(500xconc immobilised)

0,4 |

0,3 4

Abs

0,24

0,14

0,0 4

Figure 17 Reversible specific RCAygrecognition by GalNPs

Again aggregation was indicated by an increasatensity at higher wavelengths which on
addition of then-1-methyl-D-galactopyranoside proved reversibleas be appreciated in the
presented graph. Glyconanopartcle suspensionsrecepad tested in this manner have been
previously demonstrated as colorimetric lectin sen$§l28] [129] [150] [167] [163].

ORH

o)
on MO0 Oy HO&OH/O\/\O/\/O\/\SH
Hﬂﬁm ) (& ™ (13)
o)
O~ O gy HO OH ﬂmo\/\o/\/o\/\%
OH (11) OH (14)
HO% HO&OH OH
HO S\-O O g, O OO%
(12) HO o O O gy

(15)

Figure 18 Ligand library synthesised for glyconanoprticle preparation.

The particle library was prepared from the six sgsibed thioglycosides (Figure 18):
mannosidg11), glucoside(12), galactosid€13), lactoside(14) and maltosid€15) as well as

the 2-(2-(2-mercaptoethoxy)ethoxy)ethan¢28) functionalised control particles (see
Experimental Sectiorb(1) for synthesis details). Glyconanoparticleppred by surface self-
assembly on citrate passivated particles of hommgencore size and purified by
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centrifugation were diluted in tris buffer. The dodn concentrations were diluted to an
identical concentration according to optical abaade measurements (Figure 19). The
LactoNPs however appeared unstable and showed eigpsecipitation and so were not
tested. The concentration of gold cores in the swlutould be calculated according to a

theoretical study using multipole scattering thedeyeloped by Haiss et al. [210].
Auso x10'

2
d{— 0.295+ 136exp{— [d - 963) ]]
782

Eq 16

N =

Knowing from T.E.M. images that the particle diameieraround 12nm and using the
previous equation, wherd represents the number density=N/V, nanoparticle amol
concentration can be calculated for the NP dispassi

N = Aysox 5.5745.16

N =5.2265 x 16

C=N/N=8.679 x 10M
The number of ligands per particle can also be estidhassuming complete close-packed
monolayer coverage [211] which gives a surface @me of 196 pmol cii. A 12 nm
particle if perfectly spherical would have a suefarea of 4.52xI¥ cn? giving 8.85x10"
pmol. This number corresponds to 533 thiols perrhZoarticle.

_glyconanoparticle solutions ~8nM
1,6 5

14

ManNP (29)
—— GlycoINP (30)
GalNP (31)
—— GIuNP (32)
MaltoNP (33)

1,24
1,04

0,8

Absorbance
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0,0
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anm)

Figure 19 Optical absoption Spectrums of GlycoNP d$ations adjusted with buffer to equal absorbance

intensity.
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2.2.3 Glyconanopatrticle interaction Studies

The so prepared glyconanoparticle solutions at ecuatentration and of identical gold core
size (Figure 19) were injected. Concanavalin A $ilmere prepared as described and the NP
solutions were passed into the QCM flow in ordeoliserve their surface interactions. It was
noticed that Maltoside and Mannoside glyconanogladiwere bound selectively, with the
protein layer being resistant to the other pasi@ad with no signs of non specific adsorption
(Figure 20). These results indicated that the ptesgstem was indeed highly specific based
on sacharride form and that forming Con A layerpbysical and specific adsorption resulted
in layers which could still specifically recogniskhis is presumably a result of Concanavalin
A’s tetrameric structure which due to shape comgashould only occupy two of its four
binding sites upon surface immobilisation leaving ssites free presented to the liquid media

for further interaction.

Glyconanoparticles 8nM

350 —

300 -

—— MaltoNP
e 1 —— ManNP
] —— GIuNP

> 200 ] GalNP
e ] — GlycoINP
> J
=3
o 150 -
o
o J
< 100-

50

0
|
1 |
'm I| T T T T T T T T T T 1
0 100 200 300 400 500
Time(sec)

Figure 20 Comparison of different glycoNP solution®f identical concentration and core size

When the particles were tested on hydrophobicatlg galactomannan film immobilised
RCA 120(Ricinus Communus Agglutin) no affinity was obsetvfer any particles. While the
hydrophobic immobilisation may have a more detritakaffect on the RC#y lectin’s sugar

recognising activity, an explanation for the ladlkparticle recognition by specifically bound

lectin can be found in the tertiary structure. KalCon A, RCA, possesses two and not four
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active sugar binding sites on its homodimeric stne It forms an elongated molecule of
dimensions 12 nm 6 nmx 4 nm [212] with two active sugar binding sites [P18 nm apart
towards one side of the structure which would allww sites to bind a 2-D surface. With
such a structure, upon specific immobilisation feiin can be rendered inactive to further
specific carbohydrate interaction.

Further to this, a tetrameric galactose specifguiee lectin PNA was tested in a similar
fashion but again showed no affinity for particlerary. This lectin, like Con A, exhibits a
tetrameric structure at physiological pH and has factive saccharide binding sites [214]
(Figure 1). It also showed galactose specific @gtivn solution by UV but when it
immobilised did not. These lectins could be testmsthg covalent tethering for surface
immobilisation in future work which could allow tinectivity be transferred from solution to

the surface format.

2.2.4 Con A Immobilisation Method Dependant Binding Affinity

The immobilised lectin layers showed different atfindepending on the immobilisation
procedure used (Figure 21, Figure 22).

4004
" 16nM on C18 supported Con A
300 4 | 1.6nM on C18 supported Con A
' —16nM on Mannan supported Con A
| —1.6nM on Mannan supported Con A
% 200
100
I
oL
|
i T T T T T T T T T T |
0 50 100 150 200 250 300

Time(seconds)

Figure 21 Mannoside nanopatrticle injections (16nM ad 1.6nM in nanoparticles) on immobilised Con A

layers.
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Con A adsorbed in a specific manner (i.e. on polymeaide) showed increased affinity,
which was especially marked in the maltoside narnmba case. This could be expected as
physical adsorption through the hydrophobic inteoacmay result in random orientation and
have undesired structural effects lowering activ@y the other hand specific adsorption on a
Mannan film should result in a favourable oriematiand high activity for the Con A

tetramer.

—C18
MaltNP 8nM Al
550 - Iat 8n on' ConA layers — C18(+ cations)
| i E —— Mannan film
3004 ! [
250 -}
200
E 1 i 310Hz
150 - ! !
100 -
0] | s
SN ﬁ 30Hz
:l g — T T T T T T T
0 100 200 300 400 500

Time(seconds)

Figure 22 Maltoside nanoparticle injections on immbilised Con A layers.

2.2.5 Association Constant Estimation

In order to obtain apparent affinity constants bése glyconanoparticles for Con A a
concentration assay was run with the resultsfitbethe Langmuir adsorption model [215].
The Langmuir adsorption model is commonly used fdaiming binding properties in surface
based senor assays. It is based on the equilimetationship between the concentration of a
compound adsorbing to binding sites from a liquid gas and the resultant fractional

occupancy of those binding sites limited by cerssaumptions:
- A uniform surface.

- A single layer of adsorbed material.

- All sites are equivalent.

- Each site can hold at most one adsorbing molecule.
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- There are no interactions between adsorbate nekeon adjacent sites.

- Constant temperature.

_ Keq[C]
) 1+ Keq[C]

Eq 17 Langmuir Adsorption Equation

Such a simple model is bound to have some limitatiand so it does. In reality already
adsorbed molecules may have some influence on #Husprbing neighbour, more than
monolayer adsorption may also occur.

It is however valuable in that it gives accessri@pparent binding constant and so allows the
evaluation of surface affinity in at the very leastomparative manner. In terms of QCM

measurementd the fractional occupancy can be approximated\by AF,., giving

AF K [C]
AI:max 1+ Keq[C]
Eq 18

which can be rearranged to give :

1.1 1
AF AI:maxKeq[C] AI:max
Eq 19

Plotting of I/ AF againstl/AC can thus give access to the association consydiitting of a
straight line (Figure 24).
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2.2.5.1 ManNP Interaction

T T T T T T T T T T 1
50 100 150 200 250 300 350 400

ManNP binding to Mannan immobilised ConA layer. —16nM
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] ! ' 8nM
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350 — | : —3,2nM
1 | | —1,6nM
300 ] : :
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S 200- :
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50 4———1 ' .
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Figure 23 Concentration assay for ManNP (29) bindig on specifically immobilised Con A layer.
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Figure 24 Plot of Langmuir relation allowing determination of K z,,for ManNP (29).

Application of this model to the-linked-mannose presenting nanoparticles givespparant

binding constantK, , =16x10'M ™
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2.2.5.2 MaltNP Interaction

MaltoNP on Mannan immobilised Con A
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Figure 25 Binding Assay for MaltoNPs (33) on Con Aayer.
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Figure 26 Plot of Langmuir relation allowing determination of K 4o, for MaltoNP (33).

Kapp = 72X10'M ™
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The preference of Concanavalin A for a-configuratgiypcosides is exhibited by the high
maltoside affinity against the lack of affinity fducoside nanoparticles. The glucose moieties
are bound in th@-configuration on the glucoside nanopartio{88) whereas the maltose (4-
O-a-D-glucopyranosyl-D-glucose) moieties present anteal o-linked glucose Erreur !
Source du renvoi introuvable) on (33). Concanavalin A shows a selectivity for the
configuration in its monosaccharide binding projesrt{216] and this can go some way
towards rationalising this result. Such a glucosefiguration dependant affinity difference
has been demonstrated previously for polymer fi|gls/] and by affinity chromatography
[218] [219].

(a) ®) o

Figure 27 Glucoside (a) and Maltoside (b)

Somewhat surprisingly the maltoside functionalipadicles appear to show a higher affinity
than the mannoside ones. Looking to the literattgports on colorimetric aggregation tests
with Con A Maltose particles have shown a detectiomit of (8.0x10° M) [164] for
Concanavalin A in solution whereas Mannose padidimore or less equal diameter have
shown a detection limit of (4x1) [128]. Searching affinity constant comparisoms i
structurally similar interactions in the literaturghat is, multivalent presention of

monosaccharide and disaccharide the following nusnten be found:

Table 1 Literature reported affinity constants (K,) for Con A-Mannoside interaction in multivalent

presentationsusing surface based characterisatidechniques.

QCM SPR

glycoNP 2.24x10M7{194] 4.3 x16M™* (diam 20nm}165]
glycoSAM 8.7x10M ™" [66] 3.9x16M 1 [66]
5.6x10M ™ [220]
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These reported figures agree quite well in rangé wie results presented for mannoside
nanoparticles. The 2-D glycoside presentation shmmet affinity constants than the 3-D
nanoparticle presentations which could be ratigedlin terms of surface area considerations
[194] but some clustering causing deviation from prerfect monolayer assumption could not
be ruled out which would lead to exaggerated bigdionstants in these mass sensitive
techniques. This multivalent presentation brings th#inity into the range of
neoglycoproteins (K=10°) [221]. Considering that the relative affinity ctants (K) of
8x10°M ™ for MeaMan, 2.7x10M ™ for MeaGlu and affinity constants of 2.88XM™*[222],
1.1x16GM™ [223], 2.1x10°M™ [224] and 1.6x18M™ [225] reported for D-Maltose it seems
odd that the inverse ratio of affinity appearstfee glyconanoparticles.

The concept of an extended binding site was intreduto explain the apparent 60-fold
affinity increase on going from the Milan to the trisaccharide Mad,6(Marol,3)Man. A
structural basis for this increased affinity candescribed based on an increased number of
favourable protein-saccharide contacts. The firsh @ocomplex to be crystallographically
determined was a tetramer of Con A withdWan at each of the four binding sites [36,226].
Subsequent determination of Con A in complex whth disaccharides, Mam(1->6)-Man-
a-OMe and Mama-(1->3)-Man-a-OMe [227] found the O-1-linked mannose to occupsy t
monosaccharide binding site in an analogous fastoarMeOMan. Similarly, the crystal
structure of a trisaccharide, Man(1->6)-[Man-a-(1->3)]-Man [40] found the 6 terminal
mannose to occupy the monosaccharide site. Theateattucing sugar in the core and the
1->3 terminal mannose occupied an adjacent extendgdnref the binding groove, also
making direct polar and apolar contacts with thetgin. A resultant affinity of 4.9xfm™

[44] has been reported.

OH
HO o
HO HO

0

HO OH o

HO
- 0
HO S
0

OH

Figure 28 Trimannoside core Manea-(1->6)-[Man-a-(1->3)]-Man
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Extension of this extended binding enhanced affitotynaltosides does not appear to concur
with the reported affinities where as statedof3k1 shows higher affinity than maltose
indicating a negative influence on the binding gydry the secondary glucose moiety. In a
previous study on affinities af-glucobioses by Oda et al. they noted that sinaféinities to
MeaGlu in all cases, the contribution of the secondgse residue being almost equal to that

of a methyl group [219].

In reference to this apparent switch in selectjvitlyere are cases reported where the
selectivity of a ligand can switch going from sadatto a polyvalent format, as shown for the

BP lectin (Bauhinia purpurea) [228]. It was notidat this lectin bound to carbohydrate

layer in a ligand density dependant manner showirgyvitch in selectivity as density was

increased which led to the following propositionthg authors:

“It is even conceivable that different proteinsymaind to the same carbohydrate ligand,
albeit at different surface densities. We proptse thanges in the expression levels of
cell-surface carbohydrates may permit switching just from an off state to an on state, but

from one on state to another on state”.

These results suggested that secondary interactomsbute greatly to protein avidity. In the
present work the unusual results could be accouimetly appreciating that the structural
organisation at the recognising interface may ravémportant impact on the results. In the
case of maltoside NR83) the glucose moiety is separated by another gluitosethe glycol
linker, thus the recognising sugar may have magedom or may enter the binding pocket
more favourably with the second saccharide alseracting favourably with the protein as is
seen in most lectin-carbohydrate intractions. Thigs opposed to the anti-adhesive glycol
groups for the mannoside NE29). However as Maltose have been shown to exhibitiaés
similar to or slightly lower than MeGlu this could be determined more by this anti-

interaction glycol rather than increased favouratieraction.

2.2.6 Multilayers

Materials composed of 2-D an 3-D ensembles of narigfes are becoming increasingly

important in analytical and material chemistry. Malers fabricated through layer by layer
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assembly appear a promising route towards contrdilen morphologies at the nanoscale.
Previous examples are predominantly based on Hiturad covalent cross-linkers and
electrostatically passivated particles [229-231pr@amolecular layer by layer assembly based
multivalent supramolecular interactions have beeescdbed for dendrimers and
functionalised nanoparticles [232] with assemblingdarge biomolecules limited to a few
cases such as nanoparticle—myoglobin multilayesedan electrostatic interaction resulting
in highly stable multilayers [233] and later withet similar protein lysozyme and also

following a LBL (layer by layer) electrostatic tadque [84] [83]

Gold nanoparticle-biomacromolecule hybrid multilayéms have grabbed an interest again
based on their colorimetric properties as well lsteochemical sensing capabilities [103]
[234]. As plasmon coupling is a distance relatedén@menon multilayers changing in
physical composition,such as may occur on wateoration, may show colour changes due
to changing interparticle distances which can Imlyeguantified using optical spectroscopy
on for example a glass slide.

Accordingly the present system was examined fdaability in preparing nanoparticle—lectin
composite multilayers organised through specificbchydrate lectin recognition .The
experimental conditions were as before to builditigal Con A layer on mannar2(2.2.2).

A Con A saturated surface once exposed to a MardiRian and binding a stable layer of
particles can then bind more Con A in the nextatiggn and layers could be built up. Layers
formed in situ could be easily broken down withexigess of the high affinity ligand (Methyl-
a-D-mannopyranoside) (Figure 29). The plot showsalit three Concanavalin A injections
on an adsorbed mannan film to give a saturated.|dyes was followed by an injection of
the mannoside nanoparticlé29) at a concentration of 16nM. A further Con A injeatwas
followed by a 16nM nanoparticle which showed insexhbinding perhaps due to increasing
surface area. Three injections of MetlhyD-mannopyranoside selectively broke down the
layer to the original Con A on mannan film.

This observation was then extended to fully satgrdéctin-nanoparticle-lectin multilayers
(Figure 30).The initial layer was again a Mannamfibllowed by Con A until saturation then
ManNP until saturation. An interesting point in thaultilayer deposition is that ManNP
saturation occurred at&F of ~1600 which fits very well with the langmuir adption model

where based on the ManNP concentration agdgy, = 1652.
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Figure 29 Frequency profile showing build up and secific removal of lectin- nanoparticle multilayer.

Based on this QCM measurement it appears that égnadeatilayered structures can be built
up in an LBL fashion.Stability in air or vacuumashighly desirable factor in multilayer films
and stability was the issue which caused problematiempts at further characterisation
through electron microscopy for the present worke Thultilayer built from biospecific

interactions had to be maintained in its bufferdibans and so some other type of in-situ

measurement would be necessary to further chaiaeter
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Figure 30 In situ QCM monitoring of LBL Multilayer construction by specific biomolecular recognition.
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2.2.7 Alkylglycoside functionalised Small unilamellar vesicles

In a related investigation, small unilamellar vésschaving a range of alkyl glycosides
partitioned amongst their phospholipid assembliesewested for interaction with the said
Con A layers by QCM. The ligands were prepared uaihtpigsen 1,3-dipolar cycloaddition

between glycosyl azides and tetradecyne.

OH

o NM Ho o NM
(21) OH (25)
OH (@]
By A .
OF A=~~~ %o L

(23) 27)

Figure 31 Alkyl glycosides for vesicle functionaligtion : mannoside (21), glucoside (23), galactosi@®)
and maltoside (27).

With Con A layers prepared as before (see se@i@R.2) vesicle solutions prepared by
injection (see sectiof.2.2) and incubated overnight at 4°C with the lgllygoside type and
concentration of choice were injected into the Q€&up (Figure 32). The vesicle solutions
had a concentration of 200uM in POPC and variotissaf alkyl glycoside to phospholipid
were tested. Of those tested only the alkyl mal®siesicles showed surface recognition.

, f
SRTLE =2 1
e q”"v’{c«/_\, yﬂa %:.,:i/w.—«

e . O
Sl ﬁﬁﬁ%@

s
e o 7
R
e

Figure 32 Cartoon representing specific recognitiorf Con A layer by “glycovesicles *“.

As shown in (Figure 33) the “maltovesicles” adsarlspecifically while all the others
including alkylglycoside free showed minimal ads@mp. The results were fitted to the

Langmuir model as befor@.Q.5) giving an association constant8.4 x 1d.
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Figure 33 QCM adsorption profile for alkyglcoside finctionalised vesicles.

The first point of interest to these results is that“mannovesicles’show no apparent affinity
whereas the “maltovesicles” do. A likely causetfus is the accessibility of the ligand at the
bilayer surface.The maltoside bearing an extra suagaiety can protrude more from the
bilayer whereas the monosaccharide ligands mayubedin the external hydrophilic part
phospholipid layer.

Again affinity enhancement is evident as M&Iu moities show a Ka of 2.7xim™ [43].
This 40-fold increase can be attributed to multiaaleffects allied to the fluidity within
phospholipid bilayers. The scale of vesicles (2B#85n diameter) may also allow them to

access more than one binding site simultaneously.

2.3 Discussion

An overall conclusion would be that nanoparticles as efficient signal enhancers in
interaction measurement using QCM. This type of mesmsent could be applied to a whole
range of interactions for which analyte mass istiig, from biological protein-carbohydrate
to cation mediated carbohydrate-carbohydrate anib dine library of known supramolecular
interactions which could be investigated throughmbmation of SAMs and NPs. The
amplification is huge which is to be expected asdhis an increase in the region of ~6000%
in mass (considering 53000 gold atoms per 12 nnicparEqg 20) [235]) when the 533
thioglycosides are fixed to a 12nm gold patrticle.
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Eq 20

The interaction between these monolayer protecteticles and the protein layer was also
completely specific as there was no evidence of-spmtific binding and layers could be
removed by simply injecting excess solutions of hingh affinity ligand, this being the case
for both ManNP and MaltNP .

The question of the “cluster glycoside effect” irethpparent affinity constant is highly
relevant. Lunquist and Toone surmised, based ortigolexperiments by calorimetry and
inhibition studies, that enhancement in activityrailtivalent carbohydrate presenting ligands
over monovalent ligands results from aggregatiot'@nprecipitation processes [55]. In the
present work the Lectin is fixed in a layer struetwon a chip surface and so protein
aggregation of multivalent ligand could not be etda in affinity enhancement. That leaves
an intramolecular (chelate) effect or intermoleculéstatistical effect). Assuming
Concanavalin A as an 8 nm cube with its bindingkets located at 4 vertices then a
thioglycoside functionalised 12nm patrticle couldust least 2 if not up to 4 monosaccharide
binding sites on a saturated monolayer based omegizal constraints. If two was the
maximum span then

Applying the Whitesides rationale:

K'goly - (K poly)N — (K mono)aN

avg
Eq 21

where a =1(the interactionis assumed non-cooperative
and where N=2(no. of interactions)

Then K ¥ should equal to (8XT)f =6.4X10 M™*

That it does not reach this figure indicates negatiwoperativity according to this approach

with a =.924 although the results are not far from thislelo

Assuming a non-cooperative association the conoémnhancement factor [46] may be

applied as described in the general introduction.

multi
Ka

mono
K a

ﬂ:

Eq 22
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For the present system this results i#&2000 in the ManNP case an@l=25000 for Malt
NP (considering affinity constant of 2.88X10r D-Maltose [222]).

From a statistical point of view we could returnth@ reasoning of Kitov and Bundle [52]
which seems to give a more complete treatment ®feffiect. As described in the general
introduction (see sectioh.3.2.1) they considered avidity binding energybtomade up of

three components where although the second faztohglating effect, is of interest the last

factor should be highly relevant to the presentiwand is termed the avidity entropy:
ASY . =RInQ

avidity
Eq 23

where Q is the number of accessible microstates.

In the present work the number of bound microstatesqual probability is huge given the
valency of the multivalent scaffold and may therefplay the biggest role in enhancement.
Earlier thermodynamic treatment of the multivalerifee referred to in the general
introduction (see section 1.3.2.1) considered th@nndriving force to be a reduced
conformational entropy cost on the binding of a tmalent as opposed to a monovalent
ligand [236].

In the present work the latter theory may also kghlia applicable. The conformational
entropic cost of for example binding to a Con Anfifrom a solution of free ligands must be
far larger than the case where these ligands awmdban large clusters with extremely

restricted conformational entropy in the case 8Ra.

It can be proposed that overall affinity enhancenisnan entropic effect. The enthalpic
contributions for monovanent and individual conttibns in multivalent binding can be
considered equal. The restriction of a small mokgsuhotion on binding to a protein causes a
loss of configurational entropy, and thus a penadtpinding affinity but again this would
remain consistent in the multivalent scale-up asld/the entropy change on freeing of water
molecules on binding. Taking everything into acdooime could surmise that a combination
of the following not entirely exclusive factors tisato affinity enhancement:

- Decreased conformational entropy cost.

- Large number of available multivalent ligand-recemomplex microstates.
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- Chelating effect (when one site bound second one flawourable).
- Translational entropy cost (binding cost is lower fiar larger nanoplatform,
translational entropy depends primarily on (3/2JRIr), where M is the molecular

weight).

2.4 Conclusion

The presented approach to QCM measurement has mpesttial, even using the present
materials the carbohydrate—carbohydrate interaatgnbe investigated as well other lectin-
carbohydrate interactions giving access to thermadhyc and kinetic parameters (for
example using ClampXP fitting software). Nanopd&escand QCM can go hand in hand in
order to expand the applicability of the QCM teciud and investigate small molecule
interactions in a real-time manner. More speciicah terms of the carbohydrate—protein
interaction further work can investigate lead teaper understanding of this interaction with

variation in carbohydrate distributions and paetisize readily accessible.

In this work it has been shown that using nanogladiin conjunction with QCM is a viable
way in which to explore small molecule interactiodd present this technique does not
demonstrate small molecule sensitivity and nanapest offer large signal amplification.
This has been demonstrated in the present work whegggency changes in the region of up
to 1600Hz were demonstrated for a complete nanofetayer while typical protein layers
would show changes in the region of 100Hz.

Glyconanoparticles have been described as beingnitmetic in their multivalent
carbohydrate presentation and this work concursgd_affinity increases with enhancement
factors ) of 2000 and 25000 for Mannoside and Maltosidpeesvely were shown.

Coupling of Vesicular aggregates with QCM as a aigamplification method has also been
demonstrated as a versatile approach. Vesiclespraae to be even more applicable given
their simple preparation and propensity to pariteonphiphilic molecules. It could also be
added that for the study of biomolecular interaddicat cell interfaces etc. the vesicles
biomimetic nature is highly attractive. This workosled ligand design is as expected an
important feature and more "natural” longer chaymtketic glycolipids could show even
higher affinity amplifications due to accessibilitAn enhancement factor of 40 was
demonstrated for the Maltoside vesicles.
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3 Polyoxomolybdates as

Synthetic lon Channels
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Figure 34. Bilayers from nature to measurement [23].
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3.1 Introduction

3.1.1 Phospholipid bilayers

The phospholipid bilayer structure is essentiallte existence of life. By the end of the
nineteenth century scientists had come to belieaethe substance separating the interior and
exterior of the biological cell was comprised ofrahing resembling oil [238]. During the
study of anaesthetics Overton classified hundrddsrganic solutes concluding that there
permeability across cell membranes was determiédw their size but by their oil-water
partition coefficient. He stated that the osmoerier must be a lipid impregnated boundary

layer with properties similar to those of phosptigtiholine and cholesterol [239].

It was not until 1925 that the actual structuratkhess of the membrane was elucidated.
Capacitance experiments by Fricke led to the canmtuof a layer thickness of 3.3 nm [240]

which corresponded to the hydrophobic part of titeybr with the fully hydrated polar head

groups not showing up in these experiments. Insdmae year Gorter and Grendel correctly
deduced a lipid bilayer structure when the area &fm of solvent extracted erythrocyte

spread in a Langmuir-Blodgett trough was twice tifathe cells original surface area [241].

With the development of Electron Microscopy theabdr theory was confirmed in the late

1950’s following work by Sjostrand and later Roberts work and interpretation. [242]

[243].

"About 1956 | applied two new developments in Ebhteque, permanganate fixation and

epoxy embedding, and observed a triple-layerecepain all cell membranes and membrane
organelles studied. The membrane measured “ ~7.5nnthickness and appeared as a pair
of dense strata each “~ 2 nm thick bordering a tighntral zone. The work provided the first

direct evidence that nerve myelin consisted onlgabfwann cell membranes to the resolution
of the sections ~2 nm), Partly on the basis ofdlasservations | stated that the basic pattern
resulted from the presence of one lipid bilayertlas fundamental core structutel. D.

Robertson

The current teaching, the “fluid mosaic model” (FgwB5), locates the proteins embedded

within the bilayer ,some on one side or the otkeme spanning the layer [244].
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Figure 35. Fluid Mosaic Model of Cell Membrane [245

3.1.2 lon channels

Phospholipid bilayers act as diffusion barriersbinlogical systems being impermeable to

lonic species. Transport across this barrier idifatd either by transporters, channels and
pores, or by low molecular weight carriers. Biokmdiion channels are passive transporters
allowing the flow of ions across membranes closinéir diffusion limit in water while at the

same time exhibiting high specificities for ion doictance [246].

Figure 36 Aquaporin channel surface representatiofi247]
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They are large protein complexes that regulate te functions of cells and work by
replacing the ion-water interaction with stabilgimon—transporter interactions which can
selectively permit movement across the high endyagwrier that is the lipid bilayer. lon
channels are passive transporters. The flow is nlibyethe concentration gradient across the
bilayer or by imposed electrochemical gradient. €halso exist ion pumps, ATP driven
transporters which can actively transport specisnst a gradient thereby creating gradients
in biological systems. Both channels and pumpshagaly selective with this selectivity

based on supramolecular principles.

3.1.3 Basis for lon Channel Seletivity in Nature

Biological ion channel function requires that thbeea high rate of flux but also a selectivity
which can discriminate between similarly sized aradi such as Kand N4 .This has been

accomplished through the evolution of channels wlzesmall section is constricted to impart
spacial selectivity (selectivity filter) whereasethest of the channel is large enough to
maintain rapid diffusion. This hypothesis was phaljcdemonstrated with the determination
of potassium ion channel structure [248]. lon clerselectivity can be described in general
as being effected in localized regions where thetgmm interacts strongly with the ionic

species.

Cation selective channels that have been studiedsively have all shown a net negatively
charged pore lining thus attracting cations andeligyg anions [249]. For example

Gramicidin, the first channel for which the struetwas determined with atomic resolution
although being neutral overall has a conductingpyway that is lined by polar regions of the
protein with the partially negatively charged bamké carbonyl oxygens pointing slightly

inwards towards the pore [250]. It has been shoemcé for this channel that monovalent
cations pass through the channel at high conduetatigalent cations block the channel

conductance and anions neither permeate nor bihecgdre [251].

A similar asymmetric charge distribution appearsdb&behind the selectivity of most ion
channels. K channels have a group of carbonyl oxygen atonsglitheir “selectivity filter”.
As would be expected for anion selective channessthe opposite case. ©hannels show a

net positive charge along their conduction pathjudging from crystal structures [252].
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Discrimination between monovalent and divalent aregi appears to occur as a result of
interaction strength [253-257]. It is thought tleations move along the channel due to being
“knocked on” by coulumbic repulsion. This works wellthe case of the monovalent cation
but when a divalent cation enters the interactisnmuch stronger and this cation is
immobilised relative to timescale [255]. The chanigehot incapacitated however as the
divalent cation will eventually leave the channet bver a timescale that is much longer than

that of ion permeation.

When it comes to ions of similar size and chargehsas K (~1.38Z\) and N&( ~1.022\)

[258] the mechanism of selectivity shown is nostiaight forward. It had been thought that it
was basically a pore size effect, that, as the iwas to be fully desolvated to pass the
selectivity filter, and that as this desolvationswally compensated for by interaction with the
carbonyl oxygen atoms within the pore, thehdéuld be stabilised sufficiently to overcome
its desolvation energy whereas in the"Mase there would be insufficient interaction to

accommodate desolvation.

This explanation requires that the structure ofpttogein be fairly rigid so that it cannot adjust
to accommodate the smaller ion. This “snug-fit” miaddased on crystal structures. There is
likely going to be a “snug-fit’ in the crystallingtate between a’kchannel and a Kcation
coming from the corresponding salt solution. Thkedi organised state however may not be a
true reflection of the dynamic natural state of wwrking protein. Especially as proteins are
relatively flexible structures that undergo rapieermal fluctuations of a magnitude much
greater than the size difference betweeh &tal K, it being .38\ in radius [259-261].

It also appears that the protein backbone is qudbile as crystal structures obtained for low
K* concentration show a large conformational changgé filter region as it adapts to this
situation [262]. A further explanation has been fomvard through theoretical study whereby
the K’ selectivity exhibited is proposed as being a comerge of coordination by dipoles of
appropriate strength. Fluctuating carbonyl dipdleshe flexible binding site, with dipole
between 2.5 and 4.5 debye, arédélective whereas an increased magnitude wouldufavo
coordination of smaller ions and lower magnitudeyéa ones i.e. field strength selectivity
[261]. Further dynamics studies have also alighednselves to this approach [263].
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The NaK channel is an interesting case in thatridoots both Naand K but has an almost
identical structure to that of the" kkhannel except for the replacement of one tyrosis@ue
with aspartate. This channel is known to conducttrgosup 1A cations as well as € his
raises the big question of how two channels wittmgagly identical chemical environments
can have different ion binding properties. In aergty published work analysis of the channel
crystallised with a range of cations was perforrfz@#]. For the four well defined binding
sites in the NaK selectivity filter, sites 3 and the two most intracellular are virtually
identical to those of the Kchannel, whereas 1 and 2 show a modified vestisttacture.
The authors surmised that through increased molafitwater molecules in this vestibular
part a greater flexibility on ion binding is impedt However 3 and 4 which are identical to
the K' channel surprisingly showed different binding mdjes. The explanation here was
that through facilitative water complexation thetNan is conducted through the selectivity

filter in line with suggestions from recent comgigaal studies on NaK channels [261,265].

Overall it appears that ion channel proteins ai@tde structures with exquisite selectivity
(e.g. more then 1000-fold for'Kover Nd in K-channels) based on and not in spite of their

dynamic nature.

3.1.4 Rational design of lon channels

Approaches towards the synthesis of ion channetoofrolled functionality can be divided
between the engineering of existing biological icmannels and de novo design of ion
channels based on supramolecular approaches. &serpmwork will concentrate on the latter
approach. Completely synthetic ion channels baseithis strategy have shown some success
in recent times. As with many areas of interessupramolecular chemistry evolution in
naturally evolved systems has provided inspiratideaign concepts. Two such motifs for the
design of synthetic ion channels are the gramicmkntdecapeptide and the amphotericin
molecule (Figure 37). In membranes and nonpolaresité gramicidin forms f helix with a
hydrophilic interior and a lipophilic exterior bé&ag the amino acid side chains. The helix
length is roughly half that of bilayer thicknesstam gramicidin molecules span the bilayer
connected by six intermolecular hydrogen bonds.rékalting structure creates a water filled
tunnel that is an efficient channel for alkali iods second biological structure to influence
rational design of synthetic ion channels is th&famgal amphotericin molecule which forms
channels in sterol containing bilayer membrane§]26
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Figure 37 a) Gramicidin [267] and b) Amphotericin P68].

The mycosamine headgroup contacts with the aquewasepgiving directionality. With the
polyene chain part in contact with the hydrophabterior of the bilayer aggregation of these
monomers builds a water filled channel structuréjctv being about half the width of a
bilayer ,like gramicidin, requires that two suchgespates join end to end to span the
membrane.

Through biomimetism, structural understanding aners#pity researchers have produced
working synthetic ion channels. This goes back wwer ethers, which, since they were
discovered have been used to transport cationsighrbulk liquid membranes. In the 1980s
many groups began to contemplate the possibilitpwiliding synthetic cation channels that
could function in bilayers. Most of the early desmgwere thus based on macrocyclic
compounds. The first reported that demonstratedrammsport were by Gokel and coworkers
[269] and Fyles and coworkers [270].

3.1.4.1 Unimolecular Synthetic lon Channel Structures

3.1.4.1.1 Synthetic Unimolecular lon Channels

The ‘hydraphiles’, a group of tris-macrocycles, areelatively well characterised synthetic
ion channel. Their intial design envisaged a codlasiructure forming a channel across the
bilayer with the cental macrocycle acting as acotatielay (Figure 37). Subsequent results
however have shown that it is more likely that dagions do not pass through the central
macrocycle as variants with smaller central crowhers also showed similar activity.

Nevertheless the orientation and structure withim bilayer was supported by fluorescence
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techniques [271]. Taken together with other workiliy same group the enhanced transport
activity would appear to be as a result a chanorehétion which allows water and partially
hydrated cations to interact by Lewis base—catioth bewis base-water-cation interactions
[272].

Figure 38 Design concept for ‘hydraphile’ channel$271].

The hydraphiles were also shown to be biologicatlyva. A toxicity towards Gram-positive
and Gram negative bacteria was shown correlatinthéa channel forming ability [273]
[274]. Co-facial organisation of crown ethers hagrba recurrent concept in channel design

with many examples. Another early working exanipje-yles et al. used an 18-Crown-6 as
a central relay [275].

3.1.4.1.2 Semi-Synthetic Unimolecular lon channels

Helical peptides have been used by Voyer et atcaffolds to support aligned crown ethers.
The coupling of crown ethers to helix forming pepsdvith rationalized spacing to allow for
macrocycle stacking has shown to generate memidiangting agents (Figure 39) [276].
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Figure 39. Synthetic ion channel incorporporating ahelical peptide backbone and oriented crown ethers

to form a unimolecular channel [276].
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Another scaffold for the helical cylindrical typ@imolecular channels was studied by Matile
et al. based on the octiphenyl moiety. Modificatmithis structure with short sections of

peptide resulted in the assembly of rigid febarrels [277]. These large diameter channels
allow the transport of large ionic species white ttransport can also be controlled by

modifying the internal functionality of the chanr{€igure 40), [278].
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Figure 40 Octiphenyl based helical channels [277].

Other examples of unimolecular synthetic ion ché&hased on self-assembly by peptide
hydrogen bonding have been demonstrated [279,23@]ic peptides have also proven to be

potent antibacterial agents, a property believagsalt from membrane depolarisation [281].

3.1.4.2 Polymolecular ion-channels

As mentioned the amphotericin molecule providestlarostructural motif for ion channel
formation, i.e. monomeric units which self-assemblghin the bilayer forming channel
structures. This approach has advanced around meenbp@nning molecules which possess
the tendency to aggregate in an edge to edge fashithin bilayers. Bolaamphiphiles
(hydrophilic-hydrophobic-hydrophilic monomers), whenembrane spanning in size, have
been shown to form channels. Fyles et al demoesiriiis for a series of compounds with
varying head groups and bridge groups (Figure 282][283]. On variation of bridge group
between (a) and (c) no activity difference was elised and overall little selectivity is shown
for channels of this form. Some selectivity mayibgoduced by headgroup modification
with these headgroups then acting as electrossaliectors. Their dynamic nature within
bilayers leads to fluctuating polar regions withiive layer allowing passage of water and
hydrated ions. Results indicated that monomers ir@danactive with dimers or trimers the

active units. Their association is driven by phodiplreb organisation hence an extension of
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the hydrophobic interaction. These compounds aldobégd potential for voltage gating

based on the formation of asymmetric channels hegidi a dipole [282].
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Figure 41 lon channel forming bolaamphiphiles [282]283].

Voltage-gated responses have also been observesimitar systems with bis-cholate
amphiphiles. The symmetric compound (both end graapbkoxylic acid) exhibited no such

response whereas the non-symmetric gave a non-lauggent-voltage response (Figure 42)
[284].

Figure 42 Voltage-gated ion channel forming Bis-atlate amphiphile [284].

Many common detergents show channel like activy7]. However these are in general
transient, irregular and poorly reproducible. Thare simple compounds which appear to

produce regular channel openings based on vollaggcexperiments (Figure 43) [277].
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Figure 43 Detergents which have shown channel likactivity.

ChHan+1

3.1.4.3 Pre-assembled Metal-organic clusters as lon transporters.

Most recently polyoxometallates have presented slebras as strong candidates for synthetic
ion channels with tuneable transport propertiesthd synthetic ion channels discussed so far
have been constituted by organic molecules. Theeefew examples of metal-organic
structures being investigated. Up to 2008 only ovatal-organic compound was reported to
facilitate ion transport this being a lipophililhgtenediamine palladium complex reported by
Fyles and Tong (Figure 44) [285].

% HN
T PI(-::;N j\/o

Figure 44 lon channel forming lipophilic ethylenedamine palladium complex [285].

Following this Kim et al. reported synthetic ionacimels based on metal-organic polyhedra
[286]. The metal organic cage used was based drereaork by Yaghi and co-workers
[287,288]. The nanostructure is a/2%uboctahedron constructed from 12 £00,)(4)
paddle-wheel building blocks. It contains a hyditiphcavity of 13.8A in diameter
surrounded by eight triangular 3/8 and six square 6.8 windows. The overall diameter

including the long alkyl chains surrounding thesap is around 5 nm (Figure 45).
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Figure 45 Metallo-organic nanocapsule ion channehswing hydrophilic cavity(yellow sphere) [286].

Using a Fluorometry protocol [289] alongside a ag# clamp method [246] they
demonstrated proton and ion transport across lipldyers mediated by the cluster

architectures.
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Figure 46 Scale of Capsule and Phospholipid bilayg286].

Recent theoretical calculations have demonstratedpbtential of surfactant encapsulated
polyoxomolybdates to act as synthetic ion trangperf290]. More specifically a Mg, type
capsule complexed electrostatically with dimethytdadecylammonium bromide

(DODA-Br) and its interaction with a palmitoyl-olegn-phosphatidyl-choline (POPC)
bilayer was considered (Figure 47). These simulatemncluded that water soluble structures
are formed spontaneously through combination ineags solution of Mg, cationic
surfactant (DODA) and model phospholipid (POPC) #mat these liposome like structures
insert spontaneously into lipid bilayers for giveonditions. These POM’s are particularly
interesting candidates in that the capsule funatibes may be tuned through ligand variation

as described in more detail in the next section.
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Figure 47 Snapshots of liposome(Mg,DODA,POPC) fusion with bilayer [290].

3.1.5 Molybdenum Polyoxometalate Clusters

Molybdenum blue solutions are known of for morentl200 years since they were first

reported in 1783 by Scheele. Pure crystalline sasnpf the these nanoclusters were then
isolated by Mdller et al. in 1995 where the synihemd structural characterisation of the

Mossscluster crystallised from a molybdenum blue solution wasatibed [291].

1{(Mo)Mo,]

Figure 48 Keplerate clusters can be viewed as cormgexd of pentagonal building blocks at 12 vertices ain
icosahedron [290].
This work has been built upon by both the Miller ugroand others revealing varied
nanoarchitectures including giant spherical or webaped systems composed of {Mo@#}}o
pentagonal building blocks which are conserved betw structures. These Mo based
pentagonal building blocks allow the generatiotaoe clusters with nuclearities between 36
and 368 metal atoms per cluster [291-293]. Redunctib anionic molybdenum salts (e.g.
Mo;0,) in acidic aqueous solutions results in self-agdg of theses higher order
structures[292].
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The clusters can be divided into groups, the kefsrand the big wheel types. The Keplerate
clusters are all assembled from the pentagonal Mg(kuilding blocks which in the case of
the giant spherical clusters can be described asybglaced at the 12 vertices of an
icosahedron and linked by a set of 30 mono- or dear spacers (Figure 48), such as
{Fe(H,0)}*" [294] and {Md’O(H,0)}**[295] or {Mo0,"'O4(CH;COO)}" [292]. Changing the
linkers allows the size as well as the chemicalattaristics of such nanoarchitectures to be
adjusted. The big—wheel type polyoxomolybdates sorporate the pentagonal unit as well
as {Mo} and {Mo;} type units. Composed of these building blocks,cji} and {Mo17¢}
“big-wheel” clusters were prepared by the Milleogp[296].

E-:.' {P"'Iﬂu}

Figure 49 A formal building schme for an Mqgs, ring starts from a Cstype Moy, unit fourteen of which are
fused ogether to form two Mo77 belts.Two of thesewe fused together after one belt has been rotatday

an angle of 360°/14 with respect to the other alorthe C;-axis to form the wheel type species[296].

Another interesting development as regards the ri@thekepelerates is that the 60 Mo
linkers in the Mas, can be replaced by 30 'fFdons, leading to the formation of Mres

(Figure 50) which possesses novel magnetic pragseji2o4].
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~2.5nm

Figure 50. Structures of (M0132) and (MeFes) [297].

In such cases with a mononuclear linker such &5tRe pore size (Mgs rings with receptor
properties similar to that of crown ethers) is darain diameter which may have important

influences on ion transport phenomena.

3.1.5.1 Self Assembly to higher ordered structures

These POM clusters have shown a propensity to falinassembled structures in agueous
solution. Large uniform aggregates with unknowrudtires were initially observed [298]
which were later investigated by Dynamic and stidiict scattering techniques showing that
these supramolecular structures were hollow spdiefislackberry” like vesicles [299].
Subsequent investigations also showed somewhaallm assembly processes for the

spherical clusters Mg, [300] and Ma,Fe3p[301-304] (Figure 51).
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Figure 51 pH dependant vesicular organisation of MgFes,clusters.
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3.1.5.2 Surfactant Encapsulated Clusters

Surfactant Encapsulated Clusters (SECs) as appligold@aomolybdate clusters were initially
described by Volkmer and Kurth around 2000. [303}3Mo0;3; kepeleratelusters prepared
as had been previously reported by partially reuydilo” to Mo’ via simple inorganic
synthesis approaches [297] were encapsulated by D@ough simple electrostatically
driven extraction into chloroformic solutions ofodtadecyldimethylammonium bromide
(DODA-Br). These now electrostatically neutral asskes altered in this manner would
show an increased stability to fragmentation and peedictable surface chemical properties.
The Moy, polyoxomolybdates were shown to be stabilised byawerage 40 DODA

surfactant molecules.

Figure 52 Model of SEC MQ3, DODA4[290]

These nanocapsules were investigated by a varidgcbhiques both in solution and in film
assemblies. Initially by small angle X-ray scatigr(PDDF) which indicated similar hollow
sphere structures for both the cluster and the SB®. films cast onto water were prepared
and examined by transmission electron microscopyvstg dark cores with a 3nm diameter
and an intercore distance of 4.5 nm. Ordered ragigare observed with a packing best

described as a fcc lattice with a cubic cell aXiagproximately 6 nm [305].
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Figure 53 Model representations of keplerate Mg, and Mo;3,DODA 4, [307] () a polyhedral model of the
Kepelerate Moys,viewed in cross-section with the acetate ligands awn in ball and stick representation.

(b) the solvent accessible surface of the kepeleeatluster calculated for a 0.14nm surface probe. MD
snapshot of MQ3,.DODAis shown in (c)in a pseudo cross-sectional format [307]. The diarter size of

the polyoxometalate shell is 2.96 nm with the surfdant encapsulated cluster having an outer edge
diameter of 6.18 nm.

NMR and IR studies indicated cationic headgroupatieg surface orientation of the
surfactant as well as completely disordered allhdirs attributed to the curvature of the
structure. X-ray reflectance (XRR) showed that ¢bee-shell architecture was preserved for
Langmuir monolayers at the air-water interfacavdis also shown by XRR spectra that this
core—shell structure is fully preserved in 3-D ygbrdered solid state structures formed by
multilayer Langmuir-Blodgett transfer [307]. A silani extraction procedure was later applied
to the MaJFey clusters which had been incubated in aqueous ealditir a long period of
time in order to allow for self assembly into tlaede unilamellar vesicles mentioned earlier
[299,308]. On variation of the surfactant: clustaio used for the extraction to chloroform of
“vesicular” cluster solutions it was observed by that a low surfactant concentration
(20:1) led to extraction with DLS particle size tdisution intact, that is to say, vesicle like
assemblies were stable enough to be extractedeasron However at high ratio (560:1) all
clusters appeared to be in single cluster-surfacéssemblies with an intermediate case
shown for a ratio of (100:1) revealing that elestabics played a large role in the formation of

these “giant” assemblies.
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3.1.5.3 . Transport Properties of Polyoxomolybdate Capsules

3.1.5.3.1 POM Nanoarchitectures and Pore Size

The most interesting aspect as pertains to the res®k is the porous nature of the clusters.
As stated the M@, cluster is composed of 12 pentagonal molybdenuideokgand type
groups. The connection of these groups forms 2Qleirgores on the capsule surface. The
resultant M@Ogy pores have a crown-ether type structure and stuthee shown that water
and small inorganic cations can enter the capsataycthrough these pores [309-311]. Pore
size can be modified as the linker between the {(Mtm} units is varied due to symmetry
reasons . For example if the linker is a binucMap type unit the pore will then correspond
to a MOy ring with a radius of around 2.25A [312] whereasgtie case of a mononuclear
linker such as P& the resulting smaller M@®s ring is just large enough to capturé iKns,

i.e. around 1.5 A [309,313]. The crown ether likeg®@gpore geometry has been described by

the Muller group for the cluster:

[{Mo ' (M0"'5021) (H20)e} 1{M0 ¥204(SQs)} 24{M0 ¥ 20,(CHsCOO)}]** (Figure 54) [311].

Four of the 20 nanoscale pores can be seen osutfece. (Figure 54) (b) shows a lateral
view of the coordination of an Naon to three sulphate groups on the interior sifé&igure
54(c) is a schematic presentation of ion uptakeralehse with Mo coloured blue and oxygen

red. The distances relative to ion transport areesgmted in Figure 54(d).

Figure 54 Structure of [{M0""(M0"'50,1)(H,0)s} 14M0 ¥ ,04(SO)}24{M0 Y ,04(CH;CO0)}**
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The turquoise and lilac spheres represent the cpoings for outer (MgOo) and inner (three
sulphate groups) pores. The narrowest pore dianstlerefore around 2.1 A which when
taking into account a van der Waals radius of 1/r&he O atom leaves an inner aperture of
~0.6 A. With the ionic radii of the cations studied (0.76 A), N4 (1.02 A), K (1.38 A) and
cd* (1.00 A) flexibility of the sulphate groups in grthmic process appears necessary to
account for the fact that all four cations entetezicapsule interior [311].

3.1.5.3.2 Cation Uptake by Aqueous Interior Cavity

Cation uptake studies have produced some very wotieyresults. In an investigation by X-
Ray crystallography coupled withi and *Na NMR studies it was shown that cationd Li
Na', K*and C4&'can all enter the cavity of the PONBL1];

[{Mo '(M0"'5021)(H20)e} 1{M0 ¥ 204(SQs)} 3 ** (POM1)
[{Mo V' (M0"'50,1)(H20)e} 1{M0 V204(SOy)} 24{M0 ¥ ,04(CH;CO0)}** (POM2)

It was also shown that the countercations are cepflgreferentially from the capsules’
interior surface. In the case 0OM1 Na and K ions to a large extent and Caons
completely, replaced Licounterions, whereas f6#@OM2 Li* ions did not replace the Na
counterions. This displacement took place degpiefact that these ions should be too large
to enterthe cavity of the capsule through a ‘fixed’ inn@edure of the channels, and hence
indicating that the channel structure basedthe sulfate ligands is sufficiently flexible to
adapt to these specific cations. Exdent to which the counter ion transport (intrasid, e.g.
Na'; extrusion of Li) takes place depends on the concentration ratibeofwo cations [311].
As suggested the ion channels formed by the@daings and internal ligands are flexible
and adaptable with regard to the passage of diffecations due to the remarkable local
interactions between the weakly bound internalndgasuch as sulphate and the entering
cations [311].

3.1.5.4 Gating transport properties of Polyoxomolybdates (POMSs)

“Gating” is described in later work on ¥ruptake into the highly negatively charged Mo
(with SO as ligand) POMs. The term gating was used, asgmdoncentration conditions a
certain amount of Pt was taken up by the interior meanwhile displaditigf**.Further P¥
ions were then coordinated by the shell exteria#]3Mimicking biological cation transport

may require an adaptive ion flux controlling medsanand to this end initial investigaions
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were carried out on non-covalently bonded “molecplags”. Initially guanadinium chloride

was seen to fit exactly within the pores of the;Meluster (with HPO, as internal ligand)
[309].

Figure55: Cations residing at well defined positioa of capsule type
{Mo¥'(M0"'5021)(H20)e} 1:AM0 Y ,0,(ligand)} [309] .

Later other compounds were tested such as formamidiand acetamidinium cations acting
as supramolecular guests on the polytopic recagatosule surface [310]. Formammidinuium
was shown to inhibit Li exhange processes with increasing concentratiased® on their
supramolecular nature these blocked pores were rshtowbe unblocked by increasing
temperature, as demonstrated by Gaflux experiments. These summarized works giva us
taste of the potential of POM'’s acting as ion ragjng nanoassemblies. Their behaviour can
be engineered through simple ligand exchange syeshehich determine resultant pore size

and coordinating properties of the inner pore aperand inner surface.

3.1.6 Physical Methods to Measure lon channel activity

Synthetic ion channels are studied mainly by twatfptms, vesicles and planar bilayer
membranes. Vesicles are prepared by dispersionho$gholipids in agueous solution to
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spontaneously form spherical closed-shell strustuféey range in size from 20 nm tqu¥

and may be bounded by one or more layers of bilagmnbrane.
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Figure 56 Scheme demonstrating principle of ion chanel-cation interaction dependant pH gradient
collapse measured with internal pH sensitive dye.

Flourescent dyes can be used to report a changimg composition in vesicle interiors. An
example is HPTS (8-hydroxypyrene-1,3, 6-trisulfoagtd) which is a fluorescence sensor for
quantifying pH in the range from 6.5 to 8.5. It cggrve as an intravesicular pH meter that
ratiometrically detects the collapse of an appli@hsmembrane pH gradient as well as the
ability of synthetic ion channels to accelerates thiocess. The vesicles are prepared in the
presence of HPTS with the excess then removed biitgation.

A pH gradient between the vesicle interior and mdksolutions is created by addition of an
extravesicular NaOH solution (pH=6X47.4). This base pulse causes anefflux or OH
influx facilitated by the synthetic ion channel. Ttigarge translocations are compensated for
by cation influx in response to proton efflux ori@mefflux in response to hydroxyl influx.
Therefore the increase in intravesicular pH, moedoby the entrapped pH-sensitive dye,
HPTS, reflects the electrolyte exchange rate [318:31

This technique may thus allow selectivity sequenttede established for synthetic ion
channels. Changes in the increase of HPTS emisaimn(ksd/l403) With time are measured in
the presence of different external cations Whis method provides reliable results which are
identical to those produced in bilayer lipid memimaonductance studies in terms of cation
selectivity sequences [286,289,319-321].
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Alternative methods includé®Na NMR spectroscopy where a suitable paramagnetic
relaxation agent, either inside or outside theclestauses a shift difference between external
and internal sodium ions. [322].

Bilayer membranes supported in a pore have alsp bsed for the voltage clamp technique
in which a constant transmembrane potential is ieppand current changes are then
monitored with time [246].

3.1.7 Solid Supported bilayers

Biomimetic membranes on solid supports allow poulesthalytical techniques to be used to
study interactions at the surface such as AFM, QSKFR etc. These biosensor components
can serve as model membranes in the study of aeliubcesses. One of such systems is the
supported lipid bilayer which through incorporatioh other elements may constitute a
biological membrane mimic. These layers have beepgsed by two general methods. One
way uses the Langmuir-Blodgett technique to trarisfe lower leaf to the solid support with
the second leaf then added by horizontal dippisg)guthe Langmuir-Schaefer method [77].
A more versatile method involves the fusion of drmallamellar vesicles to the solid support
[323,324] which is a spontaneous process affecgdddiors such as phospholipid chemistry,
pH and ionic strength of solution and also surfaoe vesicle properties [325-327]. The
SUV’'s themselves can be prepared by different nusthoamely the extrusion method
[328,329] or by sonication coupled with centrifugat[330].

3.1.7.1 QCM and Supported Bilayers

QCM based techniques have been previously usedtudy sthe interaction between

unilamellar vesicles and surfaces [331-334]. Kekéral. looked at phospholipid vesicle
adsorption on oxidised gold, silica and alkanetl#M surfaces. The results indicated
bilayer formation on silica, single layer deposition the SAM and intact vesicle adsorption
on oxidised gold [331]. Later they observed thegpession in the vesicle fusion process on
SiO, by combining QCM and SPR [332].

Ha et al studied the behaviour of such vesiclesnwleposed to hydrophobic surfaces,
specifically ODT funtionalised gold. They studied thésorption by both ellipsometry and
QCM where ellipsometry results were consistent wathmonolayer deposition the QCM

frequency change when correlated with the Sauerbggption suggested 30 layers which
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they put down to adsorbed intact vesicles adsodpethe hybrid bilayer [333] or in the light
of the inapplicability of this equation to such reeeements ( see secti@ril.4) could be due

to water molecules and viscosity changes.

3.1.7.2 Solid Supported Hybrid Bilayers

Another class of biomimetic lipid interface is thgbrid bilayer membrane. Pioneered by
Plant et al. [79,335] this type of bilayer consisfsa inner leaf of alkanethiol covalently
bound to a solid support with an outer leaf of gmdipids and may act as a more stable
biomimetic membrane than the supported bilayer ttughe strong covalent interaction
between the lower leaf and the substrate while sigpless fluidity in its exposed leaf due to
the increased crystallinity of the alkanethiol 1€286]. On gold substrate the first step is self-
assembly of an alkanethiol layer usually octadeitaole (ODT) due to its well studied
propensity to form close packed well ordered SAMiem ethanolic solutions. The
phospholipid layer can then be added by transfemfithe air-water interface or more

commonly vesicle rupture and organisation.

3.1.7.3 Supported Bilayer Membrane Formation and Structure

It has been shown that in some cases vesicle d@asoigccurs with the vesicles remaining
intact on the surface [325,337]. The surface progsertipid type and solution composition
play critical roles. The driving force it would apes the electrostatic interaction between
the phospholipid head groups and the surface omengpthe vesicle stability. Hence vesicle
adsorption and whether or not SBMs will form maytlweed by phospholipid type [338] (i.e.
vesicle charge). By extension condition paramesexsh as pH and ionic concentration are
also structure determining. Calcium ions seem &y pl special role as they appear to interact
with surfaces and phospholipids and tend to promibte adsorption and rupture of vesicles
[338-342]. A level of surface roughness is welktated by this process and little affected by
roughness in the nanometer range. Lipid bilayehsf@liow the topography of the underlying
substrate [343] with the attraction for the surfac®ugh to overcome the bending energy of

the bilayer.

3.1.7.3.1  Critical vesicular Coverage

A cooperative effect on the interaction of surfaoel vesicle was first reported by Kasemo et
al. [331,332] where they showed using SPR, QCMsamdilation that:

- Isolated vesicles remain intact when bound tidiGassupport
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- A certain density (critical coverage) is requiredinitiate decomposition of surface bound

vesicles into bilayer patches.

3.1.7.3.2  Asymmetry

Another interesting aspected of the vesicle to etupd bilayer transition is that of
asymmetry. The lipid configuration is not necesgadbnserved upon transition due to

differences in surface affinity [344,345].

3.1.8 Mo clusters and Therapeutics

Studies have indicated that POM’s present potetivieal, antibacterial; and anti-tumor
activities [346]. Their biological activity was firsnoted over 30 years ago where they
exhibited activity against various non-retro RNAdaDNA viruses in vitro and in vivo.
[NH4]17Na[Na(SbWO,4)3(Sh0;)2] 14H,0 (HPA-23) and other polytungstates inhibited
RNA —dependant DNA polymerases of retroviruses.

3.1.8.1 Poloxometallate Antiviral Properties

Research on POM antiviral activity has focusedhmngolyoxotungstates since as mentioned
the polyoxotungstate HPA-23 was shown to activersgadlV-1 in cell culture. It eventually
proved to be too toxic and ineffective for cliniadbses but consequently a range of new
poloxometalates were developed showing lower toxemd higher activity [347-349] [350].

Nb substituted polyoxotungstates were demonstrageanti-HIV agents by Kim et al. [351].
Other Nb containing polyoxotungstates were showsttongly inhibit HIV-1 Protease. The
mode of inhibition was indicated by molecular mdidgl studies to be not by the normal
route of other known inhibitors i.e. binding to thetive site but by binding to a cationic
pocket on the “hinge” region of the flaps coverthg active site [348].

Relatedly an electrostatic recognition was proposed Keggin structured tungsten
polyoxometalates which were shown to selectivehdkind aggregate the Prion protein ®rP
which causes bovine spongiform encephalopathy [392je Polyoxometallate-protein
interaction has also been investigated for humamsalbumin (HSA) [353] [354].

3.1.8.2 Poloxometallate Anti cancer Properties

In terms of potenin vivo anti-tumor activity theMolybdenum containing POMs have shown
great potential. Polyoxomolybdates have shown @arcer activity for a range of tumors
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since 1988 when anti tumor activity was shown agfamurine mammary cell line, Meth A
sarcoma and MM46 adenocarcinoma [355-39Tle results indicated that the M, is a

critical structure for antitumor activity. DNA ladd formation and DNA fragmentation were
observed in the treatment of human pancreatic caredls [358] and proceeding thought on
the mechanism of action is that the activity igsult of activation of the apoptotic pathway.
It has been proposed that the electron transféemsys the mitochondria of the tumor cells,
which preferentially take up the [NAK]g[M07024]-3H,O (PM8), reduce it to a more
cytotoxic species PM17 [359]. The reduced spechidsPr]s[H2M012025(OH)12(M0O3)4]

-2H,0 (PM17) has been shown to exhibit more potenttantior activity than PM8 against

difficult to treat pancreatic cancers [360].

3.1.8.3 Nucleotide-POM interaction

Interest in the interactions of molybdate and nottkes was stimulated by the the anticancer,
antiviral and antibiotic activity of polyoxometadst The molecular origins of the biological

activity of polyoxomolybdates remained poorly urgleod and was further complicated by
the dynamic nature of Mo clusters. Polyoxomolyd&iage long been known to show a weak
non-specific interaction with DNA [361] [362]. Hilet al. concluded that complexation

between molybdates and a range of nucleotides wwattinough the phosphate moiety [362].
Studies on the hydrolysis of ATPADP catalysed by polyoxomolybdates showed thatethes
clusters were highly efficient catalysts even amaemperature in contrast to divalent metal

ion catalysts which required elevated temperat 8@3].
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Figure 57 Molybdates showing hydrolytic activity onATP [363]

Prompted by these discoveries Cartuyvels et atodiered unprecedented hydrolytic activity
of the [Mo,0.4°% towards phosphodiesters [364]. On a DNA model satsstbis(p-
nitrophenyl)phosphate (BNPP) they noted that hydiel rates were nearly four orders of
magnitude higher in the presense of [{0g]®than the uncatalysed cleavage (Figure 58).
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Figure 58 Influence of [Mo,0,4%concentration on kg for cleavage of BNPP(20mM,pH=5.3, T=50°C)
[364]

Generally it was positively charged metal specieliciv would presumably interact

favourably with the negatively charged phosphateugrthat had been shown to act as
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artificial phosphoesterases and not large negatiglehrged clusters with one other known
exception [365]. A model for the cleavage proceSNBP (nitrophenyl phosphate) was
proposed based dfiP and DOSY NMR data based on the incorporatiomefphosphoester
group into the polyoxomolybdate skeleton and slyatf oxygen atoms with MY centres
(Figure 60).
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[P,Mo50,5]*

Figure 60 Proposed mechanism of phosphoester cleaeaby polyoxomolybdate [364].

Related later work involved cleavage of an RNA mddeNP (Figure 61) where tests with
strikingly structurally similar Tungsten clustersoshng no hydrolytic activity led the authors
to the belief that the inherent lability or dynanagpect of the Mo clusters had a large part to
play in their cleaving behaviour. They propose théa lability effect incorporation into the
MoO skeleton of the phosphodiester group strairtimg P-O bond making it increasingly

susceptible to hydrolysis by nucleophilic soventexanolecules [364].
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Figure 61 Hydrolysis of RNA model HPNP with [MgO,,] [364].

3.2 Results/Discussion

3.2.1 Supported Lipid Bilayers by Vesicle Deposition from Unbuffered
NaCl (100mM) solution, Tris pH 7.4 and Pure water

It was noticed during the early experiments thatThis buffer and NaCl presence seemed to
have an interference or screening effect on anrptisn observed for Mo clusters on
supported bilayers. It is highly favourable if maimpletely necessary to maintain a constant
flow of a consistent buffer throughout a QCM exp®ant and so the possibility of forming
supported bilayers from water or buffer free Na@lsons were explored (Figure 62). In the
time period marked injection solution (130 secomaisg) the surface is exposed to the
vesicular solution. The frequency profiles stronglygggest the adsorption of intact vesicles to
a critical coverage point followed by rupture tonfothe supported bilayer [331] [332]. The
bilayer is completed, stable and saturated. Thiaghan sign of df/dt can be assigned to the
release of trapped water on vesicle rupture [3@bRll cases the adsorption of vesicles is
observed as a frequency change due to adsorbed enassponding to the Sauerbrey
equation (see secti¢hl.4).

Buffer composition has a direct effect on whethenot bilayers are formed(1.7.3). The
NaCl concentration plays a direct role as previpusborted for the DMPC lipid with an
optimal concentration of 150mM [366]. In the preserork a C&" facilitation of vesicle
rupture was noted for the buffer system (Tris 10maig also for brine solutions. This
calcium effect has been previously noted [366-368].

It is known that phospholipids vesicles have arsjrelectrostatic interaction with €aand
that divalent cations are known to accelerate mamrfusion processes in general by
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bridging interactions between the phosphate headpgr and the negatively charged $iO
surface [338]. When PBS was used here as buffereffect was not observed which may be

due to the phosphate ions themselves acting agihgentities.

In (Figure 62) this “calcium effect” can be discednon observation of curves (a) and (b). In
the absence of calcium (a) it appears that a lwgldf intact vesicles occurs with rupture not
favoured. However in the presence of calcium (1n¥8M formation was observed in both

the equivalent Tris, NaCl (pH7.4) buffer (b), (¢),NaCl solutions (d), (e) and with pure
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Figure 62 SBM formation from different conditions on SiO, layers.

water as running buffe(f), (g). The adsorption profile disparities as a resultvafying
solution viscosities are also apparent as is erpert QCM. The supported phospholipid
bilayers could be removed and regenerated on lica surfaces repeatedly in a reproducible
manner. The bilayer removal was performed by impgcethanol/water 1:1 mixtures and/or
sodium dodecyl sulphate solutions (0.3%w/v).
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3.2.2 Investigation of Cluster Interaction with Supported Phospholipid

Bilayers

3.2.2.1 Incorporation of Surfactant Encapsulated Clusters’s studied by
QCM

In order to investigate SEC incorporation in theggtwlipid bilayer following the theoretical
study previously described [290], SBM formationnfr&UV'’s equilibrated with the synthetic
ion channel components and their controls were ex@inby QCM. The experiments were
performed with UHP water as running buffer with thesicle injections containing NaCl
100mM and CaGl1mM. (Figure 63) shows evidence for SEC incorporaaind transfer to
the supported bilayer structure. The larger dF ofeserfor POPC with unencapsulated
anionic clusters (green line) can be assumed toriesult of electrostatic interactions between
phospholipid headgroups and the anionic clustergpasrted in the next section (see section
3.2.2.2).
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Figure 63 Supported bilayer formation from vesiclesncorporating incorporating SECs on silica surfacs.
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Bilayer formation appears to be unaffected as upddition of NaOH (1mM) a stable

frequency corresponding to the supported bilaydy snproduced indicating cluster removal
(Figure 64).

NaOH

Figure 64 Representation of case where DODA-Br suattant is absent (green line above)

This contrasts with the case with DODA surfactaespnt in a >40:1 ratio (red line) where a
stable frequency of higher value is observed wischiso stable towards NaOH (1mM).This
increased frequency represents a greater depositess$ indicating that the clusters are
associated with the surface and bilayer while tka@bility to the NaOH solution indicates
protection by supported bilayer membrane incorpangiFigure 65).

Figure 65 Representation of case when DODA-Br is psent (red line above)

3.2.2.2 Interaction of Supported Bilayers and Molybdenum Clusters
“M0132 “and “Mo72Fe30”

It was noticed during the course of the experimémas the negatively charged molybdenum

clusters were adsorbed on SBMs with this adsormitected by factors such pH and ionic
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strength. They adsorbed to the phospholipid headpgrin a manner cleavable by aqueous
base whereby they could be removed from the bildy@ugh injection of a 1mM or 10mM
NaOH solution depending on cluster type. The tesiewperformed for both the Mg and
Mo72oFes type clusters, which are known to show differemtfacce properties, from aqueous
solutions with pure water as running buffer. Bothister types showed different adsorption
responses dependant on pH and presence or nompeest NaCl. This may be expected
given the differing surface electrostatic propertad both clusters. The frequency changes
observed can be viewed as being determined byeclestface properties and also interpreted
with reference to cluster vesicle formation chaggstics [298]. The clusters are negatively
charged in solution balanced by small counteriam$ @an be categorised into two groups,
strong electrolyte and weak electrolyte based eir #olution behaviours.

The strong electrolytes (“molecular conductors”) ibkha delocalized negative surface
charge and as a result are highly soluble in w&eme of these macro-ions tend to self-
assemble into single-layered spherical, hollowjoledike structures due to attractive forces
thought to result from the presence of counteroafialkaline metal and/or H+). An example
of this type of higher level assembly is demonstiaby the anionic wheel cluster “Mg

[301] as well as the spherical keplerates.

The “Moys, cluster falls into the category of strong elegtr®l but its self assembling
properties are not apparent in agueous solutioasidsicle formation was observed in 100%
aqueous solutions at 1mg/ml by Liu et al. but cdagddriven by lowering the polarity of the
solvent with water /acetone mixtures [369] whemeythroposed a solvent tunability of vesicle
size.

The “MosFes; on the other hand falls into the weak electrolfimolecular insulator”)
category. It has a localized charge distributioe tti the presence of hard centref' fead
Mo"'. It can also be considered a nanoacid as it pess&Fe'" (H,0) surface groups which
can undergo pH dependant deprotonations. Surplysimgshows assembly properties at
Img/ml in water. It assembles to form blackberrpetyesicular structures as has been
previously noted (Figure 51) [308]. The aggregatjmmocess was relatively very slow
however as vesicular aggregation of the;§fes required several weeks showing less than
1% by DLS after 4 days and taking 72 days to bggddcomplete [299,308]at RT. This is
compared to 3-5 days for solvent driven M@ssembly [369].
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The supramolecular assemblies formed by the latéeth@ught to be different in nature to the
types formed for the “M@,” wheels. The strong electrolyte types are thoughddsociate in
solution due to Van der Waals interaction as alre$uheir high polarizability. The MgFes

as well as possessing much lower polarizabilityspeses less electrostatic bonding and
hydrogen bonding possibilities. Experiments havewshhowever that the vesicle formation
is still very much charge related showing pH depee, with larger aggregates forming
going from pH6 to pH3. At H<2.9 however, no suprégalar structures were observed due
to the clusters as weak acids becoming almost ademtrsolution [304]. Above pH2.9 the
varied deprotonation configurations result in varibermodynamically favoured vesicular
structures while decomposition of the anionic dustself may occur above pH6.6. In
comparison, the MgFes cluster shows increased skeletal stability in sotubetween pH 2
and 6.6 when compared with the parent 84d304]. Supramolecular assemblies of
polyoxomolybdate (POM) clusters have been previousblised based on their negatively
charged surfaces ,directly by electrostatic LBL eadsly [307,370,371], and indirectly
through the surfactant encapsulated form wherenasgehas been demonstrated driven by
the hydrophobic effect at the air-water interfagelfB transfer [307]. lonic effects on vesicle
formation by MaJFe;has also been investigated with larger vesiclesifog with increased
ionic strength presumably by decreasing the intéigba repulsion interaction [303].

The experiments were performed by initially formswypported bilayers following the vesicle
fusion method (sees secti6r2.3) from an aqueous solution (NaCl 100mM, Catiiv) of
POPC (20QM) vesicles. POM solutions in pure water were tipassed over the surface
adsorbing to form stable layers which were stabladidic solutions (ImM and 10mM HCI)
but were removed with NaOH solutions (1mM for d@nd10mM for Mor.Fesg). The results
were recorded and frequency change after 300 seamasl taken as stable response time for
plotting of concentration against frequency change.

The reversible nature of the adsorption is shownMorFe;, and Maqs; type clusters in
(Figure 66) and (Figure 67) respectively. The clissteere adsorbed from solutions at varied
pH levels where upon injection end (130 seconds)stttup was under a constant flow of
H2O. Initially it was noticeable that the adsorbed-pf@;, clusters required a stronger NaOH
solution to regenerate the supported bilayer sarfas opposed to the M3 indicating a
stronger interaction. This may be expected givenahereviously noted differing surface

properties. The “weak electrolyte” Mgreso exhibiting localized charge on its surface may be
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showing a more spatially specific and hence stromgeraction when compared with the
delocalized surface charge of the o This difference in layer stability of the two POM
types investigated could also be accounted for yordiysis of the clusters back to their

molybdenum oxide fragments with the MBes, noted as a more stable species.
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Figure 66 Reversible adsorption of “Ma,Fesq‘(of lowering concentration) on supported phospholid
bilayers by QCM for pH2.5 .
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Figure 67 Reversible adsorption of “MQqs;* on supported phospholipid bilayers by QCM.
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The POPC bilayer presents a zwitterionic head gteupinated by a cationic choline group
which could directly interact with the negative stiers. This aspect of supported bilayers has
been previously demonstrated for polyelectrolyteggmolipid bilayer multilayers using
negatively charged polyelectrolytes [372-374].

3.2.2.2.1 pH Effects on POM cluster adsorption

Solution pH greatly affects adsorption response@sfly in the case of the Mgclusters. At
pH below 2.5 there is a large increase in the mspavhich was accompanied by a blue
colour in the solution. This blue colour corresponidsa surface oxidation of the Mg
clusters from MY to Mo”' resulting in altered surface electronic properf&%5]. This blue
colour change was noticed in a study by Muller anodvorkers [295] and was attributed to
oxidation of the {Mdy} linkers of spherical Mgz, keplerate to O=Mo(H20) i.e. oxidation in
acidic solutions of:

(NH4)aM0""7-sM0Y 60037H20)75(CH3CO0)¢].c.a300H0.10CHCOONH: (35)

Work by the same group has shown that in “molybderblue” solutions this colour
corresponds to the prototype “Mg@ wheel structure [375]. At low pH oxidation of Mdo
Mo results in a reconstitution of the kepelerate teheel structure which contains only 28
MoV units as opposed to 60 Mdn the case of Mg, The blue colour results from
compartmentalisation of the 28 delocalized 4d ebest within the wheel structure.

The solutions used in theses experiments were agedtiree days before use which was

enough time for Mo132 in solutions < pH2.5 to restdnte by surface oxidation.

The resulting adsorption results from the changgimoobject surface properties correlated to
the brown-blue colour change (Figure 68). In agsesnlutions the nanowheels are disposed
towards forming single walled vesicular aggregd®#%&5], with equilibrium being reached

after two weeks in water, whereas the M0132 narstefs are not at concentrations examined
[300]. Self association is thought to be stabilibgdhe highly hydrophilic surface templating

structured water assemblies and cation mediatedcadbn between the discrete clusters
[377].This property of the wheels may be reflectedhie increased adsorption values evident

at low pH (Figure 68) i.e. increased electroststabilisation.
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Figure 68 pH dependant adsorption versus concentran profiles for anionic clusters from (35).

The MorFes clusters from(37) adsorb more favourably at lower concentrations ttien
Mo132 case (Figure 69). It appears that their digjpm toward higher level assembly may be
mirrored by that of adsorption on POPC bilayers. Theellar-like self-assembly of this
cluster is far slower and believed to be differentature to that of the Mo154 wheels. Its
surface is comparably less hydrophilic with onlyti@dly deprotonated Fe coordinateg®

ligands at the surface.
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Figure 69 pH dependant adsorption versus concentratn profiles for [Mo;.Fesq] clusters.
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However its interaction with POPC bilayers appestrenger and results in a more stable
layer. Surprisingly, even at lower pH (<2.5), wharevould be expected that the cluster

surface be neutral and thus show less adsorptioimaieased level is observed across the
concentration range. This neutral surface at pH<X&rts vesicular assembly however it

shows continued affinity for the bilayer.

The lowering of cluster hydrophilicity appears to &eeterming factor in cluster adsorption

as a parallel can be drawn between propensity $serably to higher order vesicular

structures in solution and bilayer adsorption. Tisisdemonstrated by the Mp and the

Mo~2Fes0 surface configurations’ disposition toward intérae.

3.2.2.2.2 Salt Effects

When an NaCl solution 100mM was used as runningebwand for dissolving the clusters
surface adsorption was observed in the case of RIdaB all pH values which were not
observed in the case of pure water even at farrl@eecentrations (Figure 70). The small
electrolyte appears to stabilise M0132 layer foromatalso showing increasing adsorption
with salt concentration.
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— pH7
100 —— PpH6
—— pH4
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Figure 70 Comparison of [M0132] adsorption on suppded bilayers from 0.1M NaCl and pure water.
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lonic strength has been shown to effect POM manora@arface properties before .For
example NaCl concentrations above .3% are knovatdtelerate blackberry formation for the
Mo-,2Fe3p macroions leading to a precipitation.

lonic effects on vesicle formation by M&e; have also been investigated with larger
vesicles forming with increased ionic strength preably by decreasing the interparticle
repulsion interaction. [378 ] [379] [380].

In the present study, compared to the;Manacroion, NaCl concentration up to 0.1M has
minimal effects on the already strongly adsorbing;Me;. Presence of NaCl however
greatly effects the interaction of the “Mg with SBMs especially at higher pHs where the
cluster retains it highly charged surface (Figudg 7

The overall picture appears to be that the moredpfdlic the surface the less the adsorption
as evidenced by the increased adsorption and igtaboit Mo-.Fe3oand the surface oxidised
version of Mas; (38) compared with the more hydrophilic Mespecies (anion dB5)). This
strong electrolyte type with its highly chargedfage surrounded by layers of water ligands
adsorbs to a much greater degree in the presersadt @erhaps due to a screening effect.

3.2.3 Cation Transport by Surfactant Encapsulated Clusters

Following the studies on POM-SBM interaction by QGdhich supported the theoretical
proposal of bilayer incorporation, the next stefs\aa investigation of the appliance of these
porous nanocontainers as selective cross bilayameis.

Traditionally in terms of the discussion on ion chalrselectivity the Eisenman sequences are
used to give some interpretation of the results an@xtension the channel properties. The
Eisenman sequences cover cation selectivity arisolgly from dehydration penalties and
cation coordination strength and so runs from weéikld strength site (
Cs™>Rb™>K">Na'">Li") to high field strength site (*Na'>K">Rb™>Cs") [381].

K” Na' Li* Ref.
Fionic (NM) 0.138 0.102 0.074

[ nyarated(NM) 2.01 1.78 1.55 [382]

2.7 2.4 1.95 [383]

Mo 6.6 5.9 45 [384]

6 5-6 4 [383]
AGhyq(kJ/mol) 295 364 474 [384]
Volhydration shell 180 160 110 [385]

Table 2 Cation physical properties
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In channels with larger radii the ion-water inté¢i@ac is the predominating selectivity
determining factor over ion-pore interaction ands® largest ion with the lowest hydration
energy will be selected. This is the case in thengrain channel which follows sequence Il
(Cs'>Rb™>K">Na">Li") On the other hand at a strong field site (cowasing to a site with a
small effective radius) the smallest cation will pkeferred due the strength of interaction
overcoming dehydration energy. lon transport canctmesidered, as was discussed in the
earlier section, to be determined by:

- adimensional contribution (pore size)

- electrical field strength contribution

- ion-water interactions
However binding selectivity could hardly be dirgcfiroportioned to channel conductance.
One could imagine that the higher the affinity dfiading site then the less time spent in flux
hence, lower gradient driven conductance. This prabls overcome by thinking of the
channel as a barrier, like the K-channels selagtiier where the dimensional contribution
of the pore restricts larger cations, but the figliength in the filter is optimal for *Kwith

dehydration and dipole interaction required to ghsdilter.

3.2.3.1 Capsule Pore Aperture and Internal Cavity surface function

The M0132 type keplerates have been proposed aslsnimdecellular cation transport as a
result of the biomimetic nature of their 20 poré@ke pore size as well as functionality
matches up quite well. The biological transbilagation channels are lined with carboxylate
and/or carbonyl oxo groups attached to the pefdatkbone whilst the Mo132 capsules can
contain a range of co-ordinating ligands similarnetural channel representatives such as
sulphates or carboxylate.

This work was performed on the M0132 type capsudesng formulas:

(NH4)aM0Y'7-2M0Y 60037(H20)72 (CH;COO)q].ca.300H0.ca. L0CHCOONH,; (35)
(NH4}IMo""'7:;M0" 60037(H20)72(S)ad).ca. 280H,0 (36)

The anions summarised by {Mg,Mo0"glsg}™ may contain a range of stabilising ligand
functionalities on their inner surface thus permgttuning of their transport properties if
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electrostatics interactions play an appreciable fial the transport process. This can be
considered given the previous studies which shave¢idn complexation on the inner surface
by sulfate ligands [312]. The MOy crown-ether type pores are lined with functionghhds

which may impart selectivity [386] based, like imetnatural ion channels, on electrostatic

interaction and size effects.

Miller and co-workers performed NMR experiment @monstrate cation selectivities of
{Mo"'7:M0Y6o(SO)3at > and  {M0"'7:M0Y 6o(SO4)24(CHsCOO)}°*  anions [311]. The
fundamental skeleton remains the same across tHEB2Mtype clusters with the 20 pores
showing an average ring aperture of 0.45nm in dian{812]. Evidence suggests that cations
can compete for complexing sites on the capsullases. As shown in (Figure 71), in the
case of the {M8'72M0"go (SQu)st *# capsule, the inner ligand organisation can dictaee
complexing ability as demonstrated by the three wgymetrical complexing of Ng309]

but unsymmetrical complexing of Ldue to the interligand distance [312].

¥
L

3737 @

Figure 71 Two of the twenty pores if anion { M8'7,M0"60(SO4)s0} % [312]

The inner pore aperture formed by the associatgdis is approximately 0.6A taking into
account the van der Waals radius of the O atomsyéuthe capsules take up cations with
ionic radii larger than this indicating a levelftéxibility at the pore, demonstrating properties
similar to the biological ion channels (see sec8dn3).

Li*, Na’, K*, and C&" have all been shown to enter the capsule intérjoNMR. These
results would appear to indicate that the inteswaface of the aforementioned capsules
complex preferentially Naand K over Li". This deduction is based on cation uptake from

solutions where Naand K can mostly, and G4can fully (demonstrating its high affinity for
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sulphates), replace Lfrom the cluster internal surface whereas thiedbies not displace Na
in the reverse experiment. The extent to which thenter ion transport (intrusion of, e.g.
Na’, extrusion of L) takes place depends on the concentration ratioeativo cations.

Figure 72 Polyhedral representation based on struate of { Mo"'7,M0" g0 (SO4)24 CH3CO0)}**

with sulphate (yellow tetrahedrons) oxygens (redand water oxygens (orange) coordinated to sodium
cation [311].

On going from the original cluster {M&.Mo0"s (CHsCOOkg** to {Mo"';:M0"so
(SOy)3c} * the internal surface is modified with an increasdydrophilicity allowing water
molecules to form ordered contained nanoclustersososed to the disordered water
assemblies present in the hydrophobic capsulestrnat cavity [309]. The presence of these
oxygen donor sites on the capsules inner surfacelead to cation complexation in a

selective manner based on size-charge princip&g [3
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Figure 73 Ball and stick representation of { Md'7,Mo" g0 (CH3COO)z0}*# cluster showing acetate methyl
groups in black and white [388].

The inner pore diameter would be expected to ha#gndamental influence on transport
properties. For the acetate function cluster difficult to define, in this case, the radius could
be, at its narrowest, 0.84 A if all H-atoms poimivards the channel, but not larger than 2.36
A in the case where the H-atoms point away (Figi8k [388]. The MOy pore acts as a
selectivity filter where with the maximum inner poppening state could allow partially
hydrated cations of NaK" and Li to enter the cavity or, as in the present investigacross
a lipid bilayer .The second level of selectivityinsroduced by inner surface functionalisation
through ligand replacement represented here byMua 35(SOy)sgtanion. In the case of the
sulphate clusters the inner pore radius at itsomaest formed by the sulphate ligands is

estimated to be 0.6 A and so ligand coordinatiarobees a crucial step [311].

3.2.3.2 Surfactant encapsulation effects

Can these properties hold upon surfactant encapmiaUpon encapsulation by cationic
surfactant DODA the cluster surface becomes chaeggral. The water accessible surface
extends into the central cavity through each ofaZbecrown like pores where as many as 50
H20 molecules may reside indicating the validityluéges structures as ion transporters [306].
The internal surface remains partially hydrophohie do the methyl groups of the acetate
ligands pointing towards the centre of the cawvityhe case of “Mg CH3COO},DODA,".
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The keplerates in water exhibit dynamic aspectsctrally which are absent for the SECs
(surfactant encapsulated clusters) as it is thotlgiitthe electrostatically adsorbed surfactant
shell may confer increased stability in additiorhty@rophobic surface properties.

3.2.3.3 SEC Assembly and Bilayer Inclusion Shown by Fluorimetry.

In (Figure 74) further evidence for SEC incorponatie presented. Both POM and DODA-Br

need to be present for the facilitated cation fparsto occur. In the control measurements
where only anionic POMs or only DODA-Br surfactamtre added facilitated transport of

cations was not observed.

As mentioned the measurement of cation transpostimeestigated by observing the collapse
of a pH gradient across a vesicular phospholipiaybr. The basic concept can be viewed in
(Figure 75).

An initial intravesicular pH of 6.4 is present tp 60 seconds. At this point the external
solution is brought to pH7.4 resulting in an efflak protons over 440 seconds. This is the
point at which addition of a Triton solution ruptarthe vesicles resulting in a fluorescence
ratio corresponding to pH 7.4.

The rate of change of this internal pH was usegdite pseudo first-order rate constants for
cation transport as the proton efflux is balancgdcation influx as described (see section
3.1.6).
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Figure 74 POM mediated cation transport with contrd experiments.
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Figure 75 Typical experiment>change in intravesicular pH with time monitored byfluorescent probe
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There is an overall difference between the two dagsn that the acetate capsule consistently
shows higher transport rate constants. This canisusmhsed qualitatively in (Figure 76)
where the general trend of higher cationic flutha acetate clusters is quite apparent.

This difference was apparent for all three catidiigure 77).Transport selectivity however
was not shown clearly by each capsule. The basierdifce in transport rate between each
type of capsule can be attributed to pore sizeceffes described the capsule exhibiting the
acetate internal surface depending on ligand aimm can show a pore radius of 2.36A

which would allow all three cations pass in theidfated form. Considering the similarity in

——17nM ]
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——70nM
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e 350 M 3042'
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Figure 76 Comparison of N4 transport with coordinating (SO,*) and hydrophobic (CH;COO) clusters

this value across the three cations it would reoekpected to impart much selectivity. The
sulphate functionalised capsule on the other hahibigs a functional pore which could be
expected to show both size and coordinative selgctiThe results show that the modified
pore structure indeed inhibits cation flux. Withpare radius of 0.6 A it is thought that
dynamic coordinative behaviour allows the the ipooation of cations with radius larger
than this as K Na" and C&" have all been shown to enter this capsule indtssurfactant
encapsulated form. Coordinative behaviour is alqmeeted to impart selectivity with *Kand
Na’ coordinated preferentially over 'LiThis type of tight fit ligand directed selectivity

reminiscent of the “selectivity filter” of the nal monocation channels.
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Figure 77 Plot of transport rate constants againsMo1s, capsule concentration.

M0 13 {CH3COO0O)3q
Conc(nM) |4nM 17nM 35nM 70nM 187nM 375nM
Na" - 0.2 2.95 3.29 3.53 2.85
K* - 3.38 3.46 3.6 35 35
Li* - 3.48 4.15 3.88 3.77 3.5

MO0 13A(SO4)30

Na" 1.16 0.87 0.88 0.39 0.2 0.29
K* 0.75 0.66 1.12 0.87
Li* 1.53 0.51 0.52 .83 0 0

Table 3 Initial Pseudo-first Order Transport Rate Constants(x10°s™)
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3.3 Discussions/Conclusions

With an eye toward novel synthetic ion channelsadfunable nature, recent progress in
polyoxomolybdate research has demonstrated sedemiiv complexation by anionic POM
clusters, while in parallel theoretical studies dagtescribed spontaneous inclusion of
surfactant encapsulated clusters in phospholipidydys. The present work has gone some
way towards demonstrating the potential of thesasoarchitectures as novel synthetic ion
channels

It was shown that surfactant encapsulated polyxpdabé clusters can act as viable ion
channel structures allowing cation flux acrossyata: Investigations by the techniques used,
Fluorimetry and QCM, both suggest cluster incorpora The dependence of both the cation
transport and cluster incorporation demonstratedhenpresence of DODA-Br, with neither
operational in its absence, can be viewed as amation of the feasibility of simultaneous

assembly and bilayer incorporation of SECs in agsisolutions.

The transport experiments showed that the non-coatidg Maq s CH3;COO),.DODA4
mediates a much higher cation transport rate thancbordinating MgxSOy)30.DODAo.
Going on previous studies the MgCH3;COQO),.DODA4 cluster is essentially a non-
interacting cluster where any selectivity woulddszived from a limiting pore diameter. The
transport properties of surfactant encapsulated:}oHsCOQO)3, show a general order of
Li*>K™>Na" which could be rationalised in terms of dehydrmatiffects at the pore. The
MogOg pore which has been shown to be around 0.45nnaite gimilar in size to the 27-
crown-9. Going by the values in (Table 2) displayselectivity can be attributed to
dehydration effects. Hydrated lithium ions with oskell of 4 water molecules have a
hydrated diameter no greater than 0.4nm and spassthe pore aperture without interaction
on the other hand Naand K show hydrated diameters close to or greater thanptre
diameter and my require partial dehydration throogkigen stabilisation to enter the pore.
This can explain the higher transport rate showiKbgs a result of its lowekGyyq i.e. less
tightly bound water molecules.

While such a level of selectivity may reside on théer surface pore it is thought that a
second level exists on the inner pores througmtigeoordination. As shown previously by
the Miller group ligand coordination in the casesafphate internal ligands can stabilise
cations selectively based on size and charge sitaléhe function displayed by the natural

channels. In the present work however the capsitkeimterior coordinating function showed
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lower transport capability. A possible explanatfonthis observation comes from the charge
of the cluster. Both M@, can take a maximum of around 40 DODA surfactantemdes
electrostatically stabilised on their surface. Whihe MQ@s(CH3;COO), has a charge of 42-
the M3 SOy)30 has a charge of 72- and so with size constrainDODA stabilisation the
other charges are counteracted by,;NBin the surface. This positively charged shell may

negate cation uptake acting as an electrostatreebar

A novel procedure for controlled cluster immobitisa was also demonstrated. It was
observed that that the parent anions can adsodiredtatically to bilayer headgroups in a
reversible manner. Furthermore the adsorption ptigsecan be controlled with pH and ionic
strength modifications. The promise of this discgves in the fact that controlled layered
assemblies of clusters may be formed for furtheestigation of POM properties. As well as
nanoscale multilayered assemblies this pertainparticular to the biological properties
demonstrated for smaller molybdenum clusters inodanti-cancer and anti-bacterial
properties discussed in an earlier section (setose®.1.8). Using QCM in conjunction with

a technique such as liquid atomic force microscitygybiological interactions of these large

cluster layers could be extensively analysed m-situcturally and quantitatively.
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4 Amplification by Selective
transport: Amplification effect
on a Glycosyl Disulfide
Dynamic Combinatorial Library
by Selective Transport across a

Supported Liquid Memebrane
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4.1 Introduction

4.1.1 Dynamic Combinatorial Chemistry

“Dynamic Covalent Chemistry” refers to a branchoblemistry which exploits reversible
covalent chemistry to impart an adaptive naturenatecular ensembles. A range of different
known reversible reactions have been adopted t@mimid goal as presented in (Table 4)
taken from [389].

acyl transfer and related C=N exchange
a o < H il H H
al Y base _ e i y § aci .
Ry aRz Rs'&OH" = Ry oRe Ry afz R1C'N'R2 R_—{E LT p— R{c"N'R‘* Ha_c,-N_-ig
Pdidy O [e]
b 9 R 9 PO 9 o 9 R H H H H . HH HH
Ri 02 g AgaRa RO Ry K) ReSNNR, ReENMR, 3cid R CNMRR N NR,
(o] fa] protease O o
AR J — Ay A Ry H H acid H H
o Ry NRe Rg-“‘ﬁﬂ" fnpmrifl-¥ ff- RN | R CpyOg, reCyOr, 22 g CyOgr CrOR,
OHpy OH ]
2 /1 [s) TeH o other reversible covalent bonds
9 H%’g‘l‘-p:-_.o-c e coona 29085 Ripi7 07 cooNa |
HO H, H n H g, Cubbs H o H e
mj  RyUCT? RyTCTY == Ry-C™ RyTCTE
o) E R s base R R s H H catalyst H " H
Ry 2 Ry ™ H =" Ry8™F Ry°H Mo based
m| RyC:CR; R3yC:CRy =— RyC:CRsy R3CCR;
R, catalyst
B8 s, b oy 8
N " - Rs_
RyTET R Ry™H R4 HE|: Rz o Rr¥sfr Ry¥sfe 2= g Sgfs RyS R4
L
acetal exchange and related Ry R /“i’g Ra
I < Pl E:}—Ac R_.C.-C,Rj - | 4 .:__\_Fh
o ROOR ROOR  acd RQOR  RQOR' Rz 73 R e Rz
Ry Rz Ry Ry =— R3 Ra Ry Rz L Ry
hy F!SySF! R'S SR' acid RS;:qR R':fx SR _non-covalent bonds
*‘L_'J Re Re"Re = R!D Fo ROR ol o™ ol —  mwa™ ol
M acid "N-"n_..-\ Ry Rs Re Ry Rs R3
n Hﬁ.r?m‘”“ Ra CHO HN Ny R RICHO | pf -0mHN — HN . -OwHN  HN
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4 (a) Transesterification; (b) transallylesterification; (c) transamudation; (d} aldol exchange; (g) transthicesterification; (f) Michael'retro-Michael reactions;
(g) acetal exchange; (h) thicacetal exchange; (i) pyrazeolotriazone metathesis; (j) transimunation: (k) hydrazone exchange; (I) oxime exchange; (m) alkens
metathesis; (n) alkvne metathesis; (o) disulfide exchange; (p) Diels—Alderretro-Diels—Alder reactions; (g) metal—ligand exchange; (r) hydrogen-bond
exchange.

Table 4 List of reversible covalent reactions adogtd for “Dynamic Covalent Chemistry” [389].

Combinatorial chemistry involves the synthesis oflasge number of molecules in a
combinatorial fashion with non-reversible reactiopseferred. Dynamic Combinatorial
Chemistry however aims to exploit reversibilitydavalent interactions to assemble libraries
under thermodynamic control which may be influendsd external parameters such as
temperature, solvent etc as ell as molecular ratogn Molecular recognition of such
libraries could be of great importance in applisas such as drug discovery where targets
could select their highest affinity ligand from adaptive combinatorial library (Figure 78).
By introducing controlled reversible covalent cheiry one can access a virtual library whose

constituents comprise all possible component coatlnins [389-392]. Target driven
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amplification [393] of the highest affinity specié®m exchanging components is the

ongoing goal of such investigations.

DYNAMIC Constituents

L IBRARY CONSTITUENT
ﬂ m EXPRESSION
Library
generation mﬂ*‘. W

Components //’:
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Figure 78 DCC concept : target driven assemby andnaplification [390].

The choice of reversible reaction introduced in a_0¢Cof great importance. For the study of
biomolecular interactions in biological conditiorthere is a considerable limitation.
Reversible covalent chemistry which occurs natyrallliving systems would appear highly
convenient and so disulfide exchange is withoutbtiowhe most popular choice for such
systems [394-405] while other reversible reactimugh as imine exchange [406-415],
thioester exchange [416,417] and aldol reactioi8,41 9] have also been utilized.

4.1.1.1 Disulfide exchange

In the generation of DCLs in biological conditiotiee disulfide exchange reaction holds
many advantages over others such as imine wherer vdaives the equilibrium toward

hydrolysis giving very little yield of imine addusct

Disulfide bonds are formed by the oxidation of tigooups (Figure 79).This oxidation can be
realised by atmospheric oxygen (stirring of opentamer) as well by a range of oxidising
reagents such as,8;, I, Br, Nal and othemetalsalts andtransition metal catalysts in air

exposed solutions [420,421].

R
1 2 [ox] \ .
R—SH HS—R - = 5—S + 2H + 2¢

Figure 79 Disulfide bond results from thiol oxidaton.
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For disulfide exchange to proceed some thiolaterans necessary as desribed by the
mechanism scheme (Figure 80). Exchange can thusriteited by pH, where, at pH below
6 exchanges can be arrested while pH above 7 iguatke to provide sufficient thiolate

concentrations.

Figure 80 Disulfide exchange mechanism.

Consequently there have been two approaches toweual§de DCL approaches:

- Thiols in an open aqueous solution at a pH abovewhish undergo simultaneous
oxidation and exchange due to residual thioateshwisia slow process, with the fixed
library being reached at complete oxidation.

- Disulfides in solution with exchange initiated byaalytic amount of a reagent such

as DTT or some free thiol in conditions amenabléniolate generation.

4.1.1.2 Saccharide Recognition and Dynamic Combinatorial Chemistry

Returning to earlier discussions (see sectid®), lectins have been described as tools in
carbohydrate chemistry and as models for the prat@ibohydrate interaction based on their
known specificities and characterised structures ainnumber of cases. In dynamic
combinatorial chemistry this application has nohgainappreciated. Concanavalin A was
used to demonstrate the DCL principle for disulftigaccharide libraries with its mannoside

specificity used as driving force [394,422-424].

Other examples based on lectin-carbohydrate retiogninclude iron coordination and
peptide decorating strategies. An early relevardngde, granted it is supramolecular in
nature, shows a dynamic lectin recognising strectusised on Fe-bipyridine coordination
which adapts its orientation through affinity féret GalNac specific lectiNicia Villosa B4
[425,426].

Sando et al. reported a DCL made from peptide dycbgide building blocks again using
disulfide chemistry which they intended to screegmiast lectins [395] and disulfide
chemistry was again employed for glycopeptide afcplion by the WGA lectin which was
demonstrated by the Davis group [427].
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Returning to the carbohydrate dimers around whiem&rém and co-workers based their
Concanavalin A interaction investigations, they destrated initially a slight amplification
from a library of UV active compounds (Figure 8Using an immobilised receptor (gel
bound ConA) they monitored the unbound species afjeilibration as well as the bound
species by removal from the gel. DTT was used asxa&ha@ge initiator at pH7.4 and
equilibration was run for two weeks. The aqueoustunes were analysed using RP-HPLC
and showed evidence of amplification of the Man-Ngand.

Table 1. Structures of the disulfide-linked carbohydrate dimers 1-6.

R-ta 5 RZa
“4&@04:}
H H
R2e o

.
1

$

Aa
B 2a
S (GH)
pie 0
H e D—@—NH
2a Rze R"I

Compound® a/f R o R R? n
1 (Man/Man) o OH H H OH CH,OH 3
2 (GalC,/GalC,) i) H OH OH H CH,OH 2
3 (GalCyGalCy) H OH OH H CH,OH 3
4 (Glc/Glc) Ji] H OH H OH CH,OH 2
5 (Ara/Ara) i H OH OH H H 2
6 (Xyl/Xyl) i H OH H OH H 2

[a] Man =p-mannose; GalC, =o-galactose, n=2; Gal G, =p-galactose, n=
3; Glc =p-glucose; Ara=L-arabinose; Xyl =p-xylose.

Figure 81 Disulfide linked carbohydrate library used by Ramstrom et al. [394].

This biorecognition was also used in the screenihgoylhydrazone built di and tritopic
saccharide presenting receptors with the best biddeovered by a deconvolution process
[423].

In later work they turned to the simpler glycossgldfides, revealing their suitability as
mimetics for the di and trisaccharide moieties Wwhitave been shown to exhibit greater
affinity for Con A than monosaccharides while inmarating, in the disulfide bond, a
dynamic aspect. Based on a Mannan film adsorbeal qurartz crystal shown to bind Con A
specifically [428] they studied the inhibition dfi$ process with a range of thiosaccharides
and glycosyldisulfides (Figure 82) noticing an imition in the cases of Man-Man(1-1), Glu-
Glu (2-2) and even Gal-Gal (3-3) with the latteotsvinhibitory effects non-existent in the
presence of calcium [429].
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Figure 82 Library of glycomimics studied for Con Abinding inhibition on Mannan film [429].

This Mannan film Con-A system was again used toestige 14 member thiol DCL with the

expected result of the ManMan dimer (Figure B3) proving to be the best inhibitor.

HO OH HO-, OH
HO X 0 HO— |0
HGH HO
5-5 oH 5 S\\\ OH
0N HO -0,
T—0H HQH
OH
OH OMe
11 1-6

Figure 83 Best Inhibitors of specific ConcanavalirA polymannoside recognition [429].

This work showed that such glycosyl disulfides dfeative as glycomimetic structures for
the oligosaccharide moieties involved in naturalcesses. They display enhanced affinity
when compared to the corresponding monosacchatidetwes related to their structural
similarities with the highest affiniy ligand trimaoside, a property that has also been
demonstrated in other studies with dimannosides4f40 By incorporation of the dynamic
disulfide linkage there is also the possibility sélection from interchanging species in
exchange conditions resulting in a real time angaitfon of the best binding species.

4.1.2 DCL limitations and Amplification Approaches

In general for DCL amplification it has been noticthat there are some very important

parameters if one is to realise an amplificatiothefbest binder:
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Isoenergetics

It is highly favourable in DCL experiments that thiérary members exist in equal
concentration distribution at equilibrium in absenof the target. If for example the
concentration of certain components was highlydadasen any observed shift in equilibrium

distribution on target introduction may be greatiyweighed by the original bias.

No. of Library members

Most works up to the present have involved smhbhaliies in “proof of principle” or highly
simplified systems. As an eventual practical aimthi$ concept is drug discovery by target
amplification from large compound libraries it igal to take into account thermodynamic
considerations as the number of members increddes.mean yield of the most highly
amplified host decreases with increasing librarge salthough the upper limits of usefulness
has been postulated to be® iembers given the right conditions [430,431].

Importance of target concentration
A low target concentration is preferable .The higtmer target concentration then the poorer

the correlation between affinity and amplificatii®93,432,433].

How to find amplification

Looking specifically at library amplification by rrexular recognition their have been some
elegant approaches towards discerning such anrecosr.

Molecular recognition induces a shift in productstdbution and it is this modified
distribution which it is desirable to characteri3de libraries may be analysed directly by
NMR, mass spec, HPLC etc. but there are also soays w which to realise a “cleaner”

analysis. Tailored choice of reversible covaleattmn plays a large role.

Dynamic Freezing

Freezingor fixing of the target instructed distribution can lbecomplished for certain
chemistries such as thiol-disulfide. In this cageaimic behaviour occurs only at pH>7 where
some thiolate anion exists and so thermodynamicdiifted libraries may be “frozen” by
acidifying the solution. Imine chemistry offers ghpossibility through library trapping by

reduction to amine.
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Evolutionary Systems

The evolutionary perspective in DCC alludes to nafinlibrary selections in an iterative
process. There have been two approaches towardentisin the first method molecular
recognition and equilibration processes are separdEigure 84) [434]. Initially the
conditions in which an equilibrated library residee changed to a slow exchange regime. An
immobilized target is then added and once remowviéd tve bound library members the non-
bound members are reequilibrated in solution underfast exchange regime. The
reequilibration may lead to the formation of hidgfirity members which are then removed in

the next cycle with the target

Equilibrated DCL

1. Stop equilibrium
2. Addtarget
3. separation

equilibration

Bound DCL
Members
+

Immobilized
target

Non-bound
DCL members

Figure 84 Evolutionary approach to library amplification with equilibration and recognition separated.

A second type of evolutionary approach is depidedFigure 85) where a DCL and
immobilised target are contained under exchangorglitions. When the new distribution is
at equilibrium the mixture is “frozen” and the bauand non-bound members are separated
by filtration. The bound members and target are tiedarned to the cycle with the relative
concentration of the best binding increasing petecy

The aim of the present work forms an extension ekeéhevolutive systems in coupling
selective transport and molecular recognition oD@L. By constantly transporting the
highest affinity species from an equilibrating &by one could expect amplification of the
best binder from the building block ensemble. ¥ thest binder is continually removed, the
library under exchange conditions will re-adjusinémber distribution forming more of this

binder within statistical limitations, amplifyingsi concentration.
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bound
DCL members
+

Immobilised
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Figure 85 Amplification of best binder by iterative selection and separation.

4.1.3 Membrane for three phase amplification

Using concentration gradient as a driving forcelibgaier is formed by a hydrocarbon phase
separating two aqueous phases. In keeping witthtrae of Carbohydrate-protein interaction
this molecular recognition study was performed @inaple three member glycosyl disulfide
library with Concanavalin A as model Lectin adogtime approaches discussed earlier used

by Ramstrém and co-workers (see sectidnl.2).

The considerations regarding the membrane phasetisadri:
- Contains the Lectin which would act as selectivangporter based on its
monosaccharide binding selectivity.
- be hydrophobic in nature so as to act as a bamgsrss which a diffusion gradient
could be set up.

- Allows appreciable transport in a relevant timefeam

In order to reconcile these properties Con A wduwdde to be contained within an organic

phase. One way in which this has been demonstiatgdsurfactant stabilisation [435].
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4.1.4 Proteins in microemulsion phase

When oil, water and surfactants are mixed they dapending of course on proportions, form
stable dispersions known as microemulsions. Themeoemulsions can exhibit different

types of structures such as spherical water dmpleterconnected bicontinuous water
channels, interating rods and so on. The simplestostructure may be the spherical water
droplet in oil stabilised by a surfactant layer &ndw as a reverse micelle.

The classical reverse micelle forming system isnhter-AOT-Isooctane system. Aerosol OT
(Sodium dioctyl sulfosuccinate) (Figure 86) wasogrtsed as forming reverse micelles in
hydrocarbon oil 60 years ago [436]. The AOT isooctaggtem can form reverse micellar
phases with pool diameter dimensions up to 10nchséiandard deviation of average size of
less than 10% at room temperature [437].

5 _Na
O\S’}GI
0O D
(0]
Q

Figure 86 (a) AOT (Sodium dioctyl sulfosuccinate) ad (b) Reverse Micelle cartoon.

REVERSLD

surfactant

hydrocarbon water

Figure 87 Phase diagram for oil-water-AOT mixture §#38].

There are many examples of solubilisation of pratemreverse micellar phases for tasks
such as the investigation of enzyme activity inst#e nanopools [438-442] as well as

purification procedures by selective reverse maeellextraction [438,441]. These
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investigations have produced such notable resdtsuper activity in enzyme catalysed
processes, a concept first introduced by Hilhorstl.e[443] as well as many applications in
food technology and pharmaceutical purificationdaoasn reverse micellar separating and

extracting properties [438].

4.1.4.1 Procedures for Preparation of Protein Occluding Reverse
Micellar Phases

Generally there are three ways in which to solaeifproteins in a reverse micellar phase
- Injection method
- Phase transfer method
- Solid phase extraction method

4.1.4.2 Injection Method

The injection method simply involves the additiontbé protein in aqueous buffer to the
surfactant-alkane solvent mixture with gentle shgkgiving a clear solution.yMvhich is

defined as[H,0]/[AOT] for the present system is determined by the coragon and

volume of the injected aqueous buffer.

4.1.4.3 Extraction Method

A second procedure to prepare protein in reverseeltar phase solutions is by extraction.
Protein in an aqueous solution is contacted withgilwrfactant containing organic phase. The
two phases can be shaken together to speed ufetranth a spontaneous transfer occurring
dependant on factors which affect electrostatic amgtirophobic interactions. The
disadvantage of this approach is thag ¢&@nnot be as easily controlled and it may takeesom
time to reach an equilibrium state (hours), howgwbis equilibrium state will likely
correspond to the optimal conditions for proteifubdisation and perhaps activity. The
mechanism of solubilisation by extraction is gefigrlhought of as mass transfer controlled
by ion exchange between the protein surface arfdctant head group at the interface [444].
This theory was backed up in numerous studies withllsmolecules [445,446] as well as
small proteins [447] although when it comes to éargroteins as well as this solubilisation
resistance, a diffusion resistance in the agueousdary layer has also been reported which
may be the rate limiting factor [448]. Electrostatitas been the most commonly exploited
driving force for phase transfer of biomacromolesulThere is proven correlation between
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pH, surfactant charge and extraction yield [449]46@nerally speaking a negatively charged
surfactant such as AOT extracts favourably a proteith positively charged surface
intimating a solution pH below it's pl whereas di@aic surfactant could be utilized at a pH
higher than its pl [451].

lon effects

lonic strength of the aqueous stripping soluticaypla crucial part in extraction efficiency as
would be expected for an electrostatically driveocpss. It appears to affect transfer in two
ways, the interfacial transfer kinetics and secpnidé overall protein distribution across the
phases at equilibrium directed by surfactant-proteliectrostatic interaction strength and
surfactant-surfactant interaction. The effect oft sabncentration and type has been
investigated by various groups with the resultignéds showing that as you increase the ionic
strength or ionic charge you decrease the protdurbgisation capacity of the organic phase.
Going back to 1987 the work of Goklen and Hatton && cited where cytochrome C,
lysosyme and Ribonuclease A were transferred I8¢ &Cl but no transfer was observed
from 1M KCI [452]. The interfacial nature of the isder kinetics was later backed up given
the rate limiting dependence on salt concentraéind pH which should not greatly effect

bulk transfer processes [447].

As well as affecting protein transfer ionic strdngilso influences micellar radius in
accordance with Debye electrostatic screening. daigithe higher the ionic strength the
smaller the reverse micelles formed which can hadetrimental effect on enzyme activity
for example where the greater water uptake at ldamic strength enhances activity. This
ionic strength effect on Yappears only up to 0.1M ionic strength after whiicls absent
[438]. Protein surface electostatics appears tihéenajor driving force in protein take-up by
theses solutions as proteins can be easily extraateconditions which favour reverse
micelles of smaller radius than the proteins thdéweseand it has been shown that this reverse
micellar radius changes upon protein inclusion. They adaptive structures, so favoured
micellar radius for a given ionic strength may lessl determining of equilibrium protein
distribution than protein surface electrostatierattions.

A similar postulation was put forward by Kinugasad co-workers when they looked at a

range of ion species’ effects on lysosyme, cytocted® and Ribonuclease A extraction. The
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cation series produced showed increased proteiuasion in the organic phase with increased

water structurating ability of cation accordinghe authors [453].

Protein size

Size plays an important role in relation to chaagevas demonstated by Wolbert et al. [454]
where a linear correlation of (pk: - pl) to protein size was discovered .The higher th
molecular weight of the protein the greater thét shipH from pl for optimal extraction.

Flexibility and Hydrophobicity

As the hydrophobicity is increased there is a camtant increase in ease of extraction and
proteins with hydrophobic areas have shown somenalous behaviour outside of the purely
electrostic model. It has been proposed that thidue to interactions with the hydrophobic

interface and /solvent [451].

4.1.4.4 Reverse Micelle Contained Concanavalin A

Con A may be contained in aqueous microdomaindhinvéin organic phase through reverse
micellar extraction based on an Aerosol OT/Isooctasystem. Its extraction into
AOT/isooctanehas been extensively studied by Hatton and co-wsrfdb5] [456] and has
partition coefficients ranging from 0.2 to 20. Thigure is dependant on factors such as pH,
ionic strength of aqueous solution and surfactamicentration. The partition coefficient

[Protein., ..i.]/[Protein,.] of 20 for Con A was realised for an aqueous pisef 5.4

and a surfactant concentration of 0.025M for Cosaofutions of 1mg/ml (~1@M, 12500 x
surf.) [456]. The optimum conditions for such anragtion according to Chen and co-
workers who studied reverse micelles containingigyf co-surfactants is pH5.6 and an ionic
strength of 0.1M. [457].

This optimisation is based on the surface charg€arf A which has a (isoelectric point)pl
>8, [458] which makes it positively charged at &cipH's (5-5.5) and, therefore, extractable
into micelles formed by the negatively charged AQiffactant as a function of pH and salt

screening effects.
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4.1.4.5 Structural features of Protein Occluding Reverse Micelles

In terms of how the system works and interpretatdrresults the actual structure and
transport properties of reverse micelles contaipiraieins is of great interest. Taking initially
reverse micellar structure without biomacromoledalgdusion we have already noted some
determinants of micellar radius such as ionic gfiferand pH with the fundamental one being
Wy, the surfactant to water ratio which for extraoti@approaches should be at a
thermodynamically stable value.

Researchers have been interested in the changegeirse micelle structure and properties on
protein inclusion. It was reported that on proteitraction into a phase which included
reverse micelles of radius greater than that ofptla¢ein that the subsequent volume increase
was never more than 10% of the original micelldumge. When the reverse micellar radius
was of smaller size than the protein, on extract@rreverse micelle of larger size was
assembled to incorporate it.

As alluded to previously (see sectibri.4.3) protein solubilisation is not strongly elenined

by the preordained reverse micellar radius as ohted by W. For example using the
injection method it appears that proteins induce téverse micellar structure distribution

driven by their own favourable incorporation [45824.

4.1.4.6 Effect of Protein Occlusion on Micelle Structure

When proteins are solubilised in a reverse micglase the relationship between &id R,
(reverse micelle radius) as well as occupancy (fidRM occluding proteins]/[total no. of
RMs], RM= Reverse Micelle) comes into question esgly when the aim is to use it as a
transport medium for small molecule species. Clamgt Shurtenburger looked for the effect
of protein addition to AOT microemulsions on thetsaé@ng intensity and the droplet size
using optical contrast variation technique [463].ef¥halso noticed only a very small
hydrodynamic radius change archymotrypsin inclusion. In terms of occupancy fiked
versus unfilled vesicles they followed an earliexd®l by Hatton et al. [464] whereby there is
a categorisation of two different micelle typestlie emulsion. The filled vesicles retained a
constant R, with increasing W and increased water concentration was accommodated
amongst unfilled micelles throughRand Ny, adjustement. Thus for extraction procedures

percentage occupancy can be affected by proteioecwration in the aqueous phase prior to
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extraction resulting in filled micelles of rathesrestant size with unfilled ones responding to
changing conditions such as salt concentration.

Using the injection method similar results wereedotvhere again filled micelle radius
remained independent of §V Concurrent to the observation of minor changes in
microemulsion structure a change in microemulsigmathics namely enhanced shape

fluctuation was later reported by Hirai and co-werskworking witha-chymotrypsin [465].

4.1.4.7 Transport Properties of Reverse Micellar Phases

Reverse micelles are dynamic entities which fuse exchange their contents including
water, surfactant and contained materials. This eiyma&quilibrium can be divided up into
- The exchange of water between the bound and freee@tahe inner surface.
- The exchange of counterions between the ionic headpg of the surfactant and
core water.
- The exchange of co-surfactants among the interféiiial the continuous phase and
the dispersed phagesoluble in the phase.
- The exchange of surfactants between the interfétrabnd the aqueous phase.
- Droplet-droplet interactions.

Of these processes the last one is of most intaseségards transport properties of such a
phase. Experiments have shown that mass-exchangs,traasfer and chemical reactions can
occur through interdroplet fusion infevmicroemulsions in a rapid redistribution process.
transient dimer model was proposed by Eicke et4&6]. This idea was supported by later
investigations [467] where studies on limiting farst of the rate of exchange supported the
idea that in a small fraction of encounters, twopiets temporarily coalesce and in this way
exchange their core contents in a reversible psottess forming two daughter micelles [468-
470]. Intermicellar exchange of reactants)(loccurs in the order of 16- 1¢ M™.s* [471]
indicating that 1 in 1000-10000 collisions resuttsontent exchange [472]. There exist also
other mechanisms of transfer, interfacial transidrere collision of micelles is sufficient for
exchange and also interfacial transport for oilubtd small molecules. Protein transport
across reverse micellar phase has been showndblbast three orders of magnitude slower
than small molecule as well as other macromoletalesport where the coalescence process
may be inhibited by strong protein surfactant iat&ion and highly dependant on,{¥73].
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Nishii et al. reported on the transport behavidulysozyme through a bulk liquid membrane
of AOT reverse micelles through variation of salpdyand concentration and pH between
feed and strip phase using high pH (>pl) in theogthase [474]. Tsai et al. [475] looked at
reverse micellar protein extraction across a supgdrquid membrane again using pH 12 in

the strip phase

4.1.4.8 Structural Properties of Proteins Contained in Reverse Micelles

Proteins when contained in a reverse micellar spiutaintain their activity or may even
show signs of superactivity as has been demondtfatesome enzymes. TheoWwhay affect
this activity whereby it may be restricted at valueelow the equilibrium W on the other
side there is also evidence of increased activityerw W is increased by lower salt
concentration. This super activity for catalytic ymes has been explained in terms of
increased local concentration effects in the wptet [476], water structuration properties in
the nanodroplets [477,478] and increased enzymditsigeading to higher bioconversion
efficiency [443] [442].

Protein location plays a dominant role in the striced effects of micellar incorporation which
are largely determined by the hydrophobicity of plmetein. The hyrdrophobicity can dictate
whether the protein resides in the centre of théempool(highly hydrophilic) or interacts
with the interface [479]. The favourability of suehvironments for protein activity is further
reaffirmed by work which demonstrates that revenseelles can actually be utilised to refold
denatured proteins [480].

4.1.4.9 Stability of Concanavalin to Back-extraction

For such a three phase transporter concept thiditstabCon A within the organic phase is a
major point of interest and in order to avoid ba@nsfer to the aqueous phase one can look
to the techniques used to cause deliberate backina

The most common method used for back extraction stagping with aqueous solution
which reduces the electrostatic interactions i.eigh pH and high ionic strength [481]. This
process is however mainly ineffective for protesngh as Con A which interact strongly with
the water-surfactant interface. In such cases aphgohilic alkanol can be used [482].
Alkanols can be used to change the interfacial gnitgs of reverse micelles thus destabilizing
them at the oil-water interface leading to backaotion. For example according to Chen et
al. the back extraction of AOT stabilised Con A wesformed with a 12.5% isopropanol

aqueous solution releasing 88% of the protein [457]
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The use of other alcohols such as 1-butanol has fepented to release proteins when added
directly to the water- in- oil phase in some casdsasing the protein as a solid [483].
Temperature increase has also proven effective ffoteip expulsion as first reported by
Hilhorst et al. [449].

Normally the back extraction of Con A into aqueawdution would require a high salt
concentration (~1M) and a pH well above the pl whig 8 for ConA, therefore under the
conditions utilised the Con A should remain in Elygin the reverse micellar- isooctane phase
with perhaps some minor interfacial transport.

Also as alcohols are frequently used in back eitagrocedures the use of t-Butanol as an
internal NMR reference may be a concern. In previexamples polar alcohols which may
disrupt the hydrophobic interaction between thaginoand surfactant have been used [484]
but at much larger concentrations such as 12.5%{@M$opropanol [457] or 0.43M [485] as
opposed to 8.7x1M in this case.

4.1.5 Supported Liquid Membranes (SLMs)

Liguid membranes can be classified into bulk, emualsand supported liquid membranes.
Supported liquid membranes are microporous supmpdrish are impregnated with a carrier
containing liquid phase. The liquid is held insidedapillary forces. Due to its low loading

capacity, when compared with BLMs (bulk liquid meawanes), it allows the use of very small
amounts of sometimes expensive carrier moleculegetisas demonstrating higher diffusion
rates [486,487]. A common configuration for SLMs tlee flat sheet SLM and typical

examples such as those produced by Celgard or &lcewe composed of hydrophobic

material polypropylene and exhibit pore sizes f@&+0.5uM.

4.1.5.1 Microemulsions and SLMs

The use of SLM technology in conjunction with micoo nanoemulsion for membrane

transport numbers few examples but yet had beeronsmated as a viable process. As
mentioned Tsai et al. looked at protein diffusionoas such membranes [475] and lysozme
diffusion was again observed in a later exampl8]48here are also examples explained in
more detail in the next section where biomacromdésc are contained in the supported

organic media by surfactant encapsulation [489-491]
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4.1.5.2 Bioactive Supported Liquid Membranes

Examples of bioactive membranes based on surfagiaéin complexes in an organic
separating phase have shown up in the past fews.ydliyako and Goto describe the
separation of the optically active compoun@sibuprofen and.-phenylalanine from their

racemic mixtures based on a surfactant encapsupatedase (lipase frol@andida Rugosa

in a supported liquid membrane [489] (Figure 88).

Supported liquid membrane
(Organic phase)

Feed phase Receiving phase
{Aqueous phase) (Aqueous phase)
WRgeRe o o
&
{5)-lsomer ‘% D 2
(S)-lsomer _H ethyl ester +H,0 (S)-lsomer

.

EtOH % % ﬁ%%: og a:tOH
i B

O @ @& ’
Interface 1 Interface 2

(R)-lsomer

% : Surfactant-enzyme complex for enantioselective esterification catalyst

& : Enzyme for ester hydrolysis catalyst

Figure 88 Scheme demonstrating enantioselective tgport mediated by protein-surfactant complex [489].

This system relies on an enantioselective estatifin at the feed interface which renders the
small molecule soluble in the organic membrane whiethen crosses the membrane to the
second interface where hydrolysis occurs catalygethe same lipase in the strip phase to
water soluble products with the whole process comagon gradient driven. They later
extended this system to separation a range of mrgasds based on their ester product
solubilities in the organic phase coupled to s@bstspecificity at the interface [490]. Another
example demonstrated the chiral resolution of wari@mino acids withu-chymotrypsin
[491].

4.2 Results/Discussion

In order that this system provides a suitable wartsprofile to demonstrate adaptive library
evolution a prerequisite is selectivity of trangpamd so it was the initial goal to demonstrate

selective transport from a “non-dynamic” library. eTtopening experiments were aimed
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transport of the individual disaccharides in th@d@f demonstrating firstly transport across

the organic barrier and secondly selectivity inpeemeability of the membrane.

4.2.1 Individual Transport Measurements

Applying a mathematical model for solution-diffusidased transport previously developed
by Palmeri and Barboiu et al [492] we can accelsdive values for membrane permeability:
This model assumes that the chemical potential gna@icross the membrane is only due to a
concentration gradient. The flux of the solute’‘tan be expressed as follows

J = _Did_q
dx

Eq 24
By integrating over the thickness | of the membrahe flux of solute “i” is:

Di f
T CRMECH

Eq 25

with g™, ¢™" the concentrations of the solute in the membratieeastrip and the feed phase
interfaces, respectively.

The concentration gradient in the membrane can Haogel by assuming thermodynamical
equilibria at the interfaces :

o = Ko
Eq 26
¢’ =K' O
Eq 27

with ¢* and ¢ the concentrations of the solute “i” in the staind feed phases, respectively,
and K° and K the partition coefficients at the strip and fegtase interfaces with the
membrane, respectively

By combining equation 24 with equations 25 and \26, obtain the flux according to the

concentrations in the feed and the strip phases :
3 =%(Kifc|f —K 565

Eq 28

145



Amplification by Selective Transport

D; and K, the effective diffusion and partition coefficismaf this macroscopic approach, can
be correlated with the physical and chemical stmgcof the dense membrane.

If we suppose that the transport rate is governgedliffusion and that the complexation-
decomplexation reactions are kinetically rapid,nthkee accumulation of the solute in the
membrane can be neglected. In a quasi-stationgmee(Figure 89) the transport rate across

each interface becomes approximately equal to:

f

d9 _ Dj, ff_,.ss
—d1=a o= (K mKeg)

Eq 29

Eq 30
with a = V/A the compartment length (we supposengpke geometry), V the compartment
volume, and A the active surface of the membranee 3blute flux density across the

membrane is then simpby, /73 = J»

Feed phase | Membrane | Strip phase
v
¥ cf c.m*f s q
1 Jl 1 i
"l Rl B
o é,ﬂ
§ R —— 5
e W
Figure 89 3-phase setup scheme.
. pik! KS - g 0 :
With T‘ =1, —'f =a and the initial conditions {c== ¢~ and ¢ o= 0) equations (28)
K.

and (29) yield :

c(t) = iO[l—e—/\(lﬂr)t}

1+a
Eq 31

Note that ast — 0, (i.e., K° <<K/'), Cy(w) - C;°
and ast >> 1 (i.e., K >>K'), Cy(0) - 0.

146



Amplification by Selective Transport

where :

S

Klf K is the partition coefficient at each liquid memleanterface, feed and strip

a =

P =DK, = Axax| = 04icnv

as
a= VZ (A =active membrane area =0 .785%crW= compartement volume= 2 & 2.548 cm

|I= membrane thickness= 160

¢, =107M (initial feed concentration)

Levenberg-Marquardtof fitting the experimental diatem the strip phase with
y=a(l-e™)
Eq 32

with (Eq 31)can thus give direct access to partitoafficient ratio & “and the permeability

"P” values based on the preceeding model.
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4.2.2 Competitive Transport Measurements

{320
{300
280
[~ 260
240

{220

200

T T T T T T T T T T 1
42 41 40 39 38 3.7 36 35 34 33 32 3t 30
1 {ppm)

Figure 90 typical ‘HNMR series for competitive transport.

(Figure 90) shows the concept behind the measurteniidéime transport properties. As the area
under a peak in an NMR spectrum is proportiondheproton molar concentration by using
an internal standard of known concentration througlthe system changes in concentration
with time could be calculated. The internal standauded were DMSO or t-BuOH, non-

volatile substances with a high number of protons.
The initial experiments on single species transpasented some differences in permeability

and partition coefficient ratio which indicated serselectivity but perhaps well outside the

bounds of error while the setup and procedure waggkestablished.
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Transport of individual D-sugars
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Figure 91 Transport results for simple monosacchades.

The partition coefficient ratio can give an indicatias to the activity of the membrane. As
a= Kf/Kif a value >1 would indicate a higher partition cmééit at the strip interface than

the feed interface. This in turn could indicate adang of solute activity across the
membrane from feed to strip interface if activityefficients are considered equal in both
phases. On the other hand if activity throughow& thembrane was considered equal a
variablea could be ascribed to a variation in activity caeénts in the feed and strip phases.
In the simple monosaccharide transports (Figuretl®d permeability results show an order of
Glu>Gal>Man which would indicate that acts like @matography separation with the
highest affinity species being retained by molectgaognition and the others passing.
Following this experiments were run on transporttled glycosyl disulfides (Figure 92).
Again in this case the retention of the mannosguldide was noted although the galactosyl
and glycosyldisulfides had reversed their trendtmos The lowera for the mannosidé41)
indicates membrane retention by a lowering of thaifon coefficient at the strip interface.
Overall it appeared that the membrane was most gadrle to galactosyl disulfide and
glucosyl disulfide where ar > ihdicated enhanced transport. This led to the biia the
membrane may selectively slow the mannoside trabhgpoough affinity with the other

species passing more freely through diffusion &eddroplet coalescence mechanism.
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Figure 92 Transport results for glycosy! disulfidedrom individual experiments.

In any case it appears that disaccharide take tipeaeed interface is not greatly influenced
by lectin specificity.

The next step was the testing of competitive scenariwhich biomolecular recognition
based selectivity could show greater influence. ey the membrane proved quite equally

permeable to all three glycosyl disulfides (Fig9&) in repeated experiments for the given
Con A concentration (~8 uM in isooctane).

0,005 -
0,004 -
5
< GluSSGlu
1]
S 0,003 GalSSGal
< e ManSSMan
& Fitting
£ 0,002 -
I3}
=
o]
O
0,001 GIuSSGIu GalSSGal | ManSSMan
@ 0.98 0.904 0.945
P (x107 cm2/s) 5.26 5.36 5.78
0,000 S
rFrTrrrrYrreerrrrrrrerrrrrerrverrvrrvryrrvrrrigpt
-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Time (hours)

Figure 93 Transport results for glycosyl disulfidesn competitive transport.
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4.2.3 Con A concentration dependency

The Con A concentration of the supported nanoenmlgias then adjusted to check if this
parameter could induce selectivity based on inangashe number of occupied versus
unoccupied reverse micelles (see sectidn4.6). Variation of the Con A concentration did
indeed affect transport properties of the membtanalid not show an appreciable selectivity
influence (Figure 94), (Table 5). An increase instl@oncentration resulted in higher
permeability as well as a small change in partitoefficient ratio. This greater permeability
could be due to a change in the nanoemulsion dysaam protein incorporation as the ratio
of filled to unfilled RMs is altered as has beeawously reported.

The influence of Cd across these three states was also tested astieba shown in multiple
cases to influence Con A-carbohydrate recognitid@3{496].t was introduced at a
concentration of 1mM across all aqueous phasesiualproved to have some influence on
overall transport but not noticeably on selectivity the low concentration state. For the

higher concentration membrane it did not have aquaced effect.

No Ca*
— GIuSSGlu 3eq.ConA
0,005 - GalSSGal
i ManSSMan
1eq. ConA
— 0,004 4
=
£ l
Somr”
o
5 0,003
= i
c
2 0,002
o
E 1 0 eq. ConA
8
c 0,001 A
o
0 .
0,000 .
— r + 1 - 1 ' T T T * T * T - 1T "
-20 0 20 40 80 80 100 120 140 160

Time(hours)

Figure 94 Effect of variation of Con A concentratian in nanoemulsion (1eq = gM in Isooctane)
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With Ca**
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Figure 95 Effect of variation of Con A concentrati® in nanoemulsion (leq = @M in Isooctane) with C&*

in all aquous phases.

Con A leq. ConA leq.+ Ca ConA3eq | ConA3eq+C&

Man| Gal | Glu | Man | Gal | Glu |Man| Gal | Glu | Man | Gal | Glu

a 0.58| 0.540.48] 0.75]| 0.8 0.840.86/0.87|0.89] 0.89| 0.87 0.88

P(x10cm¥s) | 0.8 | 0.8] 0.72 116 1.17] 1.39 32 3.3] 33| 2.7 2.7 27

Table 5 Permeability anda values measured for competitive glycosyl disulfideansports.

The results in Table 5 show how Con A concentratifbeces the membrane permeability
with an increase in permeability as the lectin emi@tion is increased. Calcium present in
equal concentration throughout the system aquebases increased permeability in the 1

equivalent case.

4.2.4 Test with non-specifically recognising species

For the sake of comparison a transport experimeag wn with two water-soluble non-
specifically lectin recognising compounds Uridimedalrhymidine. Again in this case Con A
inclusion in the nanoemulsion phase resulted imegmed permeability. The permeability

values were also of a similar range as the disaimshaamples.
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Figure 96Transport Results for competitive transpot of non-recognising species

Although transport selectivity was not demonstrdtesie are some interesting features to the
results obtained such as:
- Enhanced transport when protein present

- Calcium effect on transport

As shown in (Figure 94, Figure 95) the concentatibiProtein had a large influence. This
influence can be reasoned based on the dynamieiep of the reverse micelles. As has
been previously noted increasing the protein canagon increases the ratio of filled to
unfilled micelles [465].

As the analysed disaccharides are fully water delgpecies we can assume that transport can
only occur through droplet coalescence with eatierobr the interfaces. This being the case
transmembrane movement would then be mediated dyndination of micellar diffusion
and coalescence with also some reports of tubtdasporting structures formed by AOT in
isooctane at a percolation threshhold [497,498].

Hirai et al. report on a & ( effective diffusion coefficient) in the range -16 x10 cn¥/sec
measured with neutron spin echo comparing proteimtacning and protein free emulsions

which tended to become higher with increased pnatencentration.

153



Amplification by Selective Transport

Studies have also been performed based on thela@woophenomenon. The RMs represent
conducting spheres floating in a non-conductingkgemund which on variation of parameters
such as temperature oroWform a macroscopically connected series indicétgda sharp
increase in conductivity [499]. This threshold canused as an indicator of micelle-micelle
interaction and it has been shown that proteinusioh has a profound effect. Evidence has
shown that BSA inclusion causes an increase irlénarical percolation threshold indicating
decrease in micelle-micelle attraction ,whereagayome c inclusion has the opposite effect
lowering the threshold [500,501] which indicates &rcrease in attraction. Added
Cytochrome C which has been shown to interact gtyowith the surfactant layer, which
concurs with the line of thought that strongly nateting proteins effect this phenomenon by
reducing the electrostatic repulsion between nmeselhence, the strength of protein micelle
interaction will be determining.

Previous models for reverse micellar transportigquit membranes have considered the
protein-micelle complex transport as a pure diffusl process with inclusion at the feed
interface, diffusion in membrane to strip interfag® exclusion [475]. If it is considered that
in order to maintain the thermodynamic equilibriaoross the three phase system in the
current investigation droplet coalescence at aaterpoint on the interface must be
counteracted by droplet formation at another pomthe interface. In this scenario we could
say that the small molecule diffusion is limtedrbigellar diffusion after equilibration.

Applying the following simple empirical equation wh relates Wto hydrodynamic radius :
R’ =15+0.173N,
Eq 33 [502]

we get a diameter of 10 nm forgW 20(the optimum Con A waterpool).This model ivary
good agreement with dynamic light scattering ras(figure 97) which showsalmost 50% of

the particles present to be 10nm in diameter aihdhe distribution extends fron28.4nm:
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Size Distribution by Intensity

50T
40+
30T

201

Intensity (%)

107

0 t L -ttt -ttt -
1 10 100 1000 10000
Size {d.nm)

Figure 97 Dynamic Light Scattering analysis of CorA-Reverse Micellar Solution with Wp=20.

If we then estimate a diffusion constant basecherStokes-Einstein-Sutherland equation:
— kBT
6rmR,

Eq 34

the diffusion of radius 5nm objects in isooctan@ te estimated at 8xi@nf/sec with

n =.503cP for isooctane [503]. In the simple model applied the transport the

P(permeability value) is related to diffusion By =D, Kif [492] where K is the activity

coefficient ratio at the feed interface. The perhildges observed are of a similar order to the
diffusion constant for such a micelle and so itegp that this may be the limiting factor for
transport with interfacial exchange a rapid process

Diffusion of AOT reverse micelles has been investg experimentally by voltammetry
where a value of 6.13xI0cm’/sec was established forg#10. It was also noticed that this
value indicated a particle with double the radiesedmined experimentally indicating that
this “sticky” attraction between reverse micelleglfan inhibiting effect on diffusion. [504]
Taking the different reports as indicators we coséy that Concanavalin A appears to
interact with the surfactant layer in a way thawéeos its stability, increasing coalescence
successes on micelle-micelle contact as well asellainterface contact. Such a
destabilisation has been observed experimentallyotirer cases such as small protein
Cytochrome C. This strong protein-surfactant inteosm hypothesis is further backed up by
the observation of the difficulty of back extractifor such a system at neutral pH. Another
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reason could be a size effect whereby Con A ingtusésults in a greater proportion of larger
micelles with increased shell curvature increasimfavourable interactions [456]. Further
investigation of such a system would be necessargigcern transport mechanisms and

thermodynamics.

4.3 Conclusions/Perspectives

The aim of this work was selective amplificationaoDCL by selective transport. In order to
realise this proof-of-principle idea selective spart was a prerequisite which the present
system did not accomplish. In using a nanoemulpiuasse the possibility of transport exists
for all the species in solution through droplet leseence and formation at the interface.
Based on the results obtained biomolecular recimgnis not a vital component for transport

and may have little or no effect.

The Con A biomacromolecule is contained in a waisols distributed amongst a unfilled
nanopools with this ratio governed by protein caoricgion given the favourable interactions
between protein surface and surfactant. The udfill@nopools will find their own
equilibrium size which may be different from thdittloe filled. Another question which raises
its head is that if for the present conditions @imback extraction into aqueous solution does
not occur why coalescence of Con A containing RMsha interface would occur where
complete coalescence would liberate the proteithén aqueous phase. Perhaps as part of
theses dynamic processes reversible interfacidiaamge of protein is occurring but with the

partition coefficient lying heavily in favour of édhmembrane side.

In previous related work by Goto and co-workers destrated selective transport using as
transporter what they called a surfactant-lipasepiex which is a reverse micellar lipase
containing phase which is lyophilised to producghate powder which they then dissolve in
isooctane before loading the membrane. This systeald presumably equilibrate in contact
with aqueous strip and feed phases however contoathe aim of the present work the
selectivity in this case was induced at the intm$aand not in the transport. Esterification by
the lipase catalyst at the interface rendered pleeiss increasingly soluble in isooctane and
the accompanying hydrolysis by PPLipase dissolneitheé aqueous receiving occurred at the

strip interface giving the water- soluble prodydt39].
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In order to attain a selective transport mediatgdCbncanavalin A a way in which to make

molecular recognition a vital step for transporoteur is necessary.
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5 General Conclusion and

Perspectives

Biological processes can be described on a supezmlal level. By taking advantage of the
ongoing progress in the synthetic side of supracutde chemistry allied to the

supramolecular understanding of biological processe can design functional systems
which can interact in a biomimetic way. This hasvpdul relevance towards the future
trends in medicine and medical technology whereaaly bionanotechnology is applied in the

fields of diagnostic imaging and targeted drug\cly.

The presented work has backed the viability of #pproach by demonstrating interaction
between biomimetic components, such as supportagielns, vesicles and lectin layers, and

synthetic nanoassemblies.

The future could introduce higher levels of funotito nanoassemblies such as those
exhibited by the natural immune system where bipmat design and chance such systems
could even present an enhanced immuno-performakiteexample of this can already be
seen with targeted drug delivery by functionabpmes known as rector targeted liposomes
whereby biorecognition is coupled with delivery thie active agent which performs the
second function [267,505-507] [508].

In part | the applicability of nanoparticles in tlstudy of molecular recognition based
interactions by QCM was also demonstrated.

Gold nanoparticles functionalised with biomolecukrognition motifs were shown to greatly
amplify QCM sensitivity with monolayer nanopartictecognition showing a frequency
change of 1600Hz.

The carbohydrate—protein interaction studied by #pproach exhibited high specificity and
and no evidence of non-specific surface bindinge Btomimetic aspect of glyconanoparticles
as regards multivalent presentation was displayiéd affinity enhancement$) of 25000 for

maltoside glyconanoparticles and 2000 for mannopaiticles. An unexpected feature was
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the higher affinity of maltoside nanoparticles éoConcanavalin A layer than the Mannoside

presenting ones which may be related to ligandiiedstermined selectivity.

Glycoparticle biorecognition was demonstrated asvay in which to build reversibly
assembled protein-nanoparticle multilayers. Thesdilayers were constructed in situ with
QCM analysis of the layer by layer assembly andevssiectively broken down by the high
specifity ligand for the lectin. Such layers are grkat interest due to their molecular
recognition construction principle which, due ts iability, may allow higher levels of
organisation to present in the resulting materfdle optical properties of such organised
materials can be exploited in the development fastpnic devices due to the sensitivity of
optical absorption to interparticle distance.

Allied to this work vesicle amplification was aldemonstrated as a means in which to adapt
QCM for small molecule -biomacromolecule interacsoUnilamellar vesicles incorporating
synthetic alkylglycosides were shown to selectivelgognise lectin layers. Enhanced affinity
was demonstrated for these multivalent structures.

Amphiphilic assemblies such as vesicles or supgdstiawyers can be used as cell membrane
mimics for the study of biomolecular processes.sTtacile approach demonstrates the
applicability of QCM to biomimetic platforms witlny natural extension, future potential in

the study of specific interactions at actual biadagicell surfaces.

Synthetic ion channels are of great interest medilyi due to ion channels' crucial biological

role as well as involvement in a range of debiligtillnesses. This work presented

experiments on the applicability of metal-organ&naclusters as synthetic ion channels.
Their chemistry tunable properties make them higiityactive candidates for applications
such as sensors while they can also model natamal channels lending a greater
understanding of their function mechanism. Evidem@sented showed the viability of these
nanoarchitectures as ion channels through sponianéusertion and ion transporting

capability.

Using QCM as a platform for supported lipid bilagjeispontaneous polyoxomolybdate
capsule embedding was demonstrated .Following timscapability of such nanocapsules as
synthetic ion channels was shown by fluorimetry soe@ament of cation flux across vesicle
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bilayers. They displayed a selectivity attributaliie dehydration-coordination effects
reminiscent of natural ion channels.

Electrostatic adsorption of POM layers on suppopidspholipid bilayers was discovered
and showed dependence on parameters such as pgbnandtrength. Such platforms may be
applied in the study of the biological activity BOMs specifically their reported interactions

with DNA and proteins.

In the final project presented a protein contairsngported liquid membrane was developed
as a novel means of dynamic combinatorial libranplfication. This membrane transported
disaccharide species across a recognising nanoemuasrates limited by micellar diffusion
where the dynamic properties of the reverse misellere heavily influenced by protein
concentration. Selectivity was demonstrated forvikldial experiments but in competitive
transports was not apparent indicating perhapsoperativity effect in transport or a low

influence for molecular recognition.

Cross disciplinary research in what could be termadobiotechnology such as expressed in
this work can lead improved to understanding ofldgal workings combined with the
ongoing development of novel biointeractive nan@nails.

Collectively this work demonstrated the developmemntd applicability of bioactive
nanomaterials through rational design and bottoragaggmbly from molecular level synthesis
through surpramolecular assembly and incorporatiororganised systems with function

conveyed from the molecular to the material level.

SYNTHESIS ASSEMBLY SYSTEM FUNCTION
: : . :
ﬁ\k E
. :
MOLECULAR SUPRAMOLECULAR

< >
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6.1 Section 2 Experimental

6.1.1 General Remarks

All materials used were obtained from commerciaurees and used without further
purification. gold(lll) chloride trihydrate (CAS: 16961-25-4),-akeoyl-1-palmitoyl-sn-
glycero-3-phosphocholine (CAS : 26853-31-6), 222chloroethoxy)ethoxylethanol (CAS:
5197-62-6), sodium citrate tribasic dihydrate, banduoride-diethyletherate (CAS: 109-63-
7), 1-tetradecyne (CAS: 765-10-6), sodium azide $CR6628-22-8), tetrabutylammonium
hydrogensulfate (CAS: 32503-27-8), hydrogen bronindacetic acid, thioacetic acid (CAS:
88620), copper(ll) sulfate pentahydrate (CAS: 7898), ascorbic acid sodium salt (CAS:
134-03-2), 1-octadecanethiol (CAS: 2885-00-9 ), hylealpha-D-glucopyrannoside ( CAS :
97-30-3), mannan (CAS: 9036-88-8) were all purctidsem either Sigma-Aldrich or Fluka.
Analytical TLC was performed on silica gel 6@si{\Whatman) with detection by immersion
in 5% methanolic k50O, followed by charring or by fluorescence.Columnarhatography
was performed with silica gel 60 A C.C 70-208. 2-(2-(2-mercaptoethoxy)ethoxy)ethanol
(28) was prepared following a known protocol [5081 NMR spectra were recorded with a
Bruker Avance 300 MHz instrument at 25°C. Chem#ghifts in ppm were referenced to the
relevant solvent residual peaks. Mass spectrumse weicorded using ESI. QCM
measurements were performed using the A100 instrurfrem Attana Biosensors. The
experiments were run in the continuous-flow QCMteysat a flow rate of 20 pL/min. The
experiments were performed in a Tris buffer at p#. All species were dissolved in this

medium so as to ensure buffer effects be keptnamum

20l

Figure 98 The instrument passes a continuous buffeflow through a 20 pl chamber over the crystal

surface.
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Dynamic light scattering measurements were perfdrméh the Cordouan SL135 and
S.E.M. measurements with a HITACHI S-4500 | insteumn

6.1.2 Glyconanoparticle Preparation

The nanoparticles were prepared by self assemibligyabd ligands on citrate stabilised gold

colloid solutions. The ligands were prepared ihrae¢ step synthesis from the simple sugars.

OAc
OAc

OAhs
Acg) o HO o BF,.E,0 5eq. OAs
C — > AcO
+ \/\O/\/ \/\CI CH2C|2 N0
OAc RT, 24hrs 5 o
(1)
KSAc 1.5eq
DMF, RT, 4hrs
OAc
Ohs
AcO
AcO
o o]
N N ~"Ngac
(6)
NaOMe 1.5eq,
MeOH RT, 12hrs
OH
O
HO
HO
O\/\O/\/O\/\SH

(11)

Figure 99 Reaction scheme for preparation ofi-D-Mannopyranoside2-[2-(2-mercaptoethoxy)ethoxy]etil.

Peracetylation was followed blyewis acid catalysed glycosylation with BEt,O [510-512]
giving the a-anomer in the case of mannose peracetate dueetamelghbouring group
participation and anomeric effect apehnomer for the other peracetates as it to be ¢agpec
due to neighbouring C2 acetoxy group participa{i®n]. The chloroglycol glycosides thus
prepared were then treated with potassium thiosc@teDMF to give the thioacetates in high
yield followed by deacetylation with NaOMe in MeQtith some presence of disulfides also

in the products which are equally suitable forrnle&t step of glyconanoparticle preparation.
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6.1.2.1General Synthesis of D-Glycopyranoside, 2-[2-(2-chloroethoxy)
ethoxy]ethyl, 2,3,4,6-tetraacetates.

OAc OAC

0L

BF,.Et,0 5eq. Ohs
AcQ HO ¢ AcO
AcO + \/\O/\/O\/\CW CACO
272
OAc
RT, 24hrs [e) o
NN N ~ N

@

Figure 100 Glycosylation Step.

7.74 ml of BR.ELO (min 46.5% w/v BE) (3.6 g, 5 equiv., 25.6 mmol) was added dropwise
to a solution of 2-[2-(2-chloroethoxy)ethoxylethar(@.3 g, 1.5 eq., 7.68 mmol) and the
peracetylated carbohydrates (1 eq., 5.12 mmol¥yyndethloromethane (25 ml) stirring at O
°C. The mixture was allowed to warm to RT and themed for a further 24 hrs in the case of
the mannoside preparation and 72 hours for ther gflyeosides. The product was extracted
with dichloromethane and washed with NaH(at. (x3) and then dried over ). The
product was purified by flash column chromatograpbiyng EtOAc/Hexane as eluent (1:1) to

afford the glycosylated products in the form ofgedsidues.

6.1.2.1.1 a-D-Mannopyranoside, 2-[2-(2-chloroethoxy)ethoxylethyl, 2,3,4,6-

tetraacetate (1)

Yield 45%."HNMR(300MHz, CDC} 25°C):9=1.98 (s, 3H, Ei5CO),52.05 (s, 3H, E:CO),

82.12 (s, 3H, E5CO), 52.16 (s, 3H, E5CO), 3.6-3.76 (m, 12H, Od,CH,0) 4.04-4.07 (m,
1H, H-6), 4.1 (dd1H, J = 12.3, 2.5Hz, H-6), 4.3 (dd, 1Kz 12.3, 5.1 Hz, H-5), 4.88 (d=

1.5 Hz,1H, H-1), 5.27 (m, 2H, H-2, H-3), 5.36 (d{, J= 12.3, 3.3 Hz, H-4)’*C NMR

(300MHz, CDC}): 6=20.6, 20.7, 20.8, 21.0 (4s, @M3CO), 42.255 (ChLCI), 62(C6), 65.7,
66.9, 68.58, 69.11, (4s, C-2 to C-5), 67.94, 69.86,17, 70.24, 70.90 (5s, 6H,0),

97.22(C1), 169.2, 169.35, 169.5, 170.1 (4s, 45CB).

6.1.2.1.2 B-D-Glucopyranoside, 2-[2-(2-chloroethoxy)ethoxy]ethyl, 2,3,4,6-
tetraacetate (2)

Yield 40%.*HNMR(300MHz, CDC} 25°C): §=2.0 (s, 3H, E5CO), 2.019 (s, 3H, B;CO),

2.04 (s, 3H, E5CO), 2.08 (s, 3H, BsCO), 3.6-3.8 (m, 12H, O&,CH.0), 3.9-4.0 (m, 1H,

H-6), 4.1 (m, 1H, H-6), 4.26 (dd, 1H}= 12.3, 5.1 Hz, H-5), 4.6 (d, 1Kz 8 Hz, H-1), 4.98

(dd, 1H, J= 9.3, 8 Hz, H-2), 5.1 (dd, 1K= 9.3, 9.3 Hz, H-3), 5.2 (dd, 1H}= 9.3, 9.3 Hz, H-

4). *C NMR (300MHz, CDGJ): 6=20.1, 20.12, 20.18, 20.25 (4s,@CO), 42.25 (CHCI),
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61.47 (C6), 67.93, 68.56, 71.3,72.34 (4s, C-2 t6)C69.91, 70.18, 70.79, 70.88, (4s,
6xCH,0), 100.33 (C1),168.87, 168.92, 169.78, 170.18145H;CO).

6.1.2.1.3 B-D-Galactopyranoside, 2-[2-(2-chloroethoxy)ethoxy]ethyl, 2,3,4,6-

tetraacetate (3)

Yield 31%."HNMR (300MHz, CDC} 25°C): 6=1.98 (s, 3H, ElsCO), 2.04 (s, 3H, 8:CO),
2.05 (s, 3H, E3CO), 2.14 (s, 3H, B5CO), 3.6-3.8 (m, 12H, O@,CH,0), 3.9-4.0 (m, 1H,
H-6), 4.1 (m, 1H, H-6), 4.55 (d, 1HJ}= 8 Hz, H-1), 5.0 (dd1H, J= 10, 3 Hz, H-3), 5.2 (dd,
J= 10, 8 Hz, 1H, H-2) 5.4 (d, 1HJ= 3 Hz, H-4).**C NMR (300MHz, CDGCJ): 6=20.09,
20.17, 20.28, 20.54 (4s, €K3CO), 42.27(CHCI), 60.8(C6), 66.58, 68.33,68.57 70.89 (4s,
C-2 to C-5), 69.65, 69.9, 70.18, 70.42 (4s, 63QH 100.87(C1),168.98, 169.66,169.76,
170.09 (4s, 4xCkCO).

6.1.2.1.4  B-D-Glucopyranoside, 2-[2-(2-chloroethoxy)ethoxylethyl  4-O-
(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-, 2,3,6-triacetate (4)

Yield 35%.*HNMR (300MHz, CDC} 25°C): 6=1.97(s, 3H), 2.05(m, 12H), 2.12(s, 3H) 2.16

(s, 3H)7xCH5CO, 3.6-3.8 (m, 12H, OE,CH,0), 3.8-3.95 (m, 2H, CH), 4.05-4.15(m, 4H,

CH2), 4.47-4.58 (m, 2H, CHZ2), 4.56 (d, 2857.8, CH), 4.89 (t, 1H, CH), 4.95 (dd, 1Bt

10.5, 3.3Hz, CH), 5.1 (dd,H, J=10.5, 7.8, H-2,), 5.195 (t, 1H= 9.3 Hz, CH) 5.34 ( d, 1H,

J= 3.3 Hz, CH).

6.1.2.1.5 pB-D-Glucopyranoside, 2-[2-(2-chloroethoxy)ethoxylethyl  4-O-
(2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl)-, 2,3,6-triacetate (5)

Yield 29%."HNMR (300MHz, CDC} 25°C): 6=1.95-2.09 (m, 18H)52.1 (s, 3H), 2.14 (s,

3H)7xCH5CO, 3.6-3.8(m, 12H), 3.9-4 (m, 3H, CH), 4.05(dd,, IH 12,3 Hz, CH), 4.25 (m,

2H, CH2), 4.49 (dd, 1HJ=12, 3Hz, CH), 4.63 (dlH, J= 7.8Hz, CH), 4.8-4.9 (m, 2H, CH),

5.05 (t,1H, J= 10), 5.25 (t, 1HJ= 9 Hz, CH) 5.35 ( tJ)= 10 Hz,1H, CH), 5.4 ( d, 1H= 3.9

Hz, CH).

6.1.2.2Synthesis of a-D-Mannopyranoside, 2-[2-(2
(acetylthio)ethoxy)ethoxy] ethyl, 2,3,4,6-tetraacetate.

The following protocol was used for all ligandsi-D-Mannopyranoside 2-[2-(2-
chloroethoxy)ethoxy]ethyl,2,3,4,6-tetraacetate (209, 0.4 mmol, 1 eq) and potassium
thioacetate (138 mg, 0.6mmol, 3 eq.) were takendisgblved in DMF (10 ml). This solution
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was then stirred at room temperature for 4 hrsylEdhetate (40 ml) was then added to the
reaction mixture which was then washed wityOk2), NaHCQ and finally saturated NacCl.

This organic phase was then evaporated off leaaiogiourless oil.

OAc OAC
0
7O A8 KSAc 1.5eq 0AS
X0 DMF, RT, dhrs ~ ACO
_—
o o) 0
\/\O/\/ \/\CI \/\O/\/O\/\SAC

6

o) (6)

Figure 101 Thioacetate Substitution.

6.1.2.2.1 a-D-Mannopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethoxy]ethyl,
2,3,4,6-tetraacetate (6)

Yield 82%.*HNMR (300MHz, CDC} 25°C):6=1.95 (s, 3H), 2.01 (s, 3H), 2.06 (s, 3H), 2.12
(s, 3H) 4x@5CO, 2.3 (s, 3H, B5COS), 3.1(tr, 2H,)= 6Hz, CHCH,S), 3.55-3.76(m, 10H),
4.04-4.07 (m, 1H, H-6), 4.1 (ddH, J= 12.3, 2.4Hz, H-6), 4.25 (dd= 12.3, 1H, 5.1 Hz, H-
5), 4.88 (d, 1HJ= 1.5 Hz, H-1), 5.23 (m, 2H, H-2, H-3), 5.36 (d&],1)= 12.3, 3.0 Hz, H-4).
13C NMR (300MHz, CDGJ): 6=20.6, 20.7, 20.8, 21.0 (4s, @H3CO), 28.28(CHCH,S),
29.97 CH3COS), 42.255@H,Cl), 62(C6), 65.7, 66.9, 68.58, 69.11, (4s, C-Lt5), 67.94,
69.56, 70.17, 70.24, 70.90, (5s, 5xCH, 97.22 (C1) 169.2, 169.35, 169.5, 170.1
(4s,4xCHCO), 194.84 ( CHCOS). Lit: [163]

6.1.2.2.2  B-D-Glucopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethoxy]ethyl,
2,3,4,6-tetraacetate (7)

Yield 86%.'HNMR (300MHz, CDC4, 25°C):5 1.988 (s, 3H), 2.01 (s, 3H), 2.044 (s, 3H),
2.09 (s, 3H) 4xE3CO 2.35 (s, 3H, B;COS), 3.1(tr, 2HJ= 6Hz, CHCH,S), 3.55-3.7 (m,
12H, OGH,CH,0), 3.9 (m, 1H, H-6), 4.1 (dd,H, J= 12.3, 2.3 Hz, H-6)), 4.25 (dd, 1Hs=
12.3, 4.8 Hz, H-5), 4.61 (d= 8 Hz, 1H, H-1), 5.01 (dd, 1HJ= 9, 8.1 Hz H-2 ), 5.08 (t, 1H,
J= 9.5 Hz, H-3), 5.2 (tr, 1HJ= 9.5 Hz, H-4)."CNMR (300MHz, CDCY): 6=20.1, 20.12,
20.18, 21.25 (4s, 43H;CO), 28.28(CHCH,S), 30.07 (CHCOS), 61.48(C6), 67.93, 68.56,
71.3, 72.34 (4s, C-2 to C-5), 69.91, 70.18, 707888, (4s, 6xCH,CH,0), 100.35 (C1),
168.87, 168.92,169.78, 170.18 (4s,4%CB), 194.03 (CHCOS) .

6.1.2.2.3 B-D-Galactopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethoxy]ethyl,
2,3,4,6-tetraacetate (8)
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Yield 78%. "HNMR(300MHz, CDC}, 25°C):9=1.98 (s, 3H), 2.04(s, 3H), 2.05(s, 3H), 2.14
(s, 3H) 4xQH3CO, 2.35 (s, 3H), BsCOS, 3.08(tr, 2H, J= 6Hz, CHCH,S), 3.55-3.76 (m,
12H), 3.9-4.0 (m, 2H, H-6), 4.1 (m, 1H, H-5), 465 1H,J= 8 Hz, H-1), 5.0 (dd1H, J= 10,

3 Hz, H-3), 5.2 (dd, 1H]= 10, 8 Hz, H-2) 5.4 (app d, 185 3 Hz, H-4 ) *CNMR (300MHz,
CDCly): =20.09, 20.17, 20.28, 20.54 (4s,@:CO), 27.4 (CHCH,S), 29.7 (CHCOS),
60.8(C6), 66.58, 68.33, 68.57, 70.89 (4s, C-2 #6)[9.65, 69.9, 70.18, 70.42 (4s, 63CH|
100.87(C1), 168.97, 169.65, 169.76, 169.89 (4s,4GTH, 194.03 (CHCOS). Lit: [163]

6.1.2.2.4  B-D-Glucopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethoxy]ethyl 4-O-
(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-, 2,3,6-triacetate (9)

Yield 81%.HNMR(300MHz, CDC4 25°C): 6=1.855 (s, 3H), 1.935 (s, 3H), 1.941 (m, 6H),
1.955 (s, 3H), 2.014 (s, 3H), 2.046 (s, 3H) FCO, 2.23 (s, 3H, BsCOS), 2.92(tr,J=
6.3Hz, 2H, CH2S), 3.6-3.8 (m, 12H), 3.85 (m, 2H,)C#01 (m, 2H, CH ) 4.38(ddH, J=
1.8Hz , 12.6Hz, CH), 4.42 (d, 18=7.8Hz, CH), 4.49 (d, 1H]= 7.8Hz, CH), 4.78 (ddlH,
J=7.8hz , 9.3Hz, CH), 4.86 (dd, 1Bk 10.5, 3.3Hz, CH), 4.9 (ddH, J= 10.5, 7.8Hz, CH),
5.1 (t, 1H,JH = 9.3 Hz, CH), 5.24 (d, 1H}= 3.6 Hz, CH).”*C NMR (300MHz, CDCJ):
19.920, 20.049, 20.049, 20.079, 20.130, 20.22, 2Q72x CH3CO), 28.212 (CHCH,S),
29.982 (CH3COS), 60.298 (C6Gal), 61.526 (C6GIu)186 (C-4Gal), 68.497, 68.580 (CH2),
69.139 (C-2Gal), 69.72, 70.28, 70.07 (CH2) 70.40%Gal), 70.77 (C-3Gal), 71.1 (C-2Glu),
72.0 (C-5Glu), 72.271 (C-3Glu), 75.75 (C-4Glu), 1D (C-1Gal), 100.458 (C-1Glu),
168.452, 168.99, 169.12, 169.37, 169.51, 169.68,71CHCO), 194.7 (CHCS).

6.1.2.2.5 B-D-Glucopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethoxy]ethyl 4-O-
(2,3,4,6-tetra-O-acetyl-a-D-glucoopyranosyl)-, 2,3,6-triacetate (10)

Yield 85%. *HNMR(300MHz, CDC} 25°C): 6=1.966 (s, 6H), 2.006 (s, 3H), 2.009 (s, 3H),
2.028 (s, 3H), 2.087 (s, 3H), 2.12 (s, 3H) (FCO), 2.32 (s, 3H, CH3COS) 3.08 (tr, 234
6.3Hz, CHCH,S ), 3.6 (m, 8H, OB,CH,0), 3.95 (m, 2H, CH), 3.8-3.9 (m, 2H), 4.2 (m, 2H,
CH), 4.47 (dd, 1HJ= 12Hz, 3Hz, CH), 4.61 (d, 1H= 8 Hz, CH), 4.8 (m, 2H, CH) , 5 (r,
1H, J= 10 Hz, CH), 5.242 (tLH, J= 9Hz), 5.34 (t, 1H,J= 10Hz, CH) 5.4 ( d, 1HJ= 3 Hz,
CH). C NMR (300MHz, CDGCJ): §=20.08, 20.08, 20.1, 20.16, 20.18, 20.35, 20.4 (7x
CH3CO), 28.25 CH3COS), 30.118 (CKCH,S), 61.1, 62.3, 67.5, 68.03 (CH), 68.65, 68.89,
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69.35, 69.56, 69.828(@CH.CH,0) 70.08, 71.76, 72.3, 74.87, 95.087 {199.92 (CB),
168.929, 169.212, 169.443, 169.738, 169.931, 1740203 (7x CHCO), 195(CHCOS).

6.1.2.3Deprotection to give a-D-Mannopyranoside, 2-[2-(2-
mercaptoethoxy)ethoxy]ethyl.

OAc OH
OAS§ Oty
A NaOMe 1.5eq,  HO
MeOH RT, 12hrs
o o > (6] fe)
NN N ~"Nsac P e e

(6) (11)

Figure 102 Deacetylation.

a-D-Mannopyranoside, 2-[2-(2-(acetylthio)ethoxy)ethifethyl, 2,3,4,6-tetraacetate (200mg,
0.37mmol, 1leq.) was taken and dissolved in anhydroathanol (5ml). Sodium Methoxide
(30mg 0.055mmol, 1.5eq) was added and the solutasstirred at room temperature for 12
hrs. Acidic lon exchange resin (Amberlite IR-120dsamhen added and at neutralisation was
filtered off and washed with MeOH. The solvent wiagn evaporated off to afford the
corresponding thiol in high yields (>80%). The imitH NMR spectrums indicated the thiol
as the main product with disulfide also formed. Hmeount of disulfide increases over time
due to oxidation by atmospheric oxygen. Both thaind disulfide product forms will interact

in the same manner with gold nanoparticles andbgounification is necessary.

6.1.2.3.1 a-D-Mannopyranoside, 2-[2-(2-mercaptoethoxy)ethoxy]ethyl (11)

'HNMR(300MHz, MeOD, 25°C)¥=2.7 (tr, 1H,J= 6.6Hz), 2.96 (tr, 1HJ)= 6.6Hz), 3.6-
3.79(m, 10H), 3.8-3.95(m, 4H), 4.0 (dd, 18% 3, 1.5Hz, H-2), 4.9 (d, 1H}= 1.5Hz, H-1).
3C NMR (300MHz, MeOD, 25°C)©¥=24.334, 39.469, 62.387, 67.926, 68.353, 70.485,
71.315, 71.364, 71.538, 71.983, 72.417, 74.433,6Bd1 ES-MS calcd. for 5H240sSNa
[M+Na]": 351.1090, found 352.0; forgHss0165,Na [M+Na] 676.7335, found 676.5. Lit:
[163]

6.1.2.3.2 B-D-Glucopyranoside, 2-[2-(2-mercaptoethoxy)ethoxy]ethyl (12)
'HNMR(300MHz, MeOD, 25°C)$=2.7 (t, 2H,JH =6.6Hz), 3.32 (tr, 1H, H-4) 3.4-3.7 (m ,
2H, H-5, H-3, H-4), 3.7-3.9 (m, 10H), 3.95 (dd, 1H12.3, 2.1Hz, H-2), 4.1 (m, 1H, H-6),
4.52 (d,J= 1H, H-1)."*C NMR (300MHz, MeOD, 25°C)=102.366, 76.096, 76.016, 73.245,
73.144, 71.885, 71.543, 70.588, 69.812, 69.7044880.69.458, 69.278, 68.599, 67.761,
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66.025, 60.751, 37.462, . ES-MS calcd. fQsHz40sSna [M+Na]: 351.1090, found 352.1;
for CosHas0165Na [M+NaT 676.7335, found 676.5.

6.1.2.3.3  B-D-Galactopyranoside, 2-[2-(2-mercaptoethoxy)ethoxy]ethyl (13)

'HNMR (300MHz, MeOD, 25°C)¥=2.7 (t, 1H, J=6.6Hz), 3.6 (dd, 1HJ= 10, 8Hz), 3.65-
3.9(m, 12H), 3.95 (m, 2H), 4.1 (m, 1H), 4.45 (®&8Hz, 1H, H-1)."*C NMR (300MHz,
MeOD, 25°C):0=23.961, 43.954, 62.786, 67.667, 69.960, 71.0821521 71.201, 71.442,
72.409, 100.184. ES-MS calcd. foy,H,40sSNa: 351.1090, found 352.1; fopE45016S,Na
[M+Na]" 676.7335, found 676.6. Lit: [163]

6.1.2.3.4  B-D-Glucopyranoside, 2-[2-(2-mercaptoethoxy)ethoxy]ethyl 4-O-8-
D-galactopyranosyl (14)

'HNMR (300MHz, MeOD, 25°C)#=2.8 (t, 2H,J=6.6Hz), 3.35 (2H, s), 3.5-3.8 (20H, m), 3.9
(d, 2H,JH=3.3Hz, H-4), 4.1 (2H, m), 4.45(d, 18t =7.8Hz, H-8 (H-1Gal)), 4.51 (1H, dH
=7.8Hz, H-1Glc)}*C NMR (300MHz, MeOD, 25°C)$=102.54, 101.65, 77.82, 74.88, 73.89,
72.29, 70.41, 69.25, 68.27, 60.6, 59.61, 48.517:2ES-MS calcd. for GHaO15SNa
[M+Na]*: 513.5198, found 514.4.

6.1.2.3.5 B-D-Glucopyranoside, 2-[2-(2-mercaptoethoxy)ethoxy]ethyl 4-O-a-
D-glucopyranosyl (15).

'HNMR (300MHz, MeOD, 25°C)¥=2.82 (2H, m), 3.25(2H, m), 3.35-4 (20H, m), 4.39(d

1H, J=7.8Hz, H-1(H-B-Glu), 5.275(d ,1H, J=3.6Hz, H-b-Glc). *C NMR (300MHz,

MeOD, 25°C):.0= 102.300, 99.851, 77.176, 76.331, 74.781, 73.19®)64, 72.910, 71.889,

69.905, 69.743, 69.553, 68.884, 68.615, 60.967716).37.539, 20.574. ES-MS calcd. for

C18H34013SNa [M+Na]: 513.5198, found 514.3.

6.1.3 Alkylglycoside Synthesis

Alkyl glycosides were prepared to act as synthefigcolipids which would then be
partitioned into phospholipid vesicles to look attin recognition in a biomimetic manner.
They were prepared using the “click chemistry”. i@ Huisgen-type azide-alkyne
cycloaddition to give a 1,4-di-substituted 1,2 a#ole unit [513-515].
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6.1.3.1 General Preparation Procedure for Glycosyl Azides.

The glycosyl azides were prepared from the glycbsghmides in a two-phase reaction. The

glycosyl bromides were prepared as follows:

OAc
Ac,0, I, HBr, AcCOH o)

OH ———> AcO A B

%o AcO OAC RT, 23hrs AcO oas o

NaN,
Bu,NHSO,
NaHCO,

CHClj, RT, 16hrs

Figure 103 1-Azido sugar peracetate synthesis.

To 2 gr of sugar peracetate in glacial acetic §t@ml) stirring under inert conditions was
added HBr (33% in acetic acid) (5ml) dropwise. Tiigture was stirred at room temperature
for another 3 hours before being diluted with dicbmethane (40 ml) and poured into ice-
water. The layers were separated and further wgshiith sat.NaHC® (3x20 ml) was
followed by drying over sodium sulphate and evafponaof the solvent to yield yellow oil.
This oil was used directly in the next step, phasasfer azidation. The crude glycosyl
bromides were weighed before being dissolved iorafibrm (20ml). A saturated NaHGO
solution (20 ml) was then added to the stirringpobilormic solution followed by NaiN5 eq.)
and the phase transfer catalyst tetrabutylammotiyoinogen sulphate (1 eq.). This two phase
mixture was stirred at room temperature overnidtite work-up was by washing of the
chloroformic phase with water x 1, sat. NaH{OQ followed by a brine wash. After drying
over sodium sulphate the solvent was then evagbdtt yield white solids which could be

recrystallised form methanol to yield anomericaiye azides.

6.1.3.2 Coupling and Deprotection to give Alkylglycosides

A suspension of Cu§H20 (0.2 eq.) and Na ascorbate (0.4 eq.) disdolwdO (5ml)
was added to a stirring suspension of glycosyleafldeq. 500 mg) and 1-Tetradecyne (1 eq.)

in t-butanol (5 ml). The cloudy mixture was heated0°C and stirred at this temperature for
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typically 48 hours. On cooling slowly to 4°C theoduct precipitated from solution and could
be filtered off.

OAc CuS04.5H20 OAc

o Na ascorbate 0
ACO .\ \\ H,O/t-BUOH 1:1 AcO . \ W
AcO N3 5 > c OAc  \ _ 5
OAc 70C,1-3days N=N
(17) NaOMe (22)
MeOH/CHCI3
RT, 16hrs
OH
HO ©
OH N=
(23)

Figure 104 Alkyl glycoside by “click chemistry”.

The peracylated products were then deprotected) tisenclassic sodium methoxide in MeOH
method (1 eq.) stirring at room temperature forhb@rs. Chloroform was used as a co-
solvent in some cases. Acidic ion-exchange resmbérlite IR-120) was then added and at
neutralisation was filtered off and washed with Nle('he solvent was then evaporated off
to afford the product2l, 23, 25and 27. They were further purified by crystallisation rino
CHCIy/MeOH.

6.1.3.3Characterisation by "HNMR.

6.1.3.3.1 1-Azido-1-deoxy-a-D-mannopyranoside tetraacetate (16).

1H NMR (300MHz, CDGJ 25°C): = 1.988 (s, 3H), 2.052 (s, 3H), 2.107 (s, 3H), 2.26,
3H), 3.75 (m, 1H), 4.19 (dd, 1KH:12.3, 2.7 Hz), 4.28 (dd, 1KH=12.3, 5.4 Hz), 4.73 (d, 1H,
J=1.2 Hz), 5.03 (dd, 1H]=9.9, 3.3 Hz), 5.26 (t, 1HI=9.9), 5.4 (dd,}=3.3, 1.2 Hz).13C NMR
(300MHz, CDC}, 25°C): §=20.47, 20.55, 20.58, 20.68, 62.11, 65.62, 68.201% 70.62,
87.41, 169.52, 169.61, 169.72, 170.45.

6.1.3.3.2 1-Azido-1-deoxy-B-D-glucopyranoside tetraacetate (17)

1H NMR (300MHz, CDGJ 25°C): 6=1.99 (s, 3H), 2.022 (s, 3H), 2.068 (s, 3H), 2.082
3H), 3.75 (m, 1H), 4.15 (dd, 1H512.5, 2.4 Hz), 4.26 (dd, 1H=12.5, 4.8 Hz), 4.63 (d, 1H,
J=8.7 Hz), 4.95 (t, 1HJ=9.6 Hz), 5.093 (t, 1HJ=9.6 Hz), 5.212 (t, 1HJ=9.6 Hz).*C NMR
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(300MHz, CDC4, 25°C):6=20.5, 20.5, 20.5, 20.7, 61.6, 67.8, 70.6, 72.56,787.9, 169.2,
169.3, 170.1, 170.6.

6.1.3.3.3  1-Azido-1-deoxy-B-D-galactopyranoside tetraacetate (18)

1H NMR (300MHz, CDCJ, 25°C)8 = 1.98 (s, 3H), 2.05 (s, 3H,); 2.08(s, 3H,), 2(363H,
CHs), 4.00 (t, 1H,J=6.6 Hz); 4.14-4.17 (m, 2H),) 4.59 (d, 1H, J = 8i7), 5.02 (dd, 1H, J
=10.3, 3.3 Hz), 5.15 (dd, 1H, J = 10.4, 8.7 Hz315(d, J = 3.3 Hz, 1H}*C NMR (300MHz,
CDCl, 25°C)d =20.65, 20.74, 20.78, 20.80, 61.3, 66.9, 68.18,772.9 , 88.4, 169.5,170.1,
170.3, 170.5.

6.1.3.3.4 1-Azido-1-deoxy-B-D-Maltopyranoside heptaacetate (19)

'HNMR (300MHz, CDC}, 25°C): 9=1.99(s, 3H), 2.009(s, 3H), 2.024(s, 3H), 2.0383),
2.048(s, 3H), 2.1(s, 3H), 2.152(t, 3H), 3.78(m, 1HP(m, 2H), 4.25 (m, 2H), 4.5 (dd, 1H,
J=12.3, 2.4 Hz) 4.7 (d, 1HI=8.4 Hz), 4.78 (t, 1HJ=8.6 Hz), 4.85 (dd, 1H]=9.9, 3.6 Hz),
5.05 (t, 1H,J=9.9 Hz), 5.25 (t, 1HJ=8.6 Hz), 5.29 (s, 1H), 5.35 (t, 18510.2 Hz), 5.4 (d,
1H, J=3.9 Hz).®*C NMR (300MHz, CDC}, 25°C)#=20.5, 20.5, 20.6, 20.6, 20.7, 20.8, 20.8,
60.4, 62.5, 67.9, 68.6, 69.2, 70.0, 71.4, 72.3,776.1, 87.5, 95.7, 169.4, 169.5, 169.9, 170.1,
170.4, 170.5, 170.5.

6.1.3.3.5 1H-1,2,3-Triazole,4-dodecyl-1-(2,3,4,6-tetra-O-acetyl-B-D-
mannopyranosyl)-(20)

1H NMR (CDCI3, 300 MHz)$=0.87 (t, 1H,J=6.3Hz), 1.25 (m 22H), 2.0 (s, 3H), 2.09 (m,

12H), 3.95 (m, 1H), 4.19 (dd, 1H512.6, 2.4 Hz), 4.33 (dd, 1H=12.6, 6 Hz), 5.26 (dd, 1H,

J=9.9, 3.3 Hz), 5.35 (t, 1HI=9.9Hz), 5.7 (ddJ=3.3, 1.5 Hz)6.1 (d, 1H,J=1.2 Hz)7.48 (s,

1H).

6.1.3.3.6  1H-1,2,3-Triazole- 4-dodecyl-1-a-D-mannopyranosyl-(21)

1H NMR (300 MHz, CROD) : 6=0.82 (t, 3H,J=6.7 Hz), 1.22 (m, 18H), 1.6 (t, 2H57.2
Hz), 2.65 (t, 2HJ=7.8 Hz), 3.32 (t, 1H)=1.5 Hz), 3.45 (m, 1H), 3.65 (dd, 1859.6, 2.1
Hz), 3.73-3.9 (m, 2H), 4.17 (d, 1H52.1 Hz), 5.76 (s, 1H), 7.85 (s, 1HjC NMR (300MHz,
CDCls, 25°C)0=14.5, 23.4, 26.1, 30.1, 30.14, 30.18, 30.4, 3220, 67.2, 71.7, 74.4, 80.7,
87.6, 122.6. ES-MS calcd. fonlzgN3:OsNa [M+Na]: 421.513, found 421.3.

6.1.3.3.7 1H-1,2,3-Triazole,4-dodecyl-1-(2,3,4,6-tetra-O-acetyl-B-D-
glucopyranosyl)-(22)
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1H NMR (300MHz, CDGJ, 25°C): 6=0.87(t, 3H,J=6.6Hz), 1.255(m, 18H), 1.67 (t, 2H,
J=7.2Hz), 1.877 (s, 3H), 2.007 (s, 3H), 2.043 (s),34219 (s, 3H), 2.714 (t, 2H=7.8Hz),
4.2 (m, 3H), , 5.22 (dd, 1H, J =10.3, 3.3 Hz),55(f, 2H), 5.8 (d, 1H, J = 9.3 Hz ), 7.55
(s,1H).

6.1.3.3.8  1H-1,2,3-Triazole- 4-dodecyl-1-B-D-glucopyranosyl-(23)

1H NMR (300 MHz, CROD),: 6=0.81 (t, 3H,J=6.7 Hz), 1.2 (m, 18H), 1.57 (t, 2H=7.2
Hz), 2.63 (t, 2H,J=7.8 Hz), 3.48 (dd, 1H]=9, 9 Hz), 3.56 (m, 2H), 3.71 (dd, 18512.0, 5.0
Hz), 3.85 (m, 1H), 5.244 (s, 1H), 5.37 (d, 3#D.0 Hz), 7.53 (s, 1H)*C NMR (300MHz,
CDsOD, 25°C)o=14.4, 23.7, 149.26, 26.31, 30.3, 30.45, 30.485,380.66, 30.73, 30.75,
33.05, 62.42, 70.94, 73.99, 78.6, 81.12, 89.5, IR2ES-MS calcd. for £H3sN3OsNa
[M+Na]": 421.513, found 421.4.

1H-1,2,3-Triazole,4-dodecyl-1-(2,3,4,6-tetra-O-acetyl-3-D-galactopyranosyl)-
(24)

1H NMR (300MHz, CDCJ 25°C): 6=0.87(t, 3H,J=6.6Hz), 1.255(m, 18H), 1.67 (t, 2H,
J=7.2Hz), 1.877 (s, 3H), 2.007 (s, 3H), 2.043 (s),34219 (s, 3H), 2.714 (t, 2H=7.8Hz),
4.2 (m, 3H), 5.22 (dd, 1H=10.3, 3.3 Hz), 5.55 (m, 2H), 5.8 (d, 18+ 9.3 Hz ), 7.55 (s,1H).

6.1.3.3.9 1H-1,2,3-Triazole- 4-dodecyl-1-B-D-galactopyranosyl-(25)

1H NMR (300 MHz, CROD), : 6=0.89 (t, 3H,J=6.7 Hz), 1.3 (m, 18H), 1.68 (t, 2KH=7.2
Hz), 2.7 (t, 2HJ=7.8 Hz), 3.68 (dd, 1H]=9.6,3.3 Hz), 3.74-3.9 (m, 3H), 3.98 (d, 18£3.3
Hz), 4.12 (t, 1H,J=9.3 Hz), 5.5 (d, 1HJ=9.0 Hz), 7.96 (s, 1H)*C NMR (300MHz, CROD,
25°C) 0=14.448 (CH), 23.755 (all CH) , 26.392, 30.310, 30.494, 30.540, 30.708, 30.776,
30.803, 33.098, 49.050, 62.518 (C-6) , 70.485, §.475.443, 79.979, 90.224 (C-1),
121.859, 149.448. ES-MS calcd. fofgB36NsOsNa [M+Na]: 421.513, found 421.2.

6.1.3.3.10 1H-1,2,3-Triazole,4-dodecyl-1-(2,3,4,6,8,9,10,12-hepta-O-acetyl-
B-D-maltopyranosyl) (26)

1H NMR (300 MHz, CDQ, 25°C): 0=7.423 (s, 1H), 5.845 (d, 1H:9.3 Hz), 5.45-5.40 (m,

2 H)5.34(d, 1 H), 5.05 (dd, 1H, J=10.3, 7.8,H287 (dd, 1 H, J=10.4, 3.4 Hz,) 4.47 (dd, 1

H, J=12.4, 2.4 Hz), 4.25 (m, 2 H), 4.0-3.93 (m),3R67 (t, 2H,J=7.8 Hz), 2.11 (s, 3H),

2.09 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 2.0143(3), 1.99 (s, 3H), 1.82 (s, 3H), 1.63 (t, 2H,

J=7.4 Hz), 1.24 (m, 18H), 0.86 (t, 3B56.6 Hz).

173



Experimental

6.1.3.3.11 1H-1,2,3-Triazole- 4-dodecyl-1-B-D-maltopyranosyl-(27)

1H NMR (300 MHz, CD{, 25°C):6=0.82 (t, 3H, J=6.6 Hz), 1.22 (m, 18H), 1.68 (t,,2H
J=7.2 Hz), 2.71 (t, 2H, J=7.2 Hz) 3.3 (t, 1H, J=BIB, 3.5 (dd, 1H, J=9.3 Hz), 3.7(m, 4H),
3.85 (m, 3H), 3.95 (t, 1H, J=9Hz), 5.25 (d, 149 Hz), 5.6 (d, 1H, J=3.6 Hz), 7.95(s, 1H).
3C NMR (300MHz, CROD, 25°C)6=14.39, 23.38, 25.92, 29.80, 29.98, 30.02, 30.08(8
30.27, 32.63, 62.09, 70.90, 73.36, 73.48, 74.3153(477.93, 78.76, 79.02, 88.74, 101.87,
122.73, 149.56. ES-MS calcd. fope846N3010Na [M+Na]: 583.655, found 583.6

6.1.4 Glyconanoparticle Preparation

6.1.4.1Self-assembly on citrate stabilised particles

HAuUCl, (12.5 mg 0.21mM) was dissolved in,® (mQ)(100 ml) and heated to 60°C with
constant rapid stirring. Sodium citrate (50 mgniM) was dissolved in 0 (mQ)(50ml) and
was also heated to 60 °C upon which it was addedetoigorously stirring gold salt solution
in order to keep temperature and concentratioramad to a minimum. The temperature was
then changed to 85°C and the solution was stiroechhother two hours. The initially pale
yellow solution gradually turned red indicating load formation. The solution was then

allowed to cool to room temperature before the step.

o 0 07 o L0 Py
H 0. Lo
VR
i LRI NP Ry e
HO — 1 0 e
OH ] T G SR Wi N °o o OiH
£ ok o o Nadd S 8 r °
A A Hﬁo’ﬁ \ OH 0”“0 o \5\5\5" 7 ,szfo o/ i on
~ - Hﬁ& o L\s\s\ ‘E 9 QC%H
3 = O\/\O/\/O\/\SH on ) \_\s\ }5;5‘0/_10 )
~ = s - s~ o8
~ > HO Ourpg™Oumge 8. ~g~Ou~g OUH ;
- - ’@A\Hm - - “Son, CH
3 . HRo - ~ 0™-0 H
a ; 48hrs, RT WS b T A
e 2 HO_ HQO N O oY
- v T v\fo o 7 ¢ Ly 0 0 H
AN e S d
o, Ho2 IO A oo S S % So o N 0 R %,
HOI0 [:3 Io 02 ; 02 OZ 1 R %HO
0 0 OH
O OH O Hogfi S {00 G oy
= Wog o 3 d ATEN v o
O Hg 8 o Q HO
(9] RHo “ﬁ Ho” o
0 (0) g 1o ﬂHO ODHHO o

Figure 105 Two step glyconanoparticle preapration ppcedure.

To 25 ml of this gold sol (0.21 mM in gold) was addexcess of the thiol ligand (50 mg, 6
mM) giving a final ligand to gold ratio of arourd®:1. This solution was then allowed to stir

at room temperature for 48 hrs before being dilu(ef) with pure water and being
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centrifuged (14000 r.p.m for 10 minutes) down tmoge excess ligand and citrate followed
by resuspension in mQ water. This purification pehtrre was repeated twice followed by
resuspension of the particles in Tris buffer. Usitlgs procedure mannosid€9),
triethyleneglycol(30), galactosidg31), glucoside(32) and maltosid€33) nanoparticles were
prepared.

6.1.4.20ne step direct method (Penades Method [162])
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Figure 106 One step modified brust method for glyamanoparticle preparation

To a solution of glycoligand (20 mg, 5eq.) in Me@ml) under vigorous stirring was added
a solution of HAuCGL.3H,O (8 mg, 1 eqg. in bO (0.5 ml). After 1 minute a sodium
borohydride solution (1M) was added dropwise aral ghlution changed colour from pale
yellow to black. The solution was then left to $tir a further 2 hours with a dark precipitate
forming in each case. Each solution was then daged at 4400 r.p.m. for 30 mins followed
by removal of the supernatant. The precipitate avasolved in 1ml of water followed by 4ml
of methanol then recollected by centrifugation4®@r.p.m. for 15 minutes. This purification
process was then repeated twice more. The pupfeticles were then dried and dissolved in
the Tris buffer (10 mM, pH 7.4, NaCl 0.1M).

6.1.5 Quartz Crystal Surface Preparation

Hydrophobic self-assembled monolayers were prepatieectly on gold coated quartz
crystals acquired from Attana. The crystals werstlfi immersed in a freshly prepared
piranha solution (bBO, / H,O, 7:3) for 1 minute and then washed thoroughly withrep

water. They were then dried under a nitrogen streachimmersed in a 1mM octadecanethiol
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solution (EtOH:Hexane 9:1) for at least 16 houltotwed by extensive rinsing with ethanol
followed by hexane and then more ethanol and lag#ier before being blown dry with a
nitrogen stream and being placed in the QCM chippse

6.2 Section 3 Experimental

6.2.1 General Remarks

Polyoxomolybdate Clusters “Me{CHsCOOQXq" (35), M013A(SO)30(36) and “MorFesq’ (37)
were obtained from the Achim Muller group:

(NH,)aIMoY'7:M0Y 60037H20)75(CHsCOO)¢].c.2300H,0.10CHCOONH: (35)
(NH4)72[M0"'7,M0" 660374H20)72(SOs)sq].ca 280H:0 (36)
Mo"'72F€" 30025( CH;COO)A{MO0 207(H20)} o{H 2M0,05(H20)}(H20)e1] - ca. 150HO (37)

EYPC (3-sn-Phosphatidylcholine solution, CAS:80@&253, POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine), HPTS (8-Hydroxypyren®8-trisulfonic acid trisodium salt)
and Tris base (2-Amino-2-(hydroxymethyl)-1,3-propdiol) were purchased from Sigma-
Aldrich.

QCM experiments were run on the A100 instrumenhfittana www.attana.com

Fluorescence experiments were run on the LS 55r&dcence spectrometer from Perkin-
Elmer. Nuclepore™ track-etched polycarbonate mendwsa(pore size 0.LM) (cat no.

800319) from Whatman were used for vesicle extrusio

For QCM the instrument used was the Attana A100 Qgllance. Frequency changes were
recorded for a quartz crystal with a deposited,S#9er (500A) on a Ti@ adhesive layer
(15A). The experiments were run under a continutms of buffer/water of 20ul/min at
25°C.

6.2.2 POPC SUV (small unilamellar vesicle) Preparation.

The vesicle solutions were prepared following avkngrotocol [79] for SUV’s: 1.5 mg of
POPC was dissolved in iso-propanol (50 ul). Thiktsmn was then injected into 1 ml of
Buffer (PBS or Tris) (pH 7.4) (NaCl 100 mM) withpid shaking on a “paramix II” shaker
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for one minute resulting in a clear solution. Te™ution was then ultrasonicated for 30
minutes at 0°C before being diluted (x10) with leuffjiving a final concentration of 200!
in POPC.

6.2.3 Supported bilayer formation by Vesicle Fusion

Supported bilayers were formed following the vesidusion method [323-326]. Silica
functionalised gold coated quartz crystals weregbeaned by immersion in Piranha solution
(H2SO/H20,, 7:3) for 30 seconds followed by extensive rinsinghviHP water after which
they were blown dry and placed in the QCM chip geflhey were then, under a constant
buffer ((Tris 20mM, NaCl 100 mM, Cag&lmM) or (PBS 10 mM NaCl 100 mM)) flow of 20
pl/min exposed to 200M POPC SUV solutions for 130 seconds. The bilapemation was
monitored in situ by QCM frequency response.

6.2.4 POPC Small Unilamellar Vesicles incorporating Mo.3,DODA
(m.w.=43,900). for QCM Supported Bilayer Measurements

SUV solutions prepared as described and at a ctaten of 20@M were incubated for 5
minutes with Mas, anionic clusters and DODA-Br before being injected into Q€M
chamber for vesicle fusion investigation. For examp prepare a 400 nM MgDODA o
SEC concentrations represented in (Figure 68) & a 1mg/ml “Ma3,.(CH;COO)q* (m.w.
=28616 g/mol ) in buffer was added to 500f the POPC solution followed by 6% of an

1mg/ml aqueous DODA-Br solution.

6.2.5 EYPL (3-sn-Phosphatidylcholine) Large Unilamellar Vesicles

600ul of 3-sn-Phosphatidylcholine solution (100mg/ml in c¢bform) was dried under
vacuum overnight. To this dried film was added HRZS&ul of a 1mM solution (PBS pH6.4,
NaCl 100mM)) and the solution was then brought a@ml with buffer (PBS pH6.4, NaCl
100mM). After shaking the suspension was then so@itat 60°C for 30 minutes giving a
milky solution which was then extruded at leastigtes through a polycarbonate membrane
(pore size M) giving a translucent solution. In order to reraoexternal HPTS from the
solution it was then passed through a column ohaeégx (G-50) with the resultant fractions
collected and diluted up to 8ml (final conc. 10mMsicles prepared in this manner were
analysed by dynamic light scattering presentinggalin homogenous vesicular solution with

vesicle diameter of 94.5 nm (Figure 107).
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Figure 107 DLS analysis of HPTS containing LUV soltion showing size distribution.

6.2.6 Cation Transport Measurements by Fluorescence.Spectroscopy

The experiments were performed by monitoring théssion intensity of HPTS at 510nm.
HPTS isa pH-sensitive fluorescent dye with a pKa of 8 ane excitation maximum at 405
nm which decreases and another one at 450 nm wiickases ,with increasing pH. The
ratio in emission intensities resulting from extda at these wavelengths can be calibrated to
solution pH.

Entrapped in vesicles, HPTS can serve as intravi@sipH meter that ratiometrically detects
the collapse of an applied transmembrane pH gradienvell as the ability of synthetic ion
channels to accelerate this process [516,517].

The prepared LUV solutions were taken and dilutéth wuffer (PBS 10 mM, pH 6.4, MCI,
M=Na, K or Li) up to 2 ml in a quartz cuvette (flr@nc. 500uM in phospholipid) and the
measurement was immediately commenced under agitadifter 60 seconds an NaOH (0.5
M) (29 pl) solution was injected to cause a pH shift in éxernal medium 627.4. The
fluorescence emission intensity ratio was monitdoeda further 440 seconds upon which the
vesicles were lysed by injection of a 5% Triton 801(4Qul) solution giving the maximal

change in dye emission.

6.2.6.1 In situ preparation and inclusion of SECs for Fluorescence
Measurements

To 1977ml of the LUV solution prepared as stated stirring in situ was added a freshly
prepared solution of Mg,in buffer (15ul of relevant concentration of “M0132.(GEIOO s
(m.w. =28616 g/mol ) or “M0132.(SDs0 “ (m.w. =28237.2 g/mol )) followed by DODA Br
in UHP water (8ul of relevant concentration) with measurement comeed immediately.
For example a 70 nm concentration required that dba 9.3 uM cluster solution and 8ul of
a 870uM DODA-Br solution (50 equivalents) be adted 00 ul of 10mM EYPC vesicular

178



Experimental

solution in 1877 of buffer. After stirring for 60 seconds 29ul NBOH (0.5 M) was added

to create the pH gradient.
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Figure 108 Typical experimental run for fluorescene measurements.

Pseudo first-order rate constants were calculagechbbration of fluorescence intensity ratio
change to vesicle internal pH following a methodviwusly demonstrated by Davis and co-

workers [318]. Then assuming a constant externalopH.4 the rate constants could be

calculated from the slope drﬁ([H "1, -[H +]Out) plotted against time.

ln([H +]in _[H +]out)= _kt+|n([H +]in _[H +]Out)t:O

6.3 Section 4 Experimental

6.3.1 System setup

Taking the different factors described as regamd$éepn containing nanoemulsion stability,
pH favourable to thiol exchange etc. the systemseasip as depicted in (Figure 109).
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Figure 109 Three-phase transport setup with SLM cotained between two teflon cells.

It consisted of a three phase system gDisooctane-BO with the isooctane phase contained
by a porous polypropylene membrane. The sourceept@stained the relevant disaccharide
or disaccharides dissolved in 2 ml of@at a concentration of T and also buffered to pH
7.3 using deuterated phosphoric acid (10 mM) an@Darhe strip phase contained buffered
D,O (2 ml) and both phases contained t-BuOH (P or DMSO (10°M) as an internal

concentration standard.

6.3.2 General Remarks

The membrane used was Accurel® PP 2E-HF which hiéxckness of 160um, an average
pore size of 200 nm and a Porosty ¢f .75.Concanavalin A fronCanavalia ensiformisvas
obtained from Sigma (L7647). Aerosol OT was alstainted from Sigma (D4422jH NMR
spectra were recorded with a Bruker Avance 300unstnt in DO using the residual signal

from H,O as an internal standard.

6.3.3 Membrane Preparation

Extraction Method

Close to complete extraction of Con A may be acdmhed at pH 5.3 with AOT
concentration of 40 mM. An aqueous Concanavalie ) soln. was initially prepared at a
concentration of 1.5 mg/ml from an 10mM acetatddyusoln. pH 5.26 also containing NacCl
(100 mM), CaCl(10 mM) and MnCJ (10mM).
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The extraction was performed by stirring, at 800f@m5mins, 1ml of this Con A solution

with 1.5 ml of a 40 mM AOT in isooctane solutiorhélresulting two-phase mixture was left
to sit for 12 hours resulting in a clear two phagstem which was then centrifuged for 5
minutes at 2000 r.p.m. A control solution was pregdan an identical manner but without the

Con A, hence resulting in a water in isooctane ercolsion.

Injection Method

Con A containing nanoemulsions were also prepas@tguan injection method whereby Con
A (1mg) in buffered D20(pH7.4) (%0 + H,O(20ul) was injected into a 40mM AOT
solution (5ml) giving a W value of 19.4 which based on a reported calculaftil8] is

optimal for Con A activity:

WP = 043IM | - 27

Eq 35 [518]

weP™(ConA) =194

However in other reports on Con A nanoemulsionsném by the extraction procedurey W
values of 30 have been reported [519].
The supported liquid membranes were then loadedubynersion in these reverse micellar

solutions for 48hrs before being placed in thedpanmt setup.

6.3.4 Disaccharide Library

The glycosyl disulfides were synthesised followangne step procedure initially reported by
Defaye et al. [520]. 1-Thioglycosides were prepdredollaboration with Remi Caraballo at
the Ramstrom group at KTH Stockholm. The followgmneral procedure as described for 1-

thiomannoside was used for all three sugars.

Synthesis of 2,3,4,6-Tetra-O-acetyl-1-S-acetylid-thmannopyranose.
QOAc

OAc OH
Ohs B?c;?o OAS NaOMe Ok
AcO I AcO - MeOH HO -
AcO AcO —_—= HO
OA CH/CI, 16hrs, RT .
¢ RT, 24hrs SAc S Na

1,2,3,4,6-Pent®-acetyl-d-mannopyranose (0.78 g, 2 mmol) and tlibacacid (0.305 g, 4
mmol) were dissolved in dry dichloromethane (8 nat)0 °C, and BFELO (1.4 mL, 8
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mmol) was added dropwise over a period of 10 mime Teaction mixture was allowed to

warm to ambient temperature and stirred for 24 deumitrogen protection. The resulting

reaction mixture was diluted with dichlorometha@6 (L), poured onto ice-cold water, and

extracted with dichloromethane. The combined omyaases were washed with saturated
NaHCQ;, water and brine, dried over p&0O,, and filtered. The crude product was purified by
flash chromatography on silica gel (eluent: HexBt@Ac 2:1) to give product (yield 51%).

'H NMR (CDCk, 400 MHz)d = 5.94 (d, 1HJ1 .= 1.9 Hz, H-1), 5.33 (t, 1H, 3= 10.1,J45=
10.1 Hz, H-4), 5.31 (dd, 1H, 3 = 3.4 Hz, H-2), 5.08 (dd, 1H, H-3), 4.27 (dd, Tk 6= 12.5
Hz, Jsas = 4.7 Hz, H-6a), 4.05 (dd, 1Hgy 5 = 2.27 Hz, H-6b), 3.91 (ddd, 1H, H-5), 2.42 (s,
3H, SAc), 2.17 (s, 3H, OAc), 2.07 (s, 3H, OAc), 28, 3H, OAc), 1.98 (s, 3H, OAcYC
NMR (CDCk, 125 MHz)d = 192.0 (SAc), 171.1, 170.3, 170.0 (3 x OAc), 7&71), 77.2
(C-5), 72.2 (C-3), 71.0 (C-2), 65.6 (C-4), 62.7 §-31.0 (SAc), 21.2, 21.1, 21.0, 20.9 (4 x
OAc); [a]p?® = +70 € = 1.0 in CHC}); Anal. Calcd (%) for GH»010S: C 47.29, H 5.46;
found: C 47.39, H 5.38.

2.6.2. 1-Thio--d-mannopyranose sodium salt

Compound (0.101 g, 0.25 mmol) was dissolved in ar@dh (2 mL) at room temperature, and
sodium methoxide (0.014 g, 0.26 mmol) in methar®In{L) was added dropwise. The
reaction mixture was stirred under nitrogen pratectresulting in a white precipitation,

which was washed with cold methanol to give produgtield 90%).

'H NMR (D0, 400 MHz)s = 5.34 (d, 1HJ1 2= 1.3 Hz, H-1), 4.20 (dd, 1H5,4= 9.5 Hz, H-

3), 4.04 (m, 1H, H-5), 3.80 (M, 1H;3 = 2.6 Hz, H-2), 3.69 (m, 2H, H-6), 3.52 (t, 2H 4t

13C NMR (D;0, 125 MHz)s = 82.8 (C-1), 77.4 (C-2), 71.6 (C-5), 70.5 (C68,0 (C-4), 61.4
(C-6); [a]p** = +52.5 € = 0.1 in MeOH); Anal. Calcd (%) forg81:NaGsS: C 33.03, H 5.08:;
found: C 33.01, H 5.05.

The disaccharides were then prepared by oxidatsimyuhydrogen peroxide (2 equivalents)
of the 1-thio-pyranose sugars which may be alrgzatitially oxidised by exposure to air at
pH7.4. A more controlled faster technique for comploxidation was later used whereby the
thiosaccharides were dissolved in a small amountmethanol (2ml) a concentrated

methanolic iodine solution was then added dropwizél a faint colour remained indicating
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complete oxidation. The solvent was then evapor&ibowed by redissolution in 1-2ml of
dry methanol and precipitation of the white produwath ethyl acetate (30ml) with the

disaccharide product then filtered off with vacuand dried under vacuum immediately.
OH
O s yo
S-S5\ O
HO
OH
OH OH

6.3.4.1 B-D-Glucopyranose, 1,1'-dithiobis[1-deoxy- (9Cl) (39)

'H NMR (D,0, 300 MHz, 25°Cp= 4.6 (d, 2HJ= 9 Hz, H-1), 3.94 (dd, 2H= 12.6,2.1 Hz)
3.75 (dd, 2HJ= 12.6, 5.4 Hz ), 3.626 (tr, 2H= 9 Hz), 3.55 (tr, 2HJ= 9 Hz), 3.51 (dd, 2H,
J=5.4,2.1 Hz ), 3.47 (app d, 2Bk 9Hz ).**C NMR (D,0, 500 MHz, 25°C) 89.401, 80.268,
77.011, 71.171, 69.183, 60.814.

HO _.OH

Mﬁﬁ

OH

6.3.4.2 [B-D-Galactopyranose, 1,1'-dithiobis[1-deoxy- (9CI) (40)

'H NMR (D,0, 300 MHz, 25°C)= 4.51 (d, 2H,J= 9.3 Hz, H-1), 4(d, 2H)= 3.3 Hz H-4) ,
3.85 (t, 2H,J= 9.3 Hz ), 3.76 (m, 4H, ), 3.71 (dd, 28% 9.3, 3.3 Hz), 3.65 (dd, 2H= 5.4,
2.1 Hz H-3 )°C NMR (D,O, 500 MHz, 25°C)= 89.950, 79.604, 73.911, 68.840, 68.724,
61.149.

OH
Yoy
OH

OH

6.3.4.3 a-D-Mannopyranose, 1,1'-dithiobis[1-deoxy-(9Cl) (41)

'H NMR (D,0, 300 MHz, 25°Cy= 5.37 (d, 2H,J = 1.5 Hz, H-1), 4.2 (dd, 2H}, = 3, HzJ =
2.1 Hz) , 3.92 (m, 4H), 3.82 (m, 4H ), 3.75 (d, 2H 9 Hz).*C NMR (D,O, 500 MHz,
25°C) 6= 90.090, 74.687, 70.803 (2C), 66.800, 60.693.

183



Experimental

f~2200
2100
2000
ManSSMan

luSSG 1900

GalSSGal

[~1800

S J

[~1600

[~1500

[~1400

[~1300

[~1200

[~1100

[~1000

[~900

[~800

[~700

600

500

[~400

[~300

[~200

[~-100
8 2
2 e
T T

: —-200

8

T T T T T T T T T T T T T T T T T T T T T T T T

T
57 56 55 54 53 52 51 50 49 48 47 46 45 rf'(4 )4.3 42 41 40 39 38 37 36 35 34 33 32 31 30
ppm)

Figure 110™H NMR spectrum was used to quantify saccharide cormtrations.

The transport was monitored at time intervals lynga NMR samples of equal volume from
the feed and strip phases. As represented in @igju®) showing a superimposition of the
'HNMR spectra competitive transport of the three memlibrary could be monitored by
integration of the H-1 or other pyranose protons.

A small 3-member disaccharide library was thus eho® test this system based on the

selective recognition of the Concanavalin A lectin.
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RESUME en francais

Le but de ce travail était d'explorer linteractientre les ensembles supramoléculaires
biomimétiques et chimie dynamiques constitutionmetl$es motifs biologiques simples. La
recherche a été effectuée dans les domaines dtingéiivants : l'interaction protéine-
saccharides, les vésicules, les bicouches phogptiglies, les canaux ioniques et le transport
a travers une membrane et ont constituer trois @eeprojet. Des nanoparticules ont été
employées pour I'amplification du signal de fréqueed’une microbalance a cristal de quartz
pour la recherche sur l'interaction de lectin-sadde montrant une haute spécificité et une
augmentation d'affinité par multivalence. Les Patymolydates, des nanoarchitectures qui
possedent le potentiel de former des canaux iomidquemimetiques ont montré qu’ils
s’incorporaient spontanément dans les bicouchasdipes. Cela facilitait les flux des cations.
De plus ces nanoclusters anioniques ont démongéouganisation électrostatique sur des
bicouches lipidiques qui peuvent étre utilisé pleudéveloppement de matériaux hybrides et
aussi pour les études des propriétés médicinalsespdoxomolybdates. Pour finir une
membrane liquide supporté contenant la lectine @oaxalin A dans une nanoemulsion a été
développée pour étudier le transport d'une bibdigtle combinatoire dynamique simple.

TITRE en anglais
Dynamic Constitutional Protein-Carbohydrate and yBxdmetalate Systems—towards
Biomimetic Sensors and Membranes.

RESUME en anglais

The aim of this work was to explore the interactbmiween biomimetic supramolecular and
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