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Abstract

In nature, several known proteins are glycosylated, and carbohydrate-cell receptor
interactions mediate a plethora of key biological events, ¢.g. parasitisation and immune
responses. Cell membranes display carbohydrate-binding proteins (lectins), which are
able to selectively recognise specific sugar-ligands, decipher sugar-encoded
instructions, and convert them into downstream biological processes. To overcome
low binding affinities, which are typically observed for simple monosaccharides,
protein-binding sugars are typically displayed within large multivalent ligands, where
biological systems rely on multivalent interactions as a way to enhance selectivity and
binding avidity. Glycoliposomes, phospholipid vesicles coated with sugars, can be
designed to exploit this phenomenon through the presentation of multiple glycosylated
ligands for actively targeting specific receptors, enhancing uptake of nanomedicines
into target cells, or both. Among all the nanocarriers, liposomes are an advantageous
strategy for drug delivery for their biocompatibility and high drug encapsulation
efficiency. Functionalised liposomes have been developed over the last 30 years to
optimise these nanocartiers by improving stability, circulation time and targeting.

This thesis work focussed on the use of glycosylated liposomal systems for the
treatment of intracellular bacterial infection in cells presenting lectin endocytic
receptors. Antimicrobial resistance is one of the current main global healthcare
challenges. In particular, antimicrobial resistance in Sa/monella Enterica serotypes is
responsible for 16 million cases of typhoid fever, 94 million cases of gastroenteritis and
600.000 deaths worldwide. Salmonella is able to survive in intracellular compartments
of macrophages. Mannose Receptor (MR, CD206) is a potential access gate to

Salmonella infected macrophages which could be selectively targeted with



mannosylate-decorated liposomes. In this work, we present the design, the
development and investigation of liposomal systems to deliver antimicrobials into
Salmonella-infected macrophages.

In order to investigate and identify the key structural parameters for efficient delivery
of glycotargeted liposomes to selected cell targets (MR" macrophages), two sets of
monovalent glycoligands and two sets of multivalent polyglycosides - synthetic lipid-
terminated glycopolymers - bearing a range of membrane-inserting anchors were
synthesised. These synthesised membrane-inserting glycoligands have been used to
formulate glycosylated liposomes with different glycosylation patterns and lipid
composition through the Bangham method. Concanavalin A — a carbohydrate-binding
protein — has been initially utilised as model protein target to study the surface
presentation of the carbohydrate ligands. Firstly, the effect of lipid composition on the
rate of liposomal clustering mediated by Concanavalin A (Con A) model lectin has
been established. Our results showed that the binding properties of glycoliposomes are
affected by the nature of both lipid constituents and carbohydrate ligands. Next, the
uptake of glycosylated liposomes was investigated in salmonella infected macrophage-
like cells. This 7z vitro infection model was used to evaluate the effect of different
glycosylation patterns on the liposomal surface on mannose receptor (MR, CD200)
targeting efficacy. Liposomes coated with mannose-containing glycopolymer
significantly enhanced uptake compared to uncoated liposome control, and showed

higher gentamicin delivery, resulting in reduction in internal infection.
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Chapter 1: Glycocode for intracellular delivery

CHAPTER 1

Glycocode for intracellular delivery

1.1 Glycocode

Glycosylation is a feature encountered in all living organisms (Ito 1974), (Costerton
and Irvin 1981). All prokaryotic and eukaryotic cells and viruses present a complex
layer of glycans on their membrane surface termed glycocalyx (Varki ez a/ 2009).
Glycolipids and glycoproteins contribute to the formation of this carbohydrate coating,
with 70% of known eukaryotic proteins being glycosylated (Apweiler ez 2/ 1999). Once
considered a simple physical barrier (Bennett 1963), the glycocalyx actually represents
a sophisticated coding system, essential to allow cells to communicate (Yarema and
Bertozzi 2001). To decipher sugar-encoded biological language, cell membranes display
carbohydrate-binding proteins, known collectively as lectins, which are able to
selectively recognise specific sugar ligands (Maupin e a/. 2012). The interactions
between glycans and lectins mediate a plethora of biological events, including
fertilisation (Florman and Wassarman 1985), (Pang e al 2011), (Raj et al. 2017),
implantation (Feng et al 2017), cell adhesion (Varki 1993), cell communication
(Scheiftele ez al. 1995), and even cell death (Hernandez and Baum 2002). Glycan-lectin
interactions also play a key role in the control of innate and adaptive immune responses
(van Kooyk and Rabinovich 2008), host-pathogen recognition (Cambi and Figdor

2005), (Sequeira 1978) and pathogen invasion (Kwon ez a/. 2002). Furthermore,
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carbohydrates also have a role during inflammation for leucocyte extravasation (Lowe
2003) and in specific pathological conditions - e.g. membrane sugar patterns of cancer
cells are altered compared to healthy cells (Hakomori 1985), (Zhao ef al. 2008).

The human glycans are built primarily from only 9 monosaccharides (Schnaar 2016).
However, carbohydrate-oligomers meet all the structural requirements to organise such
a minimal system for performing all the aforementioned functions (Gabius ez a/. 2004).
Unlike proteins and nucleic acids, carbohydrates are capable of forming many different
combinatorial structures, and this is because each monomeric unit presents multiple
functional groups (most commonly hydroxyl groups) (Schnaar 2016), (Lee and Lee
1995). When aminoacids combine together to form proteins, or nucleotides for nucleic
acids, each individual unit can only combine in linear sequences to one other using a
single type of intersubunit bond. Monosaccharides bind to one another in 2 possible
configurations (x or @) at any of the 3-4 hydroxyl groups on each monomer in linear
or branched groupings. This means that while 3 different aminoacids (or nucleotides)
can generate 6 distinct structures, 3 different sugars can combine to make more than
1000 distinct structures (Schnaar 2016). As the possibilities increase exponentially, one
calculation of possible distinct hexasaccharides estimated the number at 10" (Laine
1994). However, many theoretical combinations may not be synthesised by the
mammalian glycosylation machinery due to lack of some of the required enzymes, and
it has been calculated that there are possibly ~7000 glycan determinants in the human

glycome (Cummings 2009).
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1.1.1  Cluster Glycoside Effect

Although the wide range of biological functions mediate by glycan-lectin (coding-
decoding) system, surprisingly monosaccharide-lectin interactions are relatively weak.
The affinity of binding (K,) is typically in the millimolar range (10°-10°M™) (Lis and
Sharon 1998). The driving force of these interactions is a favourable enthalpy offset by
the multiple contact points (hydrogen bonds, van der Waals’ interactions and
hydrophobic stacking) between the carbohydrate and the protein. However, this
favourable enthalpy is counteracted by an entropy reduction as each carbohydrate unit
loses flexibility upon binding the receptor (Holgersson ez a/. 2005). Enthalpy—entropy
compensations are a characteristic of weak chemical interactions and are especially
common in interactions involving water molecules (Dunitz 1995). Indeed the
hydrophilic surfaces of both proteins and carbohydrates are engaged in hydrogen
bonds with water molecules. Accordingly, dehydration of the ligand and the receptor
followed by rehydration of the formed complex between the two contributes to the
overall binding affinity with enthalpy/entropy gains and penalties that seem to be
individual for each ligand/receptor involved (Swaminathan ez a/. 1998), (Holgersson ez
al. 2005). In Nature, this low affinity is compensated by the architecture of the lectin
itself, containing typically two or more carbohydrate binding sites, and by the host
presenting the oligosaccharide ligands multivalently or as clusters on the cell surface
(Mammen e al. 1998). Indeed multivalency is a hallmark of many protein—carbohydrate
interactions (Figure 1). Multivalent interactions occur when multiple copies of ligands
on a surface or macromolecule simultaneously bind multicentre receptors or groups of

receptors.
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Soluble protein

| Oligomeric
protein

Cell surface
glycan

Signal
transduction

Figure 1 — Schematic representation of carbohydrate-binding proteins-glycans possible interaction
mechanisms. (A) An oligomeric protein interacts with an individual cell-surface glycan. (B) An
oligomeric protein interacts with multiple different cell-surface glycans simultaneously. (C) Oligomeric
proteins interact with soluble glycans. (D) Soluble oligomeric lectins interact with cell surface glycans.
(E) Soluble proteins cluster cell-surface glycoproteins to mediate signal transduction. (F) Soluble glycans

cluster cell-surface receptors to mediate signal transduction (Kiessling and Grim 2013).

The overall magnitude of these interactions (avidity) is typically stronger than the sum
of the corresponding individual interactions (Mammen ef a/ 1998). For lectin-
carbohydrate recognition this phenomenon is known as cluster glycoside effect
(Lundquist and Toone 2002).

After the first ligand-receptor interaction takes place between two bivalent species, the
subsequent intramolecular interactions occur with less translational and rotational
entropic cost (Reynolds and Pérez 2011). In addition, the entropy cost is usually smaller
than monovalent interactions as restriction of carbohydrate flexibility has already been
imposed beforehand partly by backbone carrier (Mammen ef 2/ 1998). Therefore the
bivalent interactions would occur with a greater change in free energy compared to that
generated from two separate monovalent interactions (Mammen e# a/. 1998).

The summation of multiple high affinity interactions would render binding irreversible,

while low affinity multivalent interactions are kinetically labile. Therefore they provide
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the means to capture a cell of interest while still allowing for reversibility if the wrong

cell type binds initially (Kiessling and Grim 2013).

1.1.2  Lectins

Carbohydrate-binding proteins were named lectins from the Latin /gere, meaning to
select, for their remarkable specificity in binding sugars (Boyd and Shapleigh 1954),
(Goldstein ez a/. 1980). Lectins were originally found in extracts of plants at the end of
19™ centuty, these proteins showed the ability to agglutinate erythrocytes (Sharon and
Lis 2004). Since then, lectins have been the subject of extensive research (Elgavish and
Shaanan 1997), (Lis and Sharon 1991) and they have been identified in most living
organisms, ranging from viruses and bacteria to animals ( Taylor and Drickamer 2014),
(Ambrosi ef al. 2005). In humans, there are about a dozen different structural families
with more than 80 lectins (Schnaar 2016). Despite the enormous diversity of lectins,
the sugar-binding activity can be ascribed to a limited portion of most lectin molecules,
typically a globular carbohydrate-recognition domain (CRD) of less than 200 amino
acids (Weis and Drickamer 1996). At present, there are no single universally accepted
classifications of lectins (Varki e a/ 2009). Drickamer identified two main groups of
lectins; one group which require calcium for recognition, which are therefore called C-
type lectins; and the other group which require free thiols for stability and the members
are termed S-type lectins (later renamed the galectins, as not all of them were thiol-
dependent, but generally bind B-galactosides) (Drickamer 1995). Lectins can also be
grouped according to their localisation, Ze. intracellular or extracellular. Intracellular
lectins are located in luminal compartments and are involved in the trafficking, sorting

and targeting of glycoproteins to the endosomal compartments or other secretory
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pathways. Extracellular lectins are either secreted into extracellular matrix or body
fluids, or localised to plasma membrane, and mediate a range of functions including
cell adhesion, cell signalling, glycoprotein clearance and pathogen recognition (Varki ez

al. 2009).
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1.2 From glycocode to glycocoded liposomes

This multitude of biological functions mediated by carbohydrate-lectin interactions
makes endogenous lectins an attractive target for drug delivery (Yamazaki e# a/. 2000).
Drug Delivery Systems (DDS) are routinely developed and clinically utilised to
overcome limitations of new and existing drugs, such as poor water solubility, low
permeability, unsatisfactory bioavailability, non-specific targeting, high toxicity and side
effects (Pelaz et a/. 2017). Current drug nanocarriers are often classified according to
the material used to assemble them - eg polymers, lipids, virus, organometallic
compounds - and methods of preparation (Figure 2) (Mishra e a/. 2010), (Rawat ef a/.

2006).

Dendrimer

Cylindrical fullerene

Liposome Oil-in-water emulsion Virus-like particle Synthetic virus-like
particle

Figure 2 — Examples of nanoparticles commonly used as drug delivery carriers (Smith, Simon, and

Baker 2013).

Many ligand-modified drug carriers have been investigated for active cell-selective drug
delivery by receptor-mediated endocytosis (Sheikhpour ez a/. 2017). Similarly, a broad
range of ligands have been explored for targeted drug delivery systems, including

antibodies, peptides, small molecules and carbohydrates (Nicolas ez a/. 2013).
7
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Antibodies have been the first class of tumour targeting ligands used to deliver drugs
encapsulated in micelles (Kabanov ez a/. 1989). They represent one of the most efficient
class of ligands due to their high affinities and specificity of binding their target (Muro
2012). However, the hydrodynamic radius of an antibody is in the range of 15-20 nm,
which can impede the effective conjugation with a drug carrier and significantly
increase the diameter of the targeted delivery system. Moreover, the high
cost/efficiency ratio of the preparation restricts their applications (Bertrand ez a/. 2014).
Small molecules, such as folic acid (vitamin By), and biotin (vitamin B;) have been
widely used for targeting cancer cells (Byrne e a/. 2008) for their very high affinity for
folate and biotin receptors, respectively, which are frequently overexpressed on the
tumor cell surface (Chen ef al. 2010). Peptides represent another promising class of
targeting ligands. The tripeptide Arginine-Glycine-Aspartic acid (RGD) is a cell
recognition and attachment site for a number of extracellular matrix proteins as well as
blood and cell surface proteins, and appears extremely attractive as tumor and vascular
targeting ligand (Danbhier, Breton, and Préat 2012). Indeed, RGD-based nanoparticles
have shown the ability to bind to the a,3; integrin receptor, which is highly expressed
at the surface of malignant cells (Desgrosellier and Cheresh 2010). Although these
classes of ligands are some of the most promising strategies for targeted nanocarriers,
their main downside comes from their relatively non-selective interactions with non-
target tissues (Allen 2002).

In addition to the aforementioned classes of targeting agents, carbohydrate ligands
constitute a powerful tool for targeted drug delivery. Glycotargeting exploits the highly
specific interactions of endogenous lectins with carbohydrates, in some cases this

specificity of binding can be higher than in many other ligand-binding systems; such is
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the enormous density of information that sugars can convey (Davis and Robinson

2002). Moreover, glycosylation of drug carrier is an other promising route to provide

different beneficial properties in the field of drug delivery, including stability and stealth

characteristics (Jain ez al. 2012).

Therefore the use of carbohydrate-ligands is an attractive strategy to selectively (or

preferentially) deliver therapeutic agents to target sites, simultaneously reducing

potential off-target effects (Jain ez 2/ 2012), (Allen 2002).

Some examples of glycosylated carriers and their potential applications in

pharmaceutical field are reported in Table 1.

Table 1 - Summary of therapeutic applications of glycosylated carriers (Jain ez a/ 2012).

Therapeutic application  Ligand Carrier Active ingredient References
Galactose  Liposomes Azidothymidine (Garg ez al. 2007)
Enhanced cellular uptake
Mannose  Dendrimers Efavirenz (Dutta et al. 2007)
Delivery of anticancer eong et al. 2005
y Galactose  Nanoparticles Paclitaxel Jeong )
agent
i i i F. Zh t al. 2008
Selective delivery Galactose ~ Microcapsules  Aciclovir ( ang et a )
to liver cells Galactose  Liposomes Doxorubicin (Wang ez al. 2010)
Targeted delivery to Mannose  Dendrimers Rifampicin (Kumar ez al. 20006)
alveolar macrophage Mannose  Liposomes - (Chono e al. 2010)
. Cationic Plasmid DNA (S Kawakami e a/. 2000)
Gene transfection Mannose . .
Liposomes (luciferase gene)
Galactose  Nanoparticles DNA (X. Q. Zhang et al. 2005)
. Chloroquine Agrawal et al. 2007
L . Galactose  Dendrimers 49 (Agr )
Reduction in toxicity phosphate
of drug and carrier
& Galactose  Liposomes Azidothymidine (Garg et al. 2007)
Mannose  Dendrimers Efavirenz (Dutta e# al. 2007)
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Different drug delivery systems have been investigated: dendrimers, polymer
conjugate, liposomes and nanoparticles (Shigeru ez /. 2014), (Jain e al. 2012). For the
aim of this work, particular emphasis will be given to the use of liposomes as drug

delivery systems.
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1.2.1  Liposomes

Among all drug delivery systems, liposome-based formulations are arguably one of the
most widespread, with many available on the market and several currently at different
stages of clinical trials (Bulbake ez 2/ 2017), (Chang and Yeh 2012), (Lian and Ho 2001).
In general, liposomes are biocompatible, biodegradable and non-immunogenic, which
are key prerequisites for a successful drug carrier (Allen 1997).

Liposomes are self-assembled phospholipid vesicles with spherical shape. Due to the
amphiphilic nature of the molecules forming their lipid bilayers, they can home
hydrophobic drugs within the lipophilic layers of their membrane, whilst hydrophilic
drugs can be encapsulated in their aqueous lumen (Sharma and Sharma 1997).
Liposomes are often classified according to their size — from 20-30 nanometres to

several micrometres - and number of bilayers (uni- and multi-lamellar) (Figure 3)

(Immordino ef al. 2000).

Multivesicular Multilamellar

Luv suv
100-1000 nm <100 nm

Figure 3 - Schematic representation of (a) 3D-unilamellar liposome. (b) various forms of lamellar and
sizes; small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs), giant unilamellar vesicles

(GUVs), multilamella and multivesicular (Brako e a/. 2017).
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In general, the size of nanoparticles can directly affect the efficiency of drug delivery.
In anticancer therapy, liposomes with an average diameter of 50-100 nm are able to
penetrate tumour tissues passing through fenestrated tumour blood vessels whilst
being still small enough to avoid capture by macrophages located in the
reticuloendothelial system (RES) in the liver or in the spleen (Perche and Torchilin
2013), (Moghimi ez al. 2001).

Therefore, liposomes can allow for passive targeting, where their accumulation at the
intended site of action is only dependent on physiology and anatomy of both healthy

and disease tissues (Nam e7 a/. 2013).

1.2.2  Engineered liposomes

Since their discovery by Bangham in 1965 (Bangham ez 4/ 1965), increasingly
sophisticated liposomes have been developed to control and optimise small drug,
protein or gene delivery. First generation liposomes were assembled from natural
phospholipids such as phosphatidylcholine and phosphatidylglycerol, with cholesterol
entrapped within (Drummond e a/ 1999). Although conceptually simple, these
nanocarrier models provided solutions to many of the therapeutic challenges
previously discussed - ze. poor drug solubility, stability and side effects. However, the
circulation half-life of these liposomes was often limited by rapid elimination by the
RES (Immordino ez a/. 2000).

One successful strategy to overcome this delivery hurdle involves coating the outer
surface of liposomes with hydrophilic polymers such as poly(ethylene glycol), PEG
(Blume e al. 1993), (Klibanov ef al. 1990), which protect the lipid vesicles from

opsonisation by repelling plasma proteins (Torchilin and Papisov 1994) and improve

12
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stability by shielding the liposome surface, avoiding colloidal aggregation (Bakowsky e#
al. 2008).

Further development of liposome technology led to the development of targeted lipid
vesicles (Allen and Cullis 2013), (van der Meel e a/. 2013). Active targeting, also known
as “ligand-based targeting”, requires the presence of ligands at the liposome surface
which can be selectively recognised by specific receptors overexpressed by target
cancer cells.

Ligands investigated include monoclonal antibodies (Weissmann ef 2/ 1975), proteins
(Kobayashi ez al. 2007), peptides (Santos ez a/. 2010) and carbohydrates (Kawakami and
Hashida 2014). Although active drug delivery systems are yet to reach the market, at
present at least 5 targeted liposome formulations are undergoing clinical trials (Bertrand

et al. 2014), with many more expected to follow.

1.2.3  Glycosylated liposomes

Several carbohydrate ligands - eg. glucose, fucose, and lactose - have been utilised to
engineer liposomes for active targeting of lectin receptors (Kawakami and Hashida
2014). In particular, several studies have investigated the ability of mannosylated
liposomes to target Mannose Receptor-positive cells (Kelly ez /. 2011), (Ahsan ez 4.
2002), (Kawakami ef a/. 2000), as well as other important Man-recognising lectins such
as Mannan Binding Lectin (MBL), key for innate immunity, and plant lectins, e.g
Concanavalin A (Opanasopit et al. 2001) both in vitro and in vive. Mannosylated
liposomes represent therefore an ideal suitable platform to investigate liposome-cell

membrane interactions.
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1.2.3.1 A receptor model: concanavalin A

Concanavalin A (Con A) is a C-type lectin - a protein which requires Ca*" ions to bind
carbohydrate - widely used in biology and biochemistry as model lectin to bind
glycoproteins and other sugar-containing entities on the surface of various cells
(McMorran ez al. 2017), (Toye et al. 2016), (Qin ef al. 2014). Relevant to this present
work, Con A has been often used to probe the binding properties of glycosylated
liposomes (Sandoval-Altamirano ez al. 2017), (Mauceri ef al. 2015), (Mauceti ef al. 2014).
Con A binds selectively D-manno- and D-gluco-pyranoside residues, which, unlike
other monosaccharide ligands such as D-galactose, possess an equatorial-equatorial
trans configuration of hydroxyl groups at C3 and C4 of the pyranose ring, required for

Con A recognition (Figure 4) (Williams e7 a/. 1981).

Figure 4 - Pictorial representation of mannopyranoside and galactopyranoside fitting into the
carbohydrate binding pocket of Concanavalin A, binding sites highlighted in red. [adapted from
(Williams e al. 1981)].

Con A has a pH-dependent structure, being tetrameric at pH 7 and mostly dimeric at
more acidic conditions. For carbohydrate binding, Ca®" and Mn*" ions are required in

each domain (Dimick e a/. 1999). In its tetrameric form Con A is able to crosslink
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liposomes presenting D-mannopyranosyl ligands. In binding studies, both
quantification of crosslinked assemblies and rate of aggregation have been utilised to

measure ligand accessibility and affinity for Con A model lectin (Goldstein e# a/. 1965).

1.2.4  Mimicking multivalency

As previously discussed, multivalency is a hallmark in carbohydrate-lectin interactions.
Liposomal systems can mimic this property by displaying multiple copies of ligands on
the membrane surface. Chemical synthesis provides access to designed compounds
that can be used to explore the role of molecular interactions. The structural
architecture of the ligand can vary from monovalent ligand (where the multivalent
effect can be achieved by spatial proximity of contiguous individual sugar ligands on
the liposomal surface) to multivalent ligand (cluster of ligands grouped in
macromolecular structures). Recent advances in polymer chemistry have made possible

the synthesis of glycopolymers with well-defined architecture (Kiessling and Grim

2013).
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1.2.4.1 Controlled radical polymerisations

Materials design is a subtle balance between simplicity and complexity (Lutz ez a/. 2016).
For the synthesis of polymeric ligands, recent development in the field of polymer
chemistry allowed for the synthesis of well-defined macromolecules with controlled
composition, chain ends, chain lengths, molecular-weight distribution and topology
(Matyjaszewski 2011). Since the early days of polymer science (Carothers 1931),
synthetic polymers are prepared using two main mechanisms: step-growth and chain-

growth polymerisations (Figure 5).

| Step-growth polymerizations | | Chain-growth polymerizations | | Multistep-growth synthesis |
X0y x=Oy x=Oy x—OY [ - » +O—»|{O}ntl Y—O—xj Y—O—):(]
x—O-O— Yl x—O-Ov l O x
-0-0 00 000000000 00000

\ \
| | \ | { |

| Bifunctional H Multicomponent || Living step-growth H Living (controlled) | | Uncontrolled | | Linear iterative synthesis | | Dendrimers |
| \
| Conventional | | Others | | lonic | | Radical| | ROMP ‘ | ROP | | Liquid phase | | Solid phase |
[ 1 | | | I | | [ | |
| Ester H Amide || Urethane || ADMET || CuAAC | | Anionic | ‘ Cationic| | NMP | | ATRF | | RAFT | |Singleinsenion | ‘ Convergent | | Divergent |
| ARGET | [sara | [icaR | [ Protected | | Orthogonal |

Figure 5 - Classification of the main approaches for polymer synthesis (Lutz ez /. 2016). Abbreviations:
ADMET (Acyclic diene metathesis), ARGET (activators regenerated by electron transfer), ATRP (atom
transfer radical polymerisation), CuAAC (copper(l)-catalysed azide alkyne cycloaddition), ICAR
(Initiators for continuous activator regeneration), NMP (nitroxide-mediated radical polymerisation),
RAFT (reversible addition-fragmentation chain transfer), ROMP (ring-opening metathesis
polymerisation), ROP (ring-opening polymerisation), SARA (supplemental activator and reducing

agent).
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Briefly, a step-growth polymerisation proceeds by individual reactions of difunctional
monomers and the molecular weight of the polymer chain builds up slowly (Stille
1981). Conversely, in a chain polymerisation each polymer chain grows rapidly,
producing a high molecular weight polymer and the process starts by a free radical
initiator or a cationic/anionic catalyst. Moreover initiation, propagation and
termination steps are distinct events of the polymerisation process (McGrath 1981).
However, through these two conventional mechanisms, polymers are often generated
with high polydispersity. To overcome this limitation, various refined and optimised
polymerisation approaches have been developed. These advances began during the
1950s with the discovery of living polymers through living anionic chain-growth
polymerisations (Szwarc 1956). A living polymerisation is a chain polymerisation in
which a chain could only propagate and not undergo chain transfer or irreversible
termination (Szwarc 1956). A further improvement of living polymerisation came with
the development of controlled radical polymerisation techniques (CRP), so defined
because allowed control over the polymer architecture, which includes molecular
weight, molecular weight distribution (polydispersity), functionality, and composition.

A number of CRP methods have been developed and the three most promising are:

1. stable free radical polymerisation (SFRP), most commonly nitroxide
mediated polymerisation (NMP);
1. transition-metal-catalysed atom transfer radical polymerisation (ATRP);

iil. reversible addition- fragmentation chain transfer polymerisation (RAFT).

In order to extend the lifetime of the propagating chains, each of these methods relies

on establishing a dynamic equilibrium between a low concentration of active
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propagating chains and a predominant amount of dormant chains that are unable to
propagate or terminate (Matyjaszewski and Spanswick 2005).

CRPs allow the synthesis of well-defined macromolecules with controlled chain lengths
and a narrow molecular weight distribution, and also provide fine control of molecular
parameters, such as chain composition (Lutz ¢f al. 2016), (Lutz ez al. 2013).

Similarly, the aforementioned techniques have enabled the synthesis of glycopolymers
featuring a wide range of controlled architectures and functionalities (Vazquez-Dorbatt
et al. 2012), (Ladmiral ez al. 2004).

Among the living radical polymerisation techniques, reversible addition—fragmentation
chain transfer (RAFT), appears one of the most convenient and versatile (Perrier and
Takolpuckdee 2005). RAFT polymerisation does not require a transition metal and
tolerates a wide range of functional groups, temperatures, and solvents (Moad ez /.
2005). Since the first report in 1998 by Rizzardo and co-workers (Chiefari ez a/. 1998),
further significant achievements over the past few years have greatly expanded the
versatility of the approach for both the synthesis of new materials and the preparation
of previously accessible materials in a more efficient, faster, or convenient manner (Hill
et al. 2015). In this work, we exploited a newly developed #/trafast version of RAFT
radical polymerisation technique (Gody ¢ a/. 2015) which allows the synthesis of well-

defined polymers within minutes (discuss in Chapter 2.4.3).
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1.3 Salmonella infection

Salmonella is a Gram-negative bacterium of the Enterobacteriaceae family (Blaser and
Newman 1982). Salmonella is divided into two species: Salmonella bongori and Salmonella
enterica (de Jong et al. 2012). 8. bongori is considered a bacterium of cold-blooded animals
and is most frequently associated with reptiles (Garai ez al 2012). Salmonella enterica is
further divided into six subspecies with over 2,500 serotypes (Figure 6) (Jacobsen ez al.
2011). A number of these serovars are serious human pathogens (Ibarra and Steele-

mortimer 2009).
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Figure 6 - Flowerplot of unique gene families in each Salmonella serovar. The figure presents the average
number of gene families found in each genome as being unique to the serovar. Also given is the size of
the core genome. The colour of the petals represents the different S. enterica serogroups (Jacobsen e al.

2011).
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1.3.1  Salmonella invasion mechanism

In general, Salmonella enterica infections are acquired through the oral route, after
ingestion of food or beverages contaminated with bacteria (Figure 7). Although the
gastric pH helps to reduce the infectious dose of the bacterium, salmonella have an
adaptive acid-tolerance response and can survive the passage through the stomach
environment (Lawrence 1998). After reaching the gut lumen, salmonella can cross the
apical side of the epithelial barrier either by passive mechanisms facilitated by dendritic
cells or by active invasion of the cells in the ileal portion of the small intestine. This
latter invasion strategy requires the delivery of distinct effector proteins injected
directly into host cells (Salmonella pathogenicity island-1) (Velge ef al. 2012). In the
subepithelial location, Salmonella spp. are taken-up by phagocytic cells such as
macrophages that transport the bacteria into the lymphatic system and disseminate the

infection systematically (mainly liver, spleen and lymph nodes) (Mastroeni ez a/. 2009).
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1.3.2  Same species, different diseases

Salmonella enterica subspecies enterica serovar Typhimurium and Typhi are the subspecies
responsible for most salmonella infections in humans (Darwin and Miller 1999).
Although sharing more than 96% of genes (McClelland ez 2/ 2001), §. Typhimurium
and S. Typhi elicit very different diseases and distinct immune responses in humans. §.
Typhi is responsible for inducing enteric fever, a potentially fatal multisystemic illness,
which differs dramatically from the gastroenteritis associated with . Typhimurium.
Normally §. Typhimurium infections in humans induce localised gastroenteritis and
just 5% of cases evolve in extraintestinal disease leading to bacteraemia and systemic
infection, or sepsis (Gal-Mor ez a/. 2014). §. Typhimurium is typically associated with
acute diarrhea and with a strong influx of neutrophils into the intestinal lumen during
the invasion process. On the contrary, S. Typhi does not induce inflaimmatory
responses during the initial invasion of the intestinal mucosa, indeed it is not associated
with diarrheal symptoms. The lack of intestinal inflammation allows S. Typhi to invade

the deeper tissues of the gut and disseminate to systemic sites (Garai ez a/. 2012).

1.3.3 Intracellular survival of Salmonella

Salmonella enterica is a facultative intracellular pathogen and, after crossing the epithelial
barrier, the bacteria can enter intestinal macrophage cells by inducing macropinocytosis
(Alpuche-Aranda ez a/. 1994). Within the intracellular environment salmonella are
contained in salmonella containing vacuole (SCV), which allows bacterial survival and
replication (Haraga ef a/ 2008). The interaction of Sa/monella with macrophages is a
complex process (Gog ez al. 2012). Salmonella has developed a variety of mechanisms to

evade and survive intra-phagosomal killing and establish a replicative intracellular niche
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within macrophages (Steele-Mortimer 2008). Some studies have demonstrated that
Salmonella can inhibit phagolysosomal fusion (Ribet and Cossart 2015), other
researchers have shown that the SCV fuses with lysosomes but Sa/nonella can survive
this process (Haraga ¢# a/. 2008), (Knodler and Steele-Mortimer 2003), whereas others
showed that infected host cells simply do not have a sufficient quantity of lysosomes
to target SCV (Eswarappa et al 2010). After replication, Salmonella can induce
macrophage death and escape from the intracellular environment, enabling further

systemic dissemination of the bacteria via the blood- stream (Mastroeni ez a/. 2009).

1.3.4  Salmonella infection treatments

Typhoid fever is a global health problem. Since 1972, strains of §. Typhi from many
parts of the world have developed multidrug-resistance (MDR) against ampicillin,
chloramphenicol, sulfonamide, trimethoprim, streptomycin and tetracycline (WHO
2003). At the moment, fluoroquinolones are the treatment of choice for typhoid fever
in adults. Fluoroquinolones attain excellent tissue penetration and therefore these
antibiotics can reach the intracellular infection site (WHO 2003). Aminoglycosides are
a different class of antibiotic active against this infection, but due to their high
hydrophilicity, cell membranes are poorly permeative to these molecules (Lo e 4.
2014). Importantly in the context of this thesis, it is this class of antibiotics which would
benefit most from the development of targeted liposomal system for intracellular
delivery to infected macrophage cells (Abed and Couvreur 2014), (Huh and Kwon

2011).
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1.4 Targeting (infected) macrophages

Macrophages are migratory cells deriving from bone marrow precursors and are found
in most tissues of the body. Together with other mononuclear phagocytic cells, such
as monocytes and dendritic cells, macrophages constitute an important front line of
host defence involved in innate immunity, and, through their role as antigen-presenting
cells, key effector cells in adaptive immunity (Janeway e a/. 2001).

However as previously described, some pathogens like salmonella are able to survive
inside macrophage cells (Haraga e# a/. 2008). Therefore infected macrophages are an
important target for drug delivery to treat intracellular infections (Ranjan ez a/. 2012).
Although parenterally administered liposomes are naturally cleared by macrophage
cells (Kelly ez a/.2011), controlling of the physicochemical properties of liposome and
ligand-functionalisation can enhance uptake by target cells. Mannosylated liposomes
(as discussed in section 1.2.3) appear a promising strategy for targeting the MR in
macrophage cells. However, it should be noted that there are a wide variety of lectins
with mannose affinity including MR, Dendritic Cell-Specific Intercellular adhesion
molecule-3-Grabbing Non-integrin (DC-SIGN) and Endo 180 (Irache ez @/ 2008), and
this poses serious risks of getting off-site effects 7z vzvo. Thus delivery strategies must

be optimised on a case-by-case basis, to minimise potential side effects.

1.4.1 Targeted receptor: CD206

Receptor CD206, also known as Mannose Receptor (MR), is a transmembrane C-type
lectin receptor (Figure 8) expressed by selected populations of macrophages and
dendritic cells (DCs) and nonvascular endothelium (Martinez-Pomares 2012). MR is a

highly effective endocytic receptor that recycles constantly between the plasma
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membrane and the early endosomal compartment (Gazi and Martinez-Pomares 2009).
It contains three types of domains at its extracellular region, an N-terminal cysteine-
rich (CR) domain capable of Ca**-independent binding to sulfated sugars terminated
in SO4-3-Gal or SO43/4-GalNAc (P. R. Taylor, Gordon, and Martinez-Pomares
2005), a fibronectin type II (FN II) domain involved in collagen binding (Martinez-
Pomares 2012) and eight tandemly arranged C-type lectin-like carbohydrate
recognition domains (CTLD) responsible for Ca’’-dependent binding to sugats
terminated in D-mannose, L-fucose or N-acetyl glucosamine (P. R. Taylor, Gordon,

and Martinez-Pomares 2005).

% SO,-(3/4)-Gal/GalNAc-

(UPA—UPAR)
é' Mannose
Fucose
5% GlcNAc
Mannose
Fucose
GlcNAc
1 Endo180
& or
<= FNII
] @ cmo
N-linked
Mannose receptor @ glycosylation

Figure 8 Schematic structure of the mannose receptor (MR) (P. R. Taylor, Gordon, and Martinez-
Pomares 2005). Abbreviations: CR (cysteine-rich domain), CTLD (C-type lectin-like carbohydrate
recognition domain), FNII (fibronectin type two repeats domain), uPA—uPAR (urokinase plasminogen

activator—uPA receptor complex).

24



Chapter 1: Glycocode for intracellular delivery

1.5 Project aims

This project aims to investigate how the glycan structural features, comparing
monovalent glycoligands and multivalent polyglycosides, affect the interactions
between glycotargeted liposomes and specific cells. To identify the key structural
parameters for efficient delivery of therapeutic payloads to selected target cells, a range
of liposomes with 100-170 nm diameter and with variable lipid composition and
carbohydrate ligands have been engineered and screened.

To investigate how both the chemical nature of individual sugar binding units and their
spatial distribution affects binding and selectivity towards lectin receptors, different
liposome glycosylated ligands have been synthesised. Initially relatively simple
monosaccharide ligands have been utilised (galactose- , mannose-), whilst more
complex ligands (gycopolymers) have been evaluated at a later stage.

The targeted liposomes have been assembled using the Bangham method (thin-film
hydration method) and characterised in terms of size and ability to target isolated model
lectins. Lectins, such as Concavanalin A, are often used as model systems for initial
screenings of protein-carbohydrate interactions (Cairo e a/. 2002), (Del Carmen
Luzardo et al. 2002). Cell uptake studies have been carried out, utilising fluorescent
probes.

Lectin carbohydrate-binding protein Con A was initially utilised as model mannose-
binding lectin. A potential application of the developed systems was the delivery of
antimicrobials for intracellular infection (eg salmonella intracellular infection).
Biological responses 2 vitro have been evaluated to better understand the relationship

liposome structure-cell uptake.
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The above aim will be achieved through the delivery of the following objectives:

1. Design and synthesis of membrane-inserting glycoligands with variable
molecular topology (Chapter 2). These glycoligands will be able to fit into liposomal
membranes and therefore the liposome surface will be functionalised with different
glycosylation patterns by using monovalent glycoligands or multivalent polyglycosides.
2. Engineering of libraries of liposome nanovectors where both chemistry and
density of the membrane recognition elements will be systematically varied (Chapter
3). An initial screening will explore how densities of different carbohydrate residues
(mannose and galactose), the spatial distribution of these glycoligands (monovalent and
multivalent glycoligands) and the lipidic composition of the liposomal membrane affect
the rate of lectin clustering.

3. Incorporation and 7 vitro delivery of low molecular weight drugs (e.g. gentamicin) to
intracellulary infected cells (Chapter 4). This part of the work will investigate the
Mannose Receptor dependent internalisation and antibiotics delivery efficacy of the

different glycosylated liposome systems.
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CHAPTER 2

Design and synthesis of membrane-

inserting glycoligands

The synthesis of glycoligands possessing membrane-inserting lipidic functionalities
requires the modular assembly of several chemical components. In this chapter, the
convergent synthetic strategies utilised to chemically assemble these ligands are
presented. Two set of monovalent glycoligands and two set of multivalent
polyglycosides - synthetic lipid-terminated glycopolymers - bearing a range of

membrane-inserting anchors were designed and synthesised.
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2.1 Introduction

Liposomal membranes can be functionalised with the insertion of specific glycoligands
for delivering active molecules to target sites zz vivo (Noble ef al. 2014), (van der Meel ef
al. 2013), (Lian and Ho 2001), (Forssen and Willis 1998). Depending on the nature of
the glycoligand, several categories of carbohydrate-coated liposomes - ¢.g. glycolipid-
bearing liposomes, glycoprotein-bearing liposomes, glycopeptide-bearing liposomes
and polysaccharide-bearing liposomes - have been identified (Jayaraman ef a/. 2013),

(Jayaraman 2009), (Jones 1994).

2.1.1  Glycoligand-liposome conjugation

Ligands can be conjugated to liposomal lipids through two strategies: covalent and
non-covalent coupling (Mobed and Chang 1998), (Iwamoto and Sunamoto 1982).
Covalent conjugation requires coupling of a ligand to a membrane-inserting
hydrophobic residue, and is generally preferred due to increased efficiency of
conjugation and stability of the resulting targeted assemblies. Typically this
hydrophobic  residue (often called ‘anchor’) is a phospholipid - eg
phosphatidylethanolamine, phosphatidylinositol - which presents a chemical handle
suitable for coupling with the chosen ligand (Nobs e a/. 2004).

The attachment of the ligand to the hydrophobic anchor can occur before or after the
assembly of the liposome vesicle (Jayaraman ez a/. 2013). In the first case, the ligand is
conjugated to the anchor, and the resulting amphiphilic conjugate is mixed with the
other phospholipids and utilised to assemble the desired targeted liposomes (Figure 9).

In the latter strategy, the ligands are conjugated to reactive anchors present at the
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surface of preformed liposome membranes (Figure 9) (Vabbilisetty and Sun 2015),
(Hassane e# al 2006). One potential drawback of this second approach is that
estimation of the efficiency of the ligand grafting reaction, and consequently the
quantification of ligand effectively present at the liposomal membrane can be very

challenging. Thus, in this thesis work the first strategy was chosen.

reactive glycan

glycolipids o reactive

¢ (phospho)lipids

M o 50 SN

N § ") phospholipids

phospholipids . I

Figure 9 - Strategies for assembling glycosylated liposomes. (left) Assembly of preformed glycolipids:
glycosylated ligands are first chemically linked to hydrophobic anchors, then targeted liposomes are
assembled using these amphiphilic molecules mixed with other phospholipids. (right) Glycosylation of
pre-formed functionalised membrane: liposomes are assembled using lipids which contain reactive polar
heads. These are subsequently utilised as “chemical handles” onto which glycosylated ligands can be

grafted.
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2.1.2  Glycoligand design
A variety of glycoligands have been investigated for liposomal surface glycosylation
(Noble ez al. 2014), (Kelly ef al. 2011). Among them, the use of glycolipids seems a
promising and efficacy strategy to graft sugar-ligands on liposomal membrane
(Kawakami and Hashida 2014), (Hashida e 4/ 2001). The overall structure of the
anchoring lipids can affect liposome chemical-physical properties, the ligand grafting
density and stability, the surface glycofunctionalisation and the interaction with lectin
receptor (Vabbilisetty and Sun 2015), (Chen e a/. 2014).
Therefore, the structural design of a membrane inserting glycolipids should be
considered in a comprehensive way merging together three main parameters (Figure
10):
1) The sugar head group - which can consist of individual sugar-units, or cluster
of sugars (e.g linear or branched glycopolymers).
i) The presence and nature of a spacer between the sugar-head and the
hydrophobic anchor.
iif) The nature of the anchor. For example, short hydrophobic alkyl chains can
enhance surface exposure of the sugars heads, compared to longer alkyl chains.
The use of the latter can result in thicker and less flexible lipid bilayers, and
consequently reduced ligand exposure and less effective interaction with target
lectin receptors (Jayaraman e# a/. 2013). Increase in lipophilicity can also be

achieved by using cholesterol derivatives as the hydrophobic anchor.
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Figure 10 - Example of membrane-inserting glycoligand (Jayaraman e/ o/ 2013).

To elucidate how these structural parameters could affect the ability of targeted
liposomes to bind to model lectins and enhance uptake in selected cell lines, in this
work two set of monovalent glycoligands and two set of multivalent polyglycosides -
synthetic lipid-terminated glycopolymers - bearing a range of membrane-inserting
anchors were designed and synthesised (Figure 11).

Two different anchor moieties, palmitoyl (Figure 11a and 3c) and cholesterol (Figure
11b and 3d), were selected for the synthesis of our glycoligands. Cholesterol derivatives
are not capable of forming lipid bilayers on their own, but are extremely efficient in
intercalating within lipid bilayers (in lipid membranes cholesterol : phospholipids molar
ratio can be as high as 2:1(Szoka 1980), (Lundberg 1977)), thus they offered great
potential to act as anchors for the decoration of liposomes with glycosylated ligands.
In addition, in this study we aimed at investigating the effect of the carbohydrate
patterns - that is, the spatial distribution of the sugar ligands — at the liposome
membrane, on their ability to recognise lectin receptors and promote cell uptake into
selected cell lines. For this aim, monovalent (Figure 11a and 11b) and polyvalent ligands

(Figure 11c and 11d) were designed and synthesised.
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Figute 11 - The four different families of glycoligands (Man/Gal) designed in this work: a)
monoglycosides with a palmitoyl anchor; b) monoglycosides with a cholesterol anchor; ¢) polyglycoside

with a dipalmitoyl anchor and d) polyglycoside with a cholesterol anchor.

The structure of palmitoyl-terminated glycopolymers is shown in Figure 11c as these
materials were part of the ligands we initially intended to utilise in this thesis work.
Although several intermediates were prepared, due to time constraint the synthesis of
the final glycoligands was not completed, thus their synthesis is not reported in this

chapter.
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2.2 Materials and Methods

2.2.1 Materials

All the solvents were purchased from Fischer Chemicals and were of analytical grade.
All chemicals were purchased from Sigma-Aldrich Company, Alfa Aesar or Fisher
Scientific and utilised without further purification unless otherwise stated.
Azoinitiator 2,2'-azobis[2- (2-imidazolin-2-yl)propane|dihydrochloride (VA-044) was

purchased from Wako.

2.2.2  Methods

Thin layer chromatography (TLC) was performed using pre-coated silica gel 60
ALUGRAM SIL G/UV254 and developed in the solvent system indicated.
Compounds were visualised by use of UV light (254 nm) or a basic solution (10% w/w
K,CO; in water) of KMnO,. ACROS ORGANIC GOA (0.035-0.070 mm) silica gel was
used for column chromatography.

Agilent 971-FP Flash Purification System was used to perform flash column
chromatography on SiO..

'"H and "C NMR spectra were recorded on a Bruker DPX400 UltraShield™
Spectrometer and processed with MestReNova 6.0.20 2009 Mestrelab Research S.L.
All chemical shifts are reported in ppm () relative to tetramethylsilane or referenced
to the chemical shifts of residual solvent resonances. The following abbreviations were
used to explain the multiplicities: s = singlet, bs = broad singlet. d = doublet, t = triplet,

q= quartet, m = multiplet.
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ESI TOF Mass Spectrometry measurements were carried out using a Bruker
MicroTOF spectrometer (LC-TOF instrument equipped with an ESI source).
MALDI-TOF Mass Spectrometry measurement was carried out using a Bruker
UltraflexIII. The sample was prepared by dissolution in DMSO to a final concentration
of 10 mg/ml.. The matrix was a-cyano-4-hydroxycinnamic acid dissolved in MeOH
(20 mg/mlL..).

The polymer molecular weights were determined by size exclusion chromatography
(SEC) performed on a Polymer Laboratories GPC 50 system (Polymer Laboratories)
equipped with refractive index (RI) detector. Separations were performed on a pair of
Agilent PLgel 5 um Mixed D columns (7.5 x 300 mm, 5 um bead size, Polymer Labs
UK), eluting with DMF + 0.1% w/w LiBr at flow rate of 1 mI. min" and injection
volume of 100 pl.. Samples were prepared at 5 mg mI." concentration. The molecular
weights and dispersities of the polymers were calculated according to a standard
calibration method using PMMA narrow standards (500-450,000 g mol™). Data were

elaborated with Polymer Labs Cirrus 3.0 Software.
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2.3 Experimental section

Detailed peak assignment and corresponding chemical structures are reported in

Appendix 6.1.

2.3.1 Synthesis of 1,2,3,4,6 Penta-O-acetyl-a-D-mannopyranoside (1)

This procedure was adapted from the protocol described by Field and co-workers
(Mukhopadhyay e a/. 2004), (Kartha and Field 1997). D-(+)-Mannose (17.50 g, 97.14
mmol) was suspended in acetic anhydride (50.44 g, 46.70 mL, 494.0 mmol) in a 500
mL beaker. Solid 1, (0.124 g, 0.488 mmol) was added, and the mixture was allowed to
stir at room temperature for 30 min, during which time the reaction mixture turned
from a white suspension to a dark brown solution, in a very exothermic process. Upon
cooling to ambient temperature, aqueous sodium thiosulfate (Na»S,Os, 3.00 g in 100
mL of water) was added to reduce I, giving a colourless solution, then aqueous
NaHCOs; was added to neutralise the acetic acid formed in the acetylation reaction.
The mixture was stirred for 10 min, then extracted with Et;O (250 mL) and the organic
phase washed 3 times with water. The solvent was evaporated under reduced pressure,
and the oily residue was dried by codistillation with toluene under reduced pressure, to
remove traces of water. The crude product was then purified by column
chromatography on SiO, (40% EtOAc in petroleum ether) to give pure mannose
pentaacetate (1) (30.37 g, 77.80 mmol, 80.09%.) as a mixture of « and § anomers (o:3
= 70:30 mol:mol).

'H NMR (400 MHz, CDCls) 8 6.00 (d, ] = 1.9 Hz, 1H, CH o-anomeric 70%), 5.81 (d, |

= 1.14 Hz, 1H, CH B-anomeric 30%), 5.28-5.06 (m, 2H, CH), 4.20-4.18 (m, 2H,
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CH>OAc), 4.06-4.00 (m, 1H, CH), 2.10 (s, 3H, CH3), 2.09 (d, 3H, CH3), 1.98 (s, 3H,
CHs), 1.96 (s, 3H, CHs), 1.93 (s, 3H, CHs).

BC {'H} NMR (101 MHz, CDCl;) § 170.52 (1C, CO B-anomer), 170.50 (1C, CO « -
anomer), 170.09 (1C, CO B-anomer), 169.87 (1C, CO a-anomer), 169.67 (1C, CO -
anomer), 169.27 (1C, CO a-anomer), 169.50 (1C, CO B-anomer), 169.44 (1C, CO a-
anomer), 168.27 (1C, CO B-anomer), 167.97 (1C, CO a-anomer), 90.58 (1C, a anomeric),
90.42 (1C, B-anomeric), 73.22 (1C B-anomer), 70.59 (1C o/B-anomer), 68.73 (1C o/B-
anomer), 68.32 (1C a-anomer), 68.20 (1C B-anomer ), 65.53 (1C a-anomer), 65.45 (1C
B-anomer ), 62.07 (1C o/B-anomer), 20.78 (1C, CHs), 20.67 (1C, CHs), 20.6 (1C, CHs3),
20.6 (1C, CH3), 20.6 (1C, CHs3).

ESI-TOF Mass spectrometry: expected m/z [M+Na]* 413.11, found 413.11 u.m.a.

(100%).

2.3.2  Synthesis of 1-palmitoyl-tetraethylene glycol (2)

In a 500 mL round bottom flask, tetra(ethylene glycol) (TEG, 100.00 g, 514.85 mmol)
was dissolved in toluene (100 mL) and the solvent was removed under reduced
pressure at 60 °C. This procedure was repeated further 5 times to temove any traces
of water in the TEG starting material. TEG was left to cool down at room temperature
and then further cooled down to 0 °C using an ice bath. NaH 60% dispersion in mineral
oil (8.00 g, 200 mmol) was added in small portions at 0 °C under stirring, then the ice
bath was removed and the mixture was left to warm up to room temperature. 1-Bromo-
hexadecane (39.00 mL, 127.7 mmol) was slowly added using a pipette, and the flask

was heated to 90 °C and left under stirring overnight.
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The reaction was then cooled down to room temperature, stopped by slow addition of
water (100 mL) and then diluted with 100 mL of EtOAc. After separation of the two
phases, the organic layer was washed 3 times with water. The organic layer was then
dried over MgSO.. After filtration over a sintered glass filter, the solvent was removed
under reduced pressure and the residue purified by flash column chromatography on
Si0; using EtOAc as the eluent, to give, after evaporation of solvent from the relevant
fractions under reduced pressure, pure (2) (29.1 g, 69.4 mmol, 54.3%) as a colourless
oil.

'H NMR (400 MHz, CD;OD) & 3.69-3.64 (m, 12H, CH0), 3.61-3.57 (m, 4H,
OCHCHO), 349 (t, ] = 6.6 Hz, 2H, OCH;CH,CHj), 1.63-1.56 (m, 2H,
OCH,CH.CH,), 1.32 (m, 26H, CH»(CH>)15CH3), 0.93 (t, ] = 6.9 Hz, 3H, CH,CH}).
BC {'H} NMR (101 MHz, CD;OD) & 73.69, 72.38, 71.62, 71.57, 71.55, 71.42, 71.16
(8C, CH20), 62.24 (1C, CH,OH), 33.07 (1C, CH.CH,CH>), 30.77-27.29 (12C, CH»),
23.65 (1C, CH,CH3), 14.44 (1C, CHs).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 441.36, found 441.35 u.m.a.

(100%).

2.3.3  Synthesis of alkyl monoglycosides - General procedure

In a 250 mL round bottom flask, the pyranoside pentacetate and desired alkyl alcohol
(exact quantities and characterisation of each glycoside are reported below) were
dissolved in 40 mL of CH.Cl.. When 1-hexadecanol was used, the suspension was
sonicated for 40 min at room temperature to allow complete dissolution. The solution
was cooled down to 0 °C using an ice bath before dropwise addition of BF;-Et;O.

After 1 h the ice bath was removed and the reaction left to proceed under stirring at
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room temperature overnight. The reaction was monitored by “C NMR, following the
shift of the anomeric peak from ~90 to 101-105 ppm. After complete conversion of
sugar pentaacetate into the desired alkyl glycoside, the reaction solution was diluted
with CH:Cl, (60 mL), washed 3 times with a saturated aqueous solution of NaHCO;
(100 mL) and finally dried over MgSO.. After filtrationover a sintered glass filter and
solvent removal under reduced pressure, purity was assessed by 'H and "C NMR.
Compounds 3, 5, 7, 9 were used for the subsequent step without further purification.
Crude intermediates 3, 5, 7, 9 were separately dissolved in a solution of K,COj; in
CH;0OH. The reaction mixture was left under stirring for 2 hours at room temperature.
The reaction was monitored by TLC (10% CH;OH in EtOAc). During the reaction,
the formation of a white precipitate was observed. The reaction mixture was
neutralised by adding Ambetlite IR120-H". The resin was filtered off and the solvent
was removed under reduced pressure to give residues that were purified by flash
column chromatography on SiOs (5%-10% CH3;OH in EtOAc). Products were isolated

by removal of the solvent from the relevant fractions.

Details:

B-O-palmitoyl galactose (4): Galactose pentacetate (7.42 g, 27.2 mmol), 1-hexadecanol
(13.82, 57.00 mmol), BFsEt,O (5.00 mL, 36.0 mmol). For deprotection of intermediate
(3): KuCO; (0.50 g, 3.6 mmol) in CH30OH (20.0 mL). Due to time constraint compound
4 was not utilised in subsequent binding studies, thus the crude product was not further
purified. However, "C NMR and ESI-TOF mass spectrometry confirmed the

formation of the expected O-alkyl glycoside (4).
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PC {'H} NMR (101 MHz, CDCls) & 103.44 (1C, CH B-anomeric), 74.47, 73.52, 71.22,
68.70, 67.89, 62.73, 53.44, 32.57 (1C, CHy), 31.84-29.34 (10C, CH,), 22.54(1C,
CH.CH3), 14.03 (1C, CHs).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 427.30, found 427.30 u.m.a.

(100%).

a-O-palmitoyl mannose (6): Mannose pentacetate (10.00 g, 25.62 mmol), 1-
hexadecanol (18.76 g, 77.38 mmol), BF;EtO (6.50 mL, 347 mmol). For deprotection
of intermediate (5): KoCO; (0.50 g, 3.6 mmol) in CH;0OH (20 mL). Pure compound:
white waxy solid (1.48 g, 3.66 mmol, 14.3%).

'"H NMR (400 MHz, CDsOD) & 4.74 (d, ] = 1.6 Hz, 1H, CH anomeric), 3.85-3.59 (m,
6H, CH [mannose] and CH:OH [mannose]), 3.57-3.39 (m, 2H, OCH.CH,), 1.64-1.52
(m, 2H, OCH.CH:CH.), 1.30 (m, 26H, CH»(CH>)1.CH3), 0.91 (t, ] = 6.9, 3H, CH3).
BC {'H} NMR (101 MHz, CD;OD) & 101.6 (1C, CH anomeric), 74.6, 72.70, 72.3, 68.7,
068.6, 63.0, 33.1 (1C, CH»), 30.8-30.5 (10C, CHy), 23.72 (1C, CH.CH3), 14.4 (1C, CHs).
ESI-TOF Mass spectrometry: expected m/z [M+Na]* 427.30, found 427.30 u.m.a.

(99%).

B-O-tetra(ethylene glycol) palmitoyl galactose (8): Galactose pentacetate (10.45 g, 26.70
mmol), TEG-Palmitoyl (2) (7.47 g, 17.8 mmol), BFs-Et;O (5.00 mL, 36.0 mmol). For
deprotection of intermediate (7): KoCOs (0.50 g, 3.6 mmol) in CH;0H (20 mL). Pure
compound: white waxy solid (4.56 g, 7.85 mmol, 29.4%).

'"H NMR (400 MHz, CD;OD) & 4.29 (d, ] = 7.5 Hz, 1H, CH anomeric), 3.85-3.84 (m,

1H, CH [galactose]), 3.78-3.71 (m, 5H, CH [galactose] and CH,OH |[galactose]), 3.69-
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3.58, (m, 12H, CH, [TEG]), 3.52-3.51 (m, 4H, OCH,CH.0), 3.47 (t, 2H, | = 6.5 Hz,
OCH.CH,CH,), 1.61-1.56 (m, 2H, OCH,CH,CH,), 1.31 (m, 26H, CH,(CH,);sCH),
0.93 (t, ] = 6.9 Hz, 3H, CH,).

B3C {'H} NMR (101 MHz, CD;OD) 8 105.09 (1C, CH anomeri), 76.69, 74.90, 72.52,
72.38, 71.57, 71.56, 71.51, 71.50, 71.16, 70.28, 69.58, 62.52, 61.52, 33.06 (1C, CH)),
30.77-27.21 (12C, CHL), 23.72 (1C, CH,CH), 14.44 (1C, CH;).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 603.41, found 603.41 u.m.a.

(100%).

a-O-(tetraethylglycol) palmitoyl mannose (10): Mannose pentacetate (10.61 g, 27.18
mmol), TEG-Palmitoyl (2) (7.59 g, 18.1 mmol), BF;-Et,O (5.00 mL, 36.0 mmol). For
deprotection of intermediate (9): K,COs (0.50 g, 3.6 mmol) in CH;OH (20 mL). Pure
compound: white waxy solid (2.2 g, 3.8 mmol, 14%).

"H NMR (400 MHz, CD;OD) & 4.82 (d, ] = 1.7 Hz, 1H, CH anomeric), 3.89-3.82 (m,
3H, CH [mannose]), 3.75-3.70 (m, 3H, CH [mannose], 3.69-3.57(m, 12H, CH, [TEG]),
3.61-3.57 (m, 4H, OCH.CH-0), 3.49 (t, ] = 6.6 Hz, 2H, OCH>CH,CH>), 1.63-1.59 (m,
2H, OCH,CH>), 1.32 (m, 24H, CH»(CH,)13CHs), 0.93 (t, ] = 6.8 Hz, 3H, CHs).

BC {'H} NMR (101 MHz, CD;OD) & 101.76 (1C, CH anomeric), 74.60, 72.57, 72.38,
72.12, 71.62, 71.59, 71.55, 71.40, 71.15, 68.63, 67.68, 62.96, 61.51, 33.07 (1C, CH»),
30.78-27.21 (12C, CH,), 23.73 (1C, CH.CH3), 14.44 (1C, CH3;).

ESI-TOF Mass spectrometrty: expected m/z [M+Na]" 603.41, found 603.41 u.m.a.

(100%).
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2.3.4  Synthesis of Cholesterol ethylethoxycarbamate (11)

Cholesteryl chloroformate (9.08 g, 20.2 mmol) was dissolved in of CH,Cl, (25.0 mL).
The solution was cooled down to 0 °C and Et;N (3.37 ml., 24.3 mmol) was added. 2-
(2-aminoethoxy)ethanol (2.23 ml., 22.2 mmol) was then added dropwise, and the
resulting mixture was left to react at room temperature for 2 hours, and finally diluted
with CH2Cl; (300 mL). The organic phase was washed 3 times with 300 mL of diluted
aqueous HxSO4 (pH=3). The organic layer was dried over MgSOy and, after filtration,
the solvent was evaporated under reduced pressure. Removal of the solvent under
reduced pressure gave (11) (8.90 g, 17.2 mmol, 85.0%) as a white solid.

'H NMR (400 MHz, CDCly) 8 5.37 (d, ] = 5.45 Hz, 1H, C=CH), 5.03 (s, 1H,
OCONH), 4.50 (m, 1H, OCH), 3.74 (t, ] = 4.1 Hz, 2H, OCH,CH-OH), 3.57 (q, ] =
4.6 Hz, 4H, CHOCH,), 3.38 (t, ] = 5.1 Hz, 2H, NHCH,CH,O), 2.38-2.24 (m, 2H),
2.18 (m, 1H), 2.02-1.79 (m, 5H), 1.60-1.05 (m, 19H), 1.00 (s, 3H, CH3|[23]), 0.98-0.94
(m, 2H), 0.92-0.90 (d, ] = 6.6 Hz, 3H, CHj;][8]), 0.87-0.85 (dd, ] = 6.6 Hz, 6H, 1.6 Hz,
CHs[1/3]), 0.68 (s, 3H, CH;[14]).

BC {'H} NMR (101 MHz, CDCI3) 8 156.41 (1C, OCJ[28]), 139.95 (1C, C[21]), 122.65
(1C, CJ20]), 74.61 (1C, C[25]), 72.33 (1C, C[32]), 70.36 (1C, C[31]), 61.95 (1C, C[33]),
56.90 (1C, C[9]), 56.29 (1C, C[12]), 50.17 (1C, C[16]), 42.47 (1C, C[13]), 40.84 (1C,
C[30]), 39.89 (1C, C[4]), 39.67 (2C, C[24/18]), 38.71 (1C, C[22]), 37.14 (1C, C[27)),
36.72 (1C, CJ0)), 36.34 (1C, C[7]), 35.95 (1C, C[15]), 32.03 (1C, C[19]), 28.38 (1C,
CJ206]), 28.32 (1C, C[3]), 28.16 (1C, C[10]), 24.44 (1C, C[11]), 23.98 (1C, C[5]), 22.97
(1C, C[1]), 22.68 (1C, C[2]), 21.20 (1C, C[17]), 19.57 (1C, C[23]), 18.87 (1C, C|[8]), 12.01
(1C, C[14]). ESI-TOF Mass spectrometry: expected m/z [M+Na]® 540.39, found

540.40 u.m.a. (50.9%).
57



Chapter 2: Design and synthesis of membrane-inserting glycoligands

2.3.5 Synthesis of 2,3,4,6 tetra-O-acetyl-a-D-mannose-1 (12)

D-(+)-Mannose (5.00 g, 27.8 mmol) was suspended in acetic anhydride (13.5 ml, 143
mmol) in a 1 L beaker. Solid I, (0.051 g, 0.20 mmol) was slowly added and the mixture
was allowed to stir at room temperature for 1 hour, during which time solid I catalyst
slowly went in solution, starting a very hexotermic acetylation reaction. The reaction
was monitored by TLC (Pet. Ether/EtOAc = 6:4). At completion, the reaction mixture
was diluted with CH,Cl, and I, (4.3 g, 17 mmol) and hexamethyldisilane (HMDS) (2.46
g, 16.8 mmol) were added. The reaction mixture was stirred for 3 hours, and then with
10% Na»S$:0; aqueous solution (20 mL) for further 10 min. The organic layer was
washed with saturated NaHCO3 aqueous solution (50 mL) and then with water (50
mL). The organic phase was dried over MgSO,, the solvent was evaporated under
reduced pressure and the resulting residue was purified by flash chromatography (40%
EtOAc in petroleum ether), to give pure (12) as a a-anomer(1.57 g, 3.44 mmol, 12.4%)
as a coloutless oil.

'"H NMR (400 MHz, CDCls) 8 6.68 (s, 1H, CH anomeric), 5.78-5.75 (dd, ] = 10.2, 3.4
Hz, 1H, CH), 5.45 (m, ] = 3.3 Hz, 1.3 Hz, 1H, ,CH), 5.36 (t, ] = 10.2 Hz, 1H, CH),
4.32 (dd, ] = 12.6, 5.0 Hz, 1H, CH,OAc), 4.12-4.08 (dd, ] = 12.6 Hz, 2.2 Hz, 1H, CH),
3.95-3.91 (m, 1H,) 2.15 (s, 3H, CHs), 2.08 (s, 3H, CHs), 2.06 (s, 3H, CH3), 1.98 (s,
3H, CHj3).

BC {'H} NMR (101 MHz, CDCls) § 170.55 (1C, CO), 169.75 (1C, CO), 169.62 (1C,
CO), 169.57 (1C, CO), 75.39 (1C, C[4]), 73.43 (1C, CJ0]), 68.65 (1C, C[3]), 66.28 (1C,
C[5]), 65.46 (1C, C[7]), 61.39 (1C, C[10]), 20.83 (1C, CH3), 20.75 (1C, CHs), 20.75 (1C,

CH>), 20.65 (1C, CHs).

58



Chapter 2: Design and synthesis of membrane-inserting glycoligands

ESI-TOF Mass spectrometry: expected m/z [M-I]" 331.09, found 331.10 u.m.a.

(14%), m/z [M-I+H+K]" 371.08, found 371.09 u.m.a. (72%).

2.3.6  Synthesis of tetraacetate mannosylated-ethylethoxycarbamate cholesterol (13)

Cholesterol alcohol (11) (8.90 g, 17.2 mmol) was dissolved in anhydrous CH2Cl, (20
mL). AgzCOs was added, and the mixture was protected from light, degassed by N
bubbling for 20 min, and then stirred protected for 30 min at room temperature. Tetra-
O-acetyl-a-D-mannosepyranosyl iodide (2) (1.60 g, 3.44 mmol) was dissolved in 20 mL
of anhydrous CH,CL (20 mL), 3A molecular sieves (pellets, 1 g) were added, and the
mixture was stirred under N> for 30 minutes, then it was transferred via cannula to the
solution containing cholesterol alcohol (11) and AgCOs, and the resulting mixture
stirred overnight under N, The precipitate was filtrated, and the volatiles were
removed from filtrate under reduced pressure. The resulting residue was purified by
flash column chromatography on SiOz (40% EtOAc in Petroleum Ether) to give, after
removal of solvent under reduce pressure, (13) (2.42 g, 2.86 mmol, 83%) as a pale
yellow waxy solid.

'"H NMR (400 MHz, CDCls) 8 5.49-5.48 (d, ] = 2.4 Hz, 1H, CH anomeric), 5.37(d, 1H,
J =496 Hz, C=CH), 5.29 (t, ] = 9.7 Hz, 1H, CH [mannose]), 5.15-5.11 (m, 1H, CH,
[mannose]), 5.04 (s, 1H, OCONH), 4.62 (t, ] = 2.9Hz, 1H, CH [mannose]), 4.49 (m,
1H, OCH), 4.23 (dd, 1H, | = 12.6 Hz, 4.9 Hz, CH [mannose]), 4.13 (dd, ] = 12.1 Hz,
2.4 Hz, 1H, CH [mannose]), 3.74 (q, ] = 9.0 Hz, 4.8 Hz, 2H, OCH,CH0), 3.70-3.60
(m, 1H, CH [mannose]), 3.57 (q, /] = 4.6 Hz, 4H, CHOCH,), 3.38 (m, 2H,
NHCHCH-0), 2.38-2.15 (m, 2H), 2.06 (s, 3H, COCHj3 [mannose]), 2.04 (s, 3H, COH;

[mannose]), 2.01 (s, 3H, COCH; [mannose]), 2.00-1.77 (m, 5H), 1.76 (s, 3H, COCH;
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[mannose]), 1.59-1.03 (m, 19H), 1.00 (s, 3H, CH3[23]), 0.97-0.93 (m, 2H,), 0.91-0.90 (d,
J = 6.5 Hz, 3H, CH;|8]), 0.86-0.85 (dd, ] = 6.6 Hz, 1.6 Hz, 6H, CH3[1/2]), 0.67(s, 3H,
CH;[14]).

BC {'H} NMR (101 MHz, CDCls) 8 170.76 (1C, CO), 170.52 (2C, CO), 169.53 (1C,
CO), 156.41 (1C, OC(O)NH|28]), 139.93 (1C, C|21]), 122.63 (1C, C]|20]), 97.50 (1C,
C[34 anomeric]), 76.42 (1C, C[42]), 74.61 (1C, C|[25]), 72.33 (1C, C[32]), 71.54 (1C,
C[35)), 70.73/70.34 (1C, C[31]), 69.77 (1C, C[2]), 65.65 1C, C[36], 62.49 (1C, C[43]),
61.91 (1C, C[33]),56.83 (1C, C[9]), 56.27 (1C, C[12]), 50.15 (1C, C[16]), 42.45 (1C, C[9])
40.82 (1C, C[30]), 39.88 (1C, C[4]), 39.65 (2C, C[18/24]), 38.70 (1C, C[22]), 37.13 (1C,
C[27]), 36.70 (1C, CJ0]), 36.32 (1C, C[7]), 35.93 (1C, C[15]), 32.01 (1C, C[19]), 28.36
(1C, C[26]), 28.30(1C, C[3]), 28.14 (1C, C[10]), 24.42 (1C, C[11]), 23.97 (1C, C[5]), 22.95
(1C, C[1}), 22.70(1C, C|2]), 21.18 (1C, C[17]), 20.89 (1C, COCHs3), 20.85 (2C, COCH3),
20.80 (1C, COCHs), 19.47 (1C, C|23]), 18.85 (1C, C[8]), 11.99 (1C, C[14]).

ESI-TOF Mass spectrometry: fragment [CONHCH.CH,OCH,CH,-mannose

tetraacetate] ', expected m/z 462.16, found 462.16 u.m.a. (28%), m/z.

2.3.7  Synthesis of mannosylated-ethylethoxycarbamate cholesterol (14)

(13) (2.42 g, 2.86 mmol) was dissolved in CH;OH (10.0 mL). K2CO; (0.50 g, 3.6 mmol)
was added, and the reaction mixture was left under stirring for 2 hours at room
temperature. The reaction was monitored by TLC (EtOAc/CH3OH 9 : 1). During the
reaction the formation of a white precipitated was observed. The reaction mixture was
neutralised adding Amberlite IR120-H". The resin was filtered off and the solvent was
removed under reduced pressure. The crude of reaction was purified by flash column

chromatography on SiO, (10% CH;OH in EtOAc) to give, after removal of solvent
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under reduce pressure, pure (14) (0.612 g, 0.900 mmol, 31.5%) as a pale yellow waxy
solid.

'H NMR (400 MHz, CDCly) 8 5.78 (d, ] = 5.9 Hz, 1H, CH, B-anomeric), 5.49 (s, 1H,
CH, o-anomerid), 5.37 (d, | = 4.6 Hz, 1H, C=CH), 529 (t, ] = 9.7 Hz, 1H, CH
[mannose]), 5.15-5.11 (m, 1H, CH [mannose]), 4.49(m, 1H, OCH), 4.48-4.42 (m, 1H,
CH [mannose]), 3.74 (t, ] = 4.2 Hz, 2H, OCH,CH.O), 3.70-3.60 (m, 1H, CH
[mannose]), 3.57 (q, ] = 4.6 Hz, 4H, CH,OCH>), 3.38 (m, 2H, NHCH,CH,0), 2.38-
2.15 (m, 2H), 2.00-1.76 (m, 5H), 1.59-1.03 (m, 19H), 1.00 (s, 3H, CHs[17]), 0.97-0.93
(m, 2H), 0.91-0.90 (d, ] = 6.5 Hz, 3H, CH5[8]), 0.86-0.85 (dd, ] = 6.6 Hz, 1.6 Hz, GH,
CH[1/2]), 0.67(s, 3H, CH;[14]).

’C {'H} NMR (101 MHz, CDCL) 8§ 156.54 (1C, OC[28]), 139.90 (1C, C[20]),
123.11/122.55 (1C, C[21]), 100.03/97.50 (1C, C[34 anomerid), 79.82 (1C, C[39]), 74.66
(1C, C[25]), 72.15 (1C, C[32]), 71.00 (1C, C[35]), 70.17 (1C, C[31]), 69.68 (1C, C[36]),
68.11 (1C, C[37]), 61.76 (1C, C[33]), 56.83 (1C, C[9]), 56.21 (1C, C[12]), 50.16 (1C,
C[16]), 42.61 (1C, C[13]) 40.82 (1C, C[30]), 39.8 (1C, C[4]), 39.76 (2C, C[18/24]), 38.69
(1C, C[22]), 37.12 (1C, C[27]), 36.83 (1C, C[6]), 36.33 (1C, C[7]), 35.87 (1C, C[15]),
32.04 (1C, C[19]), 28.37 (1C, C[26]), 28.30(1C, C[3]), 28.16 (1C, C[10]), 24.39 (IC,
C[11]), 24.03 (1C, C[4]), 23.08 (1C, C[1]), 22.71 (1C, C[2]), 21.10 (1C, C[17]), 19.43 (1C,

C[23]), 18.86 (1C, C[8]), 12.11 (1C, C[14]).

2.3.8  Cholesterol-(2-ethylethoxycarbamate) 2-bromopropionyl ester (15)
A solution of alcohol (11) (7.43 g, 13.0 mmol) and Et:N (2.20 ml, 15.6 mmol) in
CH.Cl, (30 mL) was cooled down to 0 °C and 2-bromo propionyl bromide (1.06 mL,

15.0 mmol) was added dropwise. The mixture was left to react at room temperature
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under stirring overnight, then quenched with CH;OH (5 mL). The solvents were
removed under reduced pressure, and the residue was dissolved in Et;O (200 mL). The
organic phase was washed 3 times with diluted aqueous H2SO, (3 x 200 mL pH=3).
The organic layer was dried over MgSO, and, after filtration, the solvent was
evaporated under reduced pressure. The crude was purified by flah column
chromatography on SiOz (10% Et,O in petroleum ether) to give pure (15) (6.46 g, 9.90
mmol, 76.2%) as a colotless oil.

'"HNMR (400 MHz, CDCl3) 8 5.37 (d, ] = 5.1 Hz, 1H, C=CH), 5.01 (s, 1H, OCONH),
49 (m, 1H, OCH), 4.43-4.38 (q, | = 6.9 Hz, 1H, CHBY), 4.27 (m, 2H, OCH,CHO),
3.69 (t, ] = 4.7 Hz, 2H, CH,OCH>), 3.56 (t, | = 5.0 Hz, 2H, CH,OCH»), 3.38 (q, ] =4.7
Hz, 2H, NHCH,CHO), 2.38-2.24 (m, 2H), 2.02-1.92 (m, 2H), 1.91-1.78 (m, 2H,
including at 1.82-1.80 d, 3H, | = 6.9 Hz, CH;CHB¥), 1.68-1.04 (m, 19H,), 1.01 (s, 3H,
CHj;[23]), 0.98-0.94 (m, 2H), 0.92-0.90 (d, 3H, ] = 6.6 Hz, CH;|8]), 0.87- 0.85 (dd, 6H,
J = 6.6 Hz, 1.6 Hz, CH;[1/2]), 0.67 (s, 3H, CHs[14]).

BC {'H} NMR (101 MHz, CDCls) 8 170.42 (1C, OC[34]), 156.25 (1C, OC[28]), 140.06
(1C, C[21)), 122.62 (1C, CJ20]), 74.57 (1C, C|[25]), 70.31 (1C, C[32]), 68.68 (1C, C[31]),
64.91 (1C, C[33]), 56.84 (1C, C[9]), 56.29 (1C, C[12]), 50.17 (1C, C[10]), 42.47 (1C,
Cl[13)]), 40.76 (1C, C[30]), 39.93 (1C, C[4]), 39.89 (2C, C[18/24]), 39.67 (1C, C[35])
38.72 (1C, CJ22)), 37.14 (1C, C[27]), 36.72 (1C, C]6]), 36.33 (1C, C[7]), 35.94 (1C,
C[15]), 32.06 (1C, C[19]), 28.38 (1C, C[26]), 28.32 (1C, C]3]), 28.16 (1C, C[10]), 24.44
(1C, C[11]), 23.98 (1C, C[5]), 22.97 (1C, C[1]), 22.71 (1C, C[2])), 21.73 (1C, C[30]), 21.19
(1C, C[17]), 19.48 (1C, C|23]), 18.87 (1C, C[8]), 12.01 (1C, C[14]).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 674.34, found 674.34 (14.5%),

676.33 (15.1%) w.m.a.
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2.3.9  Cholesterol-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-15,16-dihydroxy-11,13-
dithia-2-azahexadecane (16)

Trithiocarbonylglycerol sodium salt was kindly gifted by Dr. Francesca Mastrotto.
Compound (15) (1.39 g, 2.14 mmol) was dissolved in acetone (10 mL). Separately,
trithiocarbonlylglycerol sodium (0.530 g, 2.57 mol) was dissolved in acetone (2 mL)
and 15-crown-5 (0.51 ml, 2.57 mmol) was added to improve its solubility. This
solution was added to the cholesterol bromide solution, and the resulting mixture was
left to react at room temperature for 4 hours. The solvent was evaporated under
reduced pressure, and the crude misture was purified by column chromatography on
Si0; (Et,0O) to give pure (16), (0.50 g, 0.66 mmol, 31%) as a yellow oil.

'"H NMR (400 MHz, Acetone-ds) § 6.06 (s, 1H, OCONH), 5.39 (d, ] = 4.7 Hz, 1H,
C=CH), 4.85 (q,] = 7.3 Hz, 1H, CH|35]), 4.42 (m, 1H, CH[25]), 4.29 (m, 2H, CH,[33]),
3.98-3.88 (m, 2H, CH,[40]), 3.79-3.74 (m, 1H, CHJ[39]), 3.70 (t, ] = 4.7 Hz, 2H,
CH,[38]), 3.60 (t, 2H, | = 5.6 Hz, CH2[33]), 3.55 (t, 2H, ] = 5.6 Hz, CH|[31]), 3.30 (m,
2H, CH2[30]), 2.40-2.30 (m, 2H), 2.38-2.24 (m, 4H), 2.04-1.80 (m, 5H), 1.61 (d, /] = 6.9
Hz, 3H, CH;CH [30]), 1.60-1.02 (m, 19H), 1.03 (s, 3H, CH;[23]), 1.01-0.93 (m, 2H),
0.92-0.90 (d, ] = 6.6 Hz, 3H, CH;[8]), 0.87-0.85 (dd, ] = 6.6 Hz, 1.6 Hz, 6H, CH;[1/2]),
0.68 (s, 3H, CH[14]).

BC {{H} NMR (101 MHz, Acetone-dg) 8 223.85 (1C, SCS[37]), 171.53 (1C, OC[34]),
156. 99 (1C, OC|28], 140.23 (1C, C|21], 123.05 (1C, C[20]), 74.60 (1C, C][25]), 71.00
(1C, CJ[39)), 70.73 1C, C[32]), 69.34 (1C, C[31]), 66.10 (1C, C[40] 57.76 (1C, C[33]),
57.21 (1C, C[12]), 51.23, 49.06 (1C, C[16]), 43.32 (1C, C[38]), 41.98 (1C, C[13]), 41.47
(1C, C[30]), 40.85 (1C, C[4]), 40.43 (2C, C[18,24]), 39.90 (1C, C[35]), 39.62 (1C, C|22]),

38.08 (1C, C[27]), 37.52 (1C, C[6]), 37.14(1C, C[7]), 36.79 (1C, C[15]), 32.79 (1C, C[19]),
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29.15(1C, C[26]), 29.10(1C, C[3]), 28.86 (1C, C[10]), 25.11 (1C, C[11]), 23.27 (1C, C[5)),
23.02 (1C, C[1]), 22.00 (1C, C[2]), 19.89 1C, C[17]), 19.27 (1C, C[23]), 17.32 1C, C[8)),

15.85 (1C, C[36]), 12.39 (1C, C[14]).

2.3.10 Synthesis of sodium 3-(trithiocarboxyl)propane-1-sulfonate (17)

In a 500 mL round bottom flask, sodium 3-mercapto-1-propanesulfonate (10.18 g,
57.10 mmol) was dissolved in acetonitrile (100 mL). The solution was cooled down to
0 °C, and NaH (60% w/w in mineral oil, 1.370 g, 57.10 mmol) was slowly added
portionwise. CS, (17.40 g, 13.74 mL, 228.9 mmol) was then added dropwise, and the
reaction solution turned bright yellow almost instantaneously. The reaction was left
under stirring overnight at room temperature. The reaction solution was then added to
EtO (200 mL) under stirring to precipitate compound (17), which was isolated as a
yellow-orange solid by filtration (15.12 g, 54.72 mmol, 96%), and used for the
subsequent step without further purification.

'"H NMR (400 MHz, D-O) & 3.32 (t, ] = 7.2 Hz, 2H, CH.CH,CH:SC(S)), 3.03 (m, 2H,
CH>CH,CH.SC(S)), 2.13 (m, 2H, CH.CH,CH,SC(S)).

BC {{H} NMR (101 MHz, D,O) & 246.72 (1C, SC(S)S), 50.00 (1C,

SCH,CH,CH,SC(S)), 39.55 (1C, CH,CH,CH,SC(S)), 23.49 (1C, SCH,CH,CH,S(S)).

2.3.11 Sodium 1-(cholesterol)-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-11,13-dithia-
2-azahexadecane-16-sulfonate (18)
Compound (15) (1.63 g, 2.50 mmol) was dissolved in acetone (10 mL). Separately,

compound (17) (0.83 g, 3.0 mol) was dissolved in acetone (5 mL) and 15-crown-5 (1.4
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mlL, 7.2 mmol) was added to improve its solubility. This solution was transferred in the
cholesterol bromide (15) solution, and the resulting mixture was left to react at room
temperature for 4 hours. The solvent was evaporated under reduced pressure and the
residue was purified by flash column chromatography on SiO. (20% CH;OH in
EtOACc) to give, after removal of solvent under reduce pressure, pure (18) (1.48 g, 1.41
mmol, 57%) as a yellow waxy solid.

"HNMR (400 MHz, CDCl) 8 5.37 (t, ] = 4.7 Hz, 1H, C=CH), 5.09 (s, 1H, OCONH),
4.85-4.79 (q, ] = 6.9 Hz, 1H, CHS), 449 (m, 1H, OCH), 4.29 (t, ] = 4.7 Hz, 2H,
OCH:CH:0O), 3.67 (t, ] = 5.0 Hz, 2H, OCH.CH:0O), 3.55 (m, 4H, CHOCH; and
(S)SCSCH,), 3.36 (q, ] =4.8 Hz, 2H, NHCH.CH,0), 2.97 (t, ] = 7.2 Hz, 2H, CH,[40]),
2.40-2.30 (m 2H), 2.38-2.24 (m, 4H), 2.04-1.80 (m, 5H), 1.82 (d, ] = 6.9 Hz, 3H, C[306]),
1.60-1.02 (m, 19H), 1.03 (s, 3H, CH;|[23]), 1.01-0.93 (m, 2H), 0.92-0.90 (d, ] = 6.6 Hz,
3H, CH;][8]), 0.87-0.85 (dd, /] = 1.6 Hz, 6.6 Hz, 6H, CH;[1/2]), 0.68 (3H, s, CH;[14]).
(3.07 crown ether).

BC {'"H} NMR (101 MHz, CDCls) § 221.73 (1C, SCS[37]), 171.16 (1C, OC[34]), 156.35
(1C, OCJ29], 140.01 (1C, C|21]), 122.54 (1C, C[20]), 74.46 (1C, C[25]), 70.22(1C,
C[32]), 68.73 (1C, C[31]), 64.78 (1C, C[33]), 56.79 (1C, C][9]), 56.30 (1C, C[12]), 50.18
(1C, C[106]), 49.92 (1C, C[40]), 48.14 (1C, C[38], 42.41 (1C, C[13]), 40.72 (1C, C[30]),
39.92 (1C, C[4]), 39.61 (2C, C[18/24]), 38.84 (1C, C[35]), 38.59 (1C, C[22]), 37.10 (1C,
C[27]), 36.67 (1C, C[6]), 36.28 (1C, C[7]), 35.89 (1C, C[15]), 31.97 (1C, C[19]), 29.38
(1C, CJ20)), 28.33 (1C, C[3]), 28.00 (1C, C[10]), 24.47 (1C, C[11]), 24.09 (1C, C[39)),
23.94 (1C, C[5)), 22.92 (1C, C[1]), 22.62 (1C, C|2]), 21.15 1C, C[17]), 19.45 (1C, C|23]),

18.87 (1C, C[8]), 16.94 (1C, C[36]), 11.97 (1C, C[14]). [69.06 crown ethet]
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2.3.12 2-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-3-D-galactopyranoside (19)

In a 250 ml flask, B-D-galactose pentaacetate (10.00 g, 25.62 mmol) and N-
hydroxyethyl acrylamide (4.42 g, 38.0 mmol) were mixed together, and chloroform
(50.0 mL) was added to completely dissolve the mixture. Using a dropping funnel,
BF;Et,O (5.45 g, 4.90 mL, 38.4 mmol) was added dropwise to the reaction mixture to
give a biphasic mixture which was ultrasonicated for 1 hour, then left under stirring at
room temperature. The reaction was monitored by "C NMR, by following the
disappearance of the anomeric carbon of 3-D-Galactose pentaacetate starting material
at 92 ppm, and the appearance of that of the desired 2'-acrylamidoethyl-
galactopyranoside product at 99.7 ppm. Over the following 2 days, 1.5 eq (5ml) + 1 eq
(Bml) + leq (3ml) of BFsEt,O were sequentially added to push the reaction to 100%
conversion. The reaction mixture eventually became dark brown and monophasic, and
galactose pentaacetate starting material could no longer be detected by “C NMR.
Chloroform (50 mL) was added to the reaction mixture and the organic phase was
washed 3 times with 100 ml of aqueous NaHCOs. The organic layer was dried over
MgSO, and, after filtration, the solvent was evaporated under reduce pressure. The
crude yellow oily residue was purified by flash chromatography on SiO» (50-100% Et,O
in petroleum) to give pure (19), (7.28 g, 16.3 mmol, 63%) as a pale yellow oil.

'H NMR (400 MHz, DMSO) 8 8.11 (t, ] = 5.4 Hz, 1H, NH), 6.26- 6.19 (dd, ] = 10.1
Hz, 1H, 17.1 Hz, CH=CH.,), 6.09-6.04 (dd, | = 17.1, 2.3 Hz, 1H, CH=CH; |#rans]),
5.59-5.56 (dd, J = 10.0, 2.3 Hz, 1H, Hz, CH=CH, [e¥s]), 5.25-5.24 (d, ] = 3.8 Hz, 1H,
CH), 5.16-5.13 (dd, ] = 10.4, 3.6 Hz, 1H, CH), 4.95-4.91(dd, ] = 10.4, 8.0 Hz, 1H, CH),
4.73-4.71 (d, | = 8.0 Hz, 1H, CH anomeric), 4.19 (t, ] = 6.4 Hz, 1H, CHOCH,), 4.05-

403 (m, 2H, CH,OAc), 3.76-355 (m, 2H, OCH,CHNH), 329 (m, 2H,
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OCH,CHNH), 2.11 (s, 3H, CHs), 2.00 (s, 3H, CHs), 1.99 (s, 3H, CHs), 1.91 (s, 3H,
CH,).

5C {*H} NMR (101 MHz, DMSO) 8 169.91 (1C, CO), 169.87 (1C, CO), 169.47 (1C,
CO), 169.12 (1C, CO), 164.74 (1C, CONH), 131.62 (1C, CH=CH,), 125.09 (1C,
CH=CH,), 99.98 (1C, CH anomeris), 70.27 (1C, CH), 69.89 (1C, CH), 68.53 (1C,
OCH,CH.N) 67.65, (1C, CH), 67.39 (1C, CH), 61.27 (1C, CH.OAc), 38.67 (1C,
CH,NH), 20.47 (2C, CH3), 20.38 (1C, CHs), 20.31 (1C, CH,).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 468.15, found 468.15 (100%).

2.3.13 2"-acrylamidoethyl -3-D-galactopyranoside (20)

Compound (19) (3.64 g, 8.17 mmol) was dissolved in CH;OH (50.0 mL) and solid
KOH (0.050 g, 0.891 mmol) was added. The reaction mixture was left under stirring
overnight at room temperature, then solvent was removed under reduced pressure.
The crude yellow oil residue was purified by flash chromatography on SiO, (25%
CH;OH in EtOAc), to give pure monomer (20) (1.89 g, 6.80 mmol, 83.2%) as a pail
yellow oil.

'H NMR (400 MHz, DMSO-dq) 8 8.11 (t, ] = 5.5 Hz, 1H, NH), 6.28-6.21 (dd, | =
17.1, 10.1 Hz, 1H, CH=CH,), 6.10-6.05 (dd, | = 17.1, 2.3 Hz, 1H, CH=CH: [trans]),
5.60-5.57 (dd, ] = 10.1, 2.2 Hz, 1H, CH=CH: |¢]), 4.87 (d, ] = 2.6 Hz, 1H, OH) 4.75
(s, 1H, OH), 4.62 (t, ] = 5.4 Hz, 1H, CH,OH), 4.39 (d, ] = 4.4 Hz, 1H, OH), 4.09 (d,
] = 7.0 Hz, 1H, CH anomeric), 3.77-3.72 (m, 1H), 3.62 (s, 1H), 3.54-3.46 (m, 3H), 3.37-
3.25 (m, 5H).

BC {'"H} NMR (101 MHz, DMSO-ds) 8 164.76 (1C, CONH), 131.71 (1C, CH=CH,),

125.27 (1C, CH=CH,), 103.79 (1C, CH anomeric), 75.31 (1C, CH), 73.33 (1C, CH), 70.61
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(1C, CH), 68.20 (1C, OCH,CH,N), 67.76 (1C, CH), 60.55 (1C, CHy,), 38.96 (1C,
CH,NH).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 300.10, found 300.10 (100%).

2.3.14 2-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (21)

In a 250 ml flask, a-D-mannose pentaacetate (5.00 g, 12.8 mmol) and N-hydroxyethyl
acrylamide (1.85 g, 15.6 mmol) were mixed together, and anhydrous acetonitrile (50.0
mL) was added to completely dissolve the mixture. Using a dropping funnel, BF;-Et,O
(11.1 g, 9.80 mL, 78.2 mmol) was added dropwise to the reaction mixture, then left
under stirring at room temperature. The reaction was monitored by "C NMR (CDCls)
by following the disappearance of the anomeric carbon of a-D-mannose pentaacetate
starting material at 90.7 ppm, and the appearance of that of the desired 2-
acrylamidoethyl-galactopyranoside product at 97.9 ppm. Dichloromethane (100 mL)
was added to the reaction mixture and the organic phase was washed 3 times with 100
mL of aqueous NaHCO:;. The organic layer was dried over MgSO4and, after filtration,
the solvent was evaporated under reduce pressure. The crude yellow oil residue was
purified by flash chromatography on SiO, (20%-60% EtOAc in petroleum), to give
pure (21) (4.60 g, 10.3 mmol, 80.5%), as a colotless oil.

'H NMR (400 MHz, DMSO) 6 8.30 (t, ] = 5.5 Hz, 1H, NH), 6.28-6.21 (dd, ] = 17.1,
10.1 Hz, 1H, CH=CHy,), 6.11-6.06 (dd, ] = 17.1, 2.3 Hz, 1H, CH=CH_ |#rans]), 5.61-
5.58 (1H, ] = 10.1, 2.3 Hz, dd, CH=CH_ [¢]), 5.15-5.09 (m, 3H, CH), 4.88 (d, ] = 1.4
Hz, 1H, CH anomeric), 4.14 (dd, ] = 12.3, 5.4 Hz, 1H, CH), 4.03-3.96 (m, 2H, CH,OAc),
3.70-3.51 (m, 2H, OCH.CH,NH), 3.37-3.34 (m, 2H, OCH,CH:NH), 2.11 (s, 3H,

CH), 2.02 (s, 3H, CHz), 2.01 (s, 3H, CHz), 1.94 (s, 3H, CH).
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5C {'H} NMR (101 MHz, DMSO) 8 170.02 (1C, CO), 169.60 (1C, CO), 169.56 (1C,
CO), 169.47 (1C, CO), 164.79 (1C, CONH), 131.57 (1C, CH=CH,), 125.17 (IC,
CH=CH,), 99.66 (1C, CH anomeris), 68.68 (1C, CH), 68.66 (1C, CH), 67.85 (1C,
OCH,CH.N), 65.41(1C, CH), 61.83 (1C, CH,OAc), 38.35 (1C, CHL,NH), 20.59 (1C,
CH>), 20.47 (1C, CHs), 20.44 (1C, CHs), 20.40 (1C, CHs).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 468.15, found 468.15 (100%).

2.3.15 2"-acrylamidoethyl-a-D-mannopyranoside (22)

Compound (21) (4.60 g, 10.3 mmol) was dissolved in CH;OH (20.0 mL) and KOH
(0.120 g, 2.14 mmol) was added. The reaction mixture was left under stirring overnight
at room temperature. The solvent was removed under reduced pressure, and the crude
yellow oil residue was purified by flash chromatography on SiO, (25% CH;OH in
EtOACc) to give pure monomer (22) (2.12 g, 7.64 mmol, 74.3%) as a colotless oil.

"H NMR (400 MHz, DMSO-de) & 8.14 (t, ] = 5.4 Hz, 1H, NH), 6.27-6.20 (dd, | =
17.1 Hz, 10.1 Hz, 1H, CH=CH,), 6.10-6.05 (dd, ] = 17.1, 2.3 Hz, 1H, CH=CH_: [trani]),
5.59-5.56 (dd, ] = 10.1, 2.3 Hz, 1H, CH=CH, [as]), 4.70-4.69 (2 s, 2H, 2 x OH), 4.62
(d, ] = 1.5 Hz, 1H, CH anomeric), 4.55 (s, 1H, OH), 4.48 (t, ] = 5.8 Hz, 1H, CH,OH),
4.67-3.57 (m, 3H), 3.62 (s, 1H), 3.47-3.26 (m, 7TH — overlapping H,O signal).

BC {'H} NMR (101 MHz, DMSO-ds) 8 164.71 (1C, CONH), 131.69 (1C, CH=CHy),
125.13 (1C, CH=CHy), 100.00 (1C, CH anomerz), 74.04 (1C, CH), 70.90 (1C, CH), 70.25
(1C, CH), 66.98 (1C, OCH.CH:N), 65.36 (1C, CH), 61.24 (1C, CH,), 38.55 (1C,
CH:NH).

ESI-TOF Mass spectrometry: expected m/z [M+Na]" 300.10, found 300.10 (100%).
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2.3.16  RAFT polymerisation of cholesterol-(HEAm)»s (23)

HEAm (0.143 g, 1.25 mmol), cholesterol RAFT agent (18) (47 mg, 0.057 mmol) and
2,2'-azobis|2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) (0.2 mg, 0.6 pmol,
added as an aliquot taken from a stock solution 2 mg/mL in watet) were dissolved in
H>O (494 uL) and toluene (494 ul), and the resulting solution was added to a Schlenk
tube, which was then sealed with a rubber septum. The mixture was degassed by Ar
bubbling for 30 minutes, after which the Schlenk tube was placed in an oil bath at 100
°C under stirring. The reaction was stopped after 15 min, when 70% monomer
conversion, as determined by 'H NMR, was reached. The solution was diluted with
CH;OH and the polymer precipitated in THF. The solid was filtered and dried under
vacuum, to yield 41 mg (0.02 mmol, 66% yield) for cholesterol-(HEAm),s (23) as a
yellow waxy solid. Mk was calculated by comparing the area of the peak at 0.64
ppm of the three methyl protons of cholesterol chain-end and that of the amide
protons peak at 8.28-7.20 ppm of the polymer repeating units.

"H NMR (400 MHz, DMSO) & 7.62 (br s, 25H, NHCH,CH,OH), 4.96 (br s, 25H,
OH), 0.64 (s, 3H, CH;|[Cholesterol]). Mucrheon = 3.2 kDa, Munwr) = 3.7 kDa.

SEC(DMF): M,=59 kDa; b =1.06.
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2.3.17 RAFT polymerisation of glycopolymers

General procedure

Cholesterol RAFT agent (18) and desired carbohydrate-containing monomer were
dissolved in a mixture of H,O and toluene (ratio 1 : 2 vol:vol) in a Schlenk tube
equipped with a magnetic stirrer. The biphasic solution obtained was sonicated for 5
seconds in order to form an homogeneus dispersion. 2,2'-Azobis|2-(2-imidazolin-2-
yl)propane| dihydrochloride (VA-044) in H,O was added, and the reactor was sealed
with a rubber septum. The mixture was degassed by Ar bubbling for 20 minutes at 0
°C using an ice bath, then the Schlenk tube was placed in an pre-heated oil bath at 100
°C under stirring. The reaction was stopped after 20 min. Monomer conversions (p)
were calculated from 'H NMR data using the following equation: p = 1 - (_[ Tv/ _[
12/ DPusgerca), whete [ 1vis the integral of the three vinyl protons from the monomer, |
Ia is the integral of the three methyl protons at 0.64 ppm belonging to the R group of
the cholesterol RAFT agent, and DPuseca 1s the average degree of polymerisation
targeted (DP=[M]o/[CTA]o).

The solution was diluted with a mixure CHCl;/CH;OH (1:1 vol/vol ratio) and
precipitated twice in THF. The precipitate was then redissolved in water and the
solution was purified by dialysis (MWCO: 1 kDa) against water for 6 hours, with two

water changes, followed by lyophilisation.
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Cholesterol-Gal; (24): 2"-acrylamidoethyl-8-D-galactopyranoside (20) (40 mg, 0.14
mmol), Cholesterol RAFT agent (18) (15 mg, 0.018 mmol), VA-044 (117 pg, 0.400
pmol, added as an aliquot taken from a stock solution 4 mg/mlL in water). H,O: 72.0
ul, Toluene: 144 pl. (34 mg, 62%).

'H NMR (400 MHz, DMSO-ds) 8 8.28-7.31 (br s, 7H, NHCO), 7.06 (s, 1H, NH
[cholesterol]), 5.34 (s, 1H, CH=C [cholesterol]), 5.40—4.21 (4 bs, 28H, OH), 4.12 (bs,
7H, CH anomeric), 0.64 (s, 3H, CHj; [cholesterol]). Marheon = 2.8 kDa, Maxwry = 2.7
kDa.

SECowmr: M, = 4.2 kDa; D = 1.11.

Cholesterol-Galy, (25): 2-acrylamidoethyl-8-D-galactopyranoside (20) (73 mg, 0.26
mmol), Cholesterol RAFT agent (18) (16 mg, 0.019 mmol), VA-044 (122 pg, 0.400
pmol added as an aliquot taken from a stock solution 4 mg/mlL. in water). H,O: 132
ulL, Toluene: 264 uL. (62 mg, 70%).

'H NMR (400 MHz, DMSO-dg) 8 8.28-7.31 (bt s, 14H, NHCO), 7.06 (s, 1H, NH
[cholesterol]), 5.34 (s, 1H, CH=C [cholesterol]), 5.40 — 4.21 (4 bs, 64H, OH), 4.12 (bs,
14H, CH anomeric), 0.64 (s, 3H, CH; [cholesterol]). Mucrheon = 4.7 kDa, Manww) = 4.7
kDa.

SEC(DMF): M.=54 kDa; b =1.11.

72



Chapter 2: Design and synthesis of membrane-inserting glycoligands

Cholesterol-Man; (26): 2"-acrylamidoethyl-a-D-mannopyranoside (22) (94 mg, 0.34
mmol), cholesterol RAFT agent (18) (56 mg, 0.067 mmol), VA-044 (436 ug, 1.30 pmol
added as an aliquot taken from a stock solution 4 mg/mL in water). H,O: 168 pL,
Toluene: 337 uL. (52 mg, 35%).

'H NMR (400 MHz, DMSO-ds) 8 7.89-7.22 (br s, 7H, NHCO), 7.06 (s, 1H, NH
[cholesterol]), 5.34 (s, 1H, CH=C [cholesterol]), 4.76—4.53 (4 bs, 35H, OH and CH
anomeric), 0.64 (s, 3H, CH3 [cholesterol]). Marheon = 2.8 kDa Muynury = 2.7 kDa.
SECpwmr: M,= 3.9 kDa; B = 1.10

MALDI-TOF: expected m/z [M+Na]" 2791.2, found 2791.3 (100%), (Appendix

Figure S50).

Cholesterol-Man14 (27): 2"-acrylamidoethyl-a-D-mannopyranoside (22) (98 mg, 0.35
mmol), Cholesterol RAFT agent (18) (19 mg, 0.024 mmol), VA-044 (152 pg, 0.500
pmol added as an aliquot taken from a stock solution 4 mg/mlL in water). H,O: 177
uL, Toluene: 353 plL. (39 mg, 27%).

"H NMR (400 MHz, DMSO-ds) § 7.89-7.12 (br s, 14H, NHCO), 6.90 (s, 1H, NH
[cholesterol]), 5.34 (s, 1H, CH=C |[cholesterol]), 4.93—4.32 (4 bs, 70H, OH and CH
anomeric), 0.64 (s, 3H, CH3 [cholesterol]). Marneon = 4.7 kDa, Mgy = 4.7 kDa.

SEC(DMF): M, = Il.d.; D =nd.
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2.4 Results and Discussion

2.4.1  Synthesis of linear aliphatic monoglycosides

In the initial part of this work, four different alkyl glycoside amphiphilic molecules
(Scheme 1) were designed and synthesised to investigate how the presence of a spacer
between a carbohydrate moiety and the liposome surface would affect the affinity of
mannosylated liposomes with a model mannose-binding lectin, concanavalin A (Con
A) (results discussed in Chapter 3.4.1). Our working hypothesis, supported by early
works of Engel ef al. (Engel et al. 2003), (Engel ez al. 2003) was that the presence of a
spacer would improve exposure of the carbohydrate ligands at the outer surface of

liposomes (Figure 12), facilitating their interaction with sugar-binding proteins (lectins).

Spacer

OH OH

HO
%
Q

HO

O O™

lipid bilayer

Figure 12 — Membrane exposure of different monoglycoside ligands: (left) ligand with tetraethylglycol
spacer separating the sugar from the membrane; (right) ligand laying at the surface of liposomal

membrane.

The alkyl glycoside molecules were designed to incorporate a hydrophilic carbohydrate

head and a membrane-inserting hydrophobic palmitoyl chain (C16) to anchor the
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chosen glycoligand to the liposomal phospholipid bilayer. The hydrophilic head
included two different sugars, a-mannose (Man) and 3-galactose (Gal), with the latter
that was used as a negative control for all the binding studies due to its inability to bind
the mannose-binding model lectin (Con A) utilised for this part of our study (discussed
in Chapter 1.2.3.1).

The synthetic strategy utilised to prepare the required monovalent glycolipids is
illustrated in Scheme 1.

Pentaacetate galactose and mannose starting materials are both commercially available.
However, due to its excessive cost, at this stage of the work mannose pentaacetate (1)
was synthesised from D-mannose and acetic anhydride, using I, as a catalyst, as
described by Field and co-workers (Mukhopadhyay ez o/ 2004), (Kartha and Field

1997).
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Scheme 1 - Synthetic routes to alkyl monoglycosides (4), (6), (8) and (10). Reagents and Conditions: (i)
BF3Et0, CHCl, 0°C to RT; (i) K2CO3, CH30H: (iii) Ambetlite IR120-H*.

From galactose- (0) and mannose-pentaacetate (1), a range of alkyl glycosides were
prepared by reaction with an appropriate alkyl alcohol, and BF3-OEct; as a Lewis acid.
Gal and Man glycosides (3) and (5), with monosaccharides directly linked to the lipid
anchor, were prepared from sugar pentaacetate and 1-hexadecanol, followed by
K>COs/CH;0OH-catalysed removal of the acetate protecting groups.

For the synthesis of Gal and Man glycosides (7) and (9), which present a hydrophilic
tetra(ethylene glycol) (TEG) spacer between the sugar unit and the hydrophilic anchor,
TEG-palmitoyl alcohol (2) was first prepared by reaction of tetra(ethylene glycol) with
NaH and hexadecyl bromide, under solvent-free conditions, followed by purification
by SiO; flash chromatography, to remove traces of bis-alkylated side-product and

residual TEG starting material. The subsequent steps were analogous to those
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optimised for the synthesis of glycosydes (3) and (5), that is, glycosylation followed by
base-catalysed deprotection of the acetate protecting groups.

For all four BF;:OEt, mediated glycosylation reactions, a near-perfect control over the
stereochemistry of the anomeric centre of the desired glycosides was observed. This is
believed to occur via anchimeric assistance (participation by neighbouring group) of
the acetyl group in C2 position, which by coordinating a carbocationic anomeric
intermediate, reduces the accessibility of one of the two faces of the anomeric centre,
leading to selective formation of a mannose and 3 galactose alkylglycosides (Wang ez
al. 2010). The reactions were monitored by C NMR, by following the shifting of the
anomeric signals from ~ 90 ppm to ~100-110 ppm.

The intermediate compounds (3), (5), (7) and (9) were used directly for the subsequent
deacetylation reactions without further purification. Following deprotection,
purification by flash chromatography on SiO, afforded final glycosides (6), (8) and
(10) which were characterised and utilised to engineer carbohydrate-targeted

glycoliposomes, as shown in Chapter 3.
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2.4.2  Synthesis of cholesterol-based mannose monoglycoside (14)

It has been proved that a minimum spacer length of 2 ethylene glycol units is required
to achieve detectable binding between liposomal mannose ligands and Con A (Jones
1994). Thus, compound (11) (shared intermediate for the synthesis of cholesterol
derivate (15), (16) and (18), Scheme 4) was specifically designed with an ethylethoxy
spacer (Scheme 2). Compound (11) was synthesised by conjugation of commercially
available cholesteryl chloroformate with 2-(2-aminoethoxy) ethanol. The reaction was
conducted in CHxCl, at 0 °C in the presence of Et;:N and the resulting cholesteryl
alcohol intermediate (11) was used directly for the next step without further

purification.

Scheme 2 - Synthesis cholesterol-based mannose monoglycoside (14). Reagents and Conditions: a) 2-(2-
aminoethoxy)ethanol, CH2Cly, EtsN, 0°C to RT; b) i: Ac2O, Iy, ii: CHCly, I, HMDS; ¢) anhydrous
CHCly, AgxCO3; d) K,COs, CH;0H.
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For the synthesis of mannosylated cholesterol (14), a synthetic strategy involving a
BF;-OEt, mediated condensation, under conditions previously utilised for the synthesis

of the O-alkyl glycosydes prepared in this study, was initially attempted (Scheme 3).

AcO

OAc
o) O OAc
)J\ OAc
0 N /\/O\/\

O
H

(13)

Scheme 3 — Attempted synthetic route to cholesterol-based monoglycoside (13). Reagents and

Conditions. a) BE3Et,O, CH2Cl, 0°C to RT.

Mannose pentaacetate (1) and cholesterol alcohol (11) were dissolved in CH,Cl,
BF;OEt, Lewis acid was added and the mixture was let to react for 2 days.
Interestingly, although this synthetic approach successfully allowed to synthesise the
palmitoyl monoglycosides (Scheme 1), in this case cholesterol-based monoglycoside
(13) could not be detected. Therefore a different synthetic approach was carried out
via a Koenigs-Knorr reaction, where glycosyl halides are used as glycosyl donors. For
this purpose, tetraacetate mannose iodide (12) was synthesised in two steps (Scheme
2). Firstly, mannose pentaacetate was generated from D-mannose and acetic anhydride,

using I as a catalyst, as described by Field and co-workers (Kartha and Field 1997),
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(Mukhopadhyay ez al. 2004) and the reaction was monitored by TLC. At full
completion, additional I, and hexamethyldisilane (HMDS) - believed to generate
trimethylsilyl iodide activator iz situ, were added in CH2Cl, and the conversion to 1-
iodo-a-D-mannose tetraacetate was found to be complete within 3 hours. The reaction
was monitored by "C NMR following the shifting of the anomeric C signal from 92 to
066.3 ppm. The upfield shift of the anomeric carbon resonance was expected, as it is in
agreement with literature data (Gervay-Hague 2016). Compound (11) was then
dissolved in anhydrous CH,Cl,, and Ag;COs and (12) were subsequently added, and
the resulting mixture was let to react at room temperature for 24 hours. The presence
of a iodide group in position C1 of the protected mannose increases the reactivity of
this electrophilic centre, as iodine is a better leaving group than the OAc residue of
mannose pentaacetate. Insoluble Agl precipitates in the process, thus shifting the
equilibrium of the reaction towards the desired O-alkyl glycoside (13). The reaction
was monitored by "C NMR, by following the shifting of the anomeric signal from 62
to ~100 ppm. The intermediate acetylated compound (13) was purified by flash
chromatography on SiO,, and isolated in 83% yield. Deacetylation of (13) was
conducted with KoCOs in CH;OH. Following deprotection, purification by flash

chromatography on SiO; afforded the final mannose cholesterol glycoside (14).
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2.4.3  Synthesis of cholesterol-based polyglycosides

In this work, short oligosaccharide mimics were synthesised using RAFT (Reversible
Addition Fragmentation chain Transfer) polymerisation. This technique is a radical
polymerisation reaction which involves an additional component, a chain-transfer
agent (CTA, also called RAFT agent) and where irreversible termination reactions
directly correspond to the number of radicals initially introduced in the system, hence
allowing to produce synthetic polymers with narrow molecular weight distribution, and
to control the polymer molecular weight (Boyer e a/. 2009), (Moad ez al. 2008), (Perrier
2017).

In this chapter, we exploited a newly developed #/trafast version of RAFT radical
polymerisation technique (Gody e al. 2013), (Gody e7 al. 2014a), (Gody e# al. 2014b) to
precisely control the number of polymer repeating units whilst performing the
polymerisation within minutes (Gody e# a/. 2015).

In typical chain growth radical polymerisation, the rate of propagation (R;) follows the
equation R, = k;[M][P*], where k; is the propagation rate coefficient of the monomer,
and [M] and [Pe] are the concentrations of the monomer and of propagating radicals,
respectively. Performing the polymerisation at high temperature and in very polar
solvents increases k, and thus the overall rate of polymerisation. Likewise, when
azoinitiators are used as the source of radical species, higher temperatures also increase
the concentration of propagating species [Pe¢], thus further accelerating the propagation
process. However, this would also increase the rate of termination (R), according to
the equation R, = 2k,[P]* resulting in faster bimolecular termination. Perriet’s strategy
overcomes this limitation by dramatically reducing the proportion of radical initiators,

thus increasing the CTA/initiator ratio, and using a thermal initiator which
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decomposes very quickly at the polymerisation temperature (azoinitiator VA-044, half-
life of 77s at 100 °C). In RAFT polymerisation, which is degenerative transfer (DT)
system, the number of dead chains is only governed by the number of radicals
generated throughout the polymerisation. Increasing the rate of radical generation will

increase the polymerisation rate without affecting the livingness (Gody e a/. 2014b).

2.4.3.1 Design and synthesis of cholesterol RAFT agents

A RAFT agent is usually a thiocarbonylthio compound (Figure 13). Following reaction
with radical species, the R+ group can leave the resulting adduct and start the growth
of polymeric chains. The Z group activates the thiocarbonyl bond towards radical
addition and then stabilises the resultant radical adduct (Moad ez a/. 2008), (Boyer et al.
2009). One important feature of RAFT agents is that they dictate the nature of the
chemical groups present at the « and w chain-ends of polymers prepared by RAFT
polymerisation, with the R group at one end of the polymer, and the thiocarbonyl-Z

residue at the other.

Free radical leaving group R

/S Z Reactive C=S double bond
Sy B i ]
4 " u/\,o\/\o)krs\n/s\/\/ésl)\o i
a b (18) Bf———p———

Z group

Figure 13 - a) General structure of a RAFT agent; b) structure of cholesterol RAFT agent (18).
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In this work, we intended to anchor the glycopolymers (Man/Gal) to the liposomal
membrane by using a cholesterol anchor. To this aim, the latter was incorporated in
the R group of our RAFT agent (Figure 13b). Accordingly, a synthetic route to a novel

RAFT agent (18) with the required cholesterol anchor was identified (Scheme 4).

(11) (15)

)W% b)w% )W% o o on
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B e \/\/H o Na<— HS\/\/ﬁ 5 Na
an
o
- %
N/\/O\/\O)‘kr \H/S\/\/H ° *a

(18)

Scheme 4. Synthesis of cholesterol RAFT agents (16) and (18). Reagents and Conditions: a) 2-(2-
aminoethoxy)ethanol, CH2Clz, EtsN, 0°C to RT; b) 2-bromo propionyl bromide, CH>Cl, EtsN, 0°C to
RT; ¢) trithiocarbonylglycerol sodium salt, acetone, 15-crown-5; d) NaH, acetonitrile, CS; ¢) sodium 3-

(trithiocarboxyl)propane-1-sulfonate (17), acetone, 15-crown-5.

The ultrafast RAFT polymerisation described by Perrier and co-workers is carried out
in very polar media, typically in water or water-containing homogeneous mixture of
solvents (Gody et al. 2015). This technique can allow excellent control over polymer
molecular weight, distribution, and chain-end fidelity, even at virtually quantitative
monomer conversion. Thus it appeared to be particular suited for the synthesis of the
oligomeric carbohydrate ligands required for this study. As cholesterol is known for
being very hydrophobic, to ensure a certain level of water solubility to our cholesterol-
containing RAFT agents, very hydrophilic Z groups were identified.

From a synthetic perspective, the preparation of amphiphilic molecules is not always

trivial, as it involves the conjugation of very hydrophilic species to very hydrophobic
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ones. This makes the indentification of reaction media where all these species are
sufficiently soluble to allow them to react with each other, very challenging. In this
work, in many cases a series of trial-and-error attempts were made to optimise the
synthesis of functional CT'As and sugar ligands.

Initial experiments focussed on a thioglycerol Z group. Accordingly,
cholesterolpropionyl bromide was synthesised from cholesterol and 2-bromo
propionyl bromide. Reaction of the resulting adduct with trithiocarbonylglycerol

sodium salt was attempted (Scheme 5).

Cholesterol

Scheme 5. Attempted synthetic route to cholesterolpropionyl trithioglycerol RAFT agent.

The reactions were conducted in CH,Cl,/CH;OH, but failed to afford the desired
RAFT agent. The stability of the trithiocarbonylglycerol sodium salt was investigated
in CH;OH. Surprisingly, we found that trithiocarbonylglycerol sodium salt in CH;OH
led to the formation of two possible degradation products: a dithiocarbamate derivative

(degradation product 1, Figure 14) by oxidation induced by the presence of air or a
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disulfide derivative (degradation product 2, Figure 14) presumably through initial
decomposition of the thrithiocarbonate salt, followed by dimerisation of the resulting
thiol by oxidation. This important side reaction may explain the poor success of

conjugation under those conditions.

S S
OH
HO/\[/\S)J\S*SJ\S\)\/OH
OH Degradation product (1)
OH
HO' s’s\)\/OH

OH Degradation product (2)

Oh JJ

Figure 14 - 'H-NMR spectra showing the time-dependent degradation of trithiocarbonylglycerol

sodium saltin CD3OD, with consequent formation of a dithiocarbamate derivative (degradation product
1) or disulfide derivative (degradation product 2) in 7 hours. Trithiocarbonylglycerol sodium salt was
dissolved in CD3OD and checked by 'H-NMR every hour. The same stability test was carried out
dissolving trithiocarbonylglycerol sodium in (CD3)2CO. Under these conditions trithiocarbonyl-glycerol

sodium salt was found stable (data not shown).

Attempts using other solvents - DMSO, THF, acetonitrile, acetone - were carried out,
with no success, possibly due to poor solubility of at least one of the two reagents
involved in these solvents. Therefore, 2 new cholesterol alcohol intermediate with
better solubility in polar organic solvents was synthesised. Accordingly, compound (11)

where a polar spacer was introduced in order to reduce the hydrophobicity of the
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cholesterol moiety, was prepared from commercially available cholesteryl
chloroformate and 2-(2-aminoethoxy)ethanol. (11) was then reacted with 2-bromo-
proprionyl bromide in the presence of Et;N, in CH,Cl to give, after purification, the
bromoester (15) in 76% yield. Several attempts of conjugation in acetone of compound
15 with trithiocarbonlylglycerol sodium salt were unsuccessful, most likely due to the
poor solubility of the sodium salt in acetone. However, the latter issue could be
citcumvented by using 15-crown-5, which by complexing the Na® counterion,
increased the solubility of the trithiocarbonylglycerol sodium salt starting material.
Under these conditions, cholesterol RAFT Agent (16) could be successfully
synthesised. The reaction was monitored by '"H NMR following the disappearance of
the quartet of the -CHBr residue at 4.44 ppm in the starting material (15), and the
appearance of that of the corresponding —CHSC(S)S trithiocarbonyl group at 4.86
ppm. Trithiocarbonyl salt (17) was prepared by treating sodium 3-mercapto-1-
propanesulfonate with NaH in acetonitrile, followed by addition of CS,. Compound
(17) was purified by precipitation in Et,O since it was found to rapidly degrade under
the conditions employed for flash chromatography purification on SiO,. Reagents (15)
and (17) were separately dissolved in acetone. 15-crown-5 crown ether was added to
the reaction mixture of (17) to improve its solubility in the organic solvent, then the
solution was slowly added to that of the cholesterol bromide (15), and the mixture left
under stirring at room temperature for 4 hours.

As for the synthesis of RAFT agent (16), the reaction was monitored by 'H NMR
following the shif of the quartet of —CHBr group. The final compound (18) was

isolated and characterised, with only residual traces of 15-crown-5 left as impurities in
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the final RAFT agent, which were still found in the final RAFT agent (18) after several

purification cycles.

2.4.3.2  Synthesis of carbohydrate-containing monomers

For this work acrylamide-based monomers, a monomer family with high £, (high
k,/(k)"? where k, and k. are the propagation and termination rate coefficients,
respectively) (Moad e a/. 2008), were found to be particularly suited for the chosen
ultrafast RAFT protocol. The synthesis of the required carbohydrate-containing
monomers was carried out following a strategy analogous to that utilised for the
synthesis of the monovalent alkyl glycosides. Accordingly, this involved a BF;-OEt,-
mediated condensation of either galactose or mannose pentaacetate and IN-

hydroxyethyl acrylamide, followed by base-catalysed deprotection with KOH in

CH;OH.
OAc
o opdAe o i on°H o
o] a o) o]
AGO OAc = A0 O\/\N)v — ho o\/\N)v
OAc OAc (19) H OH (200 H
OAc OAc OH

OAc . OAc d OH
AcO O —— AcO O —— Ho O
AcO AcO o} HO o)
OAc

(21) H (22) H

Scheme 6 - Synthesis of galactose (20) and mannose (22) monomers. Reagents and Conditions: a) (i)

BF3EtO, CHCI3, 1 hour sonication; b) KOH, CH30H; ¢) BF3-Et,0, acetonitrile; d) KOH, CH3;0OH.

The synthesis of these carbohydrate-containing monomers was optimised in order to
obtain higher yields compared to those of the monovalent alkyl glycosides. Purification

of protected acetylated intermediates (19) and (21) was found to be key to achieve final
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overall yields of over 50% for the two steps. The main side-reaction observed in the
first step was a transesterification reaction which occurs between the acetate group at
the sugar C1 anomeric position, and the hydroxyl functionality of HEAm. The
resulting side-products HEAm acetate and mannose/galactose tetraacetate (which
were isolated and characterised) and the desired acetylated glycomonomers (Scheme 7)
could be separated by flash chromatography whereas utilising the reaction mixture
containing the monomer intermediates (19) and (21) and impurities for the
deprotection step led to a mixture of products from which isolation of final monomers

(20) and (22) was found to be particularly challenging.

AcO—~—0, o HoOx—~—0
"*11 N~ 0
0 N~
0 ~ 0 =
AcOT—O BF5 OEt, N KOH, CH;OH \/\HJ\/
OAc >
-0 JOI\/ (0] (0]
AcOZ HO——
AcO _~ = N
\N,LLOH H ‘N'\'LOH HO\/\HJ]\/
side product 1 side product 2

Scheme 7- General synthesis of carbohydrate-containing monomers showing the formation of side

products

2.4.3.3 Biphasic ultrafast RAFT polymerisation

An initial series of experiments were required to verify the ability of thiocarbonylthio
derivative (18) to act as a RAFT chain transfer agent under wltrafast RAFT
polymerisation, and to identify suitable reaction conditions (Ze. monomer
concentration and [CT'A]/[1] molar ratio) which would allow to reach near-quantitative
monomer conversion. Firstly, RAFT polymerisation was performed using
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commercially available monomer N-hydroxyethyl acrylamide (HEAm). HEAm was

dissolved in H,O and VA-044 initiator was added (Scheme 8).
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0" SN0 SYS\/\/ﬁ\GNJ 07 NI N 10 Na

H s ) H o

_—
25
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Scheme 8 - Synthesis of cholesterol-terminated (HEAm)2s. Reagents and Conditions a) VA-044, HEAm,
HO, toluene, 100°C, 15 min.

In a separate vial, cholesterol RAFT agent (18) was dissolved in toluene, and the two
solutions mixed in a 1:1 vol/vol ratio. The final monomer concentration in water was
[HEAm] = 2.0 M (volume of the monomer was taken into account). The biphasic
solution was degassed in ice bath by bubbling Argon for 20 minutes. Ultrafast RAFT
polymerisation was carried out at 100°C in 15 minutes, after which time 70%
conversion was reached, as determined by 'H NMR. Polymer (23) was recovered by
precipitation in THF and analysed by SEC using DMF + 0.1% LiBr as the mobile
phase. M, (SEC): 5.85 kDa and a D of 1.05. The theoretical Mn calculated from the
initial [monomer|:[RAFT agent] ratio and the reaction conversion, was 2.21 kDa.

Sligthly different conditions were optimised for the #/frafast RAFT polymerisation using

carbohydrate monomers (20) and (22) (Scheme 9).
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(24): n=7, Mn(uwr) = 2.7kDa, D = 1.11 (26): n=7, Mn(yugr) = 2.7kDa, D = 1.10
(25): n=14, Mn(ymr) = 4.7kDa, D = 1.11 (27): n=14, Mn(ymR) = 4.7kDa, D = n.d.

Scheme 9 - Synthesis of cholesterol-terminated galactose (23) and (24) and mannose (25) and (26)
polyacrylamide glycopolymers. Reagents and Conditions a) VA-044, H>O, toluene, 100°C, 20 min.

Due to the high viscosity of the carbohydrate-monomer, which made it very difficult
to accurately measure their volume, the monomer volume was not included for the
final monomer concentration, [M] = 2 M. The water/toluene ratio was reduced to 1:2
to allow completely dissolution of cholesterol RAFT agent (18) in the organic phase.
The suspension was sonicated for few seconds to allow formation of a more
homogeneus dispersion, then the VA-044 in water was added. [CTA]/[I] was reduced
to 50, the polymerisation was carried out at 100°C for 20 min. Conversion and SEC

analysis data are reported in Table 2.
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Table 2 Characterisation and [M]/[CTA]/[]] ratios utilised for the synthesis of cholesterol-terminated

galactose and mannose polymers.

Polymer  Code [M]/[CTA]/[I] Conversion Mo’  Mnsec’ b

(kDa) (kDa)
Chol-Gal, 24 8:1:0.02 91% 2.7 4.2 1.11
Chol-Galiy, 25 14:1:0.02 99% 4.7 5.4 1.11
Chol-Man; 26 8:1:0.02 90% 2.7 3.9 1.10
Chol-Many, 27 14:1:0.02 99% 4.7 n.d. n.d.

2 calculated by comparing the integrals of the amide protons peak of the sugar repeating unit at 8.28-
7.20 ppm, and the methyl peak of cholesterol at 0.64 ppm set as 3; » SEC measurents were carried out

using DMF + 0.1% LiBr as the mobile phase, and PMMA narrow standards as calibrants.

Glycopolymers (24), (25), (26) and (27) were precipitated in THF to remove any
potentially unreacted cholesterol RAFT agent (18). Residual monomer was removed
by dialisys against water.

SEC analysis (Table 1 and Figure S51 in Appendix 6.2) showed that very well-defined
glycopolymers were synthesised, indicating good control over the polymerisation

process.
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2.5 Conclusions

In this chapter, the synthesis of membrane inserting monovalent and multivalent
glycoligands has been described. Four monovalent galactose- and mannose- ligands
with palmitoyl membrane-inserting moieties, and one monovalent mannose ligand
with a cholesterol anchor were successfully synthesised and characterised.

New amphiphilic trithiocarbonyl cholesterol-based RAFT agents were synthesised and
successfully utilised to synthesise multivalent cholesterol-terminated mannose and
galactose glycopolymers with narrow molecular weight distributions at very high
monomer conversion, using adapted Perrier’s conditions for wltrafast RAFT

polymerisation.
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CHAPTER 3

Design and formulation of glycosylated

liposomes

In nature, carbohydrate-binding cell receptors mediate a plethora of key biological
events — ¢g fecundation and the mounting of immune responses (van Kooyk and
Rabinovich 2008). Liposomes functionalised with simple monosaccharide ligands have
been employed to selectively deliver a number of drugs and antigens to target cells 7
vitro and in vivo (Xie et al. 2014), (Unger et al. 2012). However, despite of these initial
studies, the understanding of the function of structural and chemical patterns of
membrane ligands - their spatial distribution, presentation modalities and density, and
how the lipid composition of the membranes can affect these parameters—is still largely
lacking.

In this chapter, we describe an investigation on the role of the liposome structural
components on their ability to target selected lectins, with the aim to identify optimal
liposomal formulations for the 7z vitro studies presented in Chapter 4. Con A was used

as a model carbohydrate-binding protein (Ladmiral ez a/ 2000) - to investigate how
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i membrane concentration (density) of different sugars residues (mannose
and galactose),
1. ligand exposure — e.g. the physical distance between the sugar ligands and

the liposome bilayer.

1il. the nature of the membrane-inserting hydrophobic anchor of the sugar
ligands, and
iv. the lipid composition of the liposomal membrane

affect the rate of binding to Con A model lectin, which in this part of our study was
used as a convenient readout to compare all the different liposomal formulations

investigated.
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3.1 Introduction

Liposomes are a widely explored platform technology for drug delivery. Liposomes for
passive targeting have already showed valid results - with notable examples that include
the recent seminal work by Sahin and co-workers on cancer vaccination (Kranz ez 4/.
2010) - and further improvements have been achieved by surface coating (Noble ez 4/.
2014), (Mody et al. 2014). The way ligands are presented on the liposomal membrane
can profoundly affect the efficacy of targeted nanocarriers (Espuelas ez a/. 2008),
(Jayaraman ez al. 2013), (Jayaraman 2009). In Nature multivalent interactions are used
to enhance ligand-receptor low binding affinity and to increase binding selectivity (as
discussed in Chapter 1.1.1) The same strategy can be transposed to glycosylated
liposomes, where multivalent binding can be modulated by varying the surface density
of glycosylated ligands at the liposome surface (Kingery-Wood e a/. 1992), (Spevak ez
al. 1993), (Mammen ez al. 1998).

However, the relationship between liposomal ligand density and binding affinity is not
linear and greater ligand density does not necessarily lead to a higher cellular uptake
(Sanna ez al. 2014), (Bertrand e a/. 2014). For example, high ligand density can affect
the ligand molecular orientation - thus its ability to bind its intended biological target -
due to steric hindrance of neighbouring molecules, moreover excessive competition
for the binding site can sometimes interfere with ligand-receptor binding (Nobs e# al.
2004). In addition, high membrane density of hydrophobic ligands on liposomes can
lead to decreased circulation half-life due to internalisation by macrophages (Valencia

et al. 2011). Furthermore, high density of ligands on liposome surface can negatively
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affect biodistribution and half-life 7 2o due to increased immunogenicity and
consequent antibody-mediated elimination (Li ez 2/ 2002).

Liposomes functionalised with monosaccharide ligands have been employed to deliver
a number of drugs and antigens to target cells (Johannssen and Lepenies 2017), (Jain ez
al. 2012). Although targeted liposomes have been widely investigated, the performance
of these nanocarriers both 7z vitro and in vivo still needs improvements (Sipai Altaf Bhai
et al. 2012), and a better understanding of the function of their structural and chemical
patterns - the spatial distribution and density of the ligands, and lipid composition - is
much needed.

This part of the project aimed at understanding how the ligand presentation on the
surface of liposome affects binding to mannose-binding lectin Con A. In this contest,

three models of liposomes with different ligand presentation modalities were utilised.

) ‘ ¢ )

. . | § .
a b ' c

Figure 15 - Schematic representation of the three different glycosylated liposome models investigated

in our work: a) glycoside lipid heads laying at the surface of liposomal membrane. b) liposomes with

spacers separating the sugar ligand from the membrane. c) glycosides presented as ligand clusters.

In the first liposome pattern (Figure 15a), carbohydrate ligand molecules are displayed

in very close vicinity of the lipid membrane, and are therefore surrounded by the
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hydrophilic heads of the membrane phospholipids. In the second model (Figure 15b),
a spacer is introduced between the hydrophobic anchor inserted in the membrane
bilayer and the sugar moieties, to potentially improve the accessibility of individual
carbohydrate ligands to lectin receptor binding pockets. In both models, carbohydrate
ligands are presented as individual units at the liposomal membrane, and multivalent
effect can be achieved due to spatial proximity of contiguous individual sugar ligands.
In the third model (Figure 15¢) glycoside ligands are presented as clusters, as part of
short oligosaccharide sequences (discussed in chapter 4.4.2). Enge/and co-workers have
investigated the influence of spacer length on Con A binding, and found that a
minimum spacer length of 2 ethylene glycol units is required to achieve detectable
binding (Engel ez a/. 2003). The initial part of this work aimed at validating these
findings, and further show how the liposomal lipid composition, in addition to the
length of the spacer, can affect liposomal binding to Con A. The synthesis of the
glycoligands used in this chapter (compounds 6, 8, 10, 14) has been reported and

discussed in detail in Chapter 2.
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3.2 Materials and Methods

3.2.1 Materials

Dioleoyl-sn-glycero-3-phospho-L-serine sodium salt, sphingomyelin and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine  were purchased from NOF FEurope
Corporation. Cholesterol, methyl-a-D-mannopyranoside, concanavalin A and all other
chemicals were purchased from Sigma-Aldrich. Acetone, chloroform and methanol
were purchased from Fischer Chemicals and were of analytical grade. Glycolipid

ligands were prepared as described in Chapter 2.

3.2.2  Methods

The mean diameter and size distribution of liposomes were measured using Zetasizer
2000, Malvern Instruments, UK (Measurement angle: 173° Backscatter), and
disposable ZENO0040 cuvettes. Results are the mean of eleven measurements,
performed at 25°C.

UV-vis measurements were recorded with a PerkinElmer UV /Vis spectrophotometer,
using quartz microcells (Path Length: 10 mm, Inside Width 2 mm, Volume 1.5 ml).
Sonicator used was Ultrasonic Bath Branson 5510. Avanti Mini Extruder was used for
liposomes extrusion.

Best fitting nonlinear regression and rate constant (K) were determined by GraphPad

Prism 7.03°, using nonlinear regression, one phase association analysis.
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3.3 Experimental section

3.3.1 Liposome assembling

Stock solutions of phospholipids, cholesterol, glycoligands (compounds 6, 8, 10, 14),
Con A and methyl a-D-mannopyranoside were all prepared at a concentration of 1.0
mg/mL unless otherwise stated (Table 3). The lipid composition of the liposomes was
controlled by varying the molar ratio of the phospholipids utilised in this study.
Liposome formulations were prepared by the Bangham Method (hydration of a thin
lipid film). The required amount of each lipid stock solution was mixed in a round-
bottomed flask and the organic solvent was evaporated under reduced pressure to form
a lipid film. The round bottom flask was then left under a stream of nitrogen to dry for
two hours to ensure that any residual solvent was removed. After suspension of the
lipid film with DI water - total lipid concentration was 1.0 mM in all formulations - the
mixture was sonicated and extruded at 20°C through a polycarbonate membrane with
0.1 pm pore size. After 21 cycles through the extrusion device, the resulting liposomal
formulation was analysed by dynamic light scattering to characterise the vesicle size

and polydispersity.
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Table 3- Stock solutions: concentration and solvents.

Solute Code Conc
Solvent
mg/ml.

1-palmitoyl-2-oleoyl-sn-glycero-3- POPC 1.0 CHCl;
phosphocholine
Cholesterol Chol 1.0 CHCI;
Sphingomyelin SM 1.0 CHCl3/MeOH (9:1)
1,2-dioleoyl-sn-glycero-3-phospho-1- PS 1.0 CHCl;
serine, sodium salt
Glycoligands (6, 8, 10, 14) - 0.1 CHCl3/MeOH (9:1)
Concanavalin A Con A 4.56 uM! HEPES Buffer?
Methyl a-D-mannopyranoside - 54 mM HEPES Buffer?

1Con A concentration was derived by measuring the absorbance at A = 280 nm and applying the formula
[A280=1.37 x (mg/mL Con A)] (Gou ¢t al. 2013)
20.10 M HEPES buffer containing 0.90 M NaCl, 1.0 mM CaCly, 1.0 mM MgCl, — pH 7.4.
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3.3.2 Con A lectin binding studies

Muller and Schuber’s method (Muller and Schuber 1989) was followed to carry out the
agglutination assay. Briefly, 500 pL. of liposome sample (1.0 mM of total lipid
concentration) were introduced in a quartz microcell, which was then placed in a UV-
vis spectrophotometer. Con A stock solution (500 pL) was added. The change in
absorbance (due to light scattering) at A=550 nm was measured over 5 minutes, at
25°C, with acquisition of data every 0.2 sec.

Espuelas’ method (Espuelas ez a/. 2003) was followed to carry out the disaggregation
assay, where the stability of glycosylated liposomes-Con A clusters over time in the
presence of an excess of a monovalent competitive ligand (x-methyl-D-
mannopyranoside) was investigated. Briefly, 500 uL of the aggregated liposome-Con
A suspension was diluted fourfold with milliQQ water. 900 uL. of the resulting diluted
suspension were introduced in a quartz cuvette and placed into a UV-vis
spectrophotometer. 100 ul. of the 54 mM «-methyl-D-mannopyranoside stock
solution were added to the suspension. The change in light scattering (absorbance, or
optical density, OD) at A=550 nm and was monitored over a period of 5 minutes at
25°C, with acquisition of data every 0.2 sec.

All tests were repeated at least twice, data reported are the average of all absorbance
readings. The error shown is the standard deviation. Some error bars are smaller than
the symbols. Controls used in these experiments are 7) galactose containing liposomes
(Gal-TEG-liposomes, unable to bind Con A), 7) blank liposomes without ligands, and
777) mannosylated liposomes (Man-TEG-liposomes) without Con A, were used as

negative controls.
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3.4 Results and Discussion

The aim of this part of the project was to investigate the influence of the density of
carbohydrate ligands at the liposome membrane and lipid composition on binding to
Con A model lectin.
As discussed in the introduction, in this part of our study, we investigated
i how the liposome structural components — lipids and carbohydrate ligands
- affect the lipid vesicle size,
il. how the nature of the sugar molecules, mannose vs. galactose, and their
membrane concentration affected the rate of lectin binding,
1id. the effect of liposome lipid composition on lectin binding,
iv. the anchoring lipid effects on liposome surface glycosylation and their
lectin binding activity.
The ligands (6), (8), (10) and (14) were utilised along cholesterol and phospholipids - 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (PC), sphingomyelin (SM), 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine, sodium salt (DOPS-Na) - to prepare a library
of different liposome formulations using the Bangham Method (hydration of a thin
lipid film). The latter involved suspension of the lipid films with DI water,
ultrasonication of the resulting mixture to reduce the size and produce mostly
unilamellar vesicles, and then extrusion at 20°C through a polycarbonate membrane
with 0.1 um pore size to give liposome with average diameter of around 100 nm. The
rate of binding between the glycosylated liposomes and Concanavalin A (Con A) model
lectin was assessed by a turbidimetry assay (tetrameric Con A induces clustering of

mannosylated liposomes, which over time results in the formation of a visible
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precipitate), whilst the stability of resulting liposome-Con A aggregates in the presence
of carbohydrate competitive ligands was investigated by a reversal aggregation assay
using an excess of methyl-a-D-mannopyranoside monovalent ligand. Liposome size
distribution and stability analysis were performed by dynamic light scattering (DLS)

measurements.

3.4.1 Influence of carbohydrate ligand accessibility and membrane density on Con
A binding

In order to investigate how the density of liposome membrane sugar ligands affects
the rate of clustering with Con A, a set of glycosylated liposomes with different ligand
membrane densities were prepared.

0-30% of a-O-(tetra(ethyleneglycol)) palmitoyl mannose (10) with respect to the total
lipid molar composition was initially utilised. The palmitoyl-TEG-mannoside ligand
was mixed with cholesterol (40% of the total lipid molar composition), sphingomyelin
(5% of the total lipid molar composition), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (55-25% of the total lipid molar composition) — (Table 4, Figure 16).
After extrusion, the mean diameters of the Man-TEG-liposome formulations
produced were in the 102-118 nm range (Appendix 6.3, Table S1, Figure S54) which
suggests that no liposome aggregation/merging occurred following liposome
extrusion. This indicated that within the range of compositions investigated, the
physical stability of liposomes was not affected by the presence of Man-glycolipids

within the liposomal membrane.
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Table 4 - Lipid composition of Man-TEG liposome formulations.

Molar Ratio %

Formulation Mar(ll'g)EG Chol SM POPC (d_z;lgefg;;_ Pdl* £ S.D.
Liposome-0 0 40 5 550 82681022  0154%007
Man-TEG Liposome-2.5 2.5 40 5 525 10224055 0163002
Man-TEG Liposome -5 5 40 5 500 9975063  0.101+001
Man-TEG Liposome -7.5 7.5 40 5 475 1122£099 0123 *0.64
Man-TEG Liposome -10 10 40 5 45 1033 £0.68 0234 +0.09
Man-TEG Liposome -15 15 40 5 400 10584028 0172002
Man-TEG Liposome -20 20 40 5 35.0 108.1 £ 0.64 0.180 = 0.01
Man-TEG Liposome -30 30 40 5 250 11772067 0148+ 0.09

Man-TEG: «-O-(tetra(ethyleneglycol)) palmitoyl mannose; Chol: cholesterol; SM: sphingomyelin;

POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. *Average values = S.D. (n=3).
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Figure 16 — Targeted liposomes formed from Mannose ligand (10), where a tetra(ethylene glycol) TEG

spacer was employed to improve exposure of Man carbohydrate moieties to Con A model lectin.
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In biology, the rate at which lectin receptors interact with their carbohydrate ligands
can range from less than a second to several hours (Gestwicki ez a/ 2002). Although
not strictly a direct measure of strength of binding, for which techniques like isothermal
titration calorimetry (ITC) are more appropriate, the rate at which multivalent ligands
and lectins form insoluble aggregates is commonly utilised as a rapid test to screen
libraries of novel multivalent carbohydrate ligands (LLadmiral ef a/. 2000), (Cairo ez al.
2002). Typically this is carried out by turbidimetry, by measuring the change of
absorbance, here a measure of light scattering, which occurs following the mixing of
multivalent ligands and lectins. Being tetrameric at pH ~ 7, Con A is particularly suited
for the clustering of multivalent mannosylated ligands.

In this study a turbidimetric assay was carried out to evaluate the relative rate of
clustering in function of the glycosylation ratio on a set of 7 formulations, where the
Man-TEG-ligand content was respectively 0%, 2.5%, 5%, 7.5%, 10%, 15%, 20% and
30% of the total lipid molar composition (Table 4). Here the molar proportion of
cholesterol and sphingomyelin were kept constant at 40 % and 5 %, respectively, and
the concentration of POPC was used to balance the variation of Man-TEG-ligand. A
solution of Con A in 0.10 M HEPES buffer (also containing 0.90 M NaCl, 1.0 mM
CaCl,, 1.0 mM MgCl, — pH 7.4) was added to the glycosylated liposome formulations
and the rate of aggregation was measured as a function of the increase in the light

scattering (absorbance) at A = 550 nm (Figure 17).
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Aggregation Assay - Man-TEG Liposomes
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Figure 17 - Aggregation assay conducted on Man-TEG liposomes where Man-TEG-ligand content was
increased from 0% to 30% of the total lipid molar composition. Con A in 0.10 M HEPES buffer (0.90
M NaCl, 1.0m M CaCl,, 1.0 mM MgCl - pH7.4) was added to each formulation. N=2. The data set

shows groups of continuous data acquired every 0.2 sec. For more convenient data visualisation,

standard deviations are shown for every 25 sec recorded data points
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Figure 18 - Rate constant of aggregation Con A-Man-TEG liposome against ligand composition. For

each Man-TEG liposome formulation, the rate constant (K) from nonlinear regression best fitting the

entire aggregation curve was plotted vs. Man-TEG ligand (%), N=2. Gal-TEG-liposomes (unable to
bind Con A) and Man-TEG liposomes in HEPES buffer without Con A were used as controls, N=2.

The error shown is the standard error. Some error bars are smaller than the symbols.
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Two distinct events in the clustering experiments can be identified. Firstly, tetravalent
Con A clusters mannosylated-TEG-liposomes, resulting in the formation of insoluble
aggregates and consequently inducing an increase in the absorbance (initial
aggregation). Subsequently, secondary aggregation events can start occurring, where
these Con A-liposome clusters will start to aggregate together. The second order
aggregates do not provide any useful information in term of kinetic of binding between
Con A and glycoliposomes, hence typically only the first few seconds of the kinetic
curves are utilised to estimate the rate of binding (Gou ez 2/ 2013). In our experiments,
however, these higher-order aggregation phenomena seemed to be less evident than
what observed in studies where synthetic glycopolymers were employed (LLadmiral ez
al. 2000), (Cairo ez al. 2002). Indeed, after an initial steep increase of scattering, virtually
all samples almost plateaued towards the end of each kinetic run.

A nonlinear regression best fitting the aggregation curve was calculated for each
mannosylated liposome formulation, and its rate constant (K) (data reported in
Appendix 6.3, Table S2) was used to estimate the aggregation rate against glycoligands
% composition (Figure 18). The change of observed absorbance at t = 0 in Figure 17,
and to an extent was found to be dependent on the ligand concentration, is due to the
fact that measurements start a fraction of a second after the addition of Con A to the
liposome samples, when some minimal, but detectable aggregation has already started.
As the rate is calculated from the rate constant (K) of the entire aggregation curve, the
small initial delay in starting the measurement (in a first approximation approximately
the same for all samples) will not affect significantly the measurements. This is a
qualitative assay, and can be used to screen libraries of polymers, liposomes, by

providing a relative (not absolute) comparison of aggregation rates. Up to 10% Man
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ligand content, the rate of clustering was found to be directly proportional to the
density of Man-TEG-ligands on the liposome membrane and this trend is in agreement
with other lectin induced aggregation studies (Curatolo ez a/. 1978), (Kitano ez al. 2001),
(Thomas ef al. 2009). The formulation of plain liposomes without Man-TEG-ligands
on the surface was used as control and, as expected, no Con A-mediated liposome
clustering could be observed (Figure 17).

The lack of aggregation for the 2.5% Man-TEG liposome formulation and Con A
might be attributed to a low density of Man-TEG ligand on the liposomal membrane.
The mannose ligand units are too spaced apart to allow Con A tetramer to crosslink
bilayer membranes (Figure 19a), thus the lower binding rate. Increasing the amount of
Man-TEG content corresponds to increased ligand surface density. The distance
between mannose ligands is reduced, allowing sufficient lateral diffusion for
aggregation and also increasing the chances of effective collision between two
glycoligands and two sugar binding sites on Con A (Figure 19b) (Mammen ez a/. 1998).
Maximum aggregation rate was achieved with 10% Man-TEG content, suggesting the
distance between mannose ligands is such as to match the binding site separation
distance in tetrameric Con A, allowing strong binding during each collision between
Con A and Man-TEG liposomes. After 10% Man vs. total lipid molar composition, a
plateau in clustering rate was observed showing that at around this ligand density
maximal Con A binding was achieved and further increase in ligand concentration did
not affect lectin binding. This might be attributed to high glycoligand density steric
effects may hamper further Con A binding, or simply steric encumbrance provided by

large Con A tetramers at the liposomal membrane which may prevent access of
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additional Con A molecules to membrane glycoligands, resulting in constant binding

rate (Figure 19¢) (Bakowsky ez /., 2000), Ladmiral ez /., 2000).
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Figure 19 - Schematic representation of Con A clustering by different Man-TEG content in Man-TEG
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liposomes. (A) Low-density Man-TEG ligand; (B) Optimum-density ligand; (C) High-density ligand.

The stability of the Con A-liposome clusters in the presence of mannosylated
competitive ligands was assessed by a reversal aggregation assay. The aggregated
suspensions from the previous set of experiments were diluted 4-fold. Then, a solution
of methyl-a-D-mannopyranoside (54 mM, this concentration was chosen after
different trials aimed at optimising the rate of disaggregation) was added and the
decrease in turbidity was measured. Methyl-a-D-mannopyranoside acted as a
competitive monovalent ligand which at high concentration can displace Con A from

the targeted mannosylated liposomes (Figure 20).
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Reversal Aggregation assay - Man-TEG Liposomes
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Figure 20 Reversal aggregation assay conducted on aggregated Man-TEG liposome formulations. After
addition of a 54 mM a-methyl-D-mannopyranoside in 0.10 M HEPES buffer containing 0.90 M NaCl,

1.0 mM CaClz, 1.0 mM MgCl> — pH 7.4. Disaggregation of Man-TEG (10)-liposome-Con A clusters

was monitored as a function of a decrease light scattering at A=550 nm. N=2. The data set shows groups
of continuous data acquired every 0.2 sec. For more convenient data visualisation, standard deviations

are shown for every 25 sec recorded data points.

In order to further confirm that the observed clustering was indeed mannose-
dependent, three galactosylated liposome formulations were prepared using 2.5%,
15%, or 30% of galacto-TEG-ligand (8), with 5% sphingomyelin, 40% cholesterol and
respectively 52.5%, 40% and 25% of POPC (Table 5).

The average diameter of this set of liposome formulations was in the 87-93 nm range
(Appendix 6.3, Figure S55). A stereoisomer of mannose, galactose has identical
molecular weight (thus similar size) than mannose, but is unable to bind to Con A, is
an ideal non-binding control ligand for this study. The aggregation assay was carried

out following the same procedure of the Man-TEG (10) liposome, and as expected no
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increase in light scattering was observed (Figure 21). This confirmed the specificity of

binding to Con A for the mannosylated liposome formulations.

Table 5 — Lipid compositions of Gal-TEG liposome formulations.

Molar Ratio %

Formulation T}gél_(s) Chol SM POPC (frﬁiaien PdI" + S.D.
Gal-TEG Liposome-2.5 25 40 5 525  87.06+0.62 0177 +0.01
Gal-TEG Liposome-15 15 40 5 400  9621+0.65 0.178+0.08
Gal-TEG Liposome -30 30 40 5 250  9422+014 0142 +0.03

Man-TEG: «-O-(tetra(ethyleneglycol)) palmitoyl mannose; Chol: cholesterol; SM: sphingomyelin;
POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. *Average values £ S.D. (n=3).
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Figure 21 - Aggregation assay conducted on Gal-TEG liposomes where Gal-TEG-ligand content was
varied from 2.5%, 15% and 30% of the total lipid molar composition. Aggregation plot for 15% Man-
TEG liposome formulations is shown for comparisons. Con A in 0.10 M HEPES buffer (0.90 M NaCl,
1.0 mM CaCl, 1.0 mM MgCl, - pH7.4) was added to each liposomal formulation. N=2. The data set
shows groups of continuous data acquired every 0.2 sec. For more convenient data visualisation,

standard deviations are shown for every 25 sec recorded data points.
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To investigate how the accessibility of sugar ligands at the liposomal membrane affects
the binding with Con A, an additional family of liposomes incorporating mannosylated
lipids lacking the TEG spacer (compound 6), was prepared (Figure 22). A liposomal
formulation was prepared with 10% mannose ligand (6), 5% of sphingomyelin, 40%
of cholesterol and 45% of POPC. After extrusion through a 0.1 pum membrane, the
average diameter Dy was found to be ~ 130 nm. The slight difference in diameter of
this mannosylated liposome without TEG spacer, compared with both galactose and
mannose TEG-liposomes is difficult to explain, and it could be speculated that this
could be due to an increase of steric hindrance on the liposome surface among polar
heads of the phospholipids and the carbohydrate units.

Again, aggregation assays were carried out comparing 10% Man-TEG liposome with
10% Man liposome, and showed that in the absence of a spacer lifting mannose ligands
sufficiently above the liposomal membrane to allow lectin binding, no Con A-mediated
liposome clustering occurred (Figure 23). These results are in line with analogous

previous studies by Engel ez a/ (Engel ez al. 2003a), (Engel ez al. 2003b).

Figure 22 - Targeted liposomes formed from Mannose ligand (6).
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Aggregation Assay - Man-TEG vs Man Liposomes
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Figure 23 - Effect of TEG spacer on Con A-mediated liposome aggregation: Man-TEG (10) liposome
vs Man liposome (6), 10 % ligand content on the liposome membrane. Con Ain 0.10 M HEPES buffer
(0.90 M NaCl, 1.0 mM CaClz, 1.0 mM MgCl; - pH7.4) was added to each formulation to induce liposome
clustering. N=2. The data set shows groups of continuous data acquired every 0.2 sec. For more

convenient data visualisation standard deviations are shown for every 25 sec recorded data points.

3.4.2 Influence of lipid composition on liposome binding to Con A lectin

This part of the study focused mainly on two lipids, cholesterol and DOPS-Na.
Cholesterol is an essential component in the cells membranes and plays a crucial role
in membrane organisation, dynamics, function and sorting (Ikonen 2008). Cholesterol
regulates membrane fluidity and contributes to generate a semipermeable barrier
between cellular compartments (van Meer e a/ 2008). Similarly, cholesterol
incorporation in liposomal membrane increases the packing of phospholipid molecules
and reduces bilayer permeability (Szoka 1980), and typically makes them more rigid
(Liu et al. 2000) and increases their stability (Briuglia ez 2/ 2015). Altough in lipid
membranes cholesterol:phospholipids molar ratio can be as high as 2:1 (Lundberg

1977), (Szoka 1980), the amount of cholesterol usually incorpored in liposomal
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membrane is ~ 30 mol% (Lian and Ho 2001). However optimum lipids:cholesterol
ratio needs to be determined for each specific application on a case by case basis
(Sorkin ez al. 2017), (Bunker ef al. 2016). In this part of the project we investigated the
effect of different cholesterol content in liposomal formulations on liposome binding
to Con A lectin. Firstly, a set of six formulations with variable cholesterol content were
prepared. Each sample was formulated with 10% palmitoyl-TEG-mannoside ligand
and 10% SM. The content of cholesterol was increased from 0 to 50% of total lipid
molar composition and POPC was decreased accordingly from 80% to 30%, to
compensate the change in composition of cholesterol (Table 6). As expected, following
sonication and extrusion through a 0.1 pm membrane, the average size for all liposome
formulation as measured by DLS was close to 100 nm for all formulations investigated

(Appendix 6.3, Table S1, Figure S50).

Table 6 — Lipid composition of Man-TEG liposome formulations with variable cholesterol content.

Molar Ratio %

Formulation Ma‘zl‘:)EG Chol M POPC d.zjnv)ef_fg;; Pdl* + S.D.
Man-TEG Chol-0 10 0 10 80 105.2 £ 0.46 0.079 % 0.02
Man-TEG Chol-10 10 10 10 70 93.23 + 0.47 0.180 % 0.01
Man-TEG Chol-20 10 20 10 60 95.37 + 0.81 0.116 + 0.01
Man-TEG Chol-30 10 30 10 50 111.4 + 0.60 0.095 + 0.01
Man-TEG Chol-40 10 40 10 40 120.7+ 0.67 0.148 % 0.10
Man-TEG Chol-50 10 50 10 30 136.4 £ 1.18 0.079 % 0.01

Man-TEG: «-O-(tetra(ethyleneglycol)) palmitoyl mannose; Chol: cholesterol; SM: sphingomyelin;
POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. *Average values + S.D. (n=3).
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Aggregation Assay - variable cholesterol com position
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Figure 24 - Aggregation assay conducted on Man-TEG liposomes where cholesterol content was
increased from 0 to 50% of the total lipid molar composition. Con A in 0.10 M HEPES buffer (0.90 M
NaCl, 1.0 mM CaCly, 1.0 mM MgCl> — pH 7.4) was added to each formulation. N=2. The data set shows
groups of continuous data acquired every 0.2 sec. For more convenient data visualisation, standard

deviations are shown for every 25 sec recorded data points.
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Figure 25 — Rate constant of Con A-mediated aggregation of Man-TEG liposomes with different
cholesterol content. For each formulation, the rate constant (K) from nonlinear regression line best
fitting the entire aggregation curve was plotted vs cholesterol % composition. N=2. The error shown is

the standard deviation. Some error bars are smaller than the symbols.
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Aggregation assay clearly showed that under the range of concentrations investigated,
an increase of cholesterol content induced an increase in the rate of clustering (Figure
24). A nonlinear regression fitting the aggregation curve was calculated for each Man-
TEG Chol liposome formulations, and its rate constant (K) (data reported in Appendix
0.3, Table S2) was used to evaluate the aggregation rate against glycoligands %
composition (Figure 25). In the range of concentrations investigated, the rate of
clustering increased with the concentration of cholesterol in the liposome membrane,
up to ca. 40% cholesterol content.

Again, at this stage it was quite difficult to rationalise these results. It is well known that
within cell membranes, lipid raft regions are enriched in cholesterol (Simons and
Toomre 2000). These lipid domains are more ordered and tightly packed than the
surrounding bilayer and usually entrapped transmembrane proteins (Lingwood and
Simons 2010). These domains containing mixtures of different phospholipids-
cholesterol can exist in liposomal membranes (Brown and London 2000). High
concentration of cholesterol in lipid membrane results in the formation of the liquid-
ordered (I,) phase which is a liquid from the point of view of the translational degrees
of freedom (lateral diffusion) but otherwise regarded as rigid in terms as acyl chain
order (Mouritsen 1991), (Jacobson e al. 2007). Alkyl chain of lipids in the I, phase are
extended and tightly packed but have a high degree of lateral mobility (Brown and
London 1998),(Brown and London 2000). Therefore, one could hypothesise that
increasing the cholesterol content, increases the lateral mobility of Man-TEG ligand,

hence the faster Con A aggregation.
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An analogous set of experiments were carried out with liposomal formulations where
the phosphatidyl-L-serine (DOPS-Na) content was systematically varied (Table 7).
Negatively charged lipids like DOPS-Na are of particular interested in liposome
formulations. The negative charge helps in stabilising the lipid vesicles avoiding
colloidal aggregation (Lian and Ho 2001). In addition, it is hypothesised that the inner
negatively charged heads repelling each other create a larger water core, that allows
enhanced hydrophilic drug encapsulation (Sipai Altaf Bhai ez a/ 2012). As expected,
following sonication and extrusion through a 0.1 um membrane, the average size for
all liposome formulation as measured by DLS was close to 100 nm for all formulations

investigated (Appendix 6.3, Figure S57)

Table 7 - Lipid composition of Man-TEG liposome formulations with variable PS content.

Molar Ratio %
Formulation A TEG PS POPC Z-Averager Pdl=
10) d. nm
Man-TEG PS-0 10 10 0 80 111.6 0.075
Man-TEG PS-5 10 10 5 75 1142 0.117
Man-TEG PS-10 10 10 10 70 1327 0.163
Man-TEG PS-15 10 10 15 65 131.1 0.205

Man-TEG: «-O-(tetra(ethyleneglycol)) palmitoyl mannose; Chol: cholesterol; SM: sphingomyelin;
POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. 2Diameter and polydispersity index as assessed

by DLS, n=1 due to time constraint.
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Aggregation Assay - variable PS com position
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Figure 26 - Aggregation assay conducted on Man-TEG Liposomes where phosphatidylserine (PS)
content was increased from 0 to 15% of the total lipid molar composition. Con A in 0.10 M HEPES
buffer (0.90 M NaCl, 1.0 mM CaCl, 1.0 mM MgCl, - pH7.4) was added to each formulation. The data
set shows groups of continuous data acquired every 0.2 sec. For more convenient data visualisation,

standard deviations are shown for every 25 sec recorded data points
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Figure 27 - Rate constant of aggregation Con A-Man-TEG Liposomes with different PS content against
PS composition. For each formulation, the rate constant (K) from nonlinear regression best fitting the
entire aggregation curve was plotted vs PS % composition. N=2. The error shown is the standard

deviation. Some error bars are smaller than the symbols.
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In our study changing DOPS-Na content did not have any significant impact on Con
A-liposome clustering rate (Figure 26 and Figure 27), (data reported in Appendix 6.3,
Table S2). This result may suggest that the content of negatively charged DOPS-Na
could be increased to reduce the natural tendency of liposomes to aggregate, without

detrimental effects on lectin binding.

3.4.3 Influence of ligand anchors on liposome lectin binding

For targeted liposomes, the role of the lipid anchor on the liposome binding properties
is still largely unexplored (Vabbilisetty and Sun 2015). We hypothesised that both the
overall membrane lipid composition and the chemical nature of the chemical anchor
of the carbohydrate ligands could affect how the sugar ligands are spatially distributed
within the membranes — ze. randomly distributed vs. clustered ligands. In order to
investigate the effect of the two anchor systems developed in this work (glycolicands
10 and 14, Figure 28) on Con A binding, a liposomal formulation was prepared with
10% mannose-cholesterol ligand (14), 10% of sphingomyelin, 30% of cholesterol and

50% of POPC (Table 8, Figure 29). After extrusion through a 0.1 pm membrane, the

average diameter Dy was found to be ~ 110 nm (Appendix 6.3, Figure S58). For
comparion purposes, a 10% Man-TEG liposomal formulation with similar

composition was prepared (Table 8).
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Figure 28 — Chemical structures of glycoligands with different hydrophobic anchors: (10) Man-TEG

palmitoyl ligand, (14) Man-Cholesterol ligand.

Table 8 - Lipid composition of Man-Chol liposome and Man-TEG liposome formulations.

Molar Ratio %

Glyco- 7 A .
yeo POPC verage PdIc+ S.D.

Formulation Chol  SM (d. nm) * S.D.

ligand
102 30 10 50 109.9 + 0.10 0.088= 0.01

Man-Chol Liposome

Man-TEG Liposome 10P 40 10 40 113.6 £ 0.80 0.085% 0.01

*Glycoligand (14); bglycoligand (10). Man-TEG: o-O-(tetra(ethyleneglycol)) palmitoyl mannose; Chol:
cholesterol; SM: sphingomyelin; POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. <Average

values £ S.D. (n=3).

Figure 29 - Targeted liposomes formed from Mannose ligand (14), where a cholesterol anchor was

employed to insert Man ligand in the liposomal membrane.
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Aggregation assay were carried out comparing 10% Man-Chol liposome with 10%
Man-TEG liposome. Surprisingly, for the 10% Man-Chol liposome formulation no
Con A-mediated liposome clustering could be observed (Figure 30). As previously
discussed, when membranes are rich in cholesterol, some of their components can
segregate with the formation of lipid rafts (Lingwood and Simons 2010), (Hayden ez a/.
2009). Noble and coworkers showed that mannosylated ligands with a hydrophobic
perfluoroalkyl pyrene anchor, when inserted into vesicles, can phase-separate into

artificial lipid rafts (Noble ez 2/ 2009) and bind Con A in a monovalent manner.

Effect of different ligand anchors on clustering rates

0.5
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Figure 30 - Effect of lipid anchor on Con A-liposome aggregation using 10 % mannosylated ligands -
Man-TEG palmitoyl (10) and Man-cholesterol (14) ligands - on the liposome membrane. Con A in 0.10
M HEPES buffer (0.90 M NaCl, 1.0 mM CaClz, 1.0 mM MgCl; - pH7.4) was added to each formulation
to induce liposomal aggregation. The data set shows groups of continuous data acquired every 0.2 sec.
For more convenient data visualisation, standard deviations are shown for every 25 sec recorded data

points.
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The lack of any significant lectin binding shows that the mannose groups are less
available, which could be due to the lack of tetravalent interactions between Con A and
liposomal membranes (Figure 31a) or to steric crowding of the mannose groups in the
lipid rafts (Figure 31b) (Noble ez a/. 2009).

Another possible explanation of the poor ligand membrane exposure is related to the
location of cholesterol in the membrane (Marquardt ez a/. 2016) which could reduce the
ligand exposure at the surface for effective interaction with lectin binding pockets with
deeper embedding of the Man-TEG ligand in the membrane (Figure 31c).

For time restrictions, these hypotheses have not been further investigated in this thesis

work, and will be the subject of future work within our group.
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Figure 31 - Schematic representation of Con A clustering by Man-ligand with cholesterol anchor in
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Man-liposomes. (A) Binding of Con A to mannosylated ligands that are in artificial “lipid rafts”; (B)
Clustering of mannosyl ligands causes steric congestion for efficient Con A binding; (C) deeper

embedding of the Man-TEG ligand in the membrane causes poor mannose ligand membrane exposure.
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3.5 Conclusions

In this chapter, the role of the liposome structural components on binding to Con A
model binding was investigated. Four glycosylated lipids (6, 8, 10 and 14) - with and
without tetracthyleneglycol spacer and with different anchors - have been used to
formulate targeted glycoliposomes. Following sonication and extrusion, all
formulations investigated were found to be stable and with an average size around 0.1
um. Con A was used as a model lectin to investigate how densities of different sugars
residues (mannose and galactose), the spatial distribution of these ligands and the lipid
composition of the liposomal membrane affect the rate of lectin binding. At this point
in the work, glycopolymer ligands were not yet available, therefore aggregation studies
were carried out only on monovalent ligands. Our results indicated that the binding
kinetics can be strongly affected by these parameters. The presence of sugar ligands on
the surface of liposomal membrane is not sufficient per se to achieve efficient binding;
the way they are displayed is equally important. Both the surface density of glycosilated-
lipids and the lipidic composition of the liposomal membrane were found to affect the
rate of lectin binding. The cholesterol content was found to increase the binding rate,
whilst within the range of concentrations investigated (0-15% of the total lipid molar
composition) the effect of PS was significantly less marked. The rate of Con A-
mediated liposome clustering was found to be directly proportional to the density of
Man-TEG ligand (10) on the liposome membrane, up to10% Man vs. total lipid molar
composition. After this limit a plateau in clustering rate was observed. Surprisingly
Man-Chol ligand (14) showed poor ligand exposure compare with Man-TEG ligand

palmitoyl anchored. We hypothesised that the lack of binding between Con A and
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Man-Chol liposome may be due to a lack of cluster glycoside effect caused by the
segregation of Man-Chol ligand (14) in lipid-rafts or due to the poor ligand membrane

exposure for the deeper embedding of the cholesterol anchor.
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CHAPTER 4

Bespoke glycoliposomes for Salmonella

intracellular infection 7z vitro model

Intracellular infections caused by pathogens such as Salwonella, Listeria, and
Mycobacterium species, constitute a challenge for antimicrobial treatment (Ranjan ez 4.
2012). As discussed in Chapter 1.3.3, in such infections bacteria are protected inside
the host cells, thus to eradicate them antibiotics need to cross the host-cell membrane
and reach the intracellular site at a sufficient therapeutic level. Therefore the discovery
of new antibiotics per se is not sufficient for the treatment of these pathogens (Huh and
Kwon 2011). Antibiotic-loaded carriers have been investigated to improve the delivery
of drugs to bacteria-infected cells (Pinto-Alphandary ez a/. 2000). Mannose Receptor
(MR, CD200) a carbohydrate endocytic receptor present on immature dendritic cells,
macrophages, and selected endothelial cells, is a potential access gate to Salmonella-
infected macrophages which could be selectively targeted with mannosylated-

decorated liposomes.
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Liposomes are the most employed nanodevices to encapsulate antibiotics for treating
intracellular infections (Velge ez 2/ 2012) and they have been used in several Sa/nonella
intracellular infection studies both 7 vitro (Lutwyche ez al. 1998) and in vivo (Fierer et al.
1990), thus they were utilised in this work as the drug delivery carrier of choice. In this
chapter we describe the design, the development and investigation of liposomal
systems to delivery antimicrobials into Salmonella-infected macrophages. The hereby
presented preliminary results of liposome internalisation and bacterial killing efficacy

will require further investigation (discuss in Chapter 5.2).
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4.1 Introduction

As discussed in Chapter 1.3, Salmonella enterica subspecies enterica serovar Typhi and
Typhimurium (hereafter referred to as S. Typhi and S. Typhimurium, respectively) are
the subspecies responsible for most Sa/nonella infections in humans (Darwin and Miller
1999). §. Typhi is an exclusive human pathogen (Parry ez o/ 2002) and it is responsible
for an invasive, life-threatening, systemic disease, known as typhoid fever, where the
bacteria enter, survive and replicate within macrophages (Finlay and Brumell 2000). It
has been estimated that there are over 16 million cases of typhoid fever per year
wortldwide, with more than 600,000 deaths (Crumpi e a/. 2004). S. Typhimurium
usually causes gastroenteritis in human with 93.8 million cases per year (Crump ez 4.
2004). §. Typhimurium, as its name murine-Typhi suggests, induces a systemic disease
in mice similar to human typhoid fever, and therefore provides a valid model to study
Salmonella intracellular infection in macrophages (Mackaness e a/ 1966). A key
parameter in Salmonella intracellular infection of macrophage cells is the average
number of bacteria inside each infected cell. Counts of bacteria in patients with acute
typhoid fever indicated that not all phagocytic cells are infected (Mastroeni ez a/. 2009),
and showed a median concentration of 1.3 organisms per phagocytic cell (Rubin ez a/.
1990), (Wain e al. 1998), (Wain e al. 2001). Accordingly, in this work we targeted an

analogous multiplicity of infection (MOI) in our infection model (Figure 32).
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Figure 32 - Transmission electron microscopy image of Salmonella enterica subsp. enterica serovar
Typhimurium growing within a macrophage 22 hours post-infection. (Image of G. M. Barton, University

of California, Berkeley, USA.), (Sanchez 2011).

An additional complication in the treatment of Salnonella infections is the potential
development of antimicrobial resistance which can dramatically reduce the range of
effective antibiotics (Levy and Marshall 2004), (Rowe ¢7 al. 1997). The gold standard
antibiotics against serious bacterial pathogens are aminoglycosides, which are very
potent, broad-spectrum antibiotics (Magnet and Blanchard 2005). Although
aminoglycosides are effective against many bacterial pathogens, including Salnonella,
they have no activity in treating intracellular bacterial infections (Lo e al 2014),
(Holmes ez al. 1960), as the hydrophilicity of these molecules restricts their permeability
through the cell membrane of the host (Magnet and Blanchard 2005). In order to
increase the therapeutic index of this class of antibiotics and to reduce their side effects,
liposomal formulations incorporating aminoglycoside antibiotics have been

investigated both in pre-clinical and clinical studies. For example, amikacin

138



Chapter 4: Bespoke glycoliposomes for Sa/nonella intracellular infection 2z vitro model

encapsulated in DPPC and cholesterol liposomes for lung infections treatment is
currently in phase III of clinical trials (Bulbake ez a/ 2017), (Schiffelers ez al. 2002).

A number of i vitro studies suggest that liposomes loaded with the aminoglycoside
gentamicin (Appendix 6.4, Figure S59) can be potentially effective for the treatment of
intracellular infections (Burton ez a/. 2015), (Mugabe ez al. 2005), (Lutwyche ez al. 1998).
In these studies the effectiveness of these liposomal formulations was ascribed to their
ability to prolong the half-life of the drug in systemic circulation, and achieve passive
accumulation at a site of infection. Few other studies have utilised pH-sensitive
liposomes to induce the gentamicin release in endosomal compartments (Lutwyche ez
al. 1998), (Cordeiro ez al. 2000). In this part of our work, we aimed at enhancing the
antibacterial activity of gentamicin for the treatment of Salmonella intracellular
infections, by utilising glycosylated liposomes able to target the macrophage Mannose

Receptor (Figure 33), and exploit its ability to promote cellular uptake of appropriate

glycosylated ligands.
_-:_:I '::::2 A a.
d {_';‘I-l\ Y
CTLD FNII CR

Figure 33 — Schematic representation of the structure of the mannose receptor (MR, CD200). Cysteine
tich (CR) domain: binds sulfated glycans containing Gal and GalNAc 3/4 O-sulfated . FNII domain:
binds Collagens (I-IV). C type-like domains CTLD: binds to mannose and fucose carbohydrate residues
(Martinez-Pomares 2012).

139



Chapter 4: Bespoke glycoliposomes for Sa/nonella intracellular infection 2z vitro model

4.2 Materials and Methods

4.2.1 Materials

RAW 264.7 cells obtained from the European Collection of Cell Culture (ECACC
91062702) were kindly gifted by Dr Frankie Rawson (School of Pharmacy,
Nottingham) and used between passages 7-20. Gentamicin, Dulbecco’s Modified
Eagles Medium (DMEM), phosphate buffered saline (PBS), Foetal Bovine Serum
(FBS, non-USA origin), 4-(Z2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
Triton X-100, Mueller-Hinton (MH) agar, Luria-Bertani (LB) broth and agar were all
obtained from Sigma Aldrich. Antibiotic-antimycotic solution (containing
Amphotericin B, Penicillin, Streptomycin) and Hanks Balanced Salt Solution (HBSS)
with calcium chloride, magnesium sulfate and glucose, without sodium bicarbonate and
phenol red, were obtained from Invitrogen Gibco. Dimethylsulfoxide (DMSO) and
cell scrapers (25 cm x 20 mm) were purchased from VWR international. Cell culture
dishes (58 cm?), sterile pipettes, and sterile centrifuge tubes (of 15 ml. and 50 mL
volume capacity) were purchased from Sarstedt. Black tissue culture 96-well plates were

obtained from Thermo Scientific Nunc.
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4.2.2  Methods

4221 Cell cultures

Cell medium for sub-culturing was supplemented with FBS, HEPES and
Amphotericin B/penicillin/streptomycin solution at final concentrations of 10% v/v,
2.4% v/v and 1% v/v respectively. RAW 264.7 cells were routinely cultured in 58 cm?
dishes at 5% CO,, 95% relative humidity and 37°C until near-confluence
(approximately 70% coverage of the dish surface by cells). Cell growth was monitored
regularly by viewing the cells under an optical microscope. Once near-confluent, cells
were passaged following ATCC recommendations (ATCC 1997). Cell culture medium
was replaced every two - three days by aspirating all but 5 mL of culture medium from
the dishes. Cells were dislodged from the dish with a cell scraper, aspirated and
appropriate aliquots of the cell suspension was added into new culture vessel in ratio
of 1:3 or 1:6 by the addition of 12-15 mL of pre-warmed to 37°C fresh medium. For
seeding density, cells were counted using a haemocytometer (Laboratory Supplies)
(ATCC 2014). For frozen storage of cells, RAW 264.7 were cultured to confluence and
then dislodged from the flask with a cell scraper. Following centrifugation of the cell
suspension, the supernatant was aspirated, and the cell pellet was resuspended in 1 mL
of complete culture medium containing 10% v/v DMSO. The cell suspension was
transferred to a sterile cryovial, which was placed into a Mr Frosty freezing container
(Nalgene) at -80°C. Thereafter, cells were transferred into a liquid nitrogen cell storage
tank. For thawing the cells, cryovials containing frozen cells were removed from the
liquid nitrogen-containing storage tank and thawed by gentle agitation in a 37°C water

bath. DMSO-containing medium was removed by transferring the cell suspension into
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a centrifuge tube containing approximately 5 mL of warm (37°C) culture medium,
centrifuging the resulting suspension at 1500 x g for 5 min and aspirating the
supernatant. The cell pellet was thereafter resuspended in approximately 5 mL of
culture medium and transferred into a 58 cm” flask containing approximately 10 mL of

fresh, warmed (37°C) culture medium.

4.2.2.2 Bacterial cultures

Salmonella enterica subsp. enterica serovar Typhimurium DsRed2 (SL1344 transformed
with a DsRed2 expression plasmid to facilitate bacterial visualisation) and Staphylococcus
anreus Newman were kindly made available by Dr Alan Huett (School of Life Sciences,
Nottingham). Bacteria were preserved at -80°C in glycerol at a final concentration of
20% (v/v) until use. For bacterial seeding, a small amount of bacteria was scraped off
the glycerol stock. The loop was wiped at the top end of a fresh agarose agar plate
moving in a zig-zag horizontal pattern until 1/3 of the plate was covered. The plate
was rotated about 60 degrees and the bacteria were spread from the end of the first
streak into a second area. This procedure was repeated to spread the bacteria in a third

area of the plate. The plate was incubated in incubator overnight at 37°C.
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4223 Statistical Analysis

Data set have been processed by Tukey's method (Hoaglin ¢f a/. 1986) to identify and
remove any outliers. Briefly, using the lower and upper fourths, FL. and FU
(approximate quartiles), it labels as “outside” any observations below FL - 1.5 (FU -
FL) or above FU + 1.5(FU - FL ). Data are reported as mean and the error shown is
the standard deviation. One-way or two-way analysis of variance (ANOVA) were
carried out using GraphPad Prism. In this chapter, N = numbers of replicates
(experiment performed in different days, same conditions) and n = numbers of

repetition (different measurements during the same experiment).
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4.3 Experimental section

All the different cell and bacterial media with the supplemented components utilised

in the experimental procedures described in this chapter are summarised in Table 9.

Table 9 — Cell DMEM media and Bacterial growth media.

Media Antibiotic Antibiotic
Used for
used pg/mL
Cell DMEM Medial
Growth Medium? P/S 100 Normal cell subculturing and cell

seeding

. . During infection assay, to suspend
Gentamicin Free Medium - - & . }’, p
Salmonella for cell infection

During infection assay, to maintain

Low Gentamicin Medi G 20
oW entamicn Mediam cells after Salmonella internalisation
During infection assay, to kill
High Gentamicin Medium G 100 extracellular Salmonella

Bacterial Growth Media

Luria-Bertani (LB) Broth A 100 For Salmonella overnight culture
Luria-Bertani (LB) Agar A 100 For Salmonella colonies seeding
Luria-Bertani (LB) Broth - - For . aureus overnight culture
Muller- Hinton (MH) Agar - - For S. aureus inhibition studies

P: Penicillin, S: Streptomycin, A: Ampicillin, G: Gentamicin.
110% v/v FBS; 22.4% v/v 1 M HEPES solution.
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43.1  Salmonella intracellular infection in RAW 264.7 cells

The day before the infection experiment, RAW 264.7 cells were seeded in a 24 well
plate with a density of 5 x 10* cells/mL per well and the plate was incubated overnight
at 37°C (Figure 34a). In parallel, two - three colonies of S1.1344 DsRed2 were scraped
off the agar plate of a culture using a disposable sterile loop. The colonies were
suspended in 4 mL of LB broth supplemented with 100 pg/mL ampicillin. The culture
was incubated overnight in a shaking incubator (250 tpm) at 37°C.

After 16 hours, bacteria were collected by centrifugation (1500 x g for 15 min) and
resuspended in 4 mL of PBS. Bacteria were diluted in Gentamicin Free Medium (GFM)
with different dilutions in order to test different multiplicity of infection (MOI) ratios.
Cultured RAWSs 264.7 were infected by the addition of 0.5 mL per well of SL1344
DsRed2 in GFM (Figure 34b). The plate was centrifuged (700 x g for 10 min) and
incubated for 20 min at 37°C (Figure 34c). Then, medium was aspirated, each well was
rinsed and then incubated with 0.5 mL of High Gentamicin Medium (HGM) for 30
min in order to kill extracellular bacteria (Figure 34d). Thirty minutes later, HGM was
replaced with Normal Gentamicin Medium (NGM) and incubated for different
durations. At the desired time point, the infected cells were washed three times with
PBS, and the surviving intracellular bacteria were harvested by lysing the cells with 1%
Triton X-100 in PBS for 10 min at 37°C (Figure 34e). The supernatants wete
immediately serially diluted with PBS (Figure 34f) and spotted onto LB agar plates
(Figure 34g). After incubation for 16 h at 37°C, the numbers of bacterial colonies for
each sample were counted and expressed as colony-forming units (CFU) per mL
(Figure 34h). For fluorescence cell imaging, a glass coverslip was placed at the bottom

of the well and then cells were seeded. After the infection assay and the PBS washes,
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cells were fixed with 0.5 mL of 4% formaldehyde in PBS for 15 min. Cells were washed
once in PBS and then permeabilised with 1% Triton-X in PBS for 2 min. The solution
was then removed and cells were washed once in PBS. DNA staining DAPI and actin-
staining Phalloidin were added and the coverslips incubated at room temperature for
20 min in the dark. Coverslips were then washed in PBS, mounted onto a glass slide

and sealed with nail polish.

SL1344 DsRed2 | 0 7L 30 min, 37°C el Y 30 min, 37°C

@ in GFM ‘ f@ in GFM in HGM

10 min, 37°C T -
‘ ):_,ﬁ\; rJ-J,ﬁ\.‘J\._ 180 pL of PBS
1% Tx-100 in PBS AN \ in each tube
o (@&
Dilutions 1:10 1:100 1:1,000 1:10,000

1:10,000

16 hr, 37°C

20 pL % 3 for
each djlution

1:1,000 1:100

Figure 34 — Schematic representation of Salmonella infection assay. A) RAW 264.7 cells are incubated
overnight at 37°C. B) After 16 hours, an overnight culture of S.1344 DsRed2 is diluted in Gentamicin
Free Medium (GFM) and used to infect RAWs 264.7. C) The plate is centrifuged for 10 min and
incubated for 20 min at 37°C. D) Cells are treated with High Gentamicin Medium (HGM) for 30 min
to remove extracellular bacteria. E) At the desired time point, the infected cells area washed with PBS,
and the surviving intracellular bacteria are harvested by lysis the cells with 1% Triton X-100 in PBS for
10 min at 37°C. F) Supernatants are immediately setially diluted with PBS and G) spotted onto LB agar
plates. H) After 16 h of incubation at 37°C, the numbers of bactetial colonies for each sample are

counted and expressed as colony-forming units (CFFU) per mL.
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4.3.2  Fluorescently labelled and gentamicin encapsulated liposomes

Liposomes were prepared similarly as described in Chapter 3.3.1. Briefly, stock
solutions of phospholipids, cholesterol, glycoligands (compounds 10, 14, 26), 1,1'-
dioctadecyl-3,3,3',3"-tetramethylindodicarbocyanine ~ 4-chlorobenzenesulfonate — salt
(DID) wete all prepared at a concentration of 1.0 mg/mL unless otherwise stated
(Table 10). Liposome formulations were prepared by the Bangham Method (hydration
of a thin lipid film). The required amount of each lipid stock solution was mixed in a
round-bottomed flask and the organic solvent was evaporated under reduced pressure
to form a lipid film. The round bottom flask was then left under a stream of nitrogen
to dry for two hours to ensure that any residual solvent was removed. The lipid film
was hydrated with HBSS (25.0 mM HEPES, pH 7.4) buffer with total lipid
concentration of 5.0 mM in all formulations. The mixture was sonicated and extruded
at 20°C through a polycarbonate membrane with 0.1 um pore size. After 21 cycles
through the extrusion device (AvantiPolar Lipid), the resulting liposomal formulation
was diluted with HBSS (25.0 mM HEPES) buffer at final lipid concentration of 1.0
mM.

For gentamicin loaded liposomes, the dried lipid films were rehydrated by adding 1.0
mL HBSS (25.0 mM HEPES) containing 5 mg/mL of gentamicin with total lipid
concentration of 5.0 mM. Hydration was facilitated by extensive vortexing and by five
freeze-thaw cycles using ice bath and oil bath at 60°C. After 21 cycles through the
extrusion device, the resulting liposomal formulation was diluted with HBSS (25.0 mM
HEPES) buffer at final lipid concentration of 1.0 mM. Unencapsulated gentamicin was
removed by 10 cycles of centrifugal ultrafiltration (Centrisart®, MWCO: 20 kDa). The

ultrafiltrate containing unloaded gentamicin was removed and replaced with the same
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volume of fresh HBSS (25.0 mM HEPES) for each cycle. Encapsulation efficiency of

gentamicin was measured by microbiological assay (4.3.5).

Table 10 - Stock solutions: concentration and solvents.

C
Solute Code one Solvent
mg/mL

1-palmitoyl-2-oleoyl-sn-glycero-3- POPC 1.0 CHCl;
phosphocholine
Cholesterol Chol 1.0 CHCl;
Sphingomyelin SM 1.0 CHCI3/MeOH (9:1)
1'-Dioctadecyl-3,3,3',3'-tetramethyl-
indodicarbocyanine, 4-chlorobenzene DID 0.1 CHCL
sulfonate salt
Glycoligands (10, 14, 26) - 0.1 CHCIl3/MeOH (9:1)
Gentamicin - 5 HBSS (25.0 mM

HEPES)

4.3.3  In vitro uptake studies

RAW 264.7 were seeded at a density of 2 X 10* cells/mlL in a 96 black well plate with
0.1 mL of growth medium and incubated overnight at 37 °C. Cells were infected with
SL1344 DsRed2 with the infection assay described in section 4.3.1. After the
incubation with HGM, each well was washed 3 times with 0.1 mL of PBS and then 0.1
mL of the desired liposomal formulation (1.0 mM of total lipids in HBSS, 25 mM
HEPES) was applied. The cells were incubated for 2 hours at 37 °C. After this time,
the liposomal suspension was removed from each well, cells were washed with PBS 3
times and then were lysed with DMSO. The uptake level was detected via the intensity

of DID (Tecan Plate Reader, Aex 630 nm, Aewm 700 nm). Fluorescence data of the lysates
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(Fiysar) were corrected (Feorr) with the DID encapsulation efficiency of the liposomes
(EE %) to eliminate alteration of cell uptake data by altered DID encapsulation of each
individual liposome preparation. Corrected fluorescence data were used for calculation
of cellular uptake. The amount of encapsulated dye was determined by reading
fluorescence value of 50 pL of liposomal formulation dissolved in 50 pL. of DMSO.
The EE% was calculated by dividing the concentration values taken from the
encapsulated dye liposomes and initial value of DID added to the initial formulation

(Vabbilisetty and Sun 2015).

4.3.4  Salmonella killing study

Free gentamicin and two liposomal formulations were tested for their ability to kill
intracellular SI.1344 infecting RAW 264.7 with validated 7 vitro cell infection model
previously described (4.3.1). RAW 264.7 were seeded at a density of 2 X 10* cells/mL.
in a 96 black well plate with 0.1 mL of growth medium and incubated overnight at 37
°C. Cells were infected with SL.1344 DsRed2 with the infection assay described in
section 4.3.1. After the incubation with HGM, each well was washed 3 times with 0.1
mL of PBS and then 0.1 mL of the desired gentamicin loaded liposomal formulation
(1 mM of total lipids in HBSS, 25 mM HEPES) was applied. The cells were incubated
for 2 hours at 37 °C. Then, cells were rinsed with PBS and incubated for 4 additional
hours with Normal Gentamicin Medium (NGM). After this time, the cells were washed
three times with PBS, and the surviving intracellular bacteria were harvested by lysis of
the cells with 1 % Triton X-100 in PBS. The supernatants were immediately serially

diluted with PBS and spread onto LB agar plates. After incubation for 16 h at 37°C,
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the numbers of bacterial colonies for each sample were counted and expressed as

colony-forming units (CFU) per mL.

4.3.5 Microbiological assay

The concentration of antibiotics encapsulated into liposomes was determined by agar
diffusion assay. A laboratory strain of Staphylococcus anrews Newman was used as
indicator organism for gentamicin. Fresh colonies of S. aureus were suspended in 3 mL
of antibiotic-free LB broth. The culture was incubated overnight in a shaking incubator
(250 rpm) at 37°C. The bacterial suspension (containing 1.2 x 10° CFU/mL) was then
diluted to 8x10* CFU/mL in 30 mL of warm (~50°C) MH agar into a falcon tube
(Figure 35a). The mixture was poured into a sterile omni tray (128 mmX86 mm) and
left to solidify for 30 min at room temperature (Figure 35b). Wells of 5 mm diameter
were made with a cork borer (Figure 35¢) and were filled with 50 pLL of gentamicin
solutions or liposomal samples (Figure 35d) in PBS with 0.2% of Triton X-100. The
plate was incubated for 16 h at 37°C. The diameter of the zones of inhibition were
measured (Figure 35e) and the average of duplicate measurements was used in data
analysis. A standard curve was constructed with known concentrations of free
gentamicin (Appendix 6.4 Figure S63) and was utilised to calculate concentrations of
the entrapped gentamicin that were released from the liposomes by 0.2% Triton X-

100. The minimum detection limit of the assay for gentamicin was 7.8 pg/mlL.
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Figure 35 — Schematic representation of S. aureus inhibition assay. Colonies of S. aureus are suspended
in antibiotic-free LB broth and incubated overnight (250 rpm at 37°C). A) The bactetia suspension is
diluted to in 30 mL of warm (~50°C) MH agar into a falcon tube. B) The mixture is poured into a sterile
omni tray and left to solidify for 30 min at room temperature. C) Wells of 5 mm diameter are made with
a cork borer and D) filled with 50 pL of gentamicin solutions or liposomal samples in PBS with 0.2%
of Triton X-100. The plate is incubated for 16 h at 37°C. E) The diameter of the zones of inhibition are

measured and the average of duplicate measurements is used in data analysis.
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4.4 Results and Discussion

4.4.1  Salmonella intracellular infection model

The initial aim of this part of the project was to develop an 7 vitro cell culture model
to mimic Sa/monella-infected macrophage cells. Comparative analyses have shown
similarities between immunological and genetic mechanisms that regulate the
interaction of S. enterica and its host in mice, humans and domestic animal species
(Mastroent ez al. 2009). In the literature, several iz vitro models have been investigated
to study Salmonella enterica invasion mechanisms (Velge e a/. 2012), (Walker e# al. 2013),
virulence (Garai e a/. 2012) and interaction with macrophages (Ibarra and Steele-
mortimer 2009). Murine macrophage-like cell line RAW264.7 has shown high
susceptibility to Salmonella infection and it is considered the most useful model cell line
to study intracellular survival of Salmonella within macrophages i vitro (Garai et al. 2012),
(Gog et al. 2012). It should be noted that zz wvitro Salmonella infection models are
extremely dynamic systems. Once Sa/monella invades cultured macrophages, it
undergoes rapid intracellular growth within a membrane-bound compartment, known
as the Salmonella-containing vacuole (SCV) and can divide up to 100-fold in less than
24 hours (Tierrez ef al. 2005). In contrast, in human infection it has been found that
four days post-infection, more than 90% of the infected cells contained less than 3
bacteria (Sheppard ef /. 2003). Furthermore, infecting cultured macrophage cells with
high dose of Sa/monella (MOI 100) can lead to cell apoptosis (Schwan ez a/. 2000). Thus,
our initial experiments aimed at identifying the experimental conditions required to

establish a controlled and reproducible infection model.
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Salmonella enterica subsp. enterica serovar Typhimurium (SL1344), expressing a red
fluorescent protein (DsRed2), was used to infect mouse macrophage RAW264.7 cells
as previously described (4.3.1). In addition to its high susceptibility to infection, this
cell line is characterised by a “lag-phase” of 24 hour (Iloki Assanga e a/. 2013), which
means that despite the fast rate of growing, within the first 24 hours following infection
the density of cells seeded in a plate will not increase significantly. Two multiplicities
of infection (MOI) were tested at ratio 55:1 and 6:1 bacteria per cell, and the infection
was monitored over 4 hours. After 0.5, 1, 2 and 4 hours, cells were lysed with 1% Tx-
100 in PBS and the cell content was diluted and seeded onto LB agar plates. After
overnight incubation of the agar plates, the number of colony-forming units (CFU)

was counted and the bactetia content was expressed as CFU/mL (Figure 306).
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Figure 36 — Colony forming units (CFU) per mL of internalised SI.1344 after 30, 60, 120 and 240 min

of incubation. Mean and standard deviation are shown N=1, n=6, * P < 0.05.
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For cells infected with MOI 55, the bacterial internalisation was in the order of 10%
with an average of 5 internalised bacteria per cell after 30 minutes of infection. For the
cells infected with MOI of 6, the bacteria internalisation was in the order of 42% with
an average of 2.5 internalised bacteria per cell. For both the infection conditions, the
number of internalised bacteria significantly increased within the first 2 hours post-
infection, and this may be due to bacterial replication inside macrophage cells. After 4
hours post infection, a significant decrease in colony-forming units (CFU) per mL of
internalised bacteria was observed. As the cells die by apoptosis, they become
permeable to gentamicin which is dissolved in the medium or cells detach and are
washed away by the PBS; both reasons could explain the reduction in bacteria
CFU/mL after 4 hours of infection. Figure 37 shows fluorescence micrographs of
infected cells. Micrographs A and D show RAW 264.7 after 30 min of infection with
MOI 6 and MOI 55 respectively. Micrographs G and ] showed that infection levels did
not significantly change after 2 hours. The red spots in micrographs B, E, H and K are
Salmonella bacterial cells inside RAW 264.7 after 30 min (B and E) and after 2 hour (H
and K) of infection at the two different MOI. Micrographs C, F, I and L show the
nuclei of those cells. 30 min post-infection, at the lower infection dose (MOI 6) not all
the cells were found to be infected, and the infected ones only contained a limited
number of bacteria (B). These conditions were found to give a level of Salmonella
infection in macrophage cells similar to that typically found 7# vivo (Mastroeni e al.
2009), and this level was maintained for 2 hours (H). In contrast, at 30 min post-
infection at the higher infection dose (MOI 55), Salmonella appeared to form aggregates
inside macrophage cells (E), which increased in size in 2 hours post-infection (K), due

to bacterial replication. Moreover, infected macrophage cells showed an irregular
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morphological shape (), which in previous studies has been associated to early stages

of apoptosis (Elmore 2007).

RAW 264.7 Intracellular Nuclei
Salmonella

30 min
MOI 6

30 min
MOI 55

120 min
MOl 6

Figure 37 — Fluorescence micrographs of Sa/monella intracellular infection in RAW 264.7 (actin — white,
SL1344 — red, DNA — magenta). Micrographs A, B and C show RAW 264.7 after 30 min of infection
with MOI 6. Micrographs C, D and E show RAW 264.7 after 30 min of infection with MOI 55.
Micrographs G, H and I and ], K and L show the same infections (MOI 6 and 55) condition after 2

hours.
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Subsequently, two more infection conditions were investigated (Figure 38) using
infection MOIs of 10 and 1 (bacteria per cell) respectively, with the aim of further
reducing the number of bacteria per cell. After 2 hours post-infection, bacteria
internalisation was found to be 10% for MOI 10, with an average of 1 bacterium per
cell, and 20% for MOI 1 with an average of 0.2 bacteria per cell. These infection
conditions were utilised to generate the Sa/nonella infected RAW macrophages used for

the liposome uptake studies and Sa/nonella killing study discussed in this chapter.

Infection vs Concentration

2.59810 *
29810 *
1.53810 *~
19810 *

53810 3

Internalised SL1344 (CFU/mL)

10 MOl !

Figure 38 - Colony forming units (CFU) per mL of internalised SI.1344 after 2 hours of incubation with

different MOIs. Mean and standard deviation are shown. N=2, n=12.
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442 Liposome uptake by MR" RAW 264.7 macrophages

To investigate the ability of mannosylated liposomes to target and induce MR-mediated
uptake in RAW 264.7 macrophages, and the effect of different glycosylation patterns
on the liposomal surface on cell uptake, four different liposomal formulations were
assembled (Table 11, Figure 40). To this aim, three glycoligands, (10, 14 and 26,
synthesis described in Chapter 2), varying for valency and nature of the membrane-
inserting anchor, were utilised (Figure 40).

The (phospho)lipid and glycolipid composition of these formulations was chosen
based on the results discussed in Chapter 3. Accordingly, 10% glycoligand molar ratio
of total lipids was chosen, as the binding studies with concanavalin A model lectin
using Man-TEG liposomes showed that no improvement of the aggregation rate could
be observed above this ligand molar content (Chapter 3 - 4.1). As the aggregation rate
was found to increase with the cholesterol content (Chapter 3 - 4.2) a concentration of
cholesterol of 40 %, towards the upper end of the cholesterol molar ratios explored in
Chapter 3, was chosen. Moreover, previous studies have also shown that high
cholesterol content could prolong the retention time of gentamicin within liposomal
vesicles (Jia, Joly, and Omri 2008), (Cordeiro et al. 2000), (Lutwyche et al. 1998),
(Lutwyche et al. 1998). To follow the liposomal cell uptake, a fluorescent hydrophobic
dye was also included in the lipid mixture. For these studies, we utilised 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindodicarbo-cyanine  4-chlorobenzenesulfonate salt
(DID) (0.5 % molar ratio) (Appendix S.4, Figure S60) which is highly retained within

liposomal membranes (Snipstad ez a/. 2010).

157



Chapter 4: Bespoke glycoliposomes for Sa/nonella intracellular infection 2z vitro model

Table 11 - Lipid composition of mannosylated liposome formulations.

Molar Ratio %
. Ligand )
Formulation Code Used Ligand Chol SM  POPC DID
se
Untargeted liposomes A - 0 40 10 49.5 0.5
Man-TEG liposomes B 10 10 40 10 39.5 0.5
Man-Chol liposomes C 14 10 30 10 49.5 0.5
Chol-Man; liposomes D 26 10 30 10 49.5 0.5

Man-TEG:  a-O-(tetra(ethyleneglycol))  palmitoyl ~ mannose; ~ Man-Chol:  mannosylated-
ethylethoxycarbamate cholesterol; Chol-Mans: glycopolymer (Mannose)7-cholesterol; Chol: cholesterol;
SM: sphingomyelin; POPC: palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; DID: 1,1'-dioctadecyl-

3,3,3'3"-tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt.

Man-Chol liposome (C) Chol-Man, liposome (D)

DID  Man-TEG ligand (10) Man-Chol ligand (14) Chol-Man, ligand (26)

Figure 39 — Schematic representation of liposome formulations tested in 7 vitro studies.
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Untargeted liposomes (formulation A), with no carbohydrate ligands, were prepared as
control liposomal formulations. Both Man-TEG (B) and Man-Chol (C) liposomes
displayed monovalent mannopyranose ligands, linked to their membrane-inserting
anchors through short ethylene glycol spacers. In formulation B the mannose ligand is
anchored to the liposome bilayer membrane by a palmitoyl chain (ligand 10), while in
formulation C the linear alkyl anchor was replaced with a cholesterol moiety (ligand
14). Both the formulation B and C were previously tested in the aggregation studies
with concanavalin A, as described in Chapter 3. Despite the lack of interaction between
liposomes in formulation C and concanavalin A (Chapter 3 - 4.3), formulation C was
still included in these 7z vitro studies to validate the reliability of concanavalin A as
mannose receptor model for future work within our group. Chol-Man; liposome (D)
was formulated using glycopolymer 26, with cholesterol anchor chain-end. To maintain
the total ratio of cholesterol constant at 40%, for formulations C and D only 30% of
cholesterol was added since glycoligands 14 and 26 are grafted by cholesterol anchors.
For formulation B, POPC content was decreased accordingly from 49.5% to 39.5%

(Table 11).
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HO—HO

(10) (14)

Figure 40 - Chemical structures of glycoligands used for mannosylated liposome formulations: (10)

Man-TEG palmitoyl ligand, (14) Man-Cholesterol ligand, (26) Cholesterol-Many ligand.

The mannose receptor has been targeted as an endocytic route of entry in studies
involving RAW 264.7 macrophages (Chen ez al. 20106), (Jeong et al. 2014). Infected and
non-infected RAW 264.7 were used for uptake studies. Infection assay was performed
as previously described (Chapter 4 - 3.1) with two infection conditions: an average of
1 bacterium per cell, and an average of 0.2 bacterium per cell. After RAW 264.7
infection (Figure 34d), extracellular Sa/monella were killed with washes and incubation
with High Gentamicin Media (HGM) for 30 min. Then cells were washed with PBS to
remove any residual traces of gentamicin. Liposomal formulations were incubated with
infected and non-infected cells for 2 hours, at 37°C. Next, the surface of RAW 264.7
cells was washed three times with PBS, finally cells were lysed with DMSO, and the

fluorescence of internalised DID was utilised to estimate the extent of liposomal
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uptake. In the calculations, fluorescence values were corrected according to the dye

encapsulation efficiency (EE%) of each liposomal formulation.

In vitro uptake

800 =
s L I untargeted liposome (A)
I Man-TEG liposome (B)
600 -
I Man-Cholliposome (C)
Il cChol-Man,liposome (D)
400 -

Liposome uptake %

200 - '-*1-*—||-*-*-“-|

Low infection | |High infectionl | No infection

Formulations

Figure 41 — In vitro uptake of untargeted and mannosylated liposomes (ImM total lipid) by RAW264.7
cells. N=2, n=10 for Chol-Man liposome and untargeted liposome; N=1, n=4 for Man-Chol liposome;
N=1, n=6 for Man-TEG liposome. Low infection = 0.2 internalised bacteria per cell — High infection
= 1 internalised bacteria per cell. Uptake levels are normalised so that the uptake of untargeted liposomes

(A) in non-infected RAW 264.7 is taken as 100% intensity. *P < 0.05.

Uptake vs concentration

__ 600001
5 Low infection untargeted liposomes
< I
> —— High infection untargeted liposomes
g 400007 1 —— No infection untargeted liposomes
= 1
f Low infection Chol-Man, liposomes
§ 200001 —— High infection Chol-Man,liposomes
g —— No infection Chol-Man,liposomes
F] /

0 - T T

0.0 0.5 1.0

Total lipids concentration [mM]

Figure 42 — Effect of liposome concentration (expressed as total lipid concentration) on cellular uptake.
N=1, n=4. Low infection = 0.2 internalised bacteria per cell — High infection = 1 internalised bacteria

per cell.
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Uptake levels were normalised so that the uptake of untargeted liposome (A) in non-
infected RAW 264.7 was set at 100% intensity. Chol-Man; liposome (D) was found to
be very efficiently internalised by RAW 264.7 in all the conditions tested (infected and
non-infected cells) with a significant reduction in uptake by highly infected RAW 264.7
(Figure 9). To the best of our knowledge, the effect of Salmonella infection on
expression of MR has never been described. Due to time constraint this specific aspect
of our uptake experiments was not further investigated, but, along with confocal
investigations aimed at elucidating distribution and localisation of the liposomes within
infected cells, it will be the subject of future studies within our group (Chapter 5 - 2).

As expected, formulation C, displaying monovalent Man-Chol ligands did not show
any significant level of uptake, confirming the results previously observed in the
concanavalin A (Con A) aggregation studies, which suggested limited accessibility of
Man-Chol ligand to lectin binding pockets. Interestingly, Man-TEG liposome (B)
which was found to be able to efficiently aggregate with Con A (Chapter 3 - 4.1),
showed a comparatively small uptake, in the range of 1.5 fold compared to control
untargeted formulation (A). Whilst further studies will be needed to further rationalise
these results, one possibility is that, unlike the binding site of Con A which is shallow
and solvent exposed, the mannose-binding CTLD (4-7) domains of the Mannose
Receptor (Figure 33) at the cell membrane may not be sufficiently accessible to Man-
TEG ligands (Martinez-Pomares 2012). In previous work Engel and co-workers
explored different spacer lengths of monovalent mannosylated lipososomes for
targeting MR in human pericardial monocytes/macrophage cells (Engel e al. 2003a),
(Engel et al. 2003b). In their work, Man-TEG liposomes showed an increased in uptake

of 1.5 fold and their longest monovalent ligand with 8 ethylene glycol units spacer
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improved the uptake of 2.5 fold, both formulations compared to uncoated liposome
(Engel e al. 2003a). Our formulation D with an oligomeric ligand with 7 mannose units
was found to increase the uptake over 6-fold, compared to untargeted liposomes. Some
level of non-specific endocytosis by macrophage-like cell line is inevitable, as
demonstrated by uptake of untargeted liposome control. Formulations A (untargeted
control liposomes) and D, possessing Chol-Man; oligomeric ligands, were further
tested at different liposome concentrations, and the uptake by MR™ RAW 264.7
macrophages of mannose-targeted liposomes D was found to increase with the

increase of the liposomal concentration (Figure 43).

4.4.3  Salmonella killing study

Based on the results obtained in the uptake studies (4- 4.2), Chol-Man; liposomes
(formulation D) and untargeted liposomes (control, formulation A) were tested for the
delivery of gentamicin to infected RAW 264.7. Infection was carried out to achieve an
internalised bacterial rate of 1.8. Liposomes were prepared as described previously
with the difference that a solution of gentamicin (5 mg/ mL in HBSS 25mM HEPES,
pH 7.4 buffer) was used in the hydration step of the thin lipid layer (4.3.2). To improve
gentamicin encapsulation, five freeze—thaw cycles were followed. The freeze—thaw
process is a method that helps the encapsulation of hydrophilic drugs (Fujimoto and
Isomura 1985), (Ohsawa ez al. 1985), likely due to a physical disruption of lamellar
structure and ice crystals of the drug formed during the freezing process (Mayer e/ al.
1985). After extrusion, unentrapped gentamicin was removed 2z 10 cycles of

centrifugal ultrafiltration, and after each cycle the ultrafiltrate (500 pL) was replaced
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with an equal volume of fresh HBSS-HEPES buffer, to maintain the total lipid
concentration constant at 1.0 mM. The mean diameter (~160 nm) of the two
formulations was found to be larger than the mean diameter of analogous formulations
which did not contain gentamicin (Appendix 6.4, Table S3, Figure S61).

Gentamicin encapsulation efficiency (EE %) was quantified by microbiological assay
using S. aureus. Antibiotic diffusion assays are a common method of measuring
antibiotic sensitivity using microorganisms. The principle is that the organism is
inoculated into a medium containing all the growth factors needed, small holes are
created into the solidified medium and these gaps are then filled with the antibiotic to
test. If the bacteria are sensitive to the antibiotic, a clear ring, or zone of inhibition, is
seen around the holes, indicating poor growth. This method can be used to quantify
unknown amount of antibiotics by building a calibration curve of standard solutions
of the antibiotic versus the inhibition areas, usually measured as diameters (Figure 35).
S. aureus is commonly used to quantify gentamicin-loaded in liposome due to its high
susceptibility to this antibiotic which allows higher resolution of the inhibition zones
(Patel et al. 2015). To check if all unencapsulated gentamicin was removed from the
liposomes, the last wash was analysed by microbiological assay; this indicated that not
all the extraliposomal gentamicin had been removed. This means that our liposomal
formulations still contained extraliposomal gentamicin. Microbiological assay of
liposomal formulations showed a total gentamicin content (intraliposomal +
extraliposomal) of 17 pg/ml, for both formulations but due to the presence of
extraliposomal gentamicin in the last wash, it was not possible to estimate the
encapsulation efficiency of gentamicin in liposomes. Gentamicin, like most

aminoglycosides in general, is pootly permeative to cell membrane (Maurin and Raoult
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2001). Therefore at this stage we assumed that any extraliposomal gentamicin would
not have interfered with the delivery study. Whilst not ideal, this experiment was carried
out as first attempt to establish a method for further investigating our liposomal
systems. Infected cells were incubated with the liposomal formulations A and D, while
infected cells incubated with 20 pg/mL of gentamicin in medium (Normal Gentamicin
Media, NGM) were used as control. Therefore the amount of gentamicin content of
the control cells (20 ug/mL) was higher than the total amount of gentamicin content
(intraliposomal + extraliposomal content = 17 pg/mlL ). After 2 hour of incubation at
37°C, the cell medium containing non-internalised liposomal formulations was
removed, RAW 264.7 cells were rinsed with PBS, and then incubated for 4 additional
hours with Normal Gentamicin Medium (NGM). In our initial experiments this 4-hour
incubation was considered to be sufficient to allow the intracellular release of
gentamicin from the internalised liposomes. Incubation with Normal Gentamicin
Medium ensured the maintenance of infection conditions. If during this 4-hour period
a proportion of RAW 264.7 cells died, in the absence of gentamicin in the maintenance
medium Sa/monella released from dead macrophage cells could re-infect other cells,
increasing the bacteria/cell count. Although generally regarded as an unlikely event
during Salmonella intections in vivoe (Sheppard ef al. 2003), (Mastroeni e al. 2009), this
could happen in 7 vitro experiments, thus to prevent it gentamicin was included in the
incubation medium.

Finally, the cells were washed three times with PBS and were then lysed in 1% Triton
X-100 in PBS. Dilutions of the lysates were grown overnight at 37°C on LB agar.

Unloaded formulations A and D were tested and did not show any antimicrobial
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activity. Results of the CFU counting for formulation A and D and the free gentamicin

control, are shown in Figure 43 and Figure 44.

Figure 43 — Agar plates with SI.1344 colonies after overnight culture post-treatments. The colonies
represent bacteria from lysed cell contents which have survived the gentamicin delivery. Each plates has
4 serial of dilutions of the cell lysates, indicated with -1 (1:10), -2 (1:100), -3 (1:1000), -4(1:10,000). (left)
Salmonella content of RAW 264.7 incubated with NGM control. (centre) Salmonella content of RAW
264.7 incubated with Chol-Man7 liposome. (right) Sa/monella content of RAW 264.7 incubated with

untargeted liposome. N=1, n=06 for untargeted liposome, n=9 for Chol-Man; liposome.

Salmonella killing study
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EEE Gentamicin control
43¢10° EE Chol-Man,liposomes (D)
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Figure 44 — Colony survival post free gentamicin, and gentamicin-loaded Chol-Man; and untargeted

liposomes. *= p<0.05.
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As expected, the free gentamicin control had no effect in reducing intracellular
infection which reached 3.6 x 10* CFU/mL (1.8 bacteria per cell). Both liposomal
formulations showed a significant improvement in killing intracellular Sa/nonella, which
was expected due to the poor capacity of free gentamicin to cross the cell membrane.
There was one order of magnitude reduction in the number of colonies following
treatment with the two liposomal systems. Chol-Man; liposome (D) showed the best
antibacterial activity (survival colonies: 2.9 x 10> CFU/mL), with a 40% increase of
killing of intracellular Salmonella Typhimurium, compared to untargeted liposomal
control formulation A (survival colonies: 4.8x10° CFU/mL), indicating that active

targeting of MR resulted in enhanced antibacterial activity.
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4.5 Conclusions

In this chapter, an z vitro model of Salmonella Typhimurium intracellular infection in
RAW 264.7 was developed to mimic the same infection rate that occurs during a
Salmonella Typhi infection in human macrophages. An internalised multiplicity of
infection of 1, which means an average of 1 bacterium per cell, was achieved.

This infection model was then used to investigate the mannose receptor (MR, CD200)
targeting efficacy of three glycosylated liposomes. Three different glycoligands were
used for liposomal formulation conferring different sugar-presentation on the
liposomal membrane. Liposome coated with mannosylated-polymer (Chol-Man;
liposome) resulted in 6-fold increase in uptake compared to untargeted liposome
control. At this stage of the project, these preliminary results were further supported
by a gentamicin delivery study to Salmonella infected cells, where Chol-Many liposome
reduced the intracellular infection by 40% compared to analogous uncoated control
liposomes. These initial results suggest that receptor-mediated endocytosis of targeted
liposomes allows for higher uptake efficiency, while providing the potential advantages
of selectivity and specificity. However, further investigations of MR expression and
inhibition binding assays will be carried out to support our preliminary findings (discuss

in Chapter 5.2).
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CHAPTER 5

Glycocoded liposomes: general conclusion

and future directions

5.1 General conclusion

This thesis focussed on exploiting glycocode-based recognition to achieve high
receptor mediated internalisation and intracellular delivery of antibacterial agent against
intracellular pathogen — ¢g S. Typhi. Delivering high doses of antibiotic intracellularly
to infected cells is crucial to eradicate the infection and to reduce the risk of
development of antimicrobial resistances associated with sub-therapeutic doses.

In chapter 1, we introduced the concept of glycocoded liposomes as carriers for
antimicrobial delivery. Previous works have shown that mannosylated liposomes
improve lectin receptors targeting and this strategy can benefit by using multivalent
interactions (discussed in section 1.2.3). Glycosylation of liposomal surface is achieved
mainly using glycoproteins or synthetic glycolipids (Kawakami and Hashida 2014).

Recent advances in polymer chemistry (Lutz ef a/. 2016) have made possible the
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synthesis of glycopolymers with well-defined architecture opening new options for
liposome glyco-functionalisation (Jain e a/. 2012).

In chapter 2, we described the different synthetic strategies for the synthesis of
glycoligands designed to insert into liposomal membrane to functionalise the liposome
surface. Firstly, five different monovalent ligands (Figure 45) were designed and
synthesised with galactose- and mannose- as sugar units. These carbohydrates were

conjugated to different membrane-inserting anchors: palmitoyl and cholesterol

moieties.
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Figure 45 — Monovalent ligands alkyl monoglycosides (4), (6), (8) and (10) and cholesterol
monoglycoside (14).

O-alkyl glycosydes (compounds: B-O-palmitoyl galactose (4), a-O-palmitoyl mannose
(6), B-O-tetra(ethylene glycol) palmitoyl galactose (8) and o-O-(tetracthylglycol)
palmitoyl mannose (10) were synthesised by BF;:OEt, mediated condensation with a
near-perfect control over the stereochemistry of the anomeric centre of the desired
glycosides. However, the same synthetic approach was unsuccessful for the synthesis

of cholesterol-based mannose monoglycoside (mannosylated-ethylethoxycarbamate
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cholesterol (14)). This problem was circumvented via Koenigs-Knorr reaction,
replacing the OAc in C1 of the acetylated mannose with a iodide group, to increase the
reactivity of this electrophilic centre.

In the next stage, we designed and synthesised two sets of well-defined cholesterol-
terminated mannose and galactose glycopolymers (Figure 46), to increase the sugar
exposure at the surface and present ligand as a multivalent structure. Multivalent
interactions have been shown to lead to a significant increase in avidity (Cairo ez /.

2002), (Kiessling ez al. 2006).

[e] [e]
g
Na OJS\/\/STSWO/\/O\/\NHAO
S 0

o OH
HO. OH
HO

HO

(24): n=7, Mn(NMR) = 2.7kDa, D = 1.11
(25): n=14, Mn(NMR) = 4.7kDa, D = 1.11

o (o]
o
Na 035\/\/S\rrs . O/\/O\/\NH)LO
s -
HN

(26): =7, Mn(NMR) = 2.7kDa, D = 1.10
(27): n=14, Mn(NMR) = 4.7kDa, D = n.d.

Figure 46 - Cholesterol-terminated galactose (23) and (24) and mannose (25) and (26) polyacrylamide-
based glycopolymers.
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These polyvalent ligands were synthesised using a newly developed #/frafast version of
RAFT (Reversible Addition Fragmentation chain Transfer) radical polymerisation
technique (Gody et al. 2015). Ultrafast RAFT is a versatile, facile and metal-free
procedure for performing polymerisation within minutes using aqueous conditions
with excellent control over polymer molecular weight, distribution, and chain-end
fidelity. We synthesised new amphiphilic trithiocarbonyl cholesterol-based RAFT
agents with a cholesterol moiety incorporated in the R group. To ensure a certain level
of water solubility of cholesterol-containing RAFT agents, hydrophilic Z groups were
identified — ze. sulfonate salt (Figure 47). A series of trial-and-error attempts were made
to identify and optimise the reaction conditions of RAFT agents and sugar ligands.
Ultrafast RAFT polymerisations for glycopolymer 24, 25, 26, and 27 were carried out
in biphasic condition (water/toluene) at 100°C within 20 min. To our knowledge this

may be the first synthesis of glycopolymer vza ultrafast RAFT polymerisation.

Free radical leaving group R

Reactive C=S double bond

N/\\/O\/‘-OJH/ TS\/\/“ 0 N;
(18)

Z group

Figure 47 - Structure of cholesterol RAFT agent (18).
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In chapter 3, we investigated the interaction between glycosylated liposomes and a
model lectin receptor Concanavalin A (Con A). Glycoligand modified liposomes,
shown in Figure 48, were formulated with different mannose and galactose ligands,
with different spacer length and different hydrophobic anchors, using monovalent
ligands (6, 8, 10 and 14, Figure 46). At this point in the work, glycopolymer ligands
were not yet available. Concanavalin A was used as a model lectin to investigate how
densities of different sugars residues (mannose and galactose), the effect of the
tetraethylenglycol spacer between the sugar ligands and the liposome bilayer, the nature
of the membrane-inserting hydrophobic anchor of the sugar ligands, and the lipid
composition of the liposomal membrane, affected the rate of lectin induced

aggregation of ligand presenting liposomes, as follows.
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Figure 48 — Schematic representation of the different categories of targeted liposomes glycosylated with

monovalent ligands.

The cholesterol content was found to increase the binding rate. The aggregation rate
was directly proportional to the density of Man-TEG ligand (10) (mannoslylated ligand
containing a tetraethylenglycol spacer) on the liposome surface, up to 10 mol % Man-

TEG (10), after which a plateau was reached, indicating that at high glycoligand density
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steric effects may hamper further Con A binding, or simply steric encumbrance
provided by large Con A tetramers at the liposomal membrane may prevent access of
additional Con A molecules to membrane glycoligands.

Surprisingly Man-Chol ligand (14) showed poor ligand exposure, as judged from the
lack of Con A induced liposomes aggregation, compare with Man-TEG ligand with
palmitoyl anchor. We hypothesised that cholesterol anchor could lead to a deeper
embedding of the Man-Chol ligand in the liposomal membrane phospholipid bilayer
and thus to ‘poor’ ligand surface exposure.

Based on the results of this screening, we selected the lipid composition of 40 mol %
of cholesterol content and the glycoligand density of 10 mol % for the liposomal

formulations to take forward to 7z vitro uptake study on Salmonella infected macrophage-

like cell RAW 264.7.
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In chapter 4, we developed an 7 vitro model of Salmonella Typhimurium intracellular
infection in MR" macrophage-like cell line, RAW 264.7, which aimed to mimic the
infection rate that occurs during a Sa/nonella Typhi infection in human macrophages,
with an average of 1 bacterium per cell. We used this 7z vitro infection model to
investigate the Mannose Receptor (MR) dependent internalization and antibiotics

delivery efficacy of three glycosylated liposomes (Figure 49).
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Figure 49 — Schematic representation of liposome formulations tested in uptake 7z vifro studies in

Salmonella Typhimurium infected MR* macrophage like RAW 264.7.

The glycoligands used for liposome glycosylation were compounds (10) [mannose-
TEG ligand anchored by palmytoil chain], (14) [mannose-cholesterol ligand] (Figure
45) and (26) [cholesterol anchored glycopolymer with 7 units of mannose] (Figure 40)
to create formulations B, C and D (Figure 49), respectively. For time restriction,
glycoligand (27) (Figure 46) was not included in these experiments. Studies on RAW
264.7 cells internalisation of liposomes indicated that surface modification with
mannose-glycopolymer (26) (Chol-Man; liposome) had 4-fold higher uptake than

liposome coated with monovalent ligand Mon-TEG (10) and 6-fold higher uptake than
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untargeted liposome control (formulation A, Figure 50). These results indicate that (2)
the surface ligand presentation promoted the liposomes-cell interactions and mannose
receptor mediated endocytosis, as expected from 7z vitro liposomes aggregation studies,
whereby (7) the multivalency of the glycopolymer-ligand 7e. Chol-Many ligand, further

increased avidity for the receptor binding and the liposomal cellular uptake.

Finally, a gentamicin delivering study was performed using ligand modified liposome
formulation with mannose-glycopolymer (26) (Chol-Man;liposome) and unmodifiecd
liposomes as control; this made the study relatively small to conduct and still allowed
for an essential comparisons to be made. The study measured the killing efficacy of the
formulations against internalised Salmonella Typhimurium in MR" in RAW 264.7 cells.
Chol-Many ligand presenting liposomes reduced the intracellular infection by 40%,
compared to control liposomes.

In the first instance simple encapsulation of antibiotics into liposomes increased
cellular availability of gentamicin, relative to free drug. However liposomes
internalisation and bacterial killing was increased when liposomes were coated with
mannosepolymer (Chol-Man; 26), whereby the initial test showed that the multivalency
of the sugar-ligands, using well-defined Chol-Man; glycopolymer (26) significantly
improved 7z vitro activity of gentamicin against intracellular infection of S. Typhimurium

in macrophage like cell RAW 264.7.
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5.2 Future directions

As anticipated in Chapter 4, further studies are required to validate, improve and
expand the work presented within this thesis.

- Determination of MR (CD2006) expression in infected »5s non-infected cells is currently
under investigation in our research group to investigate possible effects of Salwonella
infection in MR expression.

- In order to confirm that the glycoliposome formulations D and B were selectively
taken up via mannose receptor, competitive uptake studies will be performed
pretreating the cells with free D-mannose.

- In this work, the liposomal formulations B and D were formulated with the same
molar ratio of ligands (10%). This implies that formulation D contains 7 times the
amount of mannose-ligands on the liposomal surface than formulation B. In order to
compare the spatial distribution of the same “sugar-content” on the liposomal
membrane, Chol-Man; liposomes should be formulated using 7 time less molar ratio
of ligands (1.43%).

- Similarly Chol-Man, (27) will be tested using half molar ratio Chol-Many (26) in order
to investigate the effect of different distibuition of the total sugar-content.

- Galactose polymers 24 and 25 can be explored as further ligands for galectin receptors
for cancer therapy, since have been demonstrated that galectins trigger tumor

angiogenesis (Bécker and Elling 2017).
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6.1 Supplementary Information Chapter 2 —NMR and mass spectra

6.1.1 NMR spectra of 1,2,3,4,6 penta-O-acetyl-a-D-mannopyranoside (1)
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Figure S1 - '"H NMR spectrum of 1,2,3,4,6 penta-O-acetyl-a-D-mannopyranoside (1) in CDCls.
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Figure S2 - 3C NMR spectrum of 1,2,3,4,6 penta-O-acetyl-a-D-mannopyranoside (1) in CDCls.
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6.1.2  NMR spectra of 1-palmitoyl-tetracthylene glycol (2)
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Figure S3 - 'H NMR spectrum of 1-palmitoyl-tetraethylene glycol (2) in CD3OD.
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Figure S4 - 3C NMR spectrum of 1-palmitoyl-tetracthylene glycol (2) in CD;OD.
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0.1.3 NMR spectra of a-O-palmitoyl mannose (6)
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Figure S5 - "TH NMR spectrum a-O-palmitoyl mannose (6) in CD3;OD.
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0.1.4 NMR spectra of B-O-tetra(ethylene glycol) palmitoyl galactose (8)
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Figure S7 - '"H NMR spectrum of 3-O-tetra(ethylene glycol) palmitoyl galactose (8) in CD;OD.
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Figure S8 - 3C NMR spectrum of 3-O-tetra(ethylene glycol) palmitoyl galactose (8) in CD3OD.
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0.1.5 NMR spectra of a-O-(tetraethylglycol) palmitoyl mannose (10)
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Figure S9 - 'H NMR spectrum of a-O-(tetraethylglycol) palmitoyl mannose (10) in CD;OD.
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Figure S10 - 3C NMR spectrum of a-O-(tetracthylglycol) palmitoyl mannose (10) in CD3;OD.
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0.1.6 NMR spectra of cholesterol ethylethoxycarbamate (11)
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Figure S11 — 'H NMR spectrum of cholesterol ethylethoxycarbamate (11) in CDCl.
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Figure $12 — COSY NMR spectrum of Cholesterol ethylethoxycarbamate (11) in CDCl;.
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Figure S13 — *CNMR spectrum of Cholesterol ethylethoxycarbamate (11) in CDCls.
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0.1.7 NMR spectra of 2,3,4,6 tetra-O-acetyl-a-D-mannose-1 (12)
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Figure S14 - 'H NMR spectrum of 2,3,4,6 tetra-O-acetyl-a-D-mannose-1 (12) in CDCls.
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Figure S15 — BCNMR spectrum of 2,3,4,6 tetra-O-acetyl-a-D-mannose-I (12) in CDCls.
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6.1.8  NMR spectrum of tetraacetate mannosylated-ethylethoxycarbamate

cholesterol (13)
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Figure S16 - '"H NMR spectrum of tetraacetate mannosylated-ethylethoxycarbamate cholesterol (13) in

CDCls.
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Figure S17 — COSY NMR spectrum of tetraacetate mannosylated-ethylethoxycarbamate cholesterol

(13) in CDClL,
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Figure S18 - BCNMR spectrum of tetraacetate mannosylated-ethylethoxycarbamate cholesterol (13) in

CDCl.
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0.1.9 NMR spectra of mannosylated-ethylethoxycarbamate cholesterol (14)
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Figure S19 - 'THNMR spectrum of mannosylated-ethylethoxycarbamate cholesterol (14) in CDCls.

ATV

r2.0

2.5

3.0

f1 (ppm)

3.5

oy " " "

5.5

|
|
|
\
|
|
|
l 4.5
|
|
|
)
|

6.0

T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5

Figure $20 — COSY NMR spectrum of mannosylated-ethylethoxycarbamate cholesterol (14) in CDCls.
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Figure S21 - P*CNMR spectrum of mannosylated-ethylethoxycarbamate cholesterol (14) in CDCls.
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0.1.10 NMR spectra of Cholesterol-(2-ethylethoxycarbamate) 2-bromopropionyl

ester (15)
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Figure S22 — 'H NMR spectrum of Cholesterol-(2-ethylethoxycarbamate) 2-bromopropionyl ester (15)
in CDCl.
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Figure 823 - COSY NMR spectrum of Cholesterol-(2-ethylethoxycarbamate) 2-bromopropionyl ester
(15) in CDCls.
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Figure S24 - 13C NMR spectrum of Cholesterol-(2-ethylethoxycarbamate) 2-bromopropionyl ester (15)
in CDCls.
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0.1.11 NMR spectra of Cholesterol-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-15,16-
dihydroxy-11,13-dithia-2-azahexadecane (16)
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Figure S25 - 'H NMR spectrum of Cholesterol-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-15,16-
dihydroxy-11,13-dithia-2-azahexadecane (16) in (CD3)2CO.
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Figure 826 - BC NMR spectrum of Cholesterol-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-15,16-
dihydroxy-11,13-dithia-2-azahexadecane (16) in (CD3).CO.
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0.1.12 NMR spectra of sodium 3-(trithiocarboxyl)propane-1-sulfonate (17)
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Figure S27 - '"H NMR spectrum of sodium 3-(trithiocarboxyl)propane-1-sulfonate (17) in D2O.
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Figure $28 — COSY NMR spectrum of sodium 3-(trithiocarboxyl)propane-1-sulfonate (17) in D-O.
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Figure S29 — 3C NMR spectrum of sodium 3-(trithiocatboxyl)propane-1-sulfonate (17) in D2O.
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0.1.13 NMR spectra of Sodium 1-(cholesterol)-10-methyl-1,9-dioxo-12-thioxo-5,8-

dioxa-11,13-dithia-2-azahexadecane-16-sulfonate (18)

52
23
36
39 9
33
35.837 -
0% s\n/ R ONa
32 38 400 8 14
36 S
15-crown-5
31,38
cocly 33 35
35 40
30
20 39
29 25
L
el N { o '_?‘"\\.\. T = < 2::——#——&-“7‘ r
Qo g Q Q o Do Q < TNgaAaNNS QO
—“oo - - NN o~ < NMeEMANOM
T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S30 — 'H NMR spectrum of Sodium 1-(cholesterol)-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-
11,13-dithia-2-azahexadecane-16-sulfonate (18) in CDCls.
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Figure S31 - COSY NMR spectrum of Sodium 1-(cholesterol)-10-methyl-1,9-dioxo-12-thioxo-5,8-
dioxa-11,13-dithia-2-azahexadecane-16-sulfonate (18) in CDCls.
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Figure 832 - 3C NMR spectrum of Sodium 1-(cholesterol)-10-methyl-1,9-dioxo-12-thioxo-5,8-dioxa-

11,13-dithia-2-azahexadecane-16-sulfonate (18) in CDCls.
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6.1.14 NMR spectra of 2"-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-3-D-

galactopyranoside (19)
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Figure S33 - 'H NMR spectrum of 2"-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside
(19) in (CD3)2SO.
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Figure S34 - 3C NMR spectrum of 2'-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside
(19) in (CD3)2SO.
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0.1.15 NMR spectra of 2"-acrylamidoethyl -3-D-galactopyranoside (20)
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Figure S35 - '"H NMR spectrum of 2"-actylamidoethyl -8-D-galactopyranoside (20) in (CD3)2SO.
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Figure S36 - >°C NMR spectrum of 2"-acrylamidoethyl -3-D-galactopyranoside (20) in (CD3)2SO.
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Figure 837 — COSY NMR spectrum of 2"-actylamidoethyl -3-D-galactopyranoside (20) in (CD3)2SO.
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Figure S38 - HSQC NMR spectrum of 2"-acrylamidoethyl -3-D-galactopyranoside (20) in (CD3)2SO.
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0.1.16 NMR spectra of 2"-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-

mannosepyranoside (21)
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Figure S39 - '"H NMR spectrum of 2-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannosepyranoside
(21) in (CD3)2SO.
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Figure S40 — 13C NMR spectrum of 2-acrylamidoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannosepyranoside
(21) in (CD3)2SO.

210



APPENDIX

0.1.17 NMR spectra of 2"-acrylamidoethyl-a-D-mannosepyranoside (22)
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Figure S41 - 'H NMR spectrum of 2"-acrylamidoethyl-a-D-mannosepyranoside (22) in (CD3).SO
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Figure S42 - 13C NMR spectrum of 2"-acrylamidoethyl-a-D-mannosepyranoside (22) in (CD3)2.SO
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Figure S43 - COSY NMR spectrum of 2"-acrylamidoethyl-a-D-mannosepyranoside (22) in (CD3)2SO.
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Figure S44 — HSQC NMR spectrum of 2'-acrylamidoethyl-a-D-mannosepyranoside (22) in (CD3)2SO.
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0.1.18 NMR spectrum of cholesterol-terminated poly(IN-hydroxyethyl acrylamide)as
(23)
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Figure S45 — 'H NMR spectrum of cholesterol-terminated poly(N-hydroxyethyl acrylamide)ss (23) in
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0.1.19 NMR spectra of cholesterol-terminated glycopolymers (24, 25, 26, 27)
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Figure S46 - '"H NMR spectrum of Cholesterol-Galy (24) in (CD3)2SO.
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Figure S47 - '"H NMR spectrum of Cholesterol-Gali4 (25) in (CD3)2SO.
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Figure S48 - '"H NMR spectrum of Cholesterol-Mans (26) in (CD3)2SO.
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Figure $49 - 'H NMR spectrum of Cholesterol-Many (27) in (CD3)2SO.
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0.1.20 Mass spectrum of cholesterol-terminated glycopolymer (26)
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Figure S50 — MALDI-TOF mass spectrum of Chol-Man7 (26).
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6.2 Supplementary Information Chapter 2 —

SEC chromatograms
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Figure S51 - SEC analysis of cholesterol-terminated poly(N-hydroxyethyl acrylamide)2s (23) M, (SEC):
5.85 kDa, b 1.05.
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Figure S52 — SEC analysis of glycopolymer Chol-Gal; (24), Chol-Galy4 (25), Chol-Man7 (26).
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6.3 Supplementary Information Chapter 3
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Figure S53 — Chemical structures of (phospho)lipids used for liposome formulations.
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Figure S54 - Particle size distribution of Man-TEG liposome formulations.
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Size Distribution by Intensity
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Figure S55 - Particle size distribution of Gal-TEG liposome formulations.
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Figure S56 - Particle size distribution for Man-TEG liposome formulations with variable cholesterol

content.
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Size Distribution by Intens ity
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Figure S57 - Particle size distribution for Man-TEG liposome formulations with variable PS content.
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Figure S58 - Particle size distribution for Man-Chol liposome formulation.
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Table S1 - Z-average and PdI values from DLS.

Formulation Z-Average! pdI!
d. nm

Liposome-0 82.68 = 0.22 0.154 + 0.07
Man-TEG Liposome-2.5 102.2 + 0.55 0.163 + 0.02
Man-TEG Liposome-5 99.75 + 0.63 0.101 + 0.01
Man-TEG Liposome-7.5 112.2 £ 0.99 0.123 + 0.64
Man-TEG Liposome -10 103.3 + 0.68 0.234 + 0.09
Man-TEG Liposome-15 105.8 = 0.28 0.172 £ 0.02
Man-TEG Liposome-20 108.1 £ 0.64 0.180 + 0.01
Man-TEG Liposome -30 117.7+ 0.67 0.148+ 0.09
Gal-TEG Liposome-2.5 87.06 = 0.62 0.177 + 0.01
Gal-TEG Liposome-15 96.21 + 0.65 0.178 + 0.08
Gal-TEG Liposome-30 94.22 + 0.14 0.142 £ 0.03
Man-TEG Chol-0 105.2 + 0.46 0.079 + 0.02
Man-TEG Chol-10 93.23 + 0.47 0.180 + 0.01
Man-TEG Chol-20 95.37 £ 0.81 0.116 + 0.01
Man-TEG Chol-30 111.4 £ 0.60 0.095 + 0.01
Man-TEG Chol-40 120.7% 0.67 0.148 + 0.10
Man-TEG Chol-50 136.4 +1.18 0.079 + 0.01
Man-TEG PS 0 111.67 0.075"
Man-TEG PS-5 114.2 0.117"
Man-TEG PS-10 132.7 0.163"
Man-TEG PS-15 131.17 0.205"
Man-Chol Liposome 10 109.9 + 0.10 0.088+ 0.01

I Average values = S.D. (n=3); * n=1 due to time constraint:
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Table S2 — Concanavalin A aggregation assays Rate constant (K) & Standard Error (S.E.) and goodness
of fit determined by GraphPad Prism 7.03, using nonlinear regression, one phase association analysis.

Formulation Goodness of Fit (R?)

Rate constant (K) = S.E.

Liposome-0 1.345¢-005 £ 3.149¢-007 0.6034
Man-TEG Liposome-2.5 0.001249 * 9.826e-006 0.9998
Man-TEG Liposome-5 0.01141 = 1.989¢-005 0.9996
Man-TEG Liposome-7.5 0.01745 + 0.00008 0.9954
Man-TEG Liposome -10 0.02239 + 0.00017 0.9854
Man-TEG Liposome-15 0.02035 *+ 0.00015 0.987

Man-TEG Liposome-20 0.01896 *+ 0.00014 0.988

Man-TEG Liposome -30 0.02019 *+ 0.00016 0.9853
Gal-TEG Liposome-2.5 0.00035 % 0.0002 0.9697
Gal-TEG Liposome-15 0.00045 % 0.0002 0.9112
Gal-TEG Liposome-30 0.00135 % 0.0006 0.9404
Liposome-0 without Con A 0.0004 % 0.0000 0.7842
Man-TEG Liposome-2.5 without Con A 0.0008 % 0.0002 0.9924
Man-TEG Liposome-30 without Con A 0.00065 % 0.00007 0.8968
Man-TEG Chol-0 0.00033 % 0.00003 0.9987
Man-TEG Chol-10 0.01278 = 0.00004 0.9982
Man-TEG Chol-20 0.01214 *+ 0.00002 0.9996
Man-TEG Chol-30 0.01378 *+ 0.00006 0.9965
Man-TEG Chol-40 0.02159 + 0.00014 0.9894
Man-TEG Chol-50 0.02198 *+ 0.00017 0.9853
Man-TEG PS 0 0.01584 £ 0.00014 0.9844
Man-TEG PS-5 0.01266 % 0.00002 0.9996
Man-TEG PS-10 0.01614 + 0.00009 0.9933
Man-TEG PS-15 0.01261 £ 0.00002 0.9994
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6.4 Supplementary Information Chapter 4
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Figure S59 — Chemical structure of gentamicin.
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Figure S60 — Chemical structure of 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 4-

chlorobenzenesulfonate salt (DID).
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Figure S61 - Particle size distribution for liposome formulations used for uptake studies.
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Size Distribution by Intens ity
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Figure S62 - Particle size distribution for liposome formulations used for gentamicin delivery study.

Table 83 — Lipid content, Z-average/PdI values from DLS and DID Encapsulation Efficiency of
liposome formulations for iz vitro studies.

Molar Ratio %

Formulation Ligand  Chol SM  POPC Z-Average’ PdI? EE%?
d. (nm)

Untargeted Liposome! 0 40 10 49.5 116.5 + 1.08 0.014 + 0.01 93
Man-TEG Liposome! 10 40 10 39.5 123.5 + 1.51 0.058 + 0.01 86
Man-Chol Liposome! 10 30 10 49.5 128.6 + 2.40 0.128 + 0.02 71
Gentamicin - untargeted 0 40 10 49.5 167.3 £1.20 0.281 + 0.02 -
Liposome

Gentamicin - Chol- 10 30 10 495 161.7 £ 1.24 0.188 + 0.01 -

Man; Liposome

10.5% molar ratio DID; 2 Average values + S.D. (n=3); DID 3Encapsulation Efficiency %
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DID' Calibration curve
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Figure S63 — Calibration cutve of DID concentration, pM
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Figure S64 - Calibration curve of gentamicin in S. aurexs inhibition assay.
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