
Developing targeted photodynamic

therapy using glyconanoparticles

Brydie Anne Moore

This thesis is submitted in fulfilment of the requirements of the degree of

Doctor of Philosophy at the University of East Anglia

Department of Biological Chemistry

John Innes Centre

September 2019

©This copy of the thesis has been supplied on condition that anyone who consults it

is understood to recognise that its copyright rests with the author and that use of any

information derived there frommust be in accordance with current UKCopyright Law.

In addition, any quotation or extract must include full attribution.





Declaration

I declare that the work contained in this thesis submitted by myself for the

Degree of Doctor of Philosophy is my work, except where due reference is

made to other authors, and has not previously been submitted by me for a

degree at this or any other university.

Brydie Anne Moore





Abstract

Current antibiotics are losing efficacy due to the rapid rise and spread of drug-

resistant bacteria; and conventional cancer treatments can present many nasty

side effects. Consequently, we urgently need to find alternative therapies to de-

velop effective treatments and improve patient outcomes. One such approach is

targeted photodynamic therapy (PDT), which uses a non-toxic dye (photosensi-

tiser) that releases cytotoxic reactive oxygen species on activation with specific

wavelengths of light. Here, glycan-modified 16 nm gold nanoparticles (gly-

coAuNPs) were explored for their use in targeted PDT, whereby the dye was

localised to the target cell through selective glycan-lectin interactions.

Two novel glycan ligands were synthesised by Cu(I)-catalysed Huisgen

azide-alkyne cycloaddition ‘click chemistry’, and used tomodifyAuNPs. By ex-

ploiting the unique colorimetric properties of AuNPs, detection of glycan-lectin

interactionswas possible. Target pathogen Pseudomonas aeruginosa lectin: LecA,

was detected at 64 nM, by UV-Vis spectroscopy-based studies. Through a new

filtration method that was developed in collaboration with Iceni Diagnostics,

binding of different bacterial species was observed by the modified AuNPs. Fi-

nally, differential glycan binding by breast cancer and non-cancer cell lines was

assessed to identify a glycan to selectively target overexpressed glycan-binding

proteins on breast cancer cells. AuNPs were modified with photosensitiser and

glycan (glycan-/ce6-AuNPs), and targeted cell killing of breast cancer cells was

achieved, showing a ca 46% reduction in cell viability upon light treatment.

The findings demonstrate the versatility of using glycoAuNPs for selective

binding to different cellular targets (bacterial and cancer cells), through glycan-

lectin interactions. The selective cell killing of breast cancer cells demonstrates

the potential of using this approach for targeted PDT.
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Chapter 1

Introduction

The need for alternative, targeted therapeutics is well-documented, with cur-

rent antibiotics losing efficacy due to drug-resistance[1]; and conventional anti-

cancer therapeutics have many nasty side effects[2], arising from drugs that are

non-selective. Finding effective strategies to selectively eradicate these cells is

critical to lowering spread of drug-resistance and side effects[3], and improving

patient outcomes[4]. Although cancer and drug-resistant bacteria may appear

two seemingly disparate research areas, one common ground between them is

that they both require glycans to function and survive, and coupledwith glycan

diversity and selectivity, glycans offer huge potential in the use of targeted drug

delivery.

1.1 Cell-surface glycan interactions

Glycans, including glycolipids and glycoproteins, form a cell-surface glycan

coating around the outermost membrane of a cell, known as the ’glycocalyx’[5].

The glycocalyx can be found surrounding both mammalian and bacterial cells.

Cell-surface glycans allow cells to interact with one another and their environ-

ment, including cellular attachment, recognition, signalling, embryonic devel-

opment, growth, metastasis and differentiation[6]. The varied biological roles
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of glycans are only possible as a result of glycan diversity; a product of their:

stereochemistry, generating different stereoisomers, configurations and glyco-

sidic linkages; chemical substitutions, such as acetyl or amine groups; ability

of a monosaccharide to form multiple linkages, generating linear or branched

structures; and ability to form linkages with non-glycan structures, such as

glycolipids and glycoproteins[7]. These surface glycans are ’read’ by proteins

expressed by cells, and this glycan-protein interaction facilitates the biological

function of glycans (see Figure 1.1).

GLYCANS

CELL SURFACE

BINDING

GLYCAN-
BINDING
PROTEIN

1) 2)

Figure 1.1: Cell-surface glycan binding by proteins: 1) glycan and glycan-binding proteins expressed on the cell surface;
and 2) cell-surface glycan-protein interactions.

Glycan-lectin interactions

A predominant group of the glycan-binding proteins are ’lectins’[8]. Lectins

differ from other glycan-binding proteins, as they do not modify saccharide

residues (enzymes) nor are they a product of an immune response (antibodies).

The glycan-lectin interaction is highly selective for saccharides, similar in selec-

tivity as antibody-antigen and enzyme-substrate interactions[9]. As mentioned

previously, the glycome is diverse, and yet lectins are able to accommodate
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for this versatility, presenting a diverse group of proteins that can be highly

selective towards specific glycan moieties.

Lectins rely on a module in the protein for glycan binding, called the car-

bohydrate recognition domain (CRD). The glycan-lectin interaction is relatively

weak, with an association constant usually under 106 M-1 [10]. This interaction

can be strengthened through multivalent binding by the lectin, which results

in a strengthened interaction due to a ’cluster glycoside effect’ (Figure 1.2a)

[11]. Consequently, lectins can often exhibit multiple CRDs [12], which can also

allow for agglutination of the glycoconjugate or cell[6].

LECTIN

CRD

MULTIMERIC
LECTIN

MONOMERIC 
LECTIN

MONOSACCHARIDE

BINDING
STRENGTH

BINDING
STRENGTH

a) b)

OLIGOSACCHARIDE

Figure 1.2: Glycan-lectin interactions strengthened bymultivalency, known as the cluster glycoside effect. Multivalency
can be achieved through multimeric lectins (a) or multivalent saccharide presentation (b).

Even though cell-surface glycans are often part of larger glycoconjugates,

lectins tend to recognise small chains, i.e., less than 10 saccharide residues[13].

Consequently, the natural ligands for lectins tend to be glycans with multiva-

lent presentation (Figure 1.2). Multivalency not only provides stabilising and

strengthening effects on the glycan-lectin interaction [14], but it also results in

the high specificity of the glycan-lectin interaction, as glycan presentation is

important. Consequently, discrimination between different linkages and stere-

ochemical configurations are enabled, meaning lectins can have high specificity
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for glycans[15].

The binding between a lectin and carbohydrate includes a number of differ-

ent non-covalent interactions, including hydrogen bonding; salt-bridges; metal

ion coordination; and hydrophobic stacking (Figure 1.3)[16][17].

1) 2) 3) 4)

LECTIN CRD

GLYCAN

HYDROPHOBIC
STACKING

SALT BRIDGE HYDROGEN 
BONDING

METAL ION 
COORDINATION

Figure 1.3: Non-covalent glycan-lectin interactions: 1) hydrophobic stacking, by glycan hydrophobic patches and
aromatic amino acids; 2) salt bridges between charged glycans and oppositely charged amino acids; 3) hydrogen
bonding between amino acids and glycan hydroxyl or amino groups; and 4)metal ion coordination by glycan hydroxyls
and negatively charged amino acids. Phe = phenylalanine, Arg = arginine, Thr = threonine, Asp = aspartate.

Hydrogen bonding by hydroxyl groups act as the main interaction between

the glycan and lectin, with further hydrogen bonding facilitated by water

molecules[16]. The glycan hydroxyl groups form hydrogen bonds with po-

lar amino acids, such as glutamine and serine[17]. The glycan hydroxyl groups

can also participate in cooperative hydrogen bonding, where the hydroxyl is

both the acceptor and donor. Further hydrogen bonding can occur between

lectin and hydroxyl substitutes found on glycans, such as amines.

Although most glycans are neutral, salt-bridges can form between charged

glycans and oppositely charged amino acid residues, such as sialic acid (nega-

tively charged sugar) and lysine (positively charged amino acid). Some lectins
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also require divalent metal ions, such as Ca2+, for glycan binding[12]. The

cation is coordinated between glycan hydroxyls and negatively charged amino

acids[17].

Saccharides also contain hydrophobic and hydrophilic areas in their struc-

ture. Therefore, hydrophobic stacking can occur between hydrophobic regions

of the saccharide (CH groups) and amino acids, such as the aromatic phenylala-

nine, tryptophan and tyrosine residues, in the lectin[16]. These hydrophobic

interactions, along with hydrogen bonding and van der Waals interactions, are

the main interactions that contribute to glycan selectivity by the lectin[18].

1.1.1 Cell-surface lectins in bacterial infection

Glycan-lectin interactions play a key role in bacterial pathogenesis, involved

in both attachment and invasiveness. To establish an infection, pathogenic

bacteria must adhere to the host cell surface. Without attachment, bacteria are

at risk from clearance by the immune system. To facilitate adhesion, bacteria

can use cell-surface lectins to bind to host cell surface glycans. Lectins used

for adhesion (adhesins) may be found as part of protein appendages, such as

fimbriae or pili (fimbrial adhesins); or on the outer membrane (non-fimbrial

adhesins)[19]. Once adhered, the bacteria are able to colonise the host, andmay

become invasive, where they enter host cells and can spread to other tissues; or

form biofilms (see Figure 1.4).
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PATHOGEN
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NON-FIMBRIAL 
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Figure 1.4: A) Bacterial lectins used for adhesion may be found localised on protein appendages (fimbrial adhesins) or
on the outer membrane (non-fimbrial adhesins). B) Adhesion is a prerequisite for infection: 1) planktonic bacteria gain
entry to host; 2) attachment to host cell surface through glycan-lectin interactions; 3) irreversible attachment leads to
growth and colonisation; 4a) established colonies may form biofilms; or 4b) attachment may lead to invasion through
endosomal trafficking.

The bacterial lectins used in attachment can be highly selective, and limit

their pathogenesis to a single species, or to a particular locationwithin a species,

such as Escherichia coli (E. coli). Although many of these glycan-lectin interac-

tions have not been characterised for human pathogens, one of the most well-

studied is a mannose-binding lectin (FimH) found on uropathogenic E. coli

(UPEC)[20]. FimH is a fimbrial lectin, located at the tip of type I fimbriae (Fig-

ure 1.5). FimH recognises monomannosyl and trimannosyl residues. UPEC

must express FimH in order to cause a urinary tract infection (UTI), as they

use FimH to bind to mannose-containing glycoproteins (uroplankin Ia and Ib)

that are expressed on cells of the urinary tract lining (Figure 1.5). Interestingly,
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many E. coli isolates can express FimH, but the lectin is not associated with

pathogenesis elsewhere in the body. In fact, E. coli isolates differentially express

a variety of different lectins that they use for attachment and invasion, which is

dependent on their location[21].

PATHOGEN

FIMBRIAL 
ADHESINS

FLAGELLUM

NON-FIMBRIAL 
ADHESINS

HOST
CELL 

SURFACE

URINARY 
TRACT 

EPITHELIAL
CELL 

SURFACE

MANNOSYLATED 
UROPLANKIN 1A/1B

FimH FimG FimF
FimA

(~1000 REPEATING SUBUNITS)

FimD
UPEC
CELL 

SURFACE

UPEC TYPE 1 FIMBRIAL

UPEC FimH-MANNOSE BINDING INTERACTION

Figure 1.5: Uropathogenic E. coli (UPEC) lectin: FimH, binding to mannose found on uroplankins (Ia and Ib) on the
urinary tract lining.

As mentioned previously, when bacteria colonise a host, they can form

biofilms. Glycan-lectin interactions are also involved in biofilm formation and

modulation. Biofilms are an adhered community of microorganisms, em-

bedded in an extracellular polymeric substance (EPS) that largely consists of

polysaccharides [22], DNA and proteins [23]. Biofilms present a major prob-

lem from a therapeutic standpoint. They account for 80% of all infections[24]

and are much harder to treat than their planktonic counterparts. They provide

protection against the environment, including the immune system and antimi-

crobial drugs. The EPS acts as a physical barrier, restricting access of drugs and
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host defences from reaching the target site of action on, or inside, the bacteria.

Components of the EPS, such as extracellular DNA and polysaccharides, can

interact and sequester antibiotics through electrostatic interactions[25]. The

EPS may also contain enzymes, such as β-lactamases, that degrade antibiotics

before they can reach the bacterial cells[26]. In a biofilm context, the effec-

tiveness of antimicrobial drugs can be reduced 1000-fold; often rendering the

drug ineffective, or requiring doses unattainable for safe clinical use[27]. The

increased antibiotic tolerance by biofilms is also thought to be linked to some

of the bacterial cells existing in a low metabolic state. The bacterial cells closer

to the surface have greater access to oxygen and other nutrients. Consequently,

a nutrient gradient within the biofilm exists, with lower nutrient availability

at deeper depths. In oxygen deprived conditions, bacterial cells are associated

with low metabolic activity, and a slow-growing state. The low metabolic ac-

tive cells are more tolerant to antibiotics, as many classes of antibiotics target

fast-growing cells[25].

As well as using lectins for host surface attachment, these cell surface lectins

can be critical for biofilm formation, for example, in the opportunistic pathogen

Pseudomonas aeruginosa (P. aeruginosa). P. aeruginosa are Gram-negative bacte-

ria that are associated with multi-drug resistance and hardy infections. As an

opportunistic pathogen, P. aeruginosa can reside in healthy individuals without

causing an infection. However, P. aeruginosa can cause life-threatening infec-

tions in individuals with compromised or low immunity, such as those with

Cystic Fibrosis[28]. Aswell as using a plethora of virulence factors, P. aeruginosa

also readily form biofilms, which contribute to the severity of the infection as

well as the difficulty in clearance[29]. P. aeruginosa can express the cell surface

lectins: LecA and LecB, that recognise galactosides and fucosides, respectively.

The exact role in biofilm formation has not be determined, but it is thought

that the lectins bind to exopolysaccharides and other bacteria, forming cross-

linkages necessary for biofilm formation[30]. Consequently, lectins have poten-

tial to be used in drug targeting against both planktonic and biofilm bacterial
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infections. Further discussion on P. aeruginosa can be found in Chapter 4.

1.1.2 Cell-surface lectins in cancer

As stated previously, glycan-lectin interactions are involved in diverse roles in

thehumanbody, and lectin expression canbealtered indiseased-state cells, such

as cancer. The type of lectins and their relative abundance, very much depends

on the stage and locationof the cancer. Differential lectin expression can result in

many protumourigenic processes, such as promoting angiogenesis, metastasis

and neoplastic transformation; as well as demonstrating anti-apoptotic effects;

and aid evasion of immune surveillance[31]. Lectins that have received the

most attention in their role in cancer modulation, belong to the galectin[32],

siglec and C-type[33] lectin families[34].

Galectins recognise β-galactosides that can be classified as proto-, chimera,

or tandem repeat-type galectins, dependent on their structure (Figure 1.6) and

is discussed further in Chapter 5. Galectins can be found intracellularly, cell

surface associated, or secreted[35]. Consequently, their roles are diverse as they

can interact intracellularly and extracellularly. Differential galectin expression

has been observed in many different cancers (breast, lung, colon, bladder and

pancreas)[36]. In particular, much research has focused on overexpression of

extracellular galectin-1 (proto-type galectin), which has been associated with

promoting metastasis and angiogenesis, and exerting anti-apoptotic effects[37].

Figure 1.6: Illustration of three structural types of galectins: proto-type, chimera-type, and tandem repeat-type galectins
(left to right). Adapted from Cagnoni et al.[34]

.

The siglecs (sialic acid-binding immunoglobulin-like lectin) are transmem-
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brane receptors that recognise sialic acid derivatives, and play a key role in

normal immune functioning [38]. Siglecs can have inhibitory effects on im-

mune modulation, such as siglec-7 and -9 (Figure 1.7) that can be found on a

type of immune cell called natural killer cells, which are involved in malignant

cancer cell clearance[39]. As many cancers are hypersialyated, this increased

sialic acid-siglec binding can aid immune evasion by the hypersialyated cancer

cells[40]. Siglec overexpression has also been associated with cancers, such as

siglec-2 (CD22, Figure 1.7), which has been shown to be overexpressed on B-cell

lymphomas[41].

Figure 1.7: Illustration of key siglec structures involved in cancer. From left to right: siglec-2 (CD22), siglec-7, and
siglec-9. Adapted from Cagnoni et al.[34].

C-type lectins are a large family of predominantly transmembrane proteins,

with some secreted proteins, such asmannose-binding lectin. All C-type lectins

share structural homologous CRDs. C-type lectins usually require calcium ions

for binding and their glycan selectivity ismore varied between familymembers,

compared to other lectin families. The C-type lectins have demonstrated roles

in promoting metastasis[42], and of particular interest in cancer progression,

are the selectins and mannose receptor (Figure 1.8). The selectins recognise

sialyated and fucosylated derivatives; whereas, mannose receptor recognises
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mannosylated derivatives. Selectins have demonstrated a protumourgenic role

in colon, lung and skin cancers[43], and overexpression in the tumour microen-

vironment, promoting metastasis[44]. Mannose receptor has been detected to

be overexpressed in gastric [45] and breast cancer[46], and high expression is

associated with poor prognosis[45].

Figure 1.8: Illustration of key C-type lectin structures involved in cancer. From left to right: P-selectin, E-selectin,
L-selectin, and mannose receptor. Adapted from Cagnoni et al.[34] and van Die et al.[47].

1.2 Targeted drug delivery: cell targeting

1.2.1 Overview of glycan-lectin targeting

Targeted binding by glycans to lectins may be split into two groups: 1) direct

lectin binding, where glycans are used to target endogenous lectins; or 2) reverse

lectin binding, where exogenous lectins are used to target glycans expressed on

the cell-surface[9] (Figure 1.9).
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Figure 1.9: Illustration of direct (left) and reverse (right) lectin targeting.

Direct binding provides advantages as glycans offer solubility, stability and

biocompatibility[48], which are important aspects when considering drug de-

livery applications anddetection systems. It is also easier to obtain pure glycans,

through chemical or enzymatic synthesis. Lectins can themselves be glycosy-

lated, where they can present different glycoforms, and so high purity lectin is

often hard to obtain[49]. Lectins can also present toxicity, and elicit an immune

response[50]. Consequently, this PhD research uses direct lectin binding, using

synthesised glycans for targeting lectins on cancer or bacterial cells.

1.3 Targeted drug delivery: drug carrier

The use of drug delivery systems can enhance safety and efficacy of the thera-

peutic [51], as they aim to carry the drug to the diseased or infected area at a

controlled rate [52]. In order to combine targeting and eradication elements, a

’carrier’ is often used. In glycan targeting, multivalent presentation of the gly-

can is necessary for strong binding, and carriers are one method of achieving

this.
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1.3.1 Nanoparticles as carriers

There are many different carriers that have been developed for drug delivery

systems over the past thirty years [51], and in particular, ’nanoparticles’ have

gained large interest. Nanoparticles (NPs) are defined as particles with a size

between 1 and 1000 nm [53]. NPs are available in a range of shapes, structures,

sizes andmaterials, each contributing to various advantages and disadvantages

dependent on their application. Generally, NPs are advantageous over larger

drug carriers as they often exhibit high ’loading capacity’ of a ligand/drug due

to their high surface area to volume ratio. NPs also often have unique chemical

and physical properties compared to the bulk material, such as optical and

magnetic properties [54].

1.3.2 Gold nanoparticles

Although there are many different types of NPs, one of the most common ways

to categorise NPs is based on their material, such as organic (carbon, polymeric,

lipid-based) and inorganic (silica, semiconductor, magnetic) [54]. In this PhD

research, inorganic gold NPs were used as the carrier, and will be given focus

from herein.

Gold NPs (AuNPs) have been studied in great detail over the past two

decades. Compared to organic carriers, AuNPs offer superior control over

NP size and shape, and consequently monodispersity[55]. The relative ease

of AuNP surface modification, along with their unique optical properties, has

amplified interest in the potential of AuNPs as drug carriers, as well as in

cellular imaging and sensing [56].

AuNPs for glycan-based detection

By coating the AuNP surface with glycans (glycoAuNPs), binding to their cor-

responding lectin can be observed through colour changes, detected by eye or
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by UV-Vis spectrometry. This is a result of multivalent glycoAuNPs binding to

multimeric lectin, creating an ’aggregate’ of particles (see Figure 1.10).

Figure 1.10: Image demonstrating aggregates formed between glycoAuNPs in the presence ofmultimeric lectin, leading
to a colour change from red to purple/blue.

This concept has been explored for detection of soluble lectins[57]; tox-

ins[58]; bacterial cells[59]; and viruses[60]. For example, in 2013, Marin et

al.[60] were able to discriminate between human and avian influenza virus us-

ing a sialic acid α-2,6-galactose derivative to functionalise 16 nm AuNPs. The

glycoAuNPs demonstrated preferential binding to human influenza, observed

through changes in the UV-Vis extinction spectra. Consequently 16 nm AuNPs

are particularly useful in developing glycan-lectin targeted antimicrobial thera-

peutics, as their color changes can be used to monitor cell surface glycan-lectin

interactions.
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AuNPs for drug delivery

AuNPs are also a good drug delivery candidate as their size, shape and surface

(ligand/s, ligand density, charge) can all be easily controlled during prepa-

ration. All these properties affect cellular uptake, and so depending on the

cellular target, manipulating these factors can improve uptake and binding in-

teractions. However, the optimal conditions for cellular uptake is multifactoral

and can becomequite complex. Consideration should be given to factors such as

the ligand/s used for surface functionalisation (charge, density, receptor target);

the cell type; the concentration; site of action; and incubation time. As shown

in Kumar et al.[61], where the study assessed cellular uptake by three different

ovarian cancer cell lines (OVCAR5, OVCAR98 and SKOV3), assessing effects

from particle size (18-80 nm), particle concentration, and incubation time (6-24

hours), using citrate-stabilised AuNPs (negatively charged). The study showed

that all cell lines had highest levels of gold when incubated for longer incuba-

tion times (24 hours). When it came to size dependency of cellular uptake, the

results weremore complex. The highest levels of cellular gold (µg) for OVCAR8

was with 18 and 80 nm AuNPs; OVCAR5 was with 18 nm AuNPs; and SKOV3

was with 18, 60 and 80 nm. Highlighting that the optimal conditions should

be assessed for the given drug delivery system, biological setting, and cellular

target.

AuNPs for glycan-based drug delivery

As AuNPs can be functionalised with different ligands to create heterogeneous

monolayers, a multicomponent system can be achieved, providing a way of

combining targeting and cell eradication elements (Figure 1.11). For glycan tar-

geting, multivalency and presentation are key for strong binding interactions

with lectins. The AuNP aims to mimic the multivalency from biological gly-

coconjugates that are a lectin’s natural ligand. The AuNP scaffold also offers

a method of controlling glycan presentation by: the ligand tether, allowing
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alterations such as hydrophobicity, charge and flexibility; and ligand density,

by altering ligand concentrations for surface functionalisation or diluting with

’spacer’ ligands, such as ethylene glycol derivatives.

DRUG

AuNP

GLYCAN

SPACER

Figure 1.11: Illustration of heterogeneous surface modification of AuNPs, providing a method of combining targeting
(glycan) and cell eradication (drug) elements. Glycan presentation can be optimised by including ligands (spacer) that
control density of glycan on the AuNP surface.

Poly(ethylene glycol) is commonly used for modifying proteins for thera-

peutic use, through a method often termed ’PEGylation’. This PEGylation of

the compound can improve stability, solubility, circulation time and reduce

immunogenecity [52]. Pathogens generally have hydrophobic coatings that at-

tracts serum proteins for attachment. Phagocytic cells recognise the bound

serum proteins, and aim to internalise and eliminate the structure through a

process called opsonisation. Therefore, hydrophobic drug molecules may have

low circulation times in the body. Thus, PEGylation of the drug can increase

the hydrophilicity of the compound. Consequently, ethylene glycol tethers

were incorporated into the ligands for AuNP functionalisation used in this PhD

research.
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1.4 Targeted drug delivery: cell killing

1.4.1 Glycan-based AuNPs in cell killing

Glycan based AuNPs (glycoAuNPs) have been explored in therapeutic applica-

tions by: coupling glycans with known drugs to the surface, aiming to improve

delivery and efficacy of a licensed drug; or coupling glycans with new eradi-

cation methods. The former is an approach taken to improve or prolong the

effectiveness, and reduce side effects, in current treatments. Whereas new

cell eradication mechanisms provide different strategies in hope of bypassing

already ineffective cell death pathways and reduce side effects from current

treatments.

Some systems use polysacchride coated AuNPs, before further conjugation

to conventional drugs. For example, the anti-cancer drug doxorubicin can

present cardiotoxicity in a dose-dependent manner[62]. Jang et al. demon-

strated improved delivery of doxorubicin by coating the AuNP surface with

dextran1, and then conjugating doxorubicin to the dextran coat. The results

showed high toxicity of HeLa cells at low concentrations of doxorubicin conju-

gate particles, in comparison to the unconjugated doxorubicin [64]. Note that in

this study, the authors focus on dextran being used to improve biocompatibility,

such as improved stability (pH and salt) and improved solubility, rather than

for selective targeting of a glycan receptor. A similar approach was taken for

targeted drug delivery to bacteria too. Mu et al. generated chitosan2 conjugated

to the antibiotic streptomycin (CS) to coat the surface of AuNPs (CS AuNPs).

The group demonstrated increased inhibition and destruction of Gram-positive

and Gram-negative biofilms with the CS AuNP, compared to the CS or strepto-

mycin alone. The authors showed that the improved response was due to better

biofilm penetration, with greater exposure to the streptomycin[66].

1Dextran is a polysaccharide consisting of glucose residues, with linear chain linkages of
α-1,6, and branched chain linkages of α-1,3[63].

2Chitosan is a linear polysaccharide with β-1,4 glucosamine and N-acetyl-glucosamine,
though randomly dispersed throughout the macromolecule[65].
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Aswell as polysaccharides, groups have used glycan functionalised poly-

mers (glycopolymers) for targeting. Adokoh et al. demonstrated glucose- and

galactose-basedpolymer functionalisedAuNPs, thatwere also co-functionalised

with an anti-cancer agent: gold(I) phosphine. The galactose-based particles

showed higher toxicity against HepG2 liver cancer cells, compared to con-

ventional anti-cancer drugs (cisplatin and cytarabine). Yuan et al. also used

polymer-based eradication agents but to targetE. coli. The groupused aglucose-

based polymer (poly[2-(methacrylamido)glucopyranose], pMAG) that selec-

tively binds FimH lectin on E. coli, and a positively charged polymer (poly[2-

(methacryloyloxy)ethyl trimethylammonium iodide], pMETAI) that is normally

used as a fungicide, which affects membrane permeability and metabolism.

Higher toxicity was observed when the pMAGwas present, and there was also

a reduction in cell toxicity when mannose was present. Mannose is the pref-

erential monosaccharide for FimH, and so both of these results suggested a

specific binding event[67].

Monosaccharides have also been used for targeted drug delivery systems on

AuNPs. Conde et al. used a multicomponent system for AuNP functionalisa-

tion, involving glucose; siRNA, targeting a gene involved in modulating apop-

tosis and proliferation (c-Myc); PEG; and fluorophore[68]. The study showed

promising results against lung cancer in vitro and in vivo (mice), with an 80%

reduction in tumour size in vivo. Also through glucose targeting, Chiodo et al.

used glucose functionalised AuNPs, along with two antiretroviral drugs (aba-

cavir and lamivudine), to target HIV-1. The AuNPs inhibited viral replication

at a similar level to that of the free drug. However, current anti-HIV treat-

ment needs a cocktail of antiretroviral drugs that can present host cell toxicity

and drug resistance, and so the study demonstrated a proof-of-concept, with

authors speculating on future prospects of using a similar approach but with

different drugs to improve effectiveness[69].
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1.4.2 Photodynamic therapy as an effective therapy against dif-

ferent cell types

Photodynamic therapy (PDT) relies on a non-toxic dye, termed a ’photosensi-

tiser’ (PS). Upon light activation, the PS releases reactive oxygen species (ROS)

that causes irreversible damage to cells where the PS is localised[70]. The cell

killing mechanism by PDT allows the therapy to be effective against a wide

range of cell types, including cancer and bacteria, i.e. the drug target is not

cell-specific. Further advantages of PDT are that the drug is only activated

upon irradiation with light, consequently reducing side effects from uptake of

the drug from surrounding tissues. The localised effects of PDT reduce healthy

human cell cytotoxicity and tissue damage. Singlet oxygen has been demon-

strated to have a lifetime of ~3 µs [71], in which time the singlet oxygen can only

diffuse short distances of around 0.1 µm [72]. This makes the effects of PDT

highly localised, further reducing host cell toxicity.

Photodynamic therapy mode of action

To induce cytotoxicity, the PS must first be activated by absorbing energy from

an appropriate wavelength of light, which excites the molecule to a higher

energy state [70]. There are two types of reaction that can produce reactive

oxygen species (ROS). A Type I reaction involves electron or hydrogen transfer,

and produces superoxide anions, hydroxyl radicals and hydrogen peroxides;

whereas, a Type II reaction involves the transfer of energy to an oxygenmolecule

that generates singlet oxygen (see Figure 1.12)[73].

19



En
er

gy

S0

S1
ISCVR

PFNRA

T1

ET

3O2

1O2

e-

3O2 TYPE I

PS

ROS 
(H2O2, OH-)

TYPE II

Light

Figure 1.12: A Jablonski diagramdemonstrating the principles of PDT, adapted fromDai et al.[74]. PS = photosensitiser;
A = absorbance; VR = vibrational relaxation; ISC = intersystem crossing; NR = non-radiative; F = fluorescence; P =
phosphorescence; e- = electron transfer; ET = energy transfer.

Generally, molecules exist at a singlet ground state, which refers to paired

electrons that have antiparallel spin in the lowest energy level. However, oxygen

occupies a triplet state, which means paired electrons have parallel spin. Upon

irradiation of light, the PS becomes excited to a higher energy singlet state,

and after a short period the molecule returns to the singlet ground state via

radiative (fluorescence) or non-radiative (heat) processes. Alternatively, the

excited molecules can undergo spin conversion through intersystem crossing

to the triplet state. At this stage, generation of Type I reactive oxygen species

can be formed through the transfer of electrons or hydrogen to surrounding

molecules [70]. The photoactive compound may also transfer energy to an

oxygen molecule to generate singlet oxygen [75]. As oxygen exists in a triplet

state, when oxygen absorbs the energy from an excited molecule, i.e., the PS,

the oxygen is excited to the lowest excited energy level that is a singlet state (see

Figure 1.12).
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Photosensitisers

PSsmaybe classified as first, second or third generation. First generation PSs are

derivatives of hematoporphyrin. Hematoporphyrin is composed of a mixture

of porphyrin-based compounds, and isolation of oligomers of themixture led to

the first commercially available PS: Photofrin®[76].The first generation PSs had

a variety of disadvantages, such as long photosensitivity after treatment; low

purity; and low light tissue penetration from a short PS activation wavelength.

Next, a series of secondgenerationPSsweregenerated, bothporphyrin (chlo-

rin, bacteriochlorin, phthalocyanine) and non-porphyrin (phenothiazinium,

xanthene, dipyrromethene), designed to overcome the problems from the first

generation PSs. The aim of second generation PS was to improve purity; lower

dark toxicity (activationwithout light); longer activationwavelengths for deeper

light penetration; improve target cell selectivity; and improve singlet oxygen

quantum yield through PS structural changes[77]. So far, only first and second

generation PSs are approved for clinical use, including: Photofrin®, porfirmer

sodium; Levulan, 5-aminolevulinic acid (ALA, precursor for protoporhyrin

IX); Metvix, ALA-methyl derivative; Photosense, sulphonated aluminium ph-

thalocyanine; Radachlorin, chlorophyll a derivatives; Laserphyrin, chlorin e6-

L-aspartic acid conjugate; and Verteporfin, benzoporphyrin derivative[78]. For

a summary of first and second generation PS classification see Figure 1.13.
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Third generation PSs aim to incorporate targeted elements. This may be

through the PS conjugated to targeting structures, such as antibodies[79][80],

peptides[81], aptamers[82], fullerenes[83], bacteriophages[84], folic acid[85]

and glycans (reviewed within). The use of PS conjugated to NPs (inorganic

or organic) are also third generation PS, as nanomaterials have shown im-

proved uptake and localisation to tumours[86] and infections[87]. As PSs tend

to be hydrophobic, then can aggregate in biological media which reduces their

uptake and effectiveness. NPs can improve solubility of the PS, and their high

surface to volume ratiomeans large amounts of drug can be carried to the target

cell; a process known as passive targeting (discussed further in Section 1.4.2).

Alternatively, targeting structures and nanomaterials may be combined, and

are classified as active targeting[86].

Photodynamic therapy against bacteria

PDT was observed to be effective against microorganisms over 100 years ago,

but the discovery of antibiotics halted the focus of PDTas a clinical antimicrobial

treatment[88]. Instead, focus was placed on PDT as an anti-cancer treatment.

However, with drug-resistance and the lack of new antibiotics coming through

to the clinics, PDT has started to gather momentum for the treatment of infec-

tions over the past three decades[89]. The main ways PDT causes cell death

in bacteria intracellularly is by the ROS oxidising nucleic acid and damaging

antioxidant enzymes (catalase, peroxidase); and extracellularly, ROS oxidises

lipids and proteins in the membrane, and can cause cross-linking of membrane

proteins (Figure 1.14).
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Figure 1.14: Mechanisms of ROS induced cytotoxicity against bacteria via PDT: 1) PS localises to cell membrane or
intracellularly; 2) PS is activated upon irradiation, generating ROS; and 3) methods of cell death.

There are many advantages of PDT for antibacterial treatment. Firstly, PDT

has already been shown to successfully eradicate a range of microorganisms

[90], and also has been successful at killing multi-drug resistant bacteria [91].

Upon degradation, bacteria can release virulence factors such as LPS and pro-

teases, which can stimulate proinflammatory cytokine production. Using tolui-

dine blue O, PDT has been shown to ’detoxify’ these products from E. coli and P.

aeruginosa, and thus reducing an inflammatory response [92]. PDT is also faster

acting than conventional antibiotics. Evidence also suggests that bacteria will

develop resistance at a much slower rate to PDT than to current antimicrobial

drugs, as damage is wide spread across the cell [93]. Bacteria may develop

resistance to PDT by upregulating antioxidant enzymes against type I gener-

ated ROS. However, no bacterial defensive antioxidant enzymes against singlet

oxygen (type II generated ROS) are known. Bacteria may also increase efflux

pump expression to remove PS from the cell. However, the phenothiazinium

dyes are the only PSs that have been shown to be removed by bacterial efflux

pumps, even though many different types of PS have been assessed[94].

Photodynamic therapy against cancer

As mentioned above, cancer had been the predominant focus of PDT research.

These efforts have resulted in PDT available in the clinics for treatment against

a range of different cancers, such as skin, oesophageal, mouth, lung, and breast.
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Singlet oxygen is thought to provide the largest contribution to the cytotoxicity

that arises from PDT [75]. The reactive oxygen species are cytotoxic through

necrosis or apoptosis [95], primarily damaging the DNA and cytoplasmicmem-

brane [22]. PDT can also result in cancer treatment through indirect methods

too.

PDT has notably three methods of tumour destruction, through direct and

indirect damage. Firstly, as outlined in Section 1.4.2, there is the direct killing

of the cancer cells by ROS (see Figure 1.15). This direct killing of the tumour

cells can also generate indirect tumour damage through stimulating an immune

response. The direct cell killing through apoptosis or necrosis results in inflam-

matory mediators and antigens being released from the cells, which triggers

inflammation. This localised, acute inflammation subsequently results in an

adaptive immune response that is tumour specific. Lastly, PDT can damage the

surrounding tumour vasculature, starving the tumour of nutrients.
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Figure 1.15: Mechanisms of ROS induced cytotoxicity against cancer cells via PDT: 1) PS localises to cell membrane or
intracellularly; 2) PS is activated upon irradiation, generating ROS; 3a) oxidation of proteins, lipids, DNA; 3b) immune
stimulation by cytokine release from dead cell; and 3c) destruction of surrounding vasculature by ROS.

Cancer cells are associated with their unregulated and rapid growth, which
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results in stimulation of new vasculature to meet the the high oxygen and nutri-

ent demand. Cancer cells release abnormal vasculature growth signals, which

makes their surrounding vasculature disorganised, erratic and more perme-

able, as gaps form between endothelial cells in the blood vessel barrier[96].

Consequently, tumour vasculature is often described as ’leaky’, as larger par-

ticulates (such as NPs) can move across the endothelial barrier; whereas, in

normal vasculature, movement is restricted to smaller molecules. Tumours can

also lack a functioning lymphatic drainage system, which is responsible for

the removal of compounds from the tumour environment. NPs can therefore

preferentially accumulate in tumours over healthy cells, which is known as the

enhanced permeability retention effect (EPR)[97].

Limitations of photodynamic therapy

PDT relies on light being able to reach and activate the PS, and sufficient oxygen

availability within the PS environment. Current PSs are activated by wave-

lengths of light that can travel a maximum of 1 cm through the skin[89]. Conse-

quently, PDT treatment is limited by location and size of the target. For example

in cancer, the unregulated and rapid growth often leads to lack of nutrients in

the depths of large tumours; creating hypoxic conditions. Therefore, PDT is

most effective against infections or cancers that are localised close to the skin or

mucosal surfaces, and relatively low density or small in size. These limitations

can only be solved by improving methods of light delivery, or developing PSs

that can be activated by light that can penetrate further depths.

In the clinics, one of the major side effects from PDT is photosensitisation of

the skin andeyes. This is a result of the lowselectivity of currentPSs,where large

doses are needed to achieve efficient toxicity. By improving PS delivery, lower

doses would be administered; which in turn, could reduce photosensitisation

side effects[98]
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1.4.3 Glycan targeted photodynamic therapy

Not only is targeted delivery of the PS important for lowering side effects, it is

also critical for successful application as the singlet oxygen must be localised

to the target cell to cause effective cytotoxicity; especially considering the short

lifetime of singlet oxygen[99]. The hydrophobicity of PSs means that they

often show poor solubility in vivo, and can form aggregates that lower their

efficiency, or lead to quenching. Glycans offer hydrophilicity when conjugated

to compounds, and so there has been much research into glycan-PS conjugates

for biocompatibility, as well as targeting.

Through direct conjugation of glycans to PSs, the aim is to improve solubility

and targeted uptake by the target cells. There has been much research using

this approach, with focus on galactose-, glucose-, mannose-, and lactose-based

PS conjugates[100]–[106], and extensive reviews of glyco-modified PSs have

been published[107][108]. Although glycan modification can improve stability

and biocompatibility of the PS for targeting purposes, multivalent presentation

improves lectin binding. Consequently, multivalent presentation of glycans in

conjugation with PSs has been explored too.

In 2015, Lu et al.[109] demonstrated a galactose functionalised polymer

(2-(dimethylamino)ethyl meth-acrylate or ’DMAEMA’) that was coupled to

the macromolecular PS core: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BOD-

IPY). The functionalised PS was shown to inhibit bacterial growth at a dose

concentration of 0.3 nM. After investigation, the specificity was not linked to

the glycan-lectin interaction. Although this studydoes showapotentialmethod

for conjugating a successful antimicrobial PS to a carbohydrate functionalised

polymer.
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Figure 1.16: Structure of galactose-based polymer BODIPY conjugate used in Lu et al.[109]. Republished with per-
mission of Royal Society of Chemistry, from Z. Lu, X. Zhang, Y. Zhao, et al., “BODIPY-based macromolecular pho-
tosensitizer with cation-enhanced antibacterial activity,” Polymer Chemistry, vol. 6, no. 2, pp. 302–310, Dec. 2015. doi:
10.1039/C4PY00715H; permission conveyed through Copyright Clearance Center, Inc.

Silva et al.[110] synthesised galactose-based dendrimer PS conjugates (Fig-

ure 1.17). In 2014, the group demonstrated targeted anti-cancer PDT using the

phthalocyanine derivative[111]. The dendrimer phthalocyanine conjugate was

selectively taken up by two bladder cancer cell lines, through glycan-binding

proteins (galectin-1 and GLUT1 receptor). This was demonstrated through

siRNA to inhibit galectin-1 and GLUT1 expression, which reduced uptake and

effective phototoxicity by PDT. However, to demonstrate effectiveness as a ther-

apeutic, further work is needed to show either in vitro selectivity with a non-

cancer cell line as a control, or in vivo studies to assess cancer targeting in a

complex, biological context.

Figure 1.17: Galactose dendrimer porphyrin (left) and phthalocyanine (right) conjugates, synthesised in Silva et al.[110].
The phthalocyanine derivative is used in Pereira et al.[111]. Used with permission of Royal Society of Chemistry,
from S. Silva, P. M. Pereira, P. Silva, et al., “Porphyrin and phthalocyanine glycodendritic conjugates: Synthesis,
photophysical and photochemical properties,” Chemical Communications, vol. 48, no. 30, pp. 3608–3610, Apr. 2012. doi:
10.1039/c2cc17561d; permission conveyed through Copyright Clearance Center, Inc.
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Das et al. [112] used mannose-based dendrimer porphyrin conjugates (Fig-

ure 1.18), to bind the mannose-binding lectin concanavalin A (ConA). The

dendrimers were constructed of either 12 or 36 mannose residues. This study

was interesting as it demonstrated that moremonosaccharide residues does not

necessarily result in better lectin binding. Instead, the conjugate bearing fewer

mannose residues on the dendrimer, had stronger binding to ConA. Highlight-

ing the importance of saccharide presentation; accessibility by lectin CRD; and

density, in lectin binding.

Figure 1.18: Structures of mannose-based dendrimer porphyrin conjugates used in Das et al.[112], bearing 12 (left)
or 36 (right) mannose residues. Conjugates used in experiments were all deacetylated (1b or 2b). Reprinted from
R. Das and B. Mukhopadhyay, “Use of ’click chemistry’ for the synthesis of carbohydrate-porphyrin dendrimers and
their multivalent approach toward lectin sensing,” Tetrahedron Letters, vol. 57, no. 16, pp. 1775–1781, Apr. 2016. doi:
10.1016/j.tetlet.2016.03.031, Copyright (2016), with permission from Elsevier.

Nanomaterials have also been used as a scaffold for glycans and PSs. As

mentioned previously, nanomaterials can offer control over ligand density and

presentation, which aids lectin binding. Despite the advantages offered by

glycan-targeted and PS nanomaterial conjugates, studies are more limited than

other glycan-PS conjugates. Rhee et al.[113] used virus-like particles that were
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modified with metalloporphyrin and a sialic acid derivative (Figure 1.19) to

target CD22 receptor on CHO cells. Improved cell death was observed at all

concentrationswhen the sialic acid derivativewas present. Selective uptakewas

also demonstrated, by comparing cell viability of CD22 negative and positive

CHO cells. Interestingly, the authors note that they observed rapid decompo-

sition when the virus-like particles were modified with an anionic porphyrin

derivative, which may mean this approach is limited to cationic or neutral PSs

for stable conjugate production.

Figure 1.19: Structure of glycan/porphyrin modified virus-like particles used in J. K. Rhee, M. Baksh, C. Nycholat, et
al., “Glycan-targeted virus-like nanoparticles for photodynamic therapy,” Biomacromolecules, vol. 13, no. 8, pp. 2333–
2338, Aug. 2012. doi: 10.1021/bm300578p. Control particles lacked the sialic acid derivative ligand (red). Reprinted
(adapted) with permission from Rhee et al.[113]. Copyright (2012) American Chemical Society.

Brevet et al.[114] used silica nanoparticles modified with anionic porphyrin,

with and without mannose (Figure 1.20), to target breast cancer in vitro (MDA-

MB-231). With the mannose conjugated particles, 99% cell death of breast

cancer cells was observed upon irradiation in vitro. Without mannose, 45% cell

death was observed, demonstrating that when mannose was present there was

improved phototoxicity. By introducing free mannose as an inhibitor, photo-

toxicity was inhibited. This suggested that the increased phototoxicity with the

mannose conjugated particles, was due to a mannose-dependent interaction.
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Figure 1.20: Structure of mannose/porphyrin modified silica particles used in Brevet et al.[114]. The porphyrin is
encapsulated within the mesoporous silica nanoparticles (left) and then conjugated to mannose derivative (right).
Control particles were unconjugated. Republished with permission of Royal Society of Chemistry, from D. Brevet, M.
Gary-Bobo, L. Raehm, et al., “Mannose-targeted mesoporous silica nanoparticles for photodynamic therapy,” Chemical
Communications, no. 12, pp. 1475–1477, 2009. doi: 10 . 1039 / b900427k; permission conveyed through Copyright
Clearance Center, Inc.

More recently, Shao et al.[115] used iron oxide NPs, with the PS (hypericin)

trapped in apolydopaminefilmon the surface of theparticles,where lactosewas

then conjugated to the film (Lac-PHMs, Figure 1.21). The particles were used

to target a liver cancer cell line that overexpress asialoglycoprotein receptors

(ASGP-R). Control particles were produced following the same method, except

an ethylene glycol derivative was used to modify the film instead of lactose

(TEG-PHMs). Lac-PHMs showed targeted uptake by the liver cancer cell line

that overexpresses ASGP-R (HepG2), and good cytotoxicity compared to free

PS.

Figure 1.21: Illustration representing Lac-PHMs, synthesised by Shao et al.[115]. Republished with permission of Dove
Medical Press Ltd. from C. Shao, K. Shang, H. Xu, et al., “Facile fabrication of hypericin-entrapped glyconanoparticles
for targeted photodynamic therapy.,” International journal of nanomedicine, vol. 13, pp. 4319–4331, 2018. doi: 10.2147/
IJN.S161262 Copyright (2018); permission conveyed through Copyright Clearance Center, Inc.
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Khan et al.[116] developed a polymeric NP using a porphyrin polymer

derivative (poly-5,15-diphenyl(2,5’-dithienylen)-10,20-di(3,5-di-O-TEG-phenyl,

PTTP), modifiedwith acetylated β-glucose residues (PTTP-Glc-Ac, Figure 1.22).

The PTTP-Glc-Ac was cytotoxic against E. coli and Bacillus subtilis, with 99% cell

eradication. Although the authors used the glycan modifications for improve-

ment of PS uptake across the bacterial membrane instead of lectin targeting, the

method demonstrated an effective antibacterial approach using polymeric NPs

against Gram-positive and Gram-negative bacteria.

Figure 1.22: Structure of PTTP-Glc-Ac, used in Khan et al.[116]. Republished with permission of Royal Society of
Chemistry, fromR. Khan, M. Ozkan, A. Khaligh, et al., “Water-dispersible glycosylated poly (2,5’-thienylene)porphyrin-
based nanoparticles for antibacterial photodynamic therapy,” Photochemical and Photobiological Sciences, vol. 18, no. 5,
pp. 1147–1155, 2019 copyright (2019); permission conveyed through Copyright Clearance Center, Inc.

Hu et al.[117] developed two dimensional glycoclusters, wheremannose and

PS (chlorin e6) were encapsulated in human serum albumin (HSA), which self-

assembled onto two dimensional MnO2 (2D glycocluster, Figure 1.23). The 2D

glycoclusters were selectively taken up by mannose receptor overexpressed on

the breast cancer cell line. The 2D glycocluster was cytotoxic against the breast

cancer cell line in vitro after PDT treatment, and was used for imaging purposes

in vivo for breast cancer in mice.
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Figure 1.23: Structure and illustration of 2D glycocluster assembly, used in Hu et al.[117]. Reprinted (adapted)
with permission from X. L. Hu, Q. Cai, J. Gao, et al., “Self-Assembled 2D Glycoclusters for the Targeted Delivery of
Theranostic Agents to Triple-Negative Breast Cancer Cells,” ACS Applied Materials and Interfaces, 2019. doi: 10.1021/
acsami.9b06016. Copyright (2019) American Chemical Society.

1.4.4 Previous work by Russell group

The Russell group has previously developed targeted PDT of cancer cell lines,

using the glycan-lectin interaction for targeting, andAuNPs as a scaffold. Using

4 nm AuNPs, the group has functionalised AuNPs with a zinc phthalocyanine

derivative (Pc), and either lectin (jacalin) or glycan (lactose). To provide context

of this PhD research, amore detailed reviewof these literary sources is provided

below, as the studies in Chapter 5 follow on from the results shown in this

section.

Lectin and Pc functionalised AuNPs

Obaid et al.[118] were the first to demonstrate use of targeted PDT through 4

nm AuNPs, using the plant lectin: jacalin. The lectin binds to Galβ1-3GalNAc

residues (Thomsen-Friedenreich or ’T’ antigen), that are expressed by 90% of

primary human carcinomas; whereas in normal tissue, T antigens are usually

hidden from the immune system, and not exposed on the cell surface[119].

Obaid et al. use Pc and a carboxylated PEG derivative to functionalise 4 nm
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AuNPs (C11Pc-PEG-AuNPs). The C11Pc-PEG-AuNPs were conjugated with

jacalin (jacalin-conjugated AuNPs, Figure 1.24) to form the test particles; or not

conjugated to jacalin, to form the control particles (nonconjugated AuNPs). All

images were obtained from Obaid et al.[118], unless stated otherwise.

Figure 1.24: Jacalin-conjugated AuNPs, modified with jacalin (green) and phthalocyanine (blue). Republished with
permission of John Wiley and Sons, from G. Obaid, I. Chambrier, M. J. Cook, et al., “Targeting the oncofetal thomsen-
friedenreich disaccharide using jacalin-PEG phthalocyanine gold nanoparticles for photodynamic cancer therapy,”
Angewandte Chemie - International Edition, vol. 51, no. 25, pp. 6158–6162, Jun. 2012. doi: 10.1002/anie.201201468;
permission conveyed through Copyright Clearance Center, Inc. Copyright ©2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

The jacalin conjugated and nonconjugated AuNPs were then assessed for
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their PDT cytotoxicity against a colon adenocarcinoma cell line (HT-29), see

Figure 1.25. There was significant cytotoxicity observed upon irradiation when

the jacalin was present (1.25b), suggesting T-antigen selective binding by the

particles. However, to assess the selectivity, the cells were incubated with two

jacalin-binding inhibitors: methyl-α-d-galactose (Me-α-gal); and asialofeutin,

which is a protein glycosylated with T antigen. The PDT-induced cytotoxicity

of the jacalin conjugated particles againstHT-29 cellswere tested in the presence

of the inhibitors. The results from the inhibition studies are shown in Figure

1.25d.

Figure 1.25: Cell viability assays of HT-29 cell line, after no irradiation (green) or irradiation (red), in the presence of:
a) nonconjugated NPs and b) jacalin-conjugated NPs. St = staurosporine (positive control). d) Cell viability studies
assessing cytotoxicity of Jacalin-conjugated AuNPs against HT-29 cells, in the presence of no inhibitor (uninhibited)
or jacalin inhibitors (asialofeutin or Me-α-Gal). Republished with permission of John Wiley and Sons, from G. Obaid,
I. Chambrier, M. J. Cook, et al., “Targeting the oncofetal thomsen-friedenreich disaccharide using jacalin-PEG phthalo-
cyanine gold nanoparticles for photodynamic cancer therapy,” Angewandte Chemie - International Edition, vol. 51, no. 25,
pp. 6158–6162, Jun. 2012. doi: 10.1002/anie.201201468; permission conveyed through Copyright Clearance Center,
Inc. Copyright ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1.25d shows that the PDT cytotoxicity was due to a jacalin selec-
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tive binding interaction, as inhibitor presence significantly reduces cytotoxicity

upon irradiation. By inhibiting jacalin binding to the cells, the PS will not be

located to the cell surface and endocytosed.

Consequently, the results demonstrated selective, glycan-lectin targetedPDT

of HT-29 colon cancer cells, highlighting the potential of using this system

for targeted PDT. However, there are limitations to modifying the drug with

lectin instead of glycan. Natural lectins, such as the plant-based jacalin, are

large biomolecules. Consequently, these large molecules can be immunogenic

and toxic[50]. It is also much more difficult to obtain purified material with

lectin compared to glycans, as lectins are usually extracted from biological

material. Furthermore, recombinant lectins are often lowyielding and high cost

to obtain purematerial [49]. Consequently, using glycans in drug conjugates for

targeting presents advantages over a lectin-drug conjugate approach. Glycans

offer improved aqueous solubility, biocompatibility, and established synthesis

to generate purified compounds.

More recently, the Russell group focused on glycan modified AuNPs, for

targeted PDT. Enhancing aqueous-solubility is of particular importance in PDT,

as PSs are often hydrophobic dyes with poor solubility.

Glycan and Pc functionalised AuNPs

Galectin-1, a β-galactose-binding lectin, has been documented as being over-

expressed in breast cancer. Garcia Calavia et al.[120] generated 4 nm AuNPs

functionalised with a Pc derivative (C3Pc) and a lactose derivative (lactose), to

target two breast cancer cell lines: MDA-MB-231 and SK-BR-3. Control parti-

cles were functionalised with C3Pc and a carboxylated PEG derivative (sPEG)

(see Figure 1.26). A non-cancer, breast epithelial cell line was used as a control

(MCF-10A). Note that all images shown in the following section are fromGarcia

Calavia et al.[120], unless stated otherwise.
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a) b)

Figure 1.26: Particles used in PDT studies: a) lactose ligand (top) used in lactose-C3Pc-AuNPs (below); and b) sPEG
ligand (top) used in sPEG-C3Pc-AuNPs (below). Reprinted from P. García Calavia, I. Chambrier, M. J. Cook, et al.,
“Targetedphotodynamic therapyof breast cancer cells using lactose-phthalocyanine functionalizedgoldnanoparticles,”
Journal of Colloid and Interface Science, vol. 512, pp. 249–259, Feb. 2018. doi: 10.1016/J.JCIS.2017.10.030, Copyright
(2018), with permission from Elsevier.

First, galectin-1 expression was assessed using an In-Cell ELISA kit. The

expression was compared between the cancer cell lines: MDA-MB-231 and SK-

BR-3, and expressionwas normalised to the number of cells, using a stain (Janus

GreenWhole-Cell Stain). The relative galectin-1 expression of each cell line can

be seen in Figure 1.27.

Figure 1.27: Detection of relative levels of galectin-1, compared between SK-BR-3 and MDA-MB-231. Reprinted from
P. García Calavia, I. Chambrier, M. J. Cook, et al., “Targeted photodynamic therapy of breast cancer cells using lactose-
phthalocyanine functionalized gold nanoparticles,” Journal of Colloid and Interface Science, vol. 512, pp. 249–259, Feb.
2018. doi: 10.1016/J.JCIS.2017.10.030, Copyright (2018), with permission from Elsevier.
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As can be seen from Figure 1.27, MDA-MB-231 showed the highest levels

of galectin-1 expression. Therefore, the highest level of lactose-C3Pc-AuNP

uptake, and consequently toxicity in PDT studies, was expected to be observed

in the MDA-MB-231 cell line.

For the PDT studies, all the cell lines (MDA-MB-231, SK-BR-3 andMCF-10A)

were first incubated with the lactose- or sPEG-C3Pc-AuNPs for 24 hours. Cell

viability was assessed using CellTitre Blue® cell viability assay, and the results

can be seen in Figure 1.28.

Figure 1.28: Cell viability after PDT treatment with no AuNPs (untreated), sPEG-C3Pc-AuNPs (sPEG) lactose-C3Pc-
AuNPs (lactose), or 20 µM of cytotoxic staurosporine (+ve St), where particles were incubated for 24 hours. The
particles were incubated with: a) MDA-MB-231; b) SK-BR-3; or c) MCF-10A (non-cancer) cell lines. Reprinted from
P. García Calavia, I. Chambrier, M. J. Cook, et al., “Targeted photodynamic therapy of breast cancer cells using lactose-
phthalocyanine functionalized gold nanoparticles,” Journal of Colloid and Interface Science, vol. 512, pp. 249–259, Feb.
2018. doi: 10.1016/J.JCIS.2017.10.030, Copyright (2018), with permission from Elsevier.

From Figure 1.28, surprisingly the highest levels of cell death were observed

with the SK-BR-3 cell line. In both cancer cell lines, both the sPEG- and lactose-
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C3Pc-AuNPs showed cytotoxicity upon light irradiation. For the MCF-10A

cell line, no cytotoxicity was observed upon AuNP treatment, suggesting the

particles were not taken up by the cells. Consequently, the authors only focused

on the cancer cell lines for all future studies.

As the SK-BR-3 cell line showed the most promising results after PDT treat-

ment, the authors assessed whether selective uptake could be observed by

reducing incubation time and testing different concentrations of C3Pc. Here,

only the SK-BR-3 cell line was taken forward and incubation time was reduced

to 3 hours (Figure 1.29).

Figure 1.29: Cell viability of SK-BR-3 cell line after PDT treatment with: a) lactose-C3Pc-AuNPs; or b) sPEG-C3Pc-
AuNPs. Positive control was 20 µMof cytotoxic staurosporine (+ve St). Particles were incubated for 3 hours. Reprinted
from P. García Calavia, I. Chambrier, M. J. Cook, et al., “Targeted photodynamic therapy of breast cancer cells using
lactose-phthalocyanine functionalized gold nanoparticles,” Journal of Colloid and Interface Science, vol. 512, pp. 249–259,
Feb. 2018. doi: 10.1016/J.JCIS.2017.10.030, Copyright (2018), with permission from Elsevier.

From Figure 1.29, a significant reduction in cell viability was observed in

the presence of lactose-C3Pc-AuNPs, compared to sPEG-C3Pc-AuNPs, at 0.05

µM of C3Pc. The results suggested selective cell death of SK-BR-3 at 0.05 µM

lactose-C3Pc-AuNPs.

The promising results from the 3 hour incubation of the lactose-C3Pc-AuNPs

with the SK-BR-3 cell line, led the authors to further investigate the lowcell death

of the MDA-MB-231 cell line observed in Figure 1.28. The results were not as

expected, as the cell line showed increased galectin-1 expression compared to

SK-BR-3 (Figure 1.27), yet reduced cytotoxicity after PDT treatmentwith lactose-
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C3Pc-AuNPs. Consequently, the authors designed a competitive inhibition

approach. Using the ELISA, the lactose-C3Pc-AuNPs were incubated with

MDA-MB-231 cells, before anti-galectin-1 antibody addition. The particles were

incubated for either 3 or 24 hours. The aim was to see if the lactose based

particles bound to galectin-1, and so the antibody binding would be blocked

by the AuNPs, and thus there would be a reduction in galectin-1 detection.

The relative galectin-1 expression, and consequently lactose binding, with and

without the particles can be seen in Figure 1.30. Note that the following results

were from Garcia Calavia 2016[121].

Figure 1.30: Assessing lactose binding by galectin-1 on MDA-MB-231 cell line, by competitive inhibition studies of
InCell ELISA kit anti-galectin-1 antibody. AuNPs were incubated for: a) 3 hours; and b) 24 hours. Reprinted from
P. Garcia Calavia, “Nanoparticles for the selective delivery of photosensitisers for photodynamic cancer therapy,” PhD
thesis, 2016, Copyright (2016), with permission from Paula Garcia Calavia.

Figure 1.30 demonstrated anti-galectin-1 antibody binding inhibition after 3

hours incubation of the lactose-C3Pc-AuNPs, as signal was reduced compared

to no AuNPs, or in the presence of sPEG-C3Pc-AuNPs. As inhibition was

observed after 3 hours in the presence of lactose-C3PC-AuNPs, the particles

were taken forward for PDT treatment of MDA-MB-231 (Figure 1.31).
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Figure 1.31: Cell viability ofMDA-MB-231 cell line after PDT treatment with: a) lactose-C3Pc-AuNPs; or b) sPEG-C3Pc-
AuNPs. Positive control was 20 µMof cytotoxic staurosporine (+ve St). Particles were incubated for 3 hours. Reprinted
from P. Garcia Calavia, “Nanoparticles for the selective delivery of photosensitisers for photodynamic cancer therapy,”
PhD thesis, 2016, Copyright (2016), with permission from Paula Garcia Calavia.

There was no selective cell death observed for the MDA-MB-231 cell line as

seen in Figure 1.30. However, the error was larger compared to the other PDT

experiments.

In conclusion, these studies demonstrated selective cell death of the SK-BR-3

cell line with the lactose-C3Pc-AuNPs, after 3 hours incubation, but no selec-

tive cell death was observed for the MDA-MB-231 cell line after 3 hours. The

improved cytotoxicity for the SK-BR-3 cell was unexpected as lower galectin-1

expression was detected, compared to the MDA-MB-231. The authors spec-

ulated that another lactose-binding protein, GLUT1, could be involved in the

AuNP uptake. The results became further complexed with regard to the MDA-

MB-231 cell line, as a galectin-1 inhibition assay showed selective binding to

galectin-1 after 3 hours incubation of lactose-C3Pc-AuNPs; whereas, no cell

death was observed with the same conditions in the PDT studies.

From the findings detailed above, this PhD research aims to provide a more

completepicture of theglycan-lectin interactions, inhopeofdeveloping targeted

eradication against both breast cancer cell lines. Here, different glycans will be

assessed to determine an optimal glycan candidate. Furthermore, their uptake
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by overexpressed breast cancer glycan-binding proteins, will be assessed using

inhibition assays. All the previous studies by the Russell group have been

performed using 4 nmAuNPs, whereas larger AuNPs have been shown to have

better uptake by cancer cells. Therefore, by using larger AuNPs, and assessing

glycan-lectin interactions on the cancer cell lines, improved uptake by both

cancer cell lines is hoped to be achieved.

1.5 Literature review conclusions

Currently, clinical PDT is limited by poor PS accumulation in the target cell, and

poor PS solubility. These lead to PS aggregation that reduces the photoactivity

of the PS; and accumulation of PS in the skin, resulting in photosensitisation for

weeks or months. Combining targeted elements with the PS may offer a way to

improve the applications of clinical PDT, and improve patient outcomes.

One method of targeting is through direct lectin binding, by modifying

PSs with glycans. From the literature, glycans have successfully been used to

selectively target lectins, on both cancer and bacterial cells. The ubiquitous,

selective nature of glycan-lectin interactions along with their overexpression on

cancer cells, and their presence on pathogens, make lectin-targeted delivery a

viable option for targeted PDT. From the literature, glycan modified PSs have

been selectively taken up by both cancer and bacterial cells.

However, multivalent interactions are key for strong and selective glycan-

lectin binding. From the literature, it has been demonstrated that nanoparticles

can improve drug uptake and efficacy, as nanoparticles can provide solubility

and have high drug-loading capacity due to their high area to volume ratio.

Lacking a targeting element, PS-nanoparticle conjugates have shown better

uptake by cancer cells, compared to the PS alone, which in part is due to

the EPR effect. The nanoparticles also provide solubility, which improves the

photoactivity of the PS.

More recently, efforts havebeen focusedonnanoparticlesmodifiedwithboth
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glycans and PS, to achieve targeted PDT. Using different materials, selective cell

death has been observed in in vitro and in vivo, although studies are more

limited. With regards to AuNPs, only one study has used AuNPs for direct

lectin targeting PDT (Section 1.4.4)[120] . The findingswere promising, showing

selective cell death of a breast cancer cell line. However, the authors aimed

to target an overexpressed galectin breast cancer cell line, but saw cytotoxicity

with the particles against a cell linewith lower expression levels of galectin. The

study did not assess further for glycan-lectin interactions of the breast cancer

cells but suggested other glycan-binding proteins may be involved. The system

could be improved by probing the glycan-lectin interactions on the breast cancer

cells to gain more insight into a glycan candidate, that provides selective cell

eradication of both breast cancer cell lines.
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1.6 Scientific aims

The aims of this PhD researchwere to explore the use of 16 nmAuNPs for direct

lectin targeting of PS, towards two different drug targets: 1) the documented

drug-resistant bacterial species: Pseudomonas aeruginosa; and 2) two aggressive

breast cancer cell lines (MDA-MB-231 and SK-BR-3). Different approaches for

effective PDT cell deathwill be explored, dependent on the cellular target. With

cell-surface directed PS localisation for bacterial cells; and endocytosed PS for

cancer cells.
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Chapter 2

Materials and Methods

The following Chapter outlines the materials and methods used in the experi-

ments carried out in this research.

2.1 Materials and instruments

2.1.1 Reagents

All reagentswere of analytical grade andpurchased fromSigmaAldrich,Merck,

Fischer Scientific or Thermo Fischer Scientific, unless stated otherwise.

2.1.2 Cells

Bacterial strains

In this PhD research, the Escherichia coli strain: ORN 178, and the Pseudomonas

aeruginosa strain: PAO1, were used. Escherichia coli ORN 178 was kindly pro-

vided by Professor Paul Orndorff (North Carolina State University, North Car-

olina, US); and Pseudomonas aeruginosa PAO1 was kindly provided by Dr Jacob

Malone (John Innes Centre, Norwich, UK).
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Human cell lines

Two breast adenocarcinoma cell lines (SK-BR-3 andMDA-MB-231), and a mam-

mary epithelial cell line (MCF-10A) were used in these studies. The SK-BR-3

cell line was kindly provided by Professor Dylan Edwards (University of East

Anglia, UK), which was obtained from LGC Standards. MDA-MB-231 and

MCF-10A were purchased from ATCC (LGC Standards).

2.1.3 Instrumental techniques

A summary of the equipment used throughout this PhD research is shown in

Table 2.1.

Table 2.1: List of equipment used throughout the PhD research.

Equipment Manufacturer

UV-Vis spectrophotometer Varian Cary® 50UV-Vis Spectrophotometer

Plate reader BMG Labtech CLARIOstar® High-
Performance Microplate Reader

Fluorimeter Hitachi F-4500 fluorescence spectrometer
TEM FEI Tecnai® F20 S/TEM

DLS
Wyatt Technologies DynaPro Titan Dy-
namic Light Scattering System with a
temperature-controlled MicroSampler

Centrifuge Eppendorf 5810R Centrifuge
Chemiluminescent imaging ImageQuant LAS 500 CCD camera

ESI-MS Advion Expression Compact Mass Spec-
trometer

MALDI-TOF MS Bruker Daltonics autoflex speed ToF/ToF
mass spectrometer

NMR Bruker Avange III HD 400 MHz

Confocal microscope Carl Zeiss LSM 510 META confocal laser
scanning microscope

The following provides detail on the instrumental techniques used in this

PhD research.
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Mass spectrometry

Two mass spectrometry methods were used. Firstly, ESI-MS (electrospray ion-

isation mass spectrometry) was used during ligand synthesis. Through direct

injection, 10 µl of ~0.1 mg ml-1 was injected. The masses were recorded in

positive mode and analysed using Advion Mass Express software.

Secondly, MALDI-TOFMS (matrix-assisted laser desorption ionisation time

of flight mass spectrometry) analysis was used. Concentrated samples (~150

nM AuNPs) were prepared by performing a 1: 1 dilution of sample in DHB

matrix, and then 2 µl of the mixture was spotted onto a MTP AnchorChip 384

target plate. The spot was left to dry at room temperature before analysis. The

MALDI-TOF MS equipment used a nitrogen laser, and analysis was performed

in a linear 50 shot mode, with 32x gain and 70% laser intensity.

Nuclear Magnetic Resonance Spectroscopy

NuclearMagnetic Resonance (NMR) equipment used a broadband BBFO probe

at 400MHz (1H) and 100MHz (13C) at 298K. For the analysis, the chemical shifts

(δ) are in parts per million (ppm). Compounds were assigned using proton,

carbon, HSQC edited two-dimensional correlation spectroscopy and COSY.

Assignment was performed using Mestrenova software (Mestrelab Research,

S.L.).

UV-Vis spectrometry

UV-Vismeasurementswere obtainedusing aUV-Vis spectrophotometer or plate

reader. For the UV-Vis spectrophotometer measurements, samples (1 ml) were

added to a Quartz cuvette and measured using Cary WinUV software, with

a 1 cm path length. For plate reader measurements, samples (50 µl) were

loaded into 384-well microtitre plates (4titude), and measurements recorded

using Omega series and MARS Data Analysis software (BMG Labtech).
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Fluorimetery

Fluorescencemeasurementswere obtained using a fluorimeter or a plate reader.

For the fluorimeter measurements, samples (1 ml) were added to a Quartz

cuvette and with a 1 cm path length, measurements were recorded using

FluorEssenceTM (Horiba) software. For the plate readermeasurements, samples

(120 µl) were loaded into Nunc NunclonTM Surface 96-well microtitre plates,

andmeasurementswere recordedusingOmega series andMARSDataAnalysis

software (BMG Labtech).

Transmission electron microscopy

For transmission electron microscopy (TEM) imaging, 400 mesh copper palla-

dium grids with carbon-coated pyroxylin support film were used. To the grids,

10 µl of sample was adsorbed, followed by addition of 2% uranyl acetate (10 µl)

for negative staining. The grids were placed into the TEM, operating at 200 kV,

and imaged using an AMT XR60B digital camera (Deben).

Dynamic light scattering

Dynamic light scattering (DLS) is a technique used to measure the size of

nanoparticles suspended in a liquid. These particles undergo random ther-

mal motion, called Brownian motion, which is a result of the surrounding

solvent molecules bombarding the nanoparticles[1]. The bombardment causes

the nanoparticles to move, with smaller particles diffusing through the liquid

quicker than larger particles[2]. Light is scattered in all directions upon striking

the moving nanoparticles. However, the intensity of the scattered light fluctu-

ates, as the particles are constantly moving due to Brownianmotion[3]. Smaller

particles diffuse quicker through the solution, and so exhibit more rapid rates

of fluctuations in light scattering intensities compared to larger particles[2].
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Consequently, DLS relies on a laser that irradiates a sample of nanoparticles.

The size can then be determined by measuring the rate of fluctuation in light

scattering intensities. The velocity (diffusion constant, see Equation 2.1) of

the nanoparticles moving through the solution is obtained from the rate of

fluctuations in light scattering intensities. The size of the particles can be

determined using the Stokes-Einstein equation:

D �
kBT

6πηRh
(2.1)

Where D is the diffusion constant; KB is the Boltzmann constant; T is the

temperature; η is the viscosity; and Rh is the hydrodynamic radius[3]. DLS

provides the nanoparticle size as hydrodynamic radius, as the size is calculated

based on a hypothetical sphere that diffuses through the liquid at the same rate

as the particle measured[4].

For Dynamic light scattering (DLS) size measurements, the sample (12 µl,

in MQ water) was added to a 12 µl Quartz microcuvette. The sample was

equilibrated for two minutes, and the mean average size was collected from

three runs, with 10 measurements per run. The measurements were obtained

using DYNAMICS software (Wyatt).

Confocal microscopy and image analysis

A plan-apochromat 63x/1.4 Oil DIC objective was used to obtain the images,

and the data was processed using ImageJ/Fĳi software. For quantification of

fluorescence, each image was despeckled, followed by setting the minimum

threshold to 23, with the ’Triangle’ threshold method. The threshold was de-

termined using the condition which provided the highest grey value, i.e., the

strongest interaction. The threshold was determined at the point where all

background signal was removed and only fluorescence due to the dye interac-

tion with the cell, was measured. The threshold was then applied throughout

all images for analysis. Fluorescent binding to the cells was represented and
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quantified by the integrated intensity, which was determined as follows. The

integrated intensity of one image (I) was derived from the following equation:

I �
(Mean Grey Value ×Area)

n
(2.2)

Where the mean grey value is the average intensity of all pixels measured.

The area is the total area of the selectionwithin the imagewhere the grey values

were recorded, and n is the number of cells within that image.

The mean integrated intensity is consequently:

Mean I � (
∑

I)
n

(2.3)

Where
∑
I is the sum of all integrated intensity for all images within one

condition, and n is the number of images analysed within that condition.

2.2 Buffers and media composition

The composition of the buffers and media supplements used in this research

is summarised in Table 2.2. The pH of each buffer was corrected with 1 M

NaOH or 1 M HCl. All buffers and media that were used for cell culture were

autoclaved at 121oC for 10 minutes, and sterilised using a 0.22 µm syringe filter

(Millex GP).

67



Table 2.2: List of buffers and their composition.

Buffer/Media Composition

TB 10 mM Tris buffer
TBS TB with 10 mM NaCl, 0.3625 mM CaCl2, pH 7.8
TBT TB with 0.05 % Tween 20, pH 7.8
PB 10 mM Phosphate buffer
PBS 10 mM PB with 150 mM NaCl, pH 7.4
MES 10 mMMES buffer, pH 5.5
MEST 10 mMMES with 0.05 % Tween 20, pH 5.5
Loading buffer Laemmli sample buffer with 0.025% β-mercaptoethanol

Transfer buffer 25mMTB, 192mMglycine in 1 L of 20% aqueousmethanol,
pH 8.6

LB media 10 g tryptone, 5 g of yeast extract and 10 g of NaCl in 1 L of
de-ionised water

Imaging
medium

NaCl (120 mM), KCl (5 mM), CaCl2 (2 mM), MgCl2 (1 mM),
monosodium phosphate (1 mM), sodium bicarbonate (1
mM), HEPES (25 mM), D-glucose (11 mM) and BSA (1 mg
ml-1) in 50 ml of PB, pH 7.4

DMEM(-) DMEM with 1% penicillin/streptomycin solution and phe-
nol red

DMEM(+) DMEM with 1% penicillin/streptomycin solution, phenol
red and 10% FBS

Freezing
medium DMEM(+) or MEGM, with 10 % DMSO

MEGM
MEBMTM Basal Medium with MEGMTM Bullet Kit (BPE (2
ml), hydrocortisone (0.5 ml), hEGF (0.5 ml) and insulin (0.5
ml))
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2.3 Preparation and characterisation of glycan lig-

ands and functionalised gold nanoparticles

2.3.1 Glycan ligand synthesis

Through CuAAC, a series of glycan ligands were prepared. The azido and

alkyne reagents (Figure 2.1) used in the synthesis were prepared by other mem-

bers of the group (Simone Dedola, Simona Chessa and Jordan Hindes), with

the exception of alkyne (2), which was sourced commercially (Sigma).

OH

a) b)

c) d)

azide (1) azide (2)

alkyne (1) alkyne (2)

O
AcO
AcO

O

AcO AcO

O
O N3

O
O

O
SAc

O

AcO

AcO
OAc

N3

OAc

Figure 2.1: Structure of azide and alkyne reagents for glycan synthesis: a) azide (1), Ac-mannose-PEG3-N3; b) azide
(2), Ac-galactose-N3; c) alkyne (1), PEG3-SAc; and d) alkyne (2), propargyl alcohol.
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(1) S-10-(1-(8-(2,3,4,6-Tetra-O-acetyl-α-d-mannopyranosyloxy)-3,6-dioxaoctyl)-

-1H-[1,2,3]-triazol-4-yl)-3,6,9-trioxadecyl ethanethioate (Ac-mannose-PEG6-SAc)
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b c
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f
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Figure 2.2: Structure of Ac-mannose-PEG6-SAc, with annotations for NMR assignment.

Azide (1) was previously synthesised by the group following the method out-

lined in Otman et al.[5] and alkyne (1) was synthesised following Goswami et

al.[6]. Azide (1) (23 mg, 45.5 µmol) and alkyne (1) (12.3 mg, 50.1 µmol, 1.1 eqv.)

were each dissolved in 500 µl of DMF and mixed together. In MQ H2O, 1 M

solutions of CuSO4, NaAsc and THPTA were prepared. A premixed solution

of CuSO4 (9.1 µmol, 0.2 eqv) and THPTA (22.8 µmol, 0.5 eqv) was prepared

and then added to the reaction mixture, followed by NaAsc (18.2 µmol, 0.4

eqv). The reaction was heated to 50oC and stirred for 16 h. The reaction was

monitored by TLC (100% EtOAc ) and ESI-MS (Advion, positive mode). The

DMFwas evaporated under vacuum and the reaction mixture was dissolved in

DCM : H2O (9.5:0.5) for organic/aqueous phase separation. The organic phase

(DCM) was extracted, dried over MgSO4, filtered, and then the solvent was

evaporated under vacuum. The product was purified by silica gel chromatog-

raphy (DCM-MeOH 1:0 -> 0:1) to give (1) as an oil (22 mg, 64%); Rf 0.24 (100%

EtOAc); [α]D +19.3 (c 1.0, 20oC, CH3OH); δH (600 MHz, CD3OD) 7.92 (s , 1H,

H-g), 5.11-5.17 (m, 3H, H-2, H-3, H-4), 4.78 (d, 1H, J1,2 1.7Hz, H-1), 4.53 (s, 2H,

H-i), 4.49 (m, 2H, H-f), 4.12 (dd , 1H, J6,6’ 12.1 Hz, J5,6 4.8 Hz, H-6), 4.01 (m, 2H,
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H-5 andH-6’), 3.81 (m, 2H, H-e), 3.72 (m, 1H, H-a), 3.49-3.58 (m, 15H, H-a’, H-b,

H-c, H-d, H-j, H-k, H-l, H-m), 3.46 (t, 2H, Jn,o = 6.5 Hz, H-n), 2.95 (t , 3H, Jn,o
= 6.5 Hz, H-o), 2.20 (s, 3H, H-p) and 2.02, 1.95, 1.92, 1.84 (s, 12H, CH3CO); δC
(600 MHz, CD3OD) 195.65 (C-p), 170.97, 170.20, 170.14, 170.10 (CH3CO), 144.48

(C-g), 124.46 (C-h), 97.56 (C-1), 70.22, 70.18, 70.14, 70.09 69.33 (C-b, C-c, C-d,

C-j, C-k, C-l, C-m, C-n), 69.43-69.33 (C-3 and C-4), 69.03 (C-e), 68.42 (C-5), 67.05

(C-a), 65.91 (C-2), 63.67(C-i), 62.20 (C-6), 50.07 (C-f), 29.05 (C-p), 28.23 (C-o) and

19.29, 19.26, 19.25, 19.18 (CH3CO); HR ESI-MS found m/z 752.2899 [M+H]+

calculated for C31H49N3O16S.H 752.2979.

(2) 10-(1-(8-(α-d-Mannopyranosyloxy)-3,6-dioxaoctyl)-1H-[1,2,3]-triazol-4-yl)-

3,6,9-trioxadecylthiol (ac-mannose-PEG6-SH)
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b c
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Figure 2.3: Structure of mannose-PEG6-SH, with annotations for NMR assignment.

Compound (1) (17.2 mg, 22.89 µmol) was dissolved in anhydrous methanol (4.5

ml). Under nitrogen, sodiummethoxide (0.023M, 5 eqv.) was added and stirred

at room temperature for one hour, until only deacetylated compound (2) could

be detected. The reaction was monitored by ESI-MS (positive mode) and NMR.

Amberlite 120 H+ resin was added to neutralise the reaction mixture, and then

filtered. The solvent was removed under vacuum. The product was purified by

GPC, using a Toyopearl TSK-HW40S column (1.6 x 90 cm, 0.5 ml/min, H2O),

and collected between 176-196 min. The purified product (2) was an oil (10.8
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mg, 87%); [α]D + 7.7 (c 1.0, 20oC, H2O); δH (600 MHz, D2O); 7.93 (d, 1H, H-g),

4.70 (d, 1H, H-1), 4.56 – 4.52 (m, 2H, CH2), 4.49-4.46 (m, 2H, CH2), 3.82 (m, 2H,

CH2), 3.78 (dd, 1H, H-2), 3.74 – 3.68 (m, 1H, H-6), 3.68 – 3.61 (m, 3H, H-3, CH2),

3.61 – 3.49 (m, 12H, H-6’, H-3, 5(CH2)), 3.49 – 3.43 (m, 8H, H-4, H-5, 3(CH2)),

2.76 (t, 1H), 2.54 (t, 1H); δC (600 MHz, D2O) 143.6 (C-h), 125.3 (C-g), 99.9 (C-

1), 72.7 (C-5), 70.4 (C-3), 69.9 (C-2), 69.7-68.3 (11(CH2)) 66.7(C-4), 66.3(CH2),

62.9(CH2), 60.8(C-6), 49.9(CH2), 43.3(CH2), 37.1(CH2); HR ESI-MS found m/z

542.2380 [M+H]+ calculated for C21H39N3O11S.H 542.2378.

(3) S-10-(1-(2,3,4,6-Tetra-O-acetyl-β-d-galactopyranosyl)-1H-1,2,3-triazol-4-yl)-

-3,6,9-trioxadecyl ethanethioate (Ac-galactose-PEG3-SAc)
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Figure 2.4: Structure of Ac-galactose-PEG3-SAc, with annotations for NMR assignment.

Azide (2) was synthesised by another member of the group following the

method outlined in Dedola et al.[7]. Azide (2) (33 mg, 88.5 µmol) and alkyne

(1) (28 mg, 113.8 µmol, 1.1 eqv.) were each dissolved in 500 µl of DMF and

mixed together. In MQ H2O, 1 M solutions of CuSO4, NaAsc and THPTA

were prepared. A premixed solution of CuSO4 (17.7 µmol, 17.7 µl, 0.2 eqv)

and THPTA (44.2 µmol, 44.2 µl, 0.5 eqv) was prepared and then added to the

reaction mixture, followed by NaAsc (35.4 µmol, 35.4 µl, 0.4 eqv). The reaction

was heated to 50oC and stirred for 16 h. The reaction was monitored by TLC

and Advion ESI-MS (positive mode). The DMF was evaporated under vacuum

and reaction mixture dissolved in DCM: H2O (9.5: 0.5) for organic/aqueous
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phase extraction. The organic phase (DCM) was collected, dried over MgSO4,

filtered and then solvent evaporated under vacuum. The product was purified

by silica gel chromatography (Hex-EtOAc 9.5: 0.5 -> 2.5: 7.5) to give (3) as an

oil (45.6 mg, 85%); Rf 0.44 (100% EtOAc); [α]D -2.5 (c 1.0, 20oC, CHCl3); δH (400

MHz, CDCl3); 7.85 (s, 1H, H-a), 5.85 (d, 1H, H-1), 5.60 – 5.50 (m, 2H, H-3, H-4),

5.25 (dd, 1H, H-2), 4.64 (s, 2H, CH2), 4.28 – 4.06 (m, 3H, H-5, H-6, H-6’), 3.68 –

3.55 (m, 10H, 5(CH2)), 3.08 (m, 2H, CH2), 2.32 (s, 3H), 2.22 (s, 3H), 2.16 (s, 3H),

2.06 – 1.97 (m, 7H), 1.88 (s, 3H), 1.31 – 1.20 (m, 2H), 2.26 (s, 3H, CH3), 2.16 (s,

3H, CH3), 1.98 (s, 3H, CH3), 1.94 (s, 3H, CH3), 1.82 (s, 3H, CH3); δC (600 MHz,

CDCl3) 171.1, 170.3, 169.9, 169.8 and 169.0 (COCH3), 145.9 (C-b), 121.3 (C-a),

86.4 (C-1), 74.1 (C-5), 70.8 (C-2), 70.51, 70.49, 70.3 and 69.8 (CH2), 67.9 (C-3), 66.8

(C-4) 64.5 (CH2), 61.3 (C-6), 60.3 (CH2), 30.5 (COCH3), 28.7 (CH2), 21.0, 20.6,

20.5 and 20.2 (COCH3); HR ESI-MS foundm/z 641.7872 [M+Na]+ calculated for

C25H37N3O13S.Na 642.1939.

(4) 10-(1-(β-d-Galactopyranosyl)-1H-1,2,3-triazol-4-yl)-3,6,9-trioxadecylthiol (gal-

PEG3-SH)
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Figure 2.5: Structure of galactose-PEG3-SH, , with annotations for NMR assignment.

Compound (3) (21.2 mg, 20.0 µmol) was dissolved in anhydrous methanol (4.5

ml). Under nitrogen, sodiummethoxide (0.02 M, 5 eqv.) was added and stirred

at room temperature for one hour, until only deacetylated compound (4) could

be detected. The reaction was monitored by ESI MS and NMR. Amberlite

120 H+ resin was added to neutralise the reaction mixture, and then filtered.
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The solvent was removed under vacuum. The product was purified by GPC,

using a Toyopearl TSK-HW40S column (60 cm, 0.5 ml/min, H2O), and collected

between 220-240 min. The purified product was a fine powder (11.4 mg, 81%);

[α]D +15.2 (c 1.0, 20oC, H2O); δH (400 MHz, D2O) 8.20 (s, 1H, H-a), 5.60 (d, 1H,

J1,2 = 9.51 Hz, H-1), 4.63 (s, 2H, H-c), 4.12 (t, 1H, J1,2= 9.51, J2,3 = 9.51, H-2) 3.98

(d, 1H,J3,4 = 3.34, H-4), 3.91 (m, 1H,H-5), 3.78 (dd, 1H, J2,3 = 9.51, J3,4 = 3.34, H-3),

3.71-3.52 (m, 12H, H-6, CH2) 2.60 (t, 2H, H-i); δC (400 MHz, D2O) 144.13 (C-b),

124.09 (C-a), 87.96 (C-1), 78.23 (C-5), 72.85 (C-3), 72.10 (C-h), 69.62 (C-2), 69.47,

69.42, 69.10, 68.95 (C-d/C-e/C-f/C-g), 68.47 (C-4), 62.92 (C-c), 60.75 (C-6), 22.98

(C-i); HR ESI-MS found m/z 817.2931 [M+H]+ calculated for C30H52N6O16S2.H

(disulphide product) 817.2954.

(5) (1-(2,3,4,6-tetra-O-acetyl-(β-d-galactopyranosyl))-1H-1,2,3-triazol-4-yl)methanol

O
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AcO OAc
N

OAc
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N
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Figure 2.6: Structure of acetylated galactose-based lectin inhibitor structure.

Compound (5) and (6) have been synthesised previously, with full characterisa-

tion detailed[8]. Briefly, following the same conditions outlined for compound

(1) and (3) synthesis, azide (2) (311mg, 833µmol) wasmixedwith alkyne (2) (1.1

eqv, 51.4 mg, 917 µmol), CuSO4 (0.2 eqv), NaAsc (0.4 eqv) and THPTA (0.5 eqv).

The reaction was heated to 50oC and stirred for 16 h. The DMF was evaporated

under vacuum and the organic layer was extracted and then dried over MgSO4.

The reactionmixture was purified by silica chromatography to give (5) (280 mg,

78%).
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(6) (1-(β-d-Galactopyranosyl)-1H-1,2,3-triazol-4-yl)methanol (inhibitor)
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Figure 2.7: Structure of galactose-based lectin inhibitor, with annotations for NMR assignment.

As with compounds (2) and (4), compound (5) (24 mg) was deacetylated by

sodium methoxide, and purified by GPC to provide compound (6) (11.2 mg,

77%). As compounds (5) and (6) have been synthesised and fully characterised

elsewhere, confirmatory characterisation was performed. The purified product

(6) was a fine powder; δH (400 MHz, D2O); 8.11 (s, 1H, H-b), 5.58 (d, J1,2 =

9.2Hz, H-1), 4.64 (s, 2H, H-c), 4.11 (t, J1,2 = 9.2Hz, H-2), 3.97 (dd, 1H, J3,4 = 3.3

Hz, J4,5 = 1.1 Hz, H-4), 3.89 (dd, 1H, J4,5 = 1.1 Hz, H-5), 3.76 (dd, 1H, J3,4 = 3.3

Hz, H-3), 3.66 (d, 2H, H-6). ESI-MS found m/z 284.1 [M+Na]+ calculated for

C9H15N3O6.Na 284.1. These data are in accord with published values.

2.3.2 Synthesis of 16 nm AuNPs

Synthesis of 16 nm citrate stabilised AuNPs (citrate-AuNPs) were prepared

following the method developed by Turkevich et al.[9]. To 100 ml of water,

12.5 mg of gold(III) chloride trihydrate was added and heated to 60oC whilst

stirring. In a separate flask, 50 mg of sodium citrate tribasic dihydrate was

added to 50 ml of water and stirred whilst heating to 60oC. The heated sodium

citrate solution was added to the gold chloride solution, whilst rapidly stirring

and heated up to 85oC. The solution was then left to stir for 2.5 h. The solution

was then removed from the heat and cooled to room temperature. The solution

was passed through a filter (0.22 µm, GP Millex), ready for characterisation.

The extinction spectrum was measured using a plate reader (350-800 nm), and

the data was processed in R. Particle size was obtained using TEM and DLS.
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2.3.3 Functionalisation of AuNPs

For all AuNP suspensions, the concentration is calculated by the extinction

maxima value (~520 nm).

Functionalisation of AuNPs with galactose-PEG3-SH ligand

A 10mM (4mgml-1) galactose-PEG3-SH (see Figure 2.8) solution was prepared

in MQ water, and serial dilutions were performed to generate 5 mM and 1 mM

galactose-PEH3-SH solutions. To vials containing 9.8 ml of 3 nM citrate-AuNPs,

200 µl of either the 1, 5 or 10 mM stock solutions were added, to provide a

total volume of 10 ml, and final galactose-PEG3-SH concentrations of 20 µM,

100 µM and 200 µM, respectively. The solutions were stirred for 72 h at room

temperature. To purify the suspensions and remove excess ligand, the suspen-

sions were transferred to spin columns (10 kDaMW cut-off), and centrifuged at

4,000 g for 10 min. The concentrated galactose-PEG3-SH functionalised AuNP

suspensions (gal-AuNPs) were diluted in 10 ml of MQ water and centrifuged

for a further 10 min at 4,000 g. The process was then repeated two more times.

The purified gal-AuNPs were characterised using MALDI-TOF MS to detect

galactose-PEG3-SH, and UV-Vis extinction spectrum was recorded in a plate

reader (350-800 nm).

O
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HO OH
N

OH

O

O
O
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N
N

Figure 2.8: Galactose-PEG3-SH ligand structure for AuNP functionalisation.
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Functionalisation of AuNPs with PEG3-SH ligand

A 10 mM PEG3-SH (see Figure 2.9) solution was prepared in MQ water. To

a vial containing 9.8 ml of 3 nM citrate-AuNPs, 200 µl of the 10 mM stock

solutions were added, to provide a total volume of 10 ml, and final PEG3-SH

concentrations of 200µM.The solutionwas stirred for 72 h at room temperature.

To purify the suspensions and remove excess ligand, the suspensions were

transferred to spin columns (10 kDaMW cut-off), and centrifuged at 4,000 g for

10 min. The concentrated PEG3-SH functionalised AuNP suspension (PEG3-

AuNPs) were diluted in 10 ml of MQ water and centrifuged for a further 10

min at 4,000 g. The process was then repeated two more times. The purified

gal-AuNPs were characterised using MALDI-TOF MS to detect PEG3-SH, and

UV-Vis extinction spectrum was recorded in a plate reader (350-800 nm).

Figure 2.9: PEG3-SH ligand structure for AuNP functionalisation.

Functionalisation of AuNPs with the cationic ligand: TMAC

The ’two-step phase transfer’ method was adapted from Hassinen et al.[10],

where the cationic ligand: N,N,N-trimethyl(11-mercaptoundecyl)ammonium

chloride (TMAC) was used to modify the AuNPs. The structures of the ligands

used for the two-step phase transfer can be seen in Figure 2.10.

Figure 2.10: Ligand structures used for TMAC AuNP functionalisation: a) ODA and b) TMAC.

To a 50 ml falcon tube, 30 ml of 3 nM citrate-AuNPs were added. A 2

mM solution of ODA (3.23 mg) was prepared in toluene (6 ml), and added

to the citrate-AuNP suspension. The tube was then shaken vigorously and the

organic fraction containing theODA functionalisedAuNPs (ODA-AuNPs)were
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transferred to a fresh tube. To remove the displaced citrate and excess ODA, the

particles were washed by adding MilliQ water, shaking, and then discarding

the aqueous layer. The method was repeated three times.

The washedODA-AuNPswere transferred to a fresh tube and 3ml ofMilliQ

water was added. A 4 mM stock solution of TMAC (1.12 mg) was prepared

in ethanol (1 ml). To the ODA-AuNPs and water mixture, 150 µl of the TMAC

solution was added and the tube was shaken vigorously. To the solution, 2

drops of 2 M HCl were added, followed by a further 150 µl of TMAC solution.

The mixture was shaken vigorously and the aqueous layer was transferred to a

fresh tube. As an emulsion formed, the solution was centrifuged at 4,000 g for 5

min. The residual organic layer was discarded. The aqueous layer was washed

with 6 ml of toluene, by vortexing the mixture, centrifugation of the mixture

at 4, 000 g for 5 min, discarding the organic layer and repeating seven times to

ensure removal of ODA and excess TMAC. The TMAC-AuNPs were analysed

by MALDI-TOF MS, and UV-Vis extinction spectrum was measured using the

plate reader.

Functionalisation of AuNPs with mixed monolayer of chlorin e6 and glycan

ligands

To functionalise theAuNPswith thePS: chlorin e6 (ce6), EDCcouplingwasused

to conjugate a ce6-NH2 derivative to carboxylic acid functionalised AuNPs, to

generate the final ce6 conjugated ligand (ce6-PEG4-SH). The ligands used for

AuNP functionalisation, and final ligand structures, can be seen in Figure 2.11.
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Figure 2.11: Ligand structures used for glycan-/ce6-AuNP functionalisation: a) COOH-PEG4-SH; b) galactose-PEG3-
SH; c) mannose-PEG6-SH; d) PEG3-SH; e) ce6-NH2; and f) ce6-PEG4-SH.

Stock solutions of COOH-PEG4-SH (2.8 mg ml-1) and galactose-PEG3-SH

(4 mg ml-1) were prepared in MQ water, to provide a final concentration of

10 mM. To a vial with 9.8 ml of 3 nM citrate-AuNPs, 50 µl of COOH-PEG4-

SH and 150 µl of galactose-PEG3-SH stock solutions (10 mM) were added, to

provide final concentrations of the COOH-PEG4-SH and galactose-PEG3-SH

at 50 µM and 150 µM, respectively. The suspension was stirred for 72 h. To

purify the suspension and remove excess ligand, the solutionwas transferred to
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spin columns (10 kDa MW cut-off), and centrifuged at 4,000 g for 10 min. The

concentrated galactose-PEG3-SH and COOH-PEG4-SH functionalised AuNP

suspension (galactose-/COOH-AuNPs) was diluted in 10 ml of MQ water and

centrifuged for a further 10 min at 4,000 g. The process was then repeated two

more times.

NHS (3.5 mg ml-1) and EDC (5.8 mg ml-1) stock solutions were prepared in

MQ water, to provide a final concentration of 30 mM. In a fresh vial, purified

gal-/COOH-AuNPs were diluted in MES to provide a final volume of 9.9 ml.

To the gal-/COOH-AuNPs, 50 µl of the 10 mM EDC and NHS stocks were

added, to provide a final concentration of 150 µM. The reaction mixture was

stirred for 2 h at room temperature. To purify the suspension and remove excess

ligand, the suspension was transferred to spin columns (10 kDa MW cut-off),

and centrifuged at 4,000 g for 10 min. The concentrated galactose-PEG3-SH and

NHS activated functionalised AuNP suspension (galactose-/NHS-AuNPs) was

diluted in 10 ml of MQ water and centrifuged for a further 10 min at 4,000 g.

The process was then repeated two more times.

A 73 mM stock solution of the ce6-NH2 derivative (50 mg) was prepared

in 1 ml of MeOH. In a fresh vial, purified gal-/NHS-AuNPs were diluted in

PB to provide a final volume of 9.9795 ml. To the gal-/NHS-AuNPs, 20.5 µl

of the ce6-NH2 stock solution was added, to provide a final concentration of

150 µM. The reaction mixture was stirred for 16 h at room temperature, in the

dark. To purify the suspension and remove excess ligand, the suspension was

transferred to spin columns (10 kDaMW cut-off), and centrifuged at 4,000 g for

10 min. The concentrated galactose-PEG3-SH and ce6-PEG4-SH functionalised

AuNP suspension (gal-/ce6-AuNPs) was diluted in 10 ml of MQ water and

centrifuged for a further 10 min at 4,000 g. The process was then repeated six

more times. The purified suspension was characterised usingMALDI-TOFMS,

and the extinction spectrum was recorded using the plate reader (350-800 nm).

The process was repeatedwithmannose-PEG6-SH and PEG3-SH, to provide

man-/ce6-AuNPs and PEG3-/ce6-AuNPs. The particles were also assessed for
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singlet oxygen production, which is detailed in Section 2.5.3.

2.4 Targeted bacterial lectin binding using glyco-

nanoparticles

2.4.1 Bacterial culture

All bacterial culture experimentswas performed under sterile conditions. From

-80oC glycerol stocks containing the bacterial strains (E. coliORN178 or P. aerug-

inosa PAO1), a sterile pipette tip was used to ’scratch’ the surface of frozen

bacterial glycerol stock, and transfer material to 10 ml LB liquid media. The

cultures were then used for experiments as detailed below, or ready to make

fresh glycerol stocks by plating onto LB agar plates and selecting individual

colonies.

2.4.2 Bacterial lectin expression assessed byWestern blot anal-

ysis

From the overnight culture, 1: 1000 dilutionwas performed into fresh LBmedia

(500 ml). The absorbance at 600 nm was immediately recorded. Absorbance at

600 nm was recorded every 2 h for the first 12 h, and then at regular intervals

up to 78 h. The measurements were processed in R, to provide the bacterial

growth curve.

At different time points throughout growth, 2 ml samples were taken from

the bacterial cultures and centrifuged at 10, 000 g for 10 min. The supernatant

was discarded and the pellet was resuspended in 100 ul of MQ water. To

Eppendorf tubes, 10 µl of bacterial sample was added followed by 10 µl of

loading buffer. The samples were heated at 95oC for 20 minutes. The samples

were then vortexed thoroughly. The samples, including the protein ladder

and LecA (100 ng) standard, were added to the wells of RunBlue precast 4-
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20 % gel (Expedeon) and ran by gel electrophoresis (16 V, one hour) in 1 x

RunBlue running buffer (Expedeon). The gelwas transferred onto nitrocellulose

membrane (32 V, 4oC, one hour) in transfer buffer. The membrane was then

coated with Ponceau stain for 10 minutes, and washed with MQ water until

enough background stain had been removed to see clear protein bands. The

stained membrane was then imaged.

The stain was then washed with PBST for 10 minutes, three times. The

membrane was then covered with PBST + 1 % BSA, overnight at 4oC. From

the stock solution of anti-LecA antibody (CusaBio Technology LLC), 20 µl was

transferred into 10ml of PBST (1: 500dilution). Themembranewaswashed for 5

minwith PBST, three times. The anti-LecA antibody solution (1:500) was added

to the washedmembrane, and shaken at 37oC for one hour. Themembrane was

washed with PBST for five minutes, three times. To the membrane, 10 ml of

goat anti-rabbit HRP-secondary antibody solution (1:2000 dilution in PBST)was

added to the membrane and shaken at 37oC for one hour. The membrane was

washed with PBST for five minutes, three times. The membrane was imaged

by applying PierceTM ECL Western Blotting Substrate, following the manual.

Chemiluminescent image was obtained using automatic exposure.

2.4.3 Colorimetric binding studies

The UV-Vis based plate assays were adapted from Marin et al.[11], and the

filter based plate assay was developed in collaboration with scientists at Iceni

Diagnostics. All AuNP concentrations were obtained from the extinction value

at the extinction maxima (~520 nm), using the Beer-Lambert Law.

UV-Vis absorption using 384-well plate format to monitor lectin binding by

gal-AuNPs

To the wells of a 384-well plate, 100 µl of TBT was added for 1 hour at room

temperature, to block the wells. Gal-AuNPs were resuspended in TB to 2.5 nM,
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determined byUV-Vis spectrometry. The TBT from thewells was removed, and

gal-AuNPs were added to the wells (50 µl), and the extinction measured using

a plate reader. A 36.3 µM stock solution of LecA (1.85 mgml-1) was prepared in

TBS, and subsequently diluted in TBS to provide the desired concentrations. A

concentrated stock solution of 7.25 µM of ConA (0.75 mg ml-1) was prepared in

TBS. Concentrated lectin solutions (8 µl) were added to the AuNP suspensions.

Note that the solution was diluted 1 in 7.25 when added to the well (8 µl of

lectin solution with 50 µl of AuNP suspension) but the concentrations listed

in Chapter 4 represent the final concentration inside the well. Consequently

for a 1 µM lectin solution inside the well, 8 µl of a concentrated 7.25 µM lectin

solutionmust be added. The samemethodwas applied throughout the binding

studies. The extinction was measured every 10 min for 1 hour, and the results

were analysed using R.

Filter plate assay using 384-well plate format to monitor lectin binding by

gal-AuNPs

To the wells of a 384-well plate, 100 µl of TBT was added for 1 hour at room

temperature, to block the wells. Gal-AuNPs were resuspended in TB to 2.5 nM.

The TBT from the wells was removed, and gal-AuNPs were added to the wells

(50 µl). Concentrated solutions of lectin (LecA or ConA) were prepared in TBS.

To the AuNP suspensions, 8 µl of concentrated lectin solutions were added for

1 hour. To a 384-well filter plate, 100 µl of TBT was added and filtered under

vacuum. The AuNP-lectin solutions were then added to the washed filter plate

wells, and filtered under vacuum. The wells were washed once with TBT, and

imaged using a phone camera.
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Filter plate assay using 384-well plate format to monitor bacterial binding by

functionalised AuNPs

ForE. coli binding studies, overnight bacterial cultureswere grown to stationary

phase (4 h) in LB at 37oC, whilst shaking at 200 rpm. For P. aeruginosa binding

studies, cultures were grown for 16 h in LB at 37oC, whilst shaking at 200 rpm.

The bacterial cultures were centrifuged at 4,000 g for 10 min and supernatant

removed. The cultureswere resuspended in TB and centrifuged at 4, 000 g for 10

min, and repeated a further two times. A serial dilution of bacterial culture was

performed in TBS, to provide different cell densities. Functionalised AuNPs

were diluted in TB (2.5 nM). To Eppendorf tubes, 50 µl of AuNP suspension

was added, followed by 8 ul of bacterial solution, and left for 1 hour at room

temperature. To a 384-well filter plate, 100 µl TBT was added to the wells of

the plate and filtered through the wells by applying vacuum. To the washed

wells, the AuNP-bacterial solution was added and filtered through the wells

by applying vacuum. The wells were washed once with TBT. The plate was

imaged using a phone camera.

2.5 Developing targeted photodynamic therapy of

breast cancer cells

2.5.1 Human cell line culture

All cell culture was performed under sterile conditions. There were three cell

lines used in these studies, two breast cancer cell lines: MDA-MB-231 and SK-

BR-3, and one non-cancer cell line: MCF-10A. The cancer cell lineswere cultured

in DMEM(+), and the MCF-10A cell line was cultured in MEGM. All reagents

were heated to 37oC before addition to the cells.
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Starting new cell cultures

Vials of the three cell lines were removed from storage in liquid nitrogen. The

cells were thawed at room temperature. To the thawed cells, 1 ml of media was

added, and using a pipette, the cells were gently mixed to ensure dispersion in

to the media. The cells were then transferred to 75 cm2 Nunc Easy flasks, and

a further 10 ml of media was added to make a total volume of 12 ml. All the

flasks were then incubated at 37oC, 5% CO2 atmosphere. After 24 h, the media

was removed and replenishedwith 12ml of freshmedia to remove any residual

DMSO from the freezing medium.

Subculturing

The cellswere subculturedeveryfivedays. The cell culturemediawasdiscarded

and washed with 5 ml of PBS. Next, 5 ml of 0.25% trypsin EDTA was added to

the flasks and incubated at 37oC for 5 min. The flasks were tapped, to dislodge

the cells. To quench the trypsin, 5 ml of DMEM(+) was added to the flasks

containing the cancer cell lines. For the MCF-10A cell line, 5 ml of soybean

trypsin inhibitor solution (1 mg ml-1, in PBS) was added to quench the trypsin.

The solutions were added to a 15 ml falcon tube and centrifuged at 800 rcf for

5 min (MDA-MB-231, SK-BR-3), or 130 rcf for 7 min (MCF-10A). The cultures

were resuspended in 10 ml of media. The cultures were then diluted 1: 4 in

media and transferred into fresh culture flasks, and incubated at 37oC at 5%

CO2.

Making new cell stocks for long-term storage

To make new frozen stocks of each cell line, the same method was applied

as described above in Section 2.5.1. However, after centrifugation of the cells,

the cells were resuspended in freezing medium and aliquoted in to 1.8 ml

Nunc cryotubes. A cryogen freezing container was prepared by filling with

isopropanol, before the tubes were added to the container. The container was
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placed at -80oC overnight, before being transferred to liquid nitrogen for long-

term storage.

Cell counting

To count the cells, a Neubauer haemocytometer was cleaned with ethanol, and

coverslip held in place with attached clips. To the haemocytometer, 10 µl of

cell culture was added, and placed under a microscope, where gridlines can be

seen. There were four sets of 4 x 4 squares, where the number of cells within

these areas were counted. The number was then averaged, and multiplied by

104, to provide a concentration of cells per ml. The cell cultures were diluted in

media to provide the desired cell concentration.

2.5.2 Confocal microscopy studies

Biotinylated-polyacrylamide-glycan binding to cell lines

The biotinylated-polyacrylamide-glycan (PAA-glycan) probes used were PAA-

gal, PAA-glc, PAA-lac, PAA-man, and PAA without glycan as a control. Cells

were cultured as described in Section 2.5.1. However, after centrifugation the

cells were resuspended in either DMEM(-) (cancer cell lines) or MEGM (MCF-

10A). The cells were counted and diluted to a working concentration of 1 x 104

cells ml-1. To Nunc 6-well multidishes, an 18 mm diameter glass coverslip was

placed in each well. To each well, 2 ml of cell culture was added, and incubated

for 24 h at 37oC at 5% CO2. The culture media was discarded, and washed with

3 ml of PBS, twice. A 40 µg ml-1 of each PAA-glycan was prepared in either

DMEM(-) (MDA-MB-231 or SK-BR-3) or MEGM (MCF-10A), and 1 ml per well

was added. The cells were incubated for 1 hour at 37oC 5% CO2. The media

was then discarded and washed twice with 3 ml of PBS. Then, Alexa Fluor 488

labelled streptavidin (AF488-st, 10µgml-1) was added to eachwell for 30min, at

37oC 5% CO2. The wells were then washed twice with 3 ml of PBS. Finally, 1 ml

of 0.83 µg ml-1 of BioTracker Orange dye was added to the cells and incubated
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for 30 min at 37oC, 5% CO2. The wells were then washed with PBS, three times,

and resuspended in 1 ml of DMEM(+) or MEGM.

For confocal microscopy imaging, the coverslips were held in place with a

Ludin chamber. The cover slip was washed three times with imaging medium

(1 ml), and 1 ml of imaging medium was added to the cover slip for imaging.

A heating stage was used to hold the Ludin chamber in the confocal micro-

scope, and heated to 37oC. The AF488-st was excited with 488 nm argon-ion

laser (emission collected from 505-530 nm), and the Biotracker Orange dye was

excited with 514 nm argon-ion laser (emission wavelengths 550 nm<). Differen-

tial interference contrast (DIC) imageswere collected alongside the fluorescence

imaging. Controls were PAA (no glycan), just cells (no dyes), and cells with just

AF488-st (no PAA-glycan), to assess non-selective binding and any autofluores-

cence by the cells.

Glycan-/ce6-AuNP binding to cell lines

Following the same preparation as Section 2.5.2, the cells were seeded onto

cover slips in Nunc 6-well multidishes as 1 x 104 cells ml-1. After washing with

PBS, glycan-/ce6-AuNPs (gal-, man- or PEG3-) were added to the wells at a

ce6 solution concentration of 50 nM, in DMEM(-) or MEGM. The cells were

incubated for 3 h at 37oC at 5% CO2. The cells were washed three times with

PBS, and 0.83 µg ml-1 (in DMEM(+) or MEGM) of BioTracker Orange dye was

added to each well, and incubated for 30 min at 37oC at 5% CO2. The cells

were washed with 3 ml of PBS, three times, and resuspended in DMEM(+) or

MEGM. The cells were imaged following the same method outlined in Section

2.5.2.

Inhibiting gal-/ce6-AuNP interaction with cancer cell lines

Inhibitors of SGLT (Canagliflozin), galectins (33DFTG) andGLUT (WZB117) re-

ceptors were used in these studies, at a concentration of 50 µM, and prepared in
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DMEM(-) or MEGM. Gal-/ce6-AuNPs were used at ce6 solution concentration

of 50 nM, prepared in DMEM(-) or MEGM. Canagliflozin and WZB117 were

purchased from Sigma, and 33DFTG was purchased from Generon Ltd.

The cells were seeded as described in Section 2.5.2. For these studies, only

the cancer cell lines were used. The cells were washed with PBS, three times.

To each well 1 ml of inhibitor solution was added, and incubated for 1 hour at

37oC at 5% CO2. The cells were washed with 3 ml of PBS, three times. Then

following the same method as Section 2.5.2, the galactose-/ce6-AuNPs were

added and imaged using confocal microscopy.

2.5.3 Singlet oxygen studies

The singlet oxygen studies followed the method outlined in Garcia-Calavia[12].

To a quartz cuvette, 1ml of either gal-/ce6-AuNPs, man-/ce6-AuNPs, PEG3-

/ce6-AuNPs or gal-AuNPs were added. The particles were diluted to provide

ce6 concentration at 300 nM. The fluorescence was measured using a fluorime-

ter, with excitation wavelength at 360 nm and emission wavelengths between

380-600 nm. A stock solution of ABMA was prepared in methanol (0.512 mM).

To the AuNP solution, 2 ul of ABMAwas added to provide a final concentration

of 1 µM. The fluorescence was measured immediately. The solution was then

irradiated with a 633 nmHe/Ne LASER. The fluorescence was measured every

5 min for 30 min. The fluorescence at 433 nm was plotted against time to as-

sess singlet oxygen production, in R. The experiment was repeated but without

irradiation.

2.5.4 Photodynamic therapy studies

The photodynamic therapy studies are adapted from the method outlined in

Garcia-Calavia[12].

All the cell lines were cultured as detailed in Section 2.5.2. The cells were

seeded in to two, white-bottomNuncNunclonTM Surface 96-well microplates at
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a concentration of 1 x 104 cells ml-1, with 100 µl culture per well. The two plates

were incubated at 37oC at 5% CO2 for 24 h. The wells were then washed three

times with 200 µl PBS. Different concentrations of gal-/ce6-AuNP suspensions

were prepared in DMEM(-) orMEGM, and added to the cells (50 µl). The plates

were incubated for 3 h at 37oC at 5% CO2. The media was then discarded and

washed three times with 200 µl PBS. DMEM(+) or MEGM was then added to

the wells (100 µl).

Both plates were kept at room temperature, with one of the plates taken

forward for irradiation whilst the other was kept in the dark (non-irradiated).

For irradiation, a 633 nm 10mWHeNe laser, that had a biconvex diverging lens,

was held 50 cm above the plate, and each well was irradiated for 6 mins. This

provided a total light dose of 10.5 J cm-2, and an irradiance of 29 mW cm-2.

After irradiation, both plates were placed back into the incubator for 48 h.

To measure cell viability, the CellTitre Blue Cell Viability assay kit was used. To

each well 20 µl of reagent was added, to both the irradiated and non-irradiated

plate. The plates were shaken at 200 rpm for 10 s, before being incubated for 4

h at 37oC at 5% CO2. The plates were then shaken for 10 s at 200 rpm, and then

fluorescence was measured using a plate reader, with excitation at 561 nm and

emission at 594 nm.
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Chapter 3

Preparation and characterisation of

glycan ligands and functionalised

gold nanoparticles

The following chapter illustrates the synthesis and characterisation for the ma-

terials used throughout this PhD research, which relies on glycoAuNPs for cell

targeting and PDT-induced cell killing. For AuNP functionalisation, ligands

were either synthesised by copper catalysed ’click chemistry’ and loaded onto

the AuNP surface through ligand displacement; or by direct conjugation to the

AuNP surface, through EDC coupling.

3.1 Introduction

3.1.1 AuNPs

The experiments carried out in this thesis rely on ligand-functionalised 16 nm

AuNPs. The AuNP surface can be modified with multiple types of ligand,

making them a good candidate from a targeted drug delivery standpoint, as

both targeting and eradication elements can be combined onto the surface[1].

AuNPs also have unique optical and electrical properties, compared to the bulk
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material[2]. Their properties are affected by size and shape of the particles,

which means ligand modified AuNPs can be used to detect binding interac-

tions[3][4][5], and is a property exploited throughout this PhD research.

Optical properties of AuNPs

The optical properties ofAuNPs is owed to thephenomenonof ’surface plasmon

resonance’ (SPR). As described in Huang et al.[6], upon interaction with an

oscillating electric field of incident light, the free electrons of the AuNP can

collectively oscillate. The surface oscillation of the free electrons creates a

separation of charge (see Figure 3.1) between the negatively charged electrons

and thepositively charged lattice, resulting in adipole oscillation in thedirection

of the electromagnetic field.
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Figure 3.1: Surface plasmon resonance of AuNPs.

The SPR band is the wavelength at which maximum oscillation is obtained,

creating a strong absorption of light [6]. The electron density on the surface

dictates the SPR band, and so any factors that affect this electron density af-

fect the SPR band. As a result, there is a red-shift in SPR band as AuNP size

increases. Other factors that affect the SPR band are the particle shape, pH, sur-

face chemistry, and how close the AuNPs come in proximity to one another[7].

Consequently, the SPR band can be used to characterise AuNP size and surface

functionalisation, and to monitor AuNP interactions.
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Functionalisation of AuNPs

The AuNPs used in this PhD research were synthesised by reducing hydro-

gen tetrachloroaurate with sodium citrate, a method developed by Turkevich

et al.[8]. The product is AuNPs stabilised with citrate (citrate-AuNPs) through

electrostatic interaction. The citrate-AuNPs have low stability in ionic solutions,

and irreversibly aggregate. Aggregationwith increasing ionic strength is largely

explained by the Derjaguin-Landau-Verwey-Overbeak theory (DLVO)[9][10],

where particle interaction is determined by the sum of attractive van der Waals

interactions, and opposing repulsive electrostatic double layer (EDL) forces[11].

With increasing ionic strength of a solution, the EDL is compressed and neu-

tralised, and so particles aggregate through attractive van der Waals interac-

tions[1]. Consequently, when using ligand functionalisedAuNPs in a biological

setting, a ligand should be selected that aids stability.

Ligand design for surface functionalisation of AuNPs

The surface of AuNPs may be functionalised through covalent and ionic bond-

ing, or physical adsorbtion (Figure 3.2)[12]. Consequently, a wide range of

molecules can be used to functionalise the AuNPs, including antibodies, pep-

tides, DNA, glycans, proteins, charged molecules, amine and thiol deriva-

tives[13][14].

+

2) COVALENT1) NON-COVALENT

HYDROPHOBIC 
AND 

ELECTROSTATIC

CATIONIC LIGAND
THIOLATED LIGAND

ANIONIC
SURFACE

GOLD NANOPARTICLE SURFACE

MACRO-
MOLECULE

1B) IONIC

- - -- - - - - -- - -

1A) ADSORPTION

SULPHUR-GOLD 
BOND

ELECTROSTATIC

S- - -- - -

Figure 3.2: Illustration of non-covalent (1A and 1B) and covalent (2) surface interactions with AuNPs.
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During AuNP synthesis, the particles are stabilised with a ligand, such as

negatively charged citrate ions. Citrate-gold interactions are weak (~2 kcal

mol-1), and so the stabilising citrate ligands can then be displaced by other lig-

ands, that form stronger interactions with the gold surface[15]. Thiolated lig-

ands are often selected for modifying AuNPs (Figure 3.3), as they form strong

bonds (40-50 kcal mol-1) with the gold surface (sulfur-gold bond)[16]. Dis-

placement with thiolated ligands creates much more stable particles, that can

withstand harsher conditions[17].

Figure 3.3: Functionalisation of AuNPswith thiolated glycan ligand. Citrate-AuNPs (1) aremixedwith thiolated glycan
ligand, which displaces the citrate on the AuNP surface to form strong sulfur-gold bonds (2).

Further steric stability can be provided by introducing poly(ethylene glycol)

(PEG) components to the ligand[18]. PEG presence on the AuNP surface has

been demonstrated to improve bioavailability, as it forms a hydrated barrier that

sterically inhibits opsonisation and clearance from theblood [19]. Consequently,

in this PhD research, the ligands that were synthesised for AuNP functionalisa-

tionwere tethered by a short PEGylated thiol, providing anti-fouling properties

by reducing protein adsorption onto the AuNP surface[1].
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Characterisation of AuNPs

In this PhD research, 16 nm AuNPs were used as a scaffold for glycan and PS

ligands. The size of AuNPs can be determined using dynamic light scattering

(DLS) and transmission electron microscopy (TEM)[20]. DLS relies on light

scattering by AuNPs in solution, and so determines the hydrodynamic size;

whereas TEM uses dried AuNP samples for analysis. This can often result in

small differences in recordedAuNP size, with DLS recording a slightly elevated

number[21].

Asmentioned in Section 3.1.1, 16 nmAuNPs have unique optical and electri-

cal properties, where the AuNPs undergo colorimetric changes based on their

size, surface chemistry and interactions. These colorimetric changes can be

monitored by UV-Vis spectrometry, which allows UV-Vis to be a useful tool

in characterising AuNPs. When functionalising AuNPs with thiolated ligand,

small changes in the SPR band are observed, with a red-shift of a few nanome-

tres. The sulphur-gold bond reduces the density of free electrons on the particle

surface, which alters the plasma frequency and results in a red-shift in the SPR

band[22]. With AuNP binding interactions, the changes observed in the SPR

band can vary between analytes. Common effects include red-shifts; broaden-

ing and distortion of the extinction spectrum; and reduction in extinction at the

extinction maximum, from particle precipitation[23][24][25].

3.1.2 Ligand conjugation methods

Two methods used for ligand synthesis were explored, namely Cu(I)-catalysed

Huisgen azide-alkyne 1,3-dipolar cycloaddition (CuAAC)[26], and EDC cou-

pling[27].

CuAAC ’click chemistry’

The CuAAC reaction is a type of click chemistry[28], which is defined as re-

actions that are high yielding; stereoselective; wide scope; modular; and by-
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products that can be removed by non-chromatographic methods. The reaction

and purification must also be simple, where the reagents are readily available;

performed inwater, or solvent that is easy to remove; and non-chromatographic

purification method; with stable products[28]. The CuAAC reaction generates

1,2,3-triazoles, as can be seen in Figure 3.4.

R2R1 N3 + R1 N

R2

N
NCu1CuI

Figure 3.4: CuAAC reaction generating 1,2,3-triazoles.

The versatility of the reaction, alongwith its ability to be performed inwater,

has resulted in its wide-spread use in glycoconjugation, including oligosaccha-

rides, macrocycles, glycoclusters and glycopeptides[29]. The relative ease of

generating the azido and alkyne starting reagents, also caters for this versatil-

ity. For these studies, the CuAAC reaction was used to conjugate azido-based

glycans to an alkyne-based PEGylated thiol for AuNP functionalisation, and to

generate a galactose-based lectin inhibitor.

CuAAC has been employed to directly functionalise glycans onto the sur-

face of AuNPs, where alkyne modified AuNPs were ’clicked’ to azido sialic

acid[30] or GlcNAc[31] derivatives. However, the drawbacks of this method-

ology was that the particles can aggregate and precipitate out of solution due

to the copper sulphate and sodium ascorbate salts, with low conversion[31]. It

can also be more difficult to characterise the ligands synthesised on the particle

surface, compared to in solution. Preparation in solution may also improve

reproducibility, as pure ligand can be characterised and weighed out, so the

same amount of ligand can be added for AuNP modification each time. Con-

sequently, the CuAAC reaction was performed in solution to generate glycan

ligands, and then purified before addition to AuNPs for citrate displacement,

an approach that has been documented[24][32][33].
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EDC conjugation

N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) is a ’zero-length cross-

linker’, where the conjugation of two compounds does not add any additional

atoms from the crosslinker [34]. EDC is used to conjugate primary amines to

carboxylated reagents, forming an amide bond (see Figure 3.5). The conjuga-

tion reaction is water soluble and does not produce hazardous by-products.

It is traditionally the most commonly used bioconjugation technique. N-

hydroxysuccinimide (NHS) is often employed to improve the efficiency of the

coupling reaction. EDC conjugates NHS to the carboxylic acid, forming a more

stable NHS ester intermediate compared to the o-acylisourea intermediate[35].

Figure 3.5: EDC conjugation generating an amide bond: 1) Less efficient EDC conjugation as o-acylisourea intermediate
is less stable and can undergo hydrolysis; 2) more efficient EDC conjugation, through addition of NHS that generates
a more stable NHS ester intermediate.

Direct ligand conjugation to the AuNPs can be achieved by functionalising

AuNPs with an amino or carboxylate ligand, then coupling of a secondary

ligand to the modified particles, with the aid of EDC and NHS, as seen in

Figure 3.6.
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Figure 3.6: Direct conjugation of AuNPs through EDC conjugation. The AuNPs were functionalised with glycan and
carboxylated ligands (1) through displacement of citrate ligands. EDC and NHS were added to the glycan-/COOH-
AuNPs to generate NHS-activated particles: glycan-/NHS-AuNPs (2). Finally, the ce6-NH2 derivative is added to the
particles to generate glycan-/ce6-AuNPs (3).

This approach of directly conjugating ligands to the AuNP surface through

EDCcoupling, hasbeenused for attachingantibodies[27], peptides[36], lectins[37],

fluorophores[38], enzymes[39] and aptamers[40]. Direct EDC conjugation was

used in these studies to conjugate an amine based PS (ce6) to carboxyl function-

alised AuNPs, which has been demonstrated elsewhere using gold nanomate-

rials[41][42][43].
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3.2 Scientific aims

The aim of this chapter was to synthesise thiolated glycan ligands and glycan-

based lectin inhibitor through CuAAC. Then prepare a series of functionalised

AuNPs for bacterial and cancer cell targeting, and photodynamic therapy ap-

plications.

3.3 Results and discussion

3.3.1 Glycan ligand synthesis

Through CuAAC, a series of glycan ligands were prepared. The azido and

alkyne reagents (Figure 3.7) used in the synthesis were prepared by other

group members (Simone Dedola, Simona Chessa and Jordan Hindes), with

the exception of alkyne (2), which was sourced commercially (Sigma).

Figure 3.7: Structure of azide and alkyne reagents for glycan synthesis: a) azide (1), Ac-mannose-PEG3-N3; b) azide
(2), Ac-galactose-N3; c) alkyne (1), PEG3-SAc; and d) alkyne (2), propargyl alcohol.
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Synthesis of the glycan ligands were performed under standard CuAAC

conditions, and deprotected by sodium methoxide[26][44]. Full experimental

method is detailed in Chapter 2, and the final structures of the acetylated and

deacetylated glycan products can be seen in Table 3.1.

Experimental detail of glycan synthesis can be found in Chapter 2.3.1, along

with full characterisation of each novel compound. As the compounds 5 and 6

are known and full characterisation is documented elsewhere[44], confirmation

of compound 6 synthesis was determined by NMR spectroscopy and high

resolution electrospray ionisation mass spectrometry (HR ESI-MS).

Glycan ligand synthesis by CuAAC was selected as a synthetic strategy, as

it provided simple reagent preparation (installation of azido and alkyne func-

tional groups). As summarised in in Table 3.1, the click reaction also provided

relatively good yields (64-85%), and was a simple synthetic methodology, with

straightforward purification.

For the galactose binding lectins targeted in this PhD research, hydrophobic

structures at the anomeric position of the galactose derivatives are required to

achieve high binding affinity, through CH-π interactions by aromatic amino

acids in the CRD (discussed further in Chapter 4)[45]. Consequently, CuAAC

provides further advantageswhen synthesising the galactose derivatives, as the

click chemistry reaction generated hydrophobic 1,2,3-triazole derivatives at the

anomeric position, as seen with products 4 and 6 (Table 3.1).

3.3.2 Synthesis of 16 nm citrate capped AuNPs

The 16 nm AuNPs were prepared following the method outlined in Chap-

ter 2.3.2. The method resulted in citrate capped AuNPs (citrate-AuNPs). To

characterise the citrate-AuNPs, UV-Vis, DLS and TEM were used. The UV-Vis

extinction spectrum can be seen in Figure 3.8.
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Figure 3.8: UV-Vis extinction spectrum (350-800 nm) of citrate-AuNPs.

The 16 nm AuNPs have a characteristic SPR band at ~520 nm, which can be

seen from the spectrum in Figure 3.8, with the extinctionmaximum represented

by thevertical black line. Note that extinction isused forAuNPs, as the spectrum

is the combined effect of light absorption and scattering, by the particles[46].

Next, the size of the particles was assessed. Common techniques used to

determine the size of AuNPs are dynamic light scattering (DLS) and transmis-

sion electron microscopy (TEM)[20]. Figure 3.9 shows the DLS and TEM data

for the citrate-AuNPs.
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Figure 3.9: Size characterisation of citrate capped AuNPs by: a) DLS and b) TEM.
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From Figure 3.9, the DLS provides an average size of 17 nm, with the TEM

data showing a slightly lower average of 16.4 nm. It is common for there

to be small differences between the recorded DLS and TEM size average, as

DLS provides an average of the hydrodynamic diameter, so the particles are in

solution; whereas TEM provides the size in dried form [47].

3.3.3 Ligand functionalised AuNPs

Once the citrate-AuNPs were characterised, they were subjected to functionali-

sation with different thiolated ligands for binding studies.

Galactose-PEG3-AuNPs (gal-AuNPs)

The AuNPs were stabilised by citrate that associates with the surface through

electrostatic interactions. As mentioned previously, thiolated compounds can

displace the citrate on the surface, forming much stronger interactions with the

gold surface. Consequently, all ligands used in the PhD studies had a thiol

terminus for nanoparticle functionalisation. For all ligand functionalisation

studies, the method is detailed in Chapter 2.3.3.

The galactose ligand (compound 4), was used to functionalise the AuNPs

(gal-AuNPs), and were used in Chapters 4 and 5 for lectin binding. To charac-

terise the functionalisedAuNPs, UV-Vis extinction andMALDI-TOFwere used.

The chemical interaction from ligand exchange, lowers the surface conductivity.

Changes to the nanoparticle surface affects their interaction with light, which

in turn, alters the SPR band[22]. With ligand functionalised AuNPs, small red-

shifts of ~1-5 nm can be observed for smaller ligands, and so the extinction

spectrum serves as a useful tool for characterising modified AuNPs.

The UV-Vis extinction spectra comparing citrate-AuNPs and gal-AuNPs can

be seen in Figure 3.10. As can be seen from Figure 3.10, by comparing the

extinction maxima of the citrate-AuNPs (black vertical line) and the gal-AuNPs

(blue, dotted vertical line), the gal-AuNPs displayed a 2 nm red-shift, suggesting
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successful functionalisation of the AuNPs with the galactose ligand.

Figure 3.10: Extinction spectra of citrate-AuNPs (black line) and gal-AuNPs (blue line). Extinction maxima of the
spectra are highlighted by vertical lines for citrate-AuNPs (black, solid line) and gal-AuNPs (blue, dotted line). Inset
represent zoomed in region around extinction maxima.

Next, the presence of the ligand was confirmed using MALDI-TOF analysis

(Figure 3.11). The ionisation of the ligand often results in both the thiol and

disulfide compounds being detected. There is a lot of ’background’ from the

DHB matrix observed below 400 MW. Being able to detect the disulfide can

often help characterisation if the thiolated ligand is difficult to distinguish from

the DHB matrix. The mass of [galactose-PEG3-SH+Na]+ (thiol) is 432, and the

mass of [galactose-PEG3-S-S-PEG3-galactose+Na]+ (disulfide) is 839. As can

be seen form Figure 3.11d, the galactose-PEG3-SH ligand was detected in the

purified gal-AuNP suspension.
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Figure 3.11: MALDI-TOF analysis of gal-AuNPs. a) DHB matrix; b) DHB matrix with gal-PEG3-SH; c) DHB matrix
with citrate-AuNPs; and d) DHB matrix with gal-AuNPs.

Hence, gal-AuNPs were shown to be successfully functionalised with the

UV-Vis extinction spectrum showing a red-shift of the SPR peak of the gal-

AuNPs compared to the citrate-AuNPs; and with the detection of the ligand by

MALDI-TOF.
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TMAC-AuNPs

Fornon-selective, electrostatic binding interactions tobacteria, positively charged

AuNPs were synthesised. The positively charged AuNPs interact with neg-

atively charged groups on the bacterial cell surface, such as phospholipids,

lipopolysaccharides and teichoic acids [48]. For these studies, the commercially

available ligand: TMAC(N,N,N-trimethyl-(11-mercaptoundecyl)ammoniumchlo-

ride), was used. Introducing a positively charged ligand to the negatively

charged citrate-AuNPs proved problematic at first, as the citrate-AuNPs aggre-

gated upon addition of the TMAC ligand. Different approaches were taken,

such as addition in different solutions (water, Tris buffer), addition with PE-

Gylated ligand, and dropwise addition, but the citrate-AuNPs aggregated each

time. Successful addition was found by employing the technique developed

by Hassinen et al.[49], where a two-step phase transfer method was used (see

Figure 3.12).

ODA

1) Citrate-AuNPS

TMAC

2) ODA-AuNPS 3) TMAC-AuNPS

AuNP surface AuNP surface AuNP surface

AqueousSolubility: Organic Aqueous

Surface charge: Negative Neutral Positive

Figure 3.12: Two-step phase transfer method developed by Hassinen et al.[49]. ODA = octadecylamine; TMAC =
N,N,N-trimethyl-(11-mercaptoundecyl)ammonium chloride.
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As seen in Figure 3.12, in the two-step phase transfer method, a neutral

charged ligand (octadecylamine, ODA) was used to displace the citrate on the

citrate-AuNPs. The ODA-AuNPs were soluble in toluene, and so addition of

toluene followed by shaking, resulted in ODA-AuNP transfer into the organic

phase; any citrate-AuNPs remained in the aqueous phase and were discarded.

The organic layer was transferred into a new tube, where water and cationic

ligand were added. After shaking, the cationic-AuNPs were transferred into

the aqueous phase. Acid addition (HCl) promoted protonation of the amine,

and disassociation of any residual ODA from the AuNP surface. As well as

relying on ligand solubility, the ligands also interacted with the AuNP surface

to varying degrees. The electrostatic citrate interaction (2 kcal mol-1) is weaker

than the the amine-gold interaction (4 kcal mol-1)[50], which in turn, is weaker

than the thiol-gold bond (40-50 kcal mol-1)[16].

In this PhD research, TMAC was used as the cationic ligand, and ODA was

used as the transfer reagent. The purified, TMAC-AuNP extinction spectrum

can be seen in Figure 3.13.
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Figure 3.13: Normalised UV-Vis extinction spectra (350-800 nm) comparing citrate-AuNPs and TMAC functionalised
AuNPs (TMAC-AuNPs). Extinction maxima of the spectra are highlighted by vertical lines for citrate-AuNPs (black,
solid line) and TMAC-AuNPs (blue, dotted line). Inset represent zoomed in region around extinction maxima.
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As canbe seen fromFigure 3.13, therewas a red-shift of 4 nm in the extinction

maximum of the AuNPs functionalised with TMAC, compared to the citrate-

AuNPs. The red-shift demonstrated that the AuNPs were functionalised by

citrate displacement with the thiolated TMAC ligand.

The TMAC-AuNPswere also assessed byMALDI-TOF analysis to determine

the presence of TMAC (Figure 3.14). Figure 3.14c showed that the citrate was

displaced by the ODA, as ODAwas detected in the MALDI-TOF with the ODA-

AuNPs suspension ([ODA+H]+ = 270, Figure 3.14e). The ODA-AuNPs were

then subjected to ligand displacement by the thiolated TMAC ligand. TMAC

loses chloride in the MALDI-TOF, and consequently the mass detected was

246 (Figure 3.14d). TMAC was detected in the TMAC-AuNP suspension, as

seen in Figure 3.14f, with detection of the TMAC mass at 246. There was no

ODA detected in the spectrum of the TMAC-AuNPs, suggesting the ODA was

successfully displaced by the TMAC ligand.
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Figure 3.14: MALDI-TOF analysis of two-phase synthesis of TMAC-AuNPs, with a) DHB matrix; b) DHB matrix with
AuNPs; c) DHB matrix with ODA-AuNPs; d) DHB matrix with TMAC; e) DHB matrix with ODA; and f) DHB matrix
with TMAC-AuNPs.

The combined UV-Vis extinction spectrum of the TMAC-AuNPs, and the
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MALDI-TOF data demonstrated successful functionalisation of the AuNPs

with TMAC. The two-step phase transfer method consistently provided sta-

ble TMAC-AuNPs.

PEG3-AuNPs

For the cationic TMAC-AuNP binding studies to E. coli, neutral charged AuNPs

were prepared as control particles. For this, PEG3-SH was used as the control

ligand to functionalise the AuNPs (PEG3-AuNPs), see Figure 3.15 for ligand

structure.

Figure 3.15: PEG3-SH ligand structure for AuNP functionalisation.

After purification, the PEG3-AuNPs were characterised by UV-Vis spec-

troscopy, which can be seen in Figure 3.16. From Figure 3.16, there was a

red-shift of 3 nm for the extinction maxima of the PEG3-AuNPs (blue line) com-

pared to the citrate-AuNPs (black line), suggesting successful functionalisation

of the AuNPs with PEG3-SH.
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Figure 3.16: NormalisedUV-Vis extinction spectra (350-800nm) comparing citrate-AuNPs andPEG3-AuNPs. Extinction
maxima of the spectra are highlighted by vertical lines for citrate-AuNPs (black, solid line) and PEG3-AuNPs (blue,
dotted line). Inset represent zoomed in region around extinction maxima.

The PEG3-AuNPs were then analysed byMALDI-TOF to assess ligand pres-

ence in the PEG3-AuNP suspension. The results of theMALDI-TOF analysis can

be seen in Figure 3.17, with [PEG3-SH+Na]+ (233) detected in the PEG3-AuNP

suspension (3.17c).
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Figure 3.17: MALDI-TOF analysis of PEG3-AuNPs. a) DHB matrix with AuNPs; b) DHB matrix with PEG3-SH; and c)
DHB matrix with PEG3-AuNPs

Consequently, the red-shift in the UV-Vis extinction maxima of the PEG3-

AuNPs, and the detection of the PEG3-SH ligand in the PEG3-AuNP suspension

by MALDI-TOF, suggested successful functionalisation of the AuNPs.

Glycan-/chlorin e6-PEG4-AuNPs, 3: 1 (glycan-/ce6-AuNPs)

For the next set of AuNP functionalisation studies, heterogeneous surface func-

tionalisationwas needed, as both drug (PS) and targeting element (glycan) were
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required on the AuNP surface for targeted photodynamic therapy studies. EDC

coupling was used to conjugate the PS: chlorin e6 (ce6), to the particle surface,

to generate glycan and ce6 functionalised AuNPs (glycan-/ce6-AuNPs). The

ligands that were used in these studies are shown in Figure 5.12.

Figure 3.18: Ligands used in glycan-/ce6-AuNP functionalisation. a) COOH-PEG4-SH; b) chlorin e6 amine derivative
(ce6-NH2); c) PEG3-SH; d) galactose-PEG3-SH; and e) mannose-PEG6-SH.

To generate the glycan-/ce6-AuNPs, amixture of glycan ligand and carboxyl

PEGylated thiol (COOH-PEG4-SH) (see Figure 5.12a) were added to the citrate-

AuNPs, at a ratio of 3:1 for glycan:COOH-PEG4-SH. The purified particles were

then activated using EDC and NHS. An amine derivative of the ce6 (Figure

5.12b) was then added to the activated particles, which generated the glycan-

/ce6-AuNPs, and summarised in Figure 3.19 (reproduced from Section 3.1.2).
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Figure 3.19: Direct conjugation of AuNPs through EDC conjugation (same as 3.6). The AuNPs were functionalised
with glycan and carboxylated ligands (1) through displacement of citrate ligands. EDC and NHS were added to the
glycan-/ce6-AuNPs to generate NHS-activated particles: glycan-/NHS-AuNPs (2). Finally, the ce6-NH2 derivative is
added to the particles to generate glycan-/ce6-AuNPs (3).

The structure of the ce6 derivative, after EDC conjugation, is shown in Figure

3.20.

Figure 3.20: Structure of EDC conjugated ce6 derivative

Compounds 2 (mannose-PEG6-SH) and 4 (galactose-PEG3-SH)were the gly-

cans used in these set of AuNP functionalisation studies. As a control for future

studies, PEG3-SH was also used (see Figure 5.12). The extinction spectra of the

glycan-/ce6-AuNPs can be seen in Figure 3.21.
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Figure 3.21: Extinction spectra of citrate-AuNPs (black line) and glycan-/ce6-AuNPs. a) galactose-/ce6-AuNPs (blue
line); b) mannose-PEG6-/ce6-AuNPs (yellow line); and c) PEG3-/ce6-AuNPs (red line). Vertical black line represents
extinction maximum for citrate-AuNPs, dotted lines represent extinction maxima for the modified glycans. Insets
represent zoomed in region around extinction maxima.

From Figure 3.21, ce6 presence was determined by the characteristic absorp-
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tion peaks at ~400 nm and ~654 nm[51]. The red-shift in extinction maxima for

all glycan-/ce6-AuNPs was observed, suggesting successful functionalisation.

The solutions were also assessed by MALDI-TOF (Figure 3.22).

Figure 3.22: Positive (left) and negative (right) modeMALDI-TOF analysis of glycan-/ce6-AuNPs, with a) DHBmatrix;
b) DHB matrix with AuNPs; c) DHB matrix with ce6; d) DHB matrix with gal-/ce6-AuNPs; e) DHB matrix with
PEG3-/ce6-AuNPs; and f) DHB matrix with man-/ce6-AuNPs.

Ascanbe seen fromFigure 3.22, theglycan (galactose-PEG3-SHandmannose-

PEG6-SH) and PEG3-SH ligands were detected in the MALDI-TOF in positive

mode, from the spectra in Figure 3.22d, e and f (highlighted with black arrows).

However, the ce6-PEG4-SH was not detected in positive or negative mode (Fig-

ure 3.22d, e and f). Neither the ce6-NH2 ([ce6-NH2
+H]+ = 683; [ce6-NH2

+Na]+

= 705; [ce6-NH2
-H]- = 681) nor the ce6-PEG4-SH ([ce6-PEG4-SH+H]+ = 947;
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[ce6-PEG4-SH+Na]+ = 969; [ce6-PEG4-SH-H]- = 945) masses were detectable in

the MALDI-TOF. Although there were broad signals around 683, this signal

was also detected in the citrate-AuNPs (Figure 3.22b, neg mode), which makes

distinguishing the ce6 signals difficult. Consequently, it was not possible to

use the MALDI-TOF to confirm ce6 conjugation. However, presence of ce6

was detected by the characteristic signals in the UV-Vis spectra (Figure 3.21),

and coupled with the MALDI-TOF data, the glycan and PEG ligands were de-

tected in the functionalised suspensions. Chapter 5 offers further investigation

through singlet oxygen studies and cellular binding studies, for presence of ce6

and glycan on the AuNP surface.

3.4 Conclusions

In conclusion, two novel glycan ligands were synthesised through CuAAC:

galactose-PEG3-SH and mannose-PEG6-SH. The glycans were ’clicked’ to a

alkyne PEGylated thiol derivative, to allow for strong interaction to the AuNP

surface through the sulfur-gold bond. The PEGylated tether provides advan-

tages such as steric stability and resistance to non-specific protein binding. In

biological applications, presence of PEG has also shown increased circulation

time, as there is reduced opsonisation, through the reduction in non-specific

protein binding. As well as ligands for AuNP functionalisation, CuAAC was

also used to synthesise a galactose-based lectin inhibitor, for future lectin bind-

ing studies.

Next, 16 nm citrate stabilised AuNPs were synthesised and characterised.

The UV-Vis extinction spectrum of AuNPs is dependent on size, shape, sur-

face interactions and the surrounding environment. A small red-shift in the

SPR band was observed when thiolated ligands were used to functionalise the

AuNPs. The galactose-PEG3-SH was used to functionalise the AuNPs for lectin

binding studies in Chapter 4. The introduction of the positively charged ligand

’TMAC’, proved difficult to ligand exchange with the citrate on the citrate-
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AuNPs, without causing aggregation of the particles. A method developed by

Hassinen et al.[49], where a neutral transfer ligand was used to exchange the

citrate on the surface, before the cationic ligand was introduced, overcame the

aggregation issues. The TMAC-AuNPs were consistently generated through

this method.

For the PDT studies (Chapter 5), a series of glycan and ce6 functionalised

AuNPs were generated. For this, a commercially available amine derivative

of the ce6 was used. Heterogeneous functionalisation of the AuNP surface of

glycan and carboxyl ligands was obtained, and then the ce6 was introduced

to the purified particles through EDC coupling. Both the characteristic peaks

from the ce6 and AuNPs could be seen in the UV-Vis spectrum, demonstrating

successful conjugation of the ce6 to the AuNP surface.
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Chapter 4

Targeted bacterial lectin binding

using glyconanoparticles

The rise of antibiotic drug-resistance is making bacterial infections increasingly

difficult to tackle, rendering many conventional antibacterial drugs ineffec-

tive. Consequently, alternative and selective antibiotic treatments are urgently

needed. By developing selective antibacterial drugs, patient outcomes are im-

proved by reducing side effects, and improving drug efficacy through reducing

antibiotic exposure to non-target bacteria. Herein, an alternative antibacterial

strategy was explored in the form of targeted photodynamic therapy, where

glycan modified 16 nm AuNPs are used to target lectin that is located on the

cell surface of the target pathogen: Pseudomonas aeruginosa.

4.1 Introduction

The following section outlines why Pseudomonas aeruginosa (P. aeruginosa) was

selected as the target pathogen for this work, as well as how it was targeted.
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4.1.1 P. aeruginosa as a target pathogen

P. aeruginosa are highly adaptable, Gram-negative bacteria, associated with

multi-drug resistance and hardy infections. In part, their adaptability is due

to their large genome, which allows the bacteria to colonise diverse environ-

ments and hold an arsenal of virulence factors[1]. Classified as a human op-

portunistic pathogen, P. aeruginosa can reside in the gut microbiota of healthy

individuals, and occasionally cause mild infections. However, P. aeruginosa

pose the biggest threat to those with compromised immunity, causing severe

and life-threatening infections. P. aeruginosa are one of the leading causes of

hospital-acquired infections [2]. As well as colonising diverse environments

on the human body (skin, lungs, ears, eyes, gut, urinary tract, blood)[3], their

adaptable nutrient intake allows the bacteria to survive in a wide range of

environments outside the body too, such as in soil, water systems[4] and on

plastic surfaces[5]. This causes further complications in a clinical setting, as P.

aeruginosa can flourish on medical surfaces, such as implanted devices.

P. aeruginosa drug resistance and pathogenecity

Conventional antimicrobial drugs that are used to treat P. aeruginosa infections

belong to the fluoroquinolone, aminoglycoside, β-lactam and polymyxin fami-

lies[6]. However, Pseudomonal infections are becoming increasingly difficult to

eradicate. P. aeruginosa are naturally resistant to many different antibiotics, and

can quickly develop resistance due to their high adaptability and low mem-

brane permeability[1]. There are already documented cases of P. aeruginosa

resistance to last resort antimicrobial drugs, such as colistin[7]. A surveillance

report by the European Centre for Disease Prevention and Control (ECDC),

analysed P. aeruginosa resistance levels to multiple antimicrobial groups in in-

vasive clinical isolates. Although resistance levels varied by country, 5.5% of all

isolates were completely resistant to all antimicrobials tested[6]. Furthermore,

the World Health Organisation (WHO) developed a ‘global priority pathogens
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list’ and recognised P. aeruginosa as ‘critical’, the highest priority[8]. The list was

designed to direct global research efforts and funding towards pathogens that

most critically need new drugs to treat drug-resistant infections. Further high-

lighting the urgency in developing alternative strategies to tackle P. aeruginosa

infections.

On topof their increasingdrug resistance,P. aeruginosa readily formbiofilms.

Biofilms are an adhered, complex community of microorganisms, surrounded

by an extracellular polymeric substance (EPS)[9]. The EPS allows microorgan-

isms to secrete and share enzymes, DNA, proteins and virulence factors[10],

that offer further protection by lowering drug susceptibility and increasing

pathogenicity. P. aeruginosa biofilms are a particular concern in chronic wounds

(burns, deep cuts, post-surgical wounds); implanted devices (catheters, venti-

lation equipment); and in the lungs of individuals with the genetic disorder

Cystic Fibrosis (CF). It is estimated that 80% of all CF sufferers will contract a

P. aeruginosa infection by the age of 18[11]; an infection linked with high mor-

tality[12]. With this in mind, alternative treatments must be able to effectively

eradicate both the planktonic and biofilm states of P. aeruginosa.

4.1.2 Identifying an alternative P. aeruginosa drug target

As mentioned previously, P. aeruginosa are equipped with a plethora of viru-

lence factors. Virulence factors are molecules and components produced by

a pathogen that offer protection against host defences; they promote colonisa-

tion, invasiveness and pathogenicity[13]. These virulence factors may be host

invasive (proteases, toxins); drug resistive (β-lactamases, increased efflux pump

expression); protective (flagella, alginate); competitive (siderophores); or ad-

hesive (lectins, fimbrial adhesins)[14]. A diagram summarising P. aeruginosa

virulence factors is shown in Figure 4.1. Of particular interest in this project, is

the cell surface-associated lectin: LecA.
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Figure 4.1: A summary of P. aeruginosa virulence factors, adapted from Chatterjee et al.[14].

LecA as a P. aeruginosa drug target

LecA is a small protein that can be found associated with the outer membrane.

Its expression is regulated by quorum sensing, which is where expression is

regulated by growth phase, growth environment and cell density. Expression

of LecA is associated with later growth stages, from late-log and into stationary

phase [15]. The full role of LecA is still to be unravelled but so far, LecA has

been shown to be an adhesion factor, used for attachment to human cells[16];

exert cytotoxic effects on lung epithelial cells [17]; alter intestinal epithelial bar-

rier permeability[18]; and contribute to biofilm formation[19]. Consequently,

LecA is of therapeutic interest as it is present in both planktonic and biofilm P.

aeruginosa cultures.

4.1.3 LecA glycan binding and ligand design

LecA is homotetrameric protein with a molecular weight of 51 kDa, and the

structure can be seen in Figure 4.2. LecA exhibits narrow selectivity for the

monosaccharide d-galactose, and to N-acetyl-d-galactosamine but at a much

lower affinity [20]. The predominant natural ligand of LecA is αGal1-4βGal1-
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4βGlc-ceramide (globotriaosylceramide), but it can also bind to a range of nat-

ural glycoconjugates with terminal α-galactose based disaccharides, such as

αGal1-3Gal, αGal1-4Gal and αGal1-6Glc[21].

a) b)

O

HO

HO
OH

O

OH

H
N

O
QRS

Figure 4.2: LecA tetramer crystal structure, in the presence of calcium ions (green spheres) and bound to (b) a tripeptide
(QRS = glutamine, arginine, serine) phenyl β-D-galactopyranoside (grey and red sticks). PDB ID 4LKD, from Kadam et
al.[22].

Introducing a hydrophobic group at the anomeric position improves affin-

ity, with greatest affinity observed with β-d-galactose and aromatic substitutes

at the anomeric position[23]. The anomeric hydroxyl is exposed to the sol-
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vent and so is available for substitution. Kadam et al.[22] demonstrated that

an aromatic group improves affinity through CH-π interactions (hydrophobic

stacking) formed with His50 of LecA, with a Kd of 14.1 µM (Figure 4.3). Thus,

affinity is improved compared to d-galactose, which has a Kd of ~88µM [23]

O

HO

HO
OH

O

OH

NO2

NHN

His50

H

a) b)

c) d)

𝛿 +

𝛿 −

Figure 4.3: (a) LecA CRD bound to β-D-galactoside derivative (b) and calcium ion (green spheres). (c) and (d) show key
LecA CRD amino acids for galactose binding, with hydrogen bonds (blue dotted lines) and π interactions (green dotted
lines). (b) demonstrates the CH-π interaction of His50 in the LecA CRD with the hydrophobic, phenyl derivative of
the galactoside. PDB ID: 3ZYF from Kadam et al. and [22].

As well as hydrophobic groups, multivalency is key to achieve the highest

binding affinity to LecA [24]. A variety of different scaffolds have been used

to hold multivalent galactose-based residues, such as dendrimers[25][22][26],

polymerparticles[27], calixarenes[28], fullerenes[29], glycoclusters[30][31][32][33],

peptides[34] and AuNPs[24], all of which display binding affinities in the low

nanomolar range (Kd<200 nM), whereas monovalent structures have µM Kd

values.
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Of relevance to this research are AuNPs. AuNPs offer advantages over

the smaller multivalent constructs as they are: relatively easy to modify, and

can be modified with different ligands; and they aim to replicate the natural,

cell-surface glycan presentation of the glycocalyx, allowing for high valency[24].

With regards to LecAbinding, AuNPs have only beenused byReynolds et al.[24]

for LecA binding. The group used 2 nm AuNPs as a scaffold for a β-galactose

ligand (Figure 4.4) at different densities, mixed with mannose or glucose, as

spacer ligands.

Figure 4.4: β-galactose ligand used in Reynolds et al.[24].

TheAuNPsmodifiedwith 100% galactose, provided the greatest affinity (Kd

of 50 nM). Interestingly, this high affinity LecA binding was achieved without

incorporating an aromatic group at the anomeric position, highlighting the

potential AuNPs can offer as scaffolds to achieve high-affinity and multivalent

structures for LecA binding.

For this PhD research, both the hydrophobic group at the anomeric posi-

tion, andmultivalent presentation were combined to target LecA. A β-galactose

ligand (Figure 4.5) was used with a hydrophobic, triazole ring at the anomeric

position. Larger, 16 nm AuNPs were used as a scaffold for the galactose ligand.

The larger particles provide a larger surface area meaning higher density of

ligands per particle.
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Figure 4.5: Structure of β-galactose ligand (galactose-PEG3-SH) used to functionalise AuNPs.

4.1.4 Monitoring cell-surface glycan-lectin interactions using

AuNPs

For effective antibacterial PDT, the PS should be localised to the bacterial cell

surface. For this PhD research, galactose-modified AuNPs (gal-AuNPs) were

used to target the P. aeruginosa cell surface associated lectin: LecA. The unique

optical properties of AuNPs offer a method of assessing and optimising the

galactose-LecA interaction, before introducing the PS.

Monitoring glycan-lectin binding by UV-Vis absorption

As detailed in Chapter 1.3.2, the AuNP optical properties are due to the surface

plasmon resonance (SPR), resulting in a strong absorption of light[35]. For a

monodisperse solution of 16 nm AuNPs, this wavelength is ~520 nm. Glycan

functionalised AuNPs (glycoAuNPs) can bind to their respective multimeric

lectins, and form aggregates due to crosslinking of multimeric lectins and mul-

tivalent glycoAuNPs (see Figure 4.6).
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Figure 4.6: Image demonstrating aggregates formed between glycoAuNPs in the presence of multimeric lectin, leading
to a colour change from red to purple/blue.

The electron density on the surface dictates the SPR band. As AuNP size

increases, there is a red shift in SPRwavelength that creates a colour change. The

colour change can also be observedwhenAuNPs come into close proximitywith

one another and ‘aggregate’. This principle has been demonstrated by the Field

and Russell groups to monitor lectin[36][37], toxin[38] and viral[39] binding,

and will be exploited throughout this chapter. By using UV-Vis spectroscopy,

the complete AuNP spectrum can be monitored to assess changes that may

indicate binding. As bacterial cells interfere with the extinction spectra in

the UV-Vis plate assay format, an alternative method was required to monitor

bacterial binding.

Monitoring glycan-lectin binding by filtration

A new filtration-based technique was developed at Iceni Diagnostics to assess

bacteria-glycoAuNP binding, still based on colour observations. A 384-well
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plate, with a 0.45 µm filter at the bottom of each well was used. The premixed

solution of glycoAuNPs and either lectin or bacterial sample were added to

the wells. A vacuum was applied below the well surface to draw the solution

through the filter (see Figure 4.7).

Figure 4.7: Image demonstrating filter plate assay method.1) No binding between bacteria and glycoAuNPs, which
results in the particles passing through the filter, and no colouration of the filter. Bacteria are too large to pass through
the filter and so remain on the filter surface. 2) Aggregates form between glycoAuNPs andmultimeric lectin or bacterial
culture that are too large to pass through the filter, leading to a red/purple/blue colouration on the filter surface.

For the lectin studies, the aggregates formed between the lectin and gly-

coAuNP were too large to pass through the filter. The same was true of bacte-

rial cell aggregates, and so when the vacuum was applied, the cells remain on

the surface of the filter along with any cell bound glycoAuNPs. In both cases,

aggregates were trapped on the surface of the filter, leaving a red/purple/blue

colouration on the filter, depending on the sample.
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4.2 Scientific aims

The aim of this work was to develop targeted eradication of P. aeruginosa,

throughphotodynamic therapy (PDT), using galactose andPSmodifiedAuNPs.

Targeting was set out to be achieved through galactose binding of the P. aerug-

inosa cell surface lectin: LecA. Firstly, galactose modified AuNPs (gal-AuNPs)

will be used to demonstrate and optimise binding to LecA, initially to the solu-

ble lectin, and then to the P. aeruginosa. Then the PS will be introduced to the

AuNP surface, for P. aeruginosa eradication through PDT.

4.3 Results and discussion

4.3.1 Bacterial binding by 16 nm AuNPs

The first step was to demonstrate that 16 nmAuNPs can be used to detect intact

bacterial cells in the filter plate assay format. The filter plate technique provides

many advantages for detecting bacterial samples, in that the technique is rela-

tively straightforward and easy-to-use, without the need for sample extraction;

and provides visual results within an hour, simplifying data analysis. For the

following studies, Escherichia coli (E. coli) was used as a convenient model mi-

croorganism, and AuNPs were functionalised with the cationic ligand ‘TMAC’

(TMAC-AuNPs). Control AuNPs were functionalised with an uncharged ethy-

lene glycol based ligand (PEG3-SH). Detail of TMAC-AuNP and PEG3-AuNP

preparation and characterisation are shown in Chapters 2 and 3 respectively,

with both ligand structures shown in Figure 4.8.

Cl

N SH HO
O

O
O

SH

a) b)

Figure 4.8: Structures of cationic TMAC ligand (a) and uncharged PEG3 ligand (b).
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Thepositively chargedAuNPs formelectrostatic interactionswithnegatively

charged groups on the bacterial surface, such as phospholipids, lipopolysac-

charides and teichoic acids [40]. TMAC-based AuNPs have been shown to

bind to Staphylococcus aureus, using 11 nm TMAC-AuNPs[41]. By altering ratios

of TMAC and a negatively charged ligand (11-mercaptodeconoic acid, MUA)

(Figure 4.9) on the AuNP surface, discrimination between Gram-negative (E.

coli and Acinetobacter baumannii) and Gram-positive bacteria (Staphylococcus au-

reus and Enterococcus faecium) was possible; where, higher TMAC densities

bound and eradicated Gram-negative bacteria[42]. Interestingly, this study also

demonstrated higher cytotoxicity with larger AuNPs (2.5 vs 5.3 vs 9.5 nm).

Figure 4.9: Structure of negatively charged ligand: MUA, used in Pillai et al.[42].

Glycan-lectin interactions provide greater selectivity but requiremuchmore

consideration to obtain binding, such as the timing of lectin expression; acces-

sibility of the lectin; as well as density, presentation and structure of the glycan

ligand. Therefore, TMAC-AuNPswere selected as they can achievewide-spread

binding across the whole of the bacterial surface, and the interaction is much

simpler in comparison to glycan-lectin binding.

The results from the filter plate assay can be seen in Figure 4.10. Binding

was observed between the TMAC-AuNPs and both cell densities tested. The E.

coli cells were too large to pass through the filter, and became trapped on the

filter surface. AnyAuNPs bound to the E. coliwere trapped too, providing a red

colouration of the filter. The binding was due to the charge interaction between

the cationic-AuNPs and negatively charged groups on the bacterial surface, as

no binding was observed with the uncharged PEG3-AuNPs.
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Figure 4.10: Image of the filter plate assay results, assessing binding of TMAC-AuNPs to E. colistrain ORN178. Cell
density decreases from top to bottom, OD = 0.8 (~3x108 cells/ml), 0.4 (~0.7x108 cells/ml) and 0. Uncharged PEG3-
AuNPs are used as a negative control. Note that this image shown above is multiple images of the same plate and
experiment, combined. Wells are masked/hidden when taking a picture of the whole plate.

Once the ability of the filter plate to detect bacterial binding by 16 nmAuNPs

was confirmed, selective binding by glycan-AuNPs to the target pathogen: P.

aeruginosa, was developed.

4.3.2 LecA lectin expression by P. aeruginosa

TheP. aeruginosa strain used for the following studieswas PAO1, because it is the

most commonly used strain, referred to as the ’reference strain’ for studying P.

aeruginosa[43]. Although wildtype PAO1 expresses LecA, expression was first

confirmed to ensure the strain was behaving as expected for the consecutive

binding studies. Samples were taken at different time points through growth,

and expression was probed using Western blot analysis. The growth curve for

PAO1 can be seen in Figure 4.11a, and shows the corresponding lag (0-4 hours),

log (4-24 hours) and stationary (>24 hours) phases.

The composite chemiluminescence and white light image from the Western

blot used to detect LecA expression, can be seen in Figure 4.11b. From Figure

4.11, LecA expression was detected after 10 hours (lane 7). The monomeric

form of LecA was the predominant band detected (~12.75 kDa), which was

expected under the protein denaturing SDS-PAGE conditions; although under

physiological conditions, the protein is tetrameric.
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Figure 4.11: (a) The growth curve of P. aeruginosa (PAO1), error bars = +/- SD, n=5. (b) Composite image from overlay
of chemiluminescence and white light imaging, fromWestern blot analysis of LecA expression at different time points
during growth. The red box highlights where LecA runs on the blot.

By comparing Figure 4.11a and Figure 4.11b, expression of LecA was in

the later stages of the log phase, and into the stationary phase. As mentioned

previously, LecA expression is regulated through quorum sensing, and so ex-

pression is associated with later growth stages[15]. For the LecA expression
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experiments, the cell densities were not normalised i.e., there was no loading

control. Therefore, it was possible that LecAwas expressed at lower time points

but not detected due to lower cell densities loaded, as observed by the lower

optical density at lower time points in Figure 4.11a. However, the aim of the ex-

periment was to detect presence of LecA expression and not to quantify protein

expression at different time points. Therefore, as LecA expression was detected

after 10 hours, all future studies with PAO1 will be performed after 10 hours to

ensure lectin expression.

4.3.3 Gal-AuNPs binding optimisation to LecA

Once theLecAexpressionbyP. aeruginosawas confirmed, gal-AuNPs (galactose-

PEG3-SH functionalised AuNPs) were prepared as outlined in Chapter 2.3.3

(characterisation shown in Chapter 3.3.3). Before introducing the complex

environment of bacteria, the binding of the gal-AuNPs with pure LecA protein

was assessed. For the binding studies, commercially available LecA (Sigma)

was used in the UV-Vis and filter plate assay formats.

Concentration of galactose-PEG3-SH for AuNP functionalisation

The first step was to determine the galactose-PEG3-SH ligand concentration

needed to functionalise the AuNPs, to observe binding to LecA. Here, a range

of concentrations were used to functionalise the AuNPs (20, 100 and 200 µM).

Binding between gal-AuNPs and LecA (0-1000 nM) was assessed, in the pres-

ence and absence of CaCl2 (Figure 4.12). General trends can be drawn from the

full UV-Vis extinction spectra in Figure 4.12. For example, higher LecA concen-

trations show decreased extinction around the AuNP extinction maxima (~520

nm), and increased extinction at longer wavelengths (~575 nm >). However,

to aid quantitative analysis and interpretation of the data, a single wavelength

was selected.
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Figure 4.12: Full UV-Vis extinction spectra (350-800 nm) for binding optimisation studies of LecA by gal-AuNPs. Shown
for illustrative purposes to demonstrate the changes in the full spectra, in the presence of lectin, and consequently
particle aggregation. Different concentrations of gal-PEG3-SH were used for functionalisation of AuNPs, at 20 (a and
b), 100 (c and d) and 200 (e and f) µM. Binding of LecA (0-1000 nM, red to blue lines) was assessed in the absence (a, c,
and e) and presence (b, d and f) of 0.05 mM CaCl2. N=3.
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Thewavelength that provides the best sensitivity for lectin detection, will be

the one that has the biggest difference in extinction values between gal-AuNPs

with and without LecA. To determine this, the extinction spectrum for gal-

AuNPs was subtracted from the extinction spectrum of gal-AuNPs with LecA

(1000 nM). The data used in this analysis were the gal-AuNPs functionalised

with 200 µM of galactose-PEG3-SH, with CaCl2, as this was where the biggest

response to LecA was observed. The processed data is shown in Figure 4.13.
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Figure 4.13: Mean difference in extinction spectra (350-800 nm, black line) of 200 µM gal-AuNPs, in the presence and
absence of 1000 nM LecA, in the presence of CaCl2. Greatest extinction differences observed at 518 nm (red, dashed
line) and 678 nm (blue, solid line). Data extracted from Figure 4.12f, n=3.

A positive value means that there is an increase in extinction at that specific

wavelength, whenLecA is present; and so a negative value represents a decrease

in extinction when LecA is present. The wavelengths that gave the greatest

differences were observed at 518 nm (-0.136 AU, red line) and 678 nm (0.155 AU,

blue line), which reflects the spectra in Figure 4.12. Therefore, for all future data,

only the extinction value at 678 nm will be represented. This wavelength was

chosen as it gave the greatest difference between gal-AuNPs, with and without

LecA.

The extinction value at 678 nm (Ex678) for each condition are shown in

Figure 4.14, with the corresponding filter plate assay results shown in Figure
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4.15. Please note that throughout this chapter, the negative control (1000 nM

ConA) data will be represented by a bar chart as only one concentration was

tested. In Figure 4.14, ConA was subjected to the same buffer conditions as

LecA, as well as being tested with the different gal-AuNPs, and so the colour of

the bars are the corresponding controls for each condition for LecA binding.

Figure 4.14: Binding optimisation studies of LecA by gal-AuNPs. AuNPs were functionalised with different concen-
trations of galactose-PEG3-SH, including: a) 200 µM (triangles); b) 100 µM (circles); and c) 20 µM (squares). Binding of
LecA (0-1000 nM) was assessed in the absence (-, light colour shapes) and presence (+, dark colour shapes) of CaCl2. d)
ConA is used as a negative control, tested with each set of particles, with (+) and without (-) CaCl2. For each condition,
the mean extinction at 678 nm was measured. Error bars = +/- SD, n = 3.

There are three conclusions that can bedrawn from the results in Figures 4.14

and 4.15. Firstly, the higher concentration of galactose-PEG3-SH (200 µM) used

to functionalise the AuNPs provides greater colloidal stability, in the presence

of CaCl2. This can be seen by comparing the extinction values of the particle
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solutions with just buffer (0 nM LecA) in Figure 4.14. For gal-AuNPs function-

alised with 200 µM ligand (Figure 4.14a), there was no significant difference

in Ex678 in the presence (black, filled triangle) and absence (grey triangle) of

CaCl2, at 0 nM LecA. However, for the AuNP solution that was functionalised

with 20 µM galactose-PEG3-SH (Figure 4.14c), there was less stability when

CaCl2 was present in the buffer, as seen by an increase in Ex678 when CaCl2 was

present in Figure 4.14c (dark blue squares) for 0 nM LecA (just buffer). It was

important to assess the particle stability in the buffer that was used for lectin

binding studies, as changes in the spectrum must reflect binding interactions

between the gal-AuNPs and lectin, and not from salt effects.

Secondly, the AuNPs modified with 200 µM galactose-PEG3-SH (Figure

4.14a) showed significantly higher Ex678 with 1000 nM LecA, compared to 20

µM (Figure 4.14b) and 100 µM (Figure 4.14c). The 200 µM gal-AuNPs also

were more sensitive than the other gal-AuNP solutions, as seen by significantly

different Ex678 between each LecA concentration tested (Figure 4.14a). The

increased Ex678 values suggested a greater extent of aggregation of the gal-

AuNPs, and was reflected in the filter plate results (Figure 4.15), by greater

colouration of the filter with 200 µM.

200 uM
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CaCl2 present
20 uM

0 
100 
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1000 

- +

CaCl2 present
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[LecA] / nM
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Figure 4.15: Filter plate assay results of gal-AuNPs with increasing concentrations of LecA (0-1000 nM, top to bottom),
in the presence (+) and absence (-) of CaCl2. The galactose-PEG3-SH ligand concentration for AuNP functionalisation
increases from left to right (20, 100, 200 µM). ConA is used as a negative control. Please note that this is a collection of
images combined together. Wells are hidden when one image is taken from above, and so the same plate is taken from
multiple angles and then the different images are combined for easier comparison.

Finally, calcium ions are critical for the galactose-LecA interaction. LecA
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is a C-type lectin, where metal ions are necessary for carbohydrate binding,

and so the loss of binding without CaCl2 was not surprising. Furthermore,

the crystal structure of galactose and LecA[44] in the presence of calcium ions

has been solved[20], demonstrating ion coordination was required for optimal

binding interactions. Without CaCl2, low to no observable binding to LecAwas

observed for all gal-AuNPs in both colorimetric and filter plate assays.

Temperature for binding studies

As P. aeruginosa is a human opportunistic pathogen, and LecA is a virulence

factor[14], binding was assessed at body temperature (37oC) as well as room

temperature (25oC), to see if binding could be improved. The previous binding

experiments were all performed at 25oC. The Ex678 are shown in Figure 4.16,

and corresponding filter plate assay results are shown in Figure 4.17. There was

significantly increased aggregation at 25oC at LecA concentrations from 64 nM

and above.

Figure 4.16: Mean Ex678 for UV-Vis plate assay assessing temperature for LecA and gal-AuNP interaction at 25oC (pink)
and 37oC (blue). Negative control is ConA (1000 nM). Error bars = SD, n = 3.

The improved binding was confirmed by the filter plate assay results shown
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in Figure 4.17, where a clear difference in filter colouration can be seen between

the two temperatures. At 25oC, binding was observed from 64 nM of LecA;

whereas at 37oC, binding was only detectable from 125 nM of LecA. In the filter

plate assay (Figure 4.17), by eye, the filter colouration appeared much more

intense at 25oC, by comparing the two concentrations of LecA (250 and 500 nM)

that showed binding at both temperatures.
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32

64
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1000[ConA] / nM

25oC 37oC

Figure 4.17: Image of filter plate assay results comparing interaction of LecA and gal-AuNPs at 25oC (left) and 37oC
(right). Increasing LecA concentrations from 0-500 nM (top to bottom). Negative control is ConA (1000 nM).

The effect of improved binding at lower temperatures has been seen through

hemagglutination assays. Gilbo-Garber et al.[45] assessed the hemagglutinat-

ing activity of LecA at temperatures from 4oC to 50 oC, and found activity

decreased as temperature increased. The authors speculate that the lower bind-

ing temperature may be due to P. aeruginosa preference to colonise damaged,

cooler tissue.

4.3.4 Selectivity of gal-AuNPs and LecA interaction

To assess that the aggregation observed between the gal-AuNPs and LecA in

the previous Sections (4.3.2 and 4.3.3) was due to the galactose residues present
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on the AuNP surface selectively binding to the LecA CRD, competitive inhi-

bition experiments were performed. For this, a galactose-derivative inhibitor

(inhibitor)was used (Figure 4.18), with its preparation outlined inChapter 2.3.1.

For all inhibition studies, the inhibitor was used at a final concentration of 1

mM.

Figure 4.18: Structure of galactose-derivative inhibitor (inhibitor) used for LecA binding inhibition studies.

Figure 4.19 shows the Ex678 for gal-AuNP binding in the presence (blue)

and absence (pink) of inhibitor. Without the inhibitor, results were as expected,

showing an increase in Ex678 with increasing LecA concentrations, along with

background Ex678 values for ConA.

Figure 4.19: Mean Ex678 for UV-Vis plate assay assessing selectivity of LecA and gal-AuNP interaction in the absence
(pink) and presence (blue) of 1 mM inhibitor. Negative control is ConA (1000 nM). Error bars = SD, n = 3.

By comparing the Ex678 in the presence and absence of LecA, there was a

notable reduction at Ex678 with 250 and 500 nM LecA when the inhibitor was

present. However, when gal-AuNPs were in the presence of the inhibitor, there
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was an overall increased Ex678. When the inhibitor was present, there was no

significant increase at Ex678 asLecAconcentration increasedbut the background

level (0 nMLecA)was higher than expected. Therewas no significant difference

between the ConA Ex678 values, with and without the inhibitor. The ConA

appeared to be adding some stability to the solution, reducing gal-AuNP and

inhibitor interaction.

From looking at the filter plate assay results in Figure 4.20, there was clear

inhibition of LecA binding by the gal-AuNPs, in the presence of inhibitor. No

detectable colouration of the filter was observed for any LecA concentration

when inhibitor was present. The increase in Ex678 observed when inhibitor was

present in Figure 4.19, was not reflected in the filter plate assay results. These

set of experiments may demonstrate a limitation of the UV-Vis plate assay for

monitoring glycan-lectin interactions.
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Figure 4.20: Filter plate assay results of gal-AuNPs with increasing concentrations of LecA (0-500 nM, top to bottom),
in the presence (+) and absence (-) of inhibitor. Negative control is ConA (1000 nM).

Overall, these experiments demonstrated that the aggregation observed be-

tween the gal-AuNPs and LecA was a specific interaction, as the LecA inhibitor

was shown to disrupt this interaction.
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4.3.5 Binding of gal-AuNPs to P. aeruginosa

The gal-AuNPs were assessed for binding to P. aeruginosa in just the filter plate

assay. TheUV-Vis assaywas not used as the bacterial absorption largelymasked

the AuNP extinction spectra. As discussed in Section 4.3.2, LecA expression

was detected in the later log phase and into the stationary phase of P. aerugi-

nosa growth. Therefore, bacteria were cultured for 16 hours for the following

experiments. To assess selectivity of the interaction, inhibitor was used.

The filter plate assay results of the bacterial binding by gal-AuNPs can be

seen in Figure 4.21. Binding was observed between the gal-AuNPs and P. aerug-

inosa cultures at an optical density (OD) of 0.4, seen by the colouration of the

filter. Negative controls (0 nM LecA, 1000 nM ConA) and positive control (1000

nM LecA) behaved as expected. In the presence of the inhibitor, colouration

was lost at OD 0.4, suggesting the gal-AuNP interaction with P. aeruginosawas

through a selective galactose binding event. Interestingly, the appearance of

the bound gal-AuNPs on the filter was different when bound to bacteria or just

lectin. The bacterial binding was more ‘speckled’ in appearance, which was

also seen in Figure 4.10 between the cationic-AuNPs and E. coli.

0.1

0.2

0.4

0.8

OD of PA01 
/ AU 

Inhibitor present 

- +

Buffer

[LecA]  / nM

[ConA]  / nM

1000

1000

Figure 4.21: Filter plate assay results of gal-AuNPs with increasing P. aeruginosa cell densities (OD 0.1-0.8), in the
presence (+) and absence (-) of inhibitor. Positive control is LecA (1000 nM) and negative controls are buffer (no lectin
or bacteria) and ConA (1000 nM).
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At this point, the aim was to assess the sensitivity of the gal-AuNP bind-

ing interaction with PAO1. Unfortunately, the results could not be repeated.

Many repeats of the same conditions, along with different cell densities, gal-

AuNP concentrations and CaCl2 concentrations were tested but no binding was

observed.

In 2018, Donnier-Marechal et al.[30] also demonstrated similar findings. The

group developed galactose glycoclusters that exhibited high affinity to LecA

(Kd = ~80 nM) but could not confirm binding to P. aeruginosa PAO1 through

adhesion assays, using these glycoclusters. The authors suggested that im-

provements could be made by increasing valency. The LecA used to optimise

these conditions was soluble LecA. Possibly, when LecA is attached to the outer

membrane, the presentation for glycan binding may differ. Bacteria present a

complex environment for binding. Bacteria, and especially P. aeruginosa , un-

dergo differential gene expression depending on growth state, cell density and

environmental factors[46][47][48]. LecAwas shown to be expressed with this P.

aeruginosa strain over biological repeats but other factorsmay affect accessibility

of the lectin. Variability in the phenotype could arise from small changes to the

environment, or through mutations, resulting in large effects on binding[49].

4.4 Conclusions

This chapter demonstrates the use of 16 nm galactose-AuNPs for the selective

detection of the P. aeruginosa lectin LecA, using a UV-Vis based plate assay and

a novel filter based assay. The filter plate assay provides a method of detecting

bacterial binding with 16 nm AuNPs, in a high throughput design by using

384-well plates. UV-Vis plate based methods are difficult to monitor bacterial

binding interactions, as the change in UV-Vis spectra relies on the glycoAuNPs

being in close enough contact with each other to alter the way they interact with

light. Bacterial cells such as E. coli and P. aeruginosa are 0.5-2 µm in length. To

the best of our knowledge, no study has quantitatively determined the density
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of the P. aeruginosa cell-surface lectins. Consequently, the cell-surface density is

unknown, and so the inter-lectin spacing may mean that the glycoAuNPs are

too distant from one another to observe characteristic changes in the extinction

spectra. The absorption spectra of bacteria also masks large portions of the

gal-AuNPs, and so it is difficult to determine extinction spectra changes from

bacterial presence, and changes due to binding.

The ability of thefilter plate assay todetect bacterial bindingby16nmAuNPs

wasfirst assessedusingTMAC-AuNPs andE. coli. Non-specific andwidespread

binding is achieved by using positively charged ligands (TMAC). The TMAC-

AuNPs bound to negatively charged groups on the bacterial cell surface. The

binding was shown by a red colouration on the filter surface, which suggested

even a wide-spread coverage of the particles on the cell surface did not elicit a

blue change in colour. As mentioned above, this is likely due to the spacing of

the particles on the surface of bacteria. Interestingly, the binding gave a more

‘speckled‘ presentation on the filter, as oppose to a film-like appearance across

the surface with LecA aggregates.

LecAexpressionwas then examinedatdifferent timepoints throughP. aerug-

inosa growth. LecAwas expressed in the later stages of log phase and stationary

phase of growth (10 hours >). As bacteria can provide complex environments,

the binding of gal-AuNPs to the target LecA was assessed separately. Con-

firmation of the importance of CaCl2 for galactose-LecA binding was shown,

with no binding detected when CaCl2 was absent. Higher concentrations of

galactose ligand for AuNP functionalisation showed more aggregation with

LecA, than those with lower concentrations of galactose ligand. This suggested

more galactose was on the surface of the AuNPs, and this higher density gave

stronger binding. Multivalency is key to achieving strong LecA interactions.

Effects on binding were assessed at 25oC and 37oC. Greater binding was

observed with the lower temperature of 25oC, which is consistent with reports

in the literature of hemagglutination by LecA is better at lower temperatures.

The binding observed between the gal-AuNPs and LecA was shown to be a
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selective interaction by using a galactose-derivative LecA inhibitor (inhibitor).

By introducing 1 mM of inhibitor, the filter plate assay demonstrated loss of

binding by lack of filter colouration. The inhibitory studies also highlight

limitations of the UV-Vis plate assay, as there was increased background (0 nM

LecA) Ex678 values of the gal-AuNPs when inhibitor was present. Although, no

detectable increase in Ex678 was observed with increasing LecA concentrations

when inhibitor was present. Even with the higher Ex678 value, there was still a

notable inhibition in the Ex678 at higher LecA concentrations (>250 nM).

The gal-AuNPs were then shown to bind P. aeruginosa at an OD of 0.4. The

interaction was shown to be galactose-specific as inhibitor presence inhibited

the binding. This was shown by a loss of red colouration on the filter when

inhibitor was present. The inhibitor also demonstrates that the gal-AuNPs can

still pass through the filter at those densities of bacteria, and so the colouration

of the filter is due to bound gal-AuNPs, not that the particles are stuck from

bacteria blocking the filter. The experiment was repeated many times but the

results could not be reproduced. Elsewhere, similar results have been attained

with galactose glycoconjugates, where strong LecA binding was achieved but

could not demonstrate bacterial binding[30].

In conclusion, the results from this chapter have demonstrated that 16 nm

AuNPs can be used to detect bacterial binding using a novel, filtration-based

plate assay. Furthermore, gal-AuNPs were shown to selectively bind LecA at 64

nM. The gal-AuNPs selectively bound P. aeruginosa cultures of OD 0.4 but were

not reproducible. Unfortunately, due to time constraints, exploring the reasons

behind the loss of binding was not possible. If there was more time, some of

the experiments that would have been carried out would have been cultures

from different growth points, lower temperatures for binding experiments, and

different densities of galactose on the surface.
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Chapter 5

Developing targeted photodynamic

therapy of breast cancer cells

ThePhDresearch carriedout in this chapterdevelopeda targetedphotodynamic

therapy approach to selectively kill cultured breast cancer cells. The final system

used16nmAuNPs functionalisedwithPS (ce6) andglycan (galactose) to localise

the PS to the target cell surface (gal-/ce6-AuNPs). Two breast cancer cell lines

(MDA-MB-231 and SK-BR-3) and one non-cancer breast cell line (MCF-10A)

were used.

5.1 Introduction

Breast cancer is one of the leading types of cancer worldwide, accounting for

over two million of all cancer diagnoses (11.6%) in 2018[1]. It is the most com-

mon cancer found inwomen, and althoughmen are 100 times less likely to have

breast cancer[2], poor prognosis is often observed due to slow diagnosis. Breast

cancer is well known for its varied and heterogeneous disease presentation[3],

making it difficult to easily classify the cancer. The most common types of

breast cancer arise in the glandular tissue (adenocarcinomas)[4]. The glandular

tissue is composed of: lobules, which are themilk-producing glands; and ducts,
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which are responsible for milk delivery[5]. Breast carcinomas can be classified

as invasive or in situ (non-invasive). Invasivemeans that the tumour has spread

to other breast tissue, or to other areas in the body (metastasised). Common

areas for metastasis are the lungs, brain, bone and liver[6].

5.1.1 Current treatments

Treatment of breast cancer depends on the type, and what stage the cancer

is. The stage of cancer is dependent on a host of factors, including tumour

size, phenotypic/genetic traits, and whether the cancer has metastasised. The

presence of varying receptors on the cancer cell surface affect prognosis. The

three main receptors are oestrogen receptor (ER), progesterone receptor (PR)

and human epidermal growth factor receptor 2 (HER2)[7]. If receptor expres-

sion is higher than the corresponding healthy breast cells, the breast cancer will

be determined receptor positive. In contrast, if levels are not above those of the

healthy cells, the cancer is deemed receptor negative. Consequently a mixture

of classifications can be made with ER-, PR-, and HER2- negative and positive

combinations. Triple negative breast cancer (TNBC) is when the cancer is ER-,

PR-, and HER2-negative. TNBC is associated with poor prognosis from being

metastatic, aggressive and fewer treatment options available [8].

Common treatments for breast cancer include surgery, radiotherapy, chemother-

apy, immunotherapy, hormone therapy and targeted therapy [9]. With ER-

positive and/or PR-positive cancer, the hormones (oestrogen and progesterone)

can promote proliferation of the cancer cells. Hormone therapy inhibits hor-

mone signalling to the cancer cells, reducing cancer growth. For HER2-positive

cancer, a range of targeted therapies have been developed and are in clinical

use. For example, the monoclonal antibody Herceptin blocks growth signals

through HER2, reducing tumour growth and invasiveness[10]. However, each

breast cancer treatment has its limitations.

The lack of selectivity by conventional therapies results in nasty and well-
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documented side effects, including sickness, susceptibility to infections, fatigue,

loss of hair, blood clots, loss of appetite, sores and heart failure[11]. A major

problem facedbybothpassive and targeted therapies that are currently available

is the phenomenon of adaptive treatment tolerance (ATT), where anti-cancer

drugs become less effective after repeat treatments. Possible explanations given

forATTare lowuptake of thedrug through theplasmamembrane and increased

efflux of the drug by the cancer cells activating drug-resistancemechanisms[12].

For the work herein, two breast cancer cell lines were used: MDA-MB-231,

which is a TNBC line; and SK-BR-3, which is HER2-positive (ER- and PR-

negative). The low, targeted treatment options available for TNBC, and the

development of resistance by HER2-positive cancer cell lines to targeted ther-

apies, coupled with their aggressive characteristics, highlights the importance

of developing alternative therapies against these types of breast cancer. By

exploring different methods of targeting, an approach to tackle multiple cancer

subtypes may be possible. One such example may be their cell surface lectin

repertoire.

5.1.2 Glycan-binding proteins as alternative drug targets

Cell-surface glycans are used by all cells to interact with their environment. By

interacting with glycan binding proteins (lectins), these glycan-protein inter-

actions allow cells to signal and communicate with one another; interact with

the immune system; and attach to their surroundings[13]. For cancer, these

glycan-protein interactions are key for avoiding immunosurveillance, and re-

attachment to new tissue duringmetastasis[14]. Cancer cells are also associated

with increased metabolism due to their unregulated, increased growth[15].

Therefore, glycan transporters are also increased. For breast cancer cells,

there are key lectins and glycan-binding receptors that have been identified

as being upregulated, which include galectins[16][17], glucose transporters

(GLUTs)[18][19] and the mannose receptor[20][21].
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Galectins

Galectins are lectins that bind β-d-galactosides[22]. In mammals, the galectin

family is composed of 16 galectins, named galectin-1 to -16, with 12 of the family

found in humans[23]. Galectins are subgrouped into prototype, tandem-repeat

type or chimera type based on their CRD[24]. Prototype galectins have oneCRD

and encompass galectin-1, -2, -5, -7, -10, -11, -13 and -14, -15 and -16. Tandem-

repeat type galectins are where two distinct CRDs are bridged by a linker, and

include galectins: -4, -6, -8, -9 and -12 [23]. The final subgroup, the chimeric

galectin-3, has one CRD with a repetitive amino acid sequence of proline, ty-

rosine and glycine at the N-terminus[25]. Some of the prototype galectins can

form homodimers, such as galectin-1. Galectins can be found intracellular and

extracellular, and can associate with the cell membrane[26]. They are found in

various cell types, in both healthy and disease-state tissue. This diverse expres-

sion gives galectins many roles in the body, including immunemodulation, cell

migration and cell differentiation[27][28].

In cancer, galectins have been shown to play a role in apoptosis, cell growth,

adhesion, metastasis, cellular repair, cell cycle regulation and suppression of T

cell action[22]. Galectin-1 and -3 have received the most attention with regards

to breast cancer, with extracellular and increased expression associated with

progressed disease state[29]. Although galectin-3 has mixed roles documented

in breast cancer, some studies, such as Ilmer et al. [30], show low expression of

galectin-3 is associated with a poor prognosis. Zhang et al.[31] demonstrated

that galectin-3 expression is high in TNBC, and that knockdown of galectin-3

increased sensitivity to apoptotic cell death induced by arsenic trioxide. The

authors state that the TNBC cell line had increased galectin-3 expression, so

possibly the variability in the literature arises from difference in presentation of

galectin-3 between different breast cancer types and/or the stage of the cancer,

as White et al.[32] demonstrated that galectin-3 is important for metastasis.
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GLUTs

There are 13 members of the facilitative glucose transporter (GLUT) family in

mammals, againnumberedGLUT-1 through toGLUT-13. As thename suggests,

GLUTsare responsible for glucoseuptakebut they also showselectivity for other

hexoses, such as galactose and fructose, to varying degrees depending on the

receptor[33]. Overexpression of GLUT-1 has been associated with aggressive

breast cancers[19]. Other GLUTs that have been shown to be overexpressed in

breast cancer are GLUT-2[34], GLUT-3[15] and GLUT-12[35]. Overexpression

of GLUTs is associated with increased invasiveness and poor prognosis [33].

Mannose receptor

Themannose receptor is part of themannose receptor family, and is a transmem-

brane receptor that can present up to ten C-type lectin-like domains. Mannose

receptor is commonly expressed on macrophages, dendritic cells, and endothe-

lial cells, and consequently has a role in immunemodulation. Mannose receptor

is associated with rapid internalisation, and is effective at molecule clearance,

both self and non-self[36]. The mannose receptor has been demonstrated to be

expressed in breast cancer but not healthy breast tissue, albeit to varying levels

between different breast cancer types[3].

Consequently, in this PhD research, galactose, glucose, lactose andmannose

were assessed for targeted binding of glycoconjugates to the cancer cell lines.

5.1.3 Nanoparticles for improved anti-cancer drug therapy

To sustain the high nutrient demand of fast-growing cells, cancer cells stim-

ulate new blood vessel growth. However, the vasculature growth is erratic,

creating large pores, and resulting in ’leaky’ blood vessels that leads to a phe-

nomenon known as the ’Enhanced Permeability Retention (EPR)’ effect[37].

Drug molecules are able to ’leak’ into the tumour mass through the pores, and

as the cancer microenvironment often lacks a lymphatic system to clear the par-
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ticles, this results in the accumulation of the drug in the tumour[38]. This forms

the basis for passive targeting for many anti-cancer drugs. For passive targeting

to be effective, the drugmust avoid clearance by the reticuloendothelial system.

Nanoparticles have been used in passive targeting, as they prolong circulation

time in the blood, allowing for more effective accumulation in the tumour[39].

However, the effectiveness of passive targeting is limited. The extent of the EPR

effect will vary between tumours, and the drug still needs to be effectively taken

up by the cell and reach the target site of action.

Nanoparticles have the advantage of exhibiting high ’loading capacity’ of a

ligand/drug due to their high surface area to volume ratio, and can bemodified

with different ligands on their surface[40]. Consequently, both eradication and

targeting elements can be coupled to the nanoparticles, to develop targeted

delivery of the drug to the cancer cells (see Figure 5.1).

Figure 5.1: AuNPs modified with targeting and eradication elements (left) used for active targeting of cancer cells
(right).

Nanoparticle based drug delivery can enhance safety and efficacy of the

therapeutic [41], as they aim to carry the drug to the diseased area at a controlled

rate [42]. This results in more drug reaching the target site, which lowers the

amount of drug that needs to be administered. Lower doses of selective drugs
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reduces the risk of non-target cell uptake, and consequently, reduces side effects.

One method of interest that has been employed for anti-cancer treatment

through nanoparticles is photodynamic therapy (PDT). The drug used in PDT

is a dye (PS), and so often hydrophobic. Coupling the dye to nanoparticles

can improve the dispersibility and delivery. The nanoparticles can also offer

multi-copy ligand presentation, and so, a targeting element can be introduced

with the PS.

For the following studies, a chlorin e6 derivative (ce6, see Figure 5.2) was se-

lected as thePS.Absorption of light by thePSwould ideally be in thewavelength

range where blood and tissue absorption is low, known as the ’therapeutic win-

dow’ (600-800 nm)[43]. Ce6 absorbs at ~650 nm, which is key for therapeutic

applications. Ce6 also exhibits good photostability, low dark toxicity, i.e., does

not generate ROS without light, and has high efficacy. However, ce6 has poor

water solubility, and so can cause photosensitivity in therapeutic applications.

Hydrophobic PSs can precipitate and non-specifically interact with healthy tis-

sue, such as skin[44]. By conjugating ce6 to nanoparticles, solubility can be

improved along with lower skin accumulation[45]. Consequently, by improv-

ing ce6 solubility and directing cellular uptake by the cancer cells, side effects

can be reduced.

Figure 5.2: The structure of the chlorin e6 (ce6) derivative used for the PDT studies.
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5.1.4 Targeted photodynamic therapy of breast cancer

To improve delivery of the PS into breast cancer cells, AuNPs have been used as

a scaffold and coupledwith different targeting ligands, including antibodies[46]

and lactose [47]. In Garcia-Calavia et al.[47], 4 nm AuNPs were functionalised

with lactose for targeting to galectins, coupled with a PS for cell killing. The

study found increased expression of galectin-1 in MDA-MB-231 compared to

SK-BR-3, but saw better cell death against SK-BR-3. With 3 hours treatment, cell

death was only observed for SK-BR-3 cells. These results were not as expected,

as the lactose was expected to selectively target overexpressed galectin-1 on the

MDA-MB-231 cell line (findings are discussed in detail in Chapter 1.4.4).

Considering the results from Garcia-Calavia et al.[47], identifying a glycan

candidate by comparing differential glycan binding may improve cell killing of

both cell lines. Larger particles (17 nm) have also been demonstrated to have

better uptake by cancer cells, than smaller particles (4 nm)[48]. By combining

larger particles and identifying a candidate glycan through glycan binding

studies, improvements to selective cell killing of the breast cancer lines were

hoped to be made.
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5.2 Scientific aims

The aim of the following experiments is to explore differential glycan binding

by different breast cancer and healthy cell lines. Then using this information, a

glycan candidate will be selected for delivering ce6 to the breast cancer cells for

targeted cell uptake, and consequently, targeted cell killing by PDT.

5.3 Results and discussion

5.3.1 Comparing differences in cancer and non-cancer glycan

interactions

The aim of the following studies was to determine differences in glycan binding

between the cancer and non-cancer cell lines, to identify the best candidate for

selective nanoparticle targeting.

Assessing glycan binding using glycan functionalised polyacrylamide poly-

mer

The first step to design targeted binding was to compare the glycan binding

profile of cancer and non-cancer cells, to determine difference in selectivity.

For theses studies, commercially available polymer glycoconjugates (GlycoNZ)

were used. The polymer was polyacrylamide (PAA) functionalised with glycan

and biotin (PAA-glycan). The polymer was functionalised with galactose (PAA-

gal), glucose (PAA-glc), lactose (PAA-lac) ormannose (PAA-man). As a negative

control, PAA functionalised with biotin but no glycan was used (PAA). The

binding was assessed by confocal microscopy, using a fluorescent Alexa Fluor

488 streptavidin conjugate (AF488-st) to detect PAA-glycan uptake by the cells

(see Figure 5.3). To assess localisation of PAA-glycan, a dye that localises in

acidic organelles was used (BioTrackerTM 560 Orange Lysosome Dye). Full

experimental details are described in Chapter 2.5.2.
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Figure 5.3: Illustration of confocal imaging studies assessing PAA-glycan interaction with cells.

In this work, two breast adenocarcinoma cell lines (MDA-MB-231 and SK-

BR-3), along with a non-cancer breast epithelial cell line (MCF-10A) were used.

The following will present the confocal images and quantification for each cell

line and PAA-glycan interaction.

Cancer cell line: MDA-MB-231

Figure 5.4 shows a summary of images forMDA-MB-231 binding to the different

PAA-glycans, and the quantified results are shown in Figure 5.6. From Figure

5.4, the localisation of the PAA-glycans was observed. Firstly, from the controls,

there was no detectable non-specific binding between the PAA and the cells

(Figure 5.4, cells + PAA + AF488-st), as no fluorescence was observed without

glycan present on the PAA. The MDA-MB-231 cell line did not non-specifically

bind or take-up the AF488-st, as seen by the lack of fluorescence when just

cells and AF488-st were present (cells + AF488-st). Consequently, fluorescence

from AF488-st was only detected when PAA-glycan was present (Figure 5.4),

suggesting that the AF488-st was bound to biotin on the PAA-glycan.
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Figure 5.4: Example of processed confocal images from PAA-glycan (galactose, glucose, lactose and mannose, top to
bottom) binding to MDA-MB-231. Images are separated into no filter (differential interference contrast image, DIC),
AF488-st (green filter), BioTracker Orange dye (orange filter) and composite, from left to right. AF488-st represents
glycan binding, and BioTracker Orange dye represents acidic organelles.
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With regards to PAA-glycan binding, all glycans appear to be localising

in the acidic organelles within the MDA-MB-231 cell line, as seen from the

overlap between the fluorescence from the green (AF488-st) and orange filters

(BioTrackerTM 560 Orange Lysosome Dye). To highlight this, Figure 5.5 shows

enlarged images of MDA-MB-231 in the presence of PAA-glc, where it can

be seen that the fluorescence from the green (Figure 5.5b) and orange filters

(Figure 5.5c) overlap (Figure 5.5d), suggesting that the PAA-glc was localised in

the acidic organelles, such as the lysosomes.

a) b)

c) d)

Figure 5.5: Enlarged images from Figure 5.4 of MDA-MB-231 in the presence in PAA-glc . Images are separated into:
a) no filter (DIC); b) AF488-st (green filter) ; c) BioTracker Orange dye (orange filter); and d) composite image. AF488-st
represents glycan binding, and BioTracker Orange dye represents acidic organelles.
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From the confocal images in Figure 5.4, PAA-glc appeared to have the

strongest fluorescence, where the PAA-man had lower levels of binding, how-

ever, to be able to quantify the observations from the confocal images, the mean

integrated intensity of each condition was determined (Figure 5.6).
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Figure 5.6: Quantitative analysis of confocal images from PAA-glycan binding toMDA-MB-231, showing the integrated
intensity for each glycan (galactose, glucose, lactose and mannose, left to right) and controls. Error bars = +/- SEM,
n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

From Figure 5.6, the strongest interaction was between PAA-glc and MDA-

MB-231, as seen by PAA-glc showing the highest integrated intensity value of

all of the glycans tested. There was also a statistically significant interaction

between PAA-gal and PAA-lac for MDA-MB-231. However, no statistically

significant interaction was detected with PAA-man and MDA-MB-231. From

the confocal images (Figure 5.4) and from the the integrated intensity (Figure

5.6), there appears to be some level of binding between the PAA-man andMDA-

MB-231 but did not demonstrate a consistent, statistically significant interaction,
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which is emphasised by the weaker signal in the confocal images.

The lowmannose interaction resultwas surprising asMDA-MB-231has been

documented to overexpress the mannose receptor[3]. Possibly the presentation

of the mannose on the PAA was not optimal for mannose receptor binding.

Cancer cell line: SK-BR-3

Figure 5.7 shows a summary of the confocal images assessing PAA-glycan inter-

actions with the cancer cell line: SK-BR-3. As with MDA-MB-231, the controls

demonstrate that there was no detectable non-specific binding by the PAAwith

the SK-BR-3 cell line, as seen by the lack of fluorescence with the control PAA

in Figure 5.7 (cells + PAA +AF488-st). Only fluorescence was detected with

the green filter when PAA-glycan was present, demonstrating that the AF488-st

was bound to the biotin on the PAA-glycan and did not non-specifically bind to

the cells (cells + AF488-st, Figure 5.7). From Figure 5.7, PAA-gal and PAA-glc

gave the strongest binding result, as the images had more fluorescent ’spots’ in

the green filter (AF488-st).

To assess the localisation of the PAA-gal and PAA-glc, enlarged images can

be seen in Figure 5.8. PAA-gal appeared to be taken up by the SK-BR-3 cells

and localised in the acidic organelles, such as the lysosomes. This can be seen

from Figure 5.8b, which is the composite image of PAA-gal with SK-BR-3 cells.

For PAA-glc (Figure 5.8c and d), the PAA-glycan predominantly appeared to be

localised in the acidic organelles, as the fluorescence emitted from the AF488-st

and BioTracker Orange dyes overlapped. However, PAA-glc was also present

elsewhere in the cell, as can be seen in Figure 5.8d, where AF488-st (green spot)

was not colocalised with the BioTracker Orange dye.
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Figure 5.7: Example of processed confocal images from PAA-glycan (galactose, glucose, lactose and mannose, top to
bottom) binding to SK-BR-3. Images are separated into no filter (DIC image), AF488-st (green filter), BioTracker Orange
dye (orange filter) and composite, from left to right. AF488-st represents glycan binding, and BioTracker Orange dye
represents acidic organelles.
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Further investigation would be needed to determine the full localisation of

the PAA-glc across the cell, but possibly the uptake of the PAA-glc is slower than

that of the PAA-gal, and consequently PAA-glc could still be localised on the

cell surface. This could be explained by the PAA-gal and PAA-glc interacting

with different cell surface receptors, which could effect rate of cellular uptake.

Figure 5.8: Enlarged images from Figure 5.7 of SK-BR-3 in the presence in PAA-gal (a) and b)) and PAA-glc (c) and
d)). Images are separated into: AF488-st (green filter) (a) and c)) and composite image (b) and d)). AF488-st represents
glycan binding, and BioTracker Orange dye represents acidic organelles.
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The quantification of the confocal images can be seen in Figure 5.9. From

Figure 5.9, PAA-gal clearly showed the greatest interaction with SK-BR-3, fol-

lowed by PAA-glc, which is consistent with the confocal images in Figure 5.7.

Both PAA-lac and PAA-man did not show a significant binding interaction with

SK-BR-3, which reflected the corresponding images in Figure 5.7.
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Figure 5.9: Quantitative analysis of confocal images from PAA-glycan binding to SK-BR-3, showing the integrated
intensity for each glycan (galactose, glucose, lactose and mannose, left to right) and controls. Error bars = +/- SEM,
n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

Consequently, thePAA-glycanbinding studieswithSK-BR-3 showedstrongest

interaction with PAA-gal, which was demonstrated to localise intracellularly, in

the acidic organelles.

Non-cancer cell line: MCF-10A

A summary of the confocal images for each condition can be seen in Figure 5.10.

181



Figure 5.10: Example of processed confocal images from PAA-glycan (galactose, glucose, lactose and mannose, top
to bottom) binding to MCF-10A. Images are separated into no filter (DIC image), AF488-st (green filter), BioTracker
Orange dye (orange filter) and composite, from left to right. AF488-st represents glycan binding, and BioTracker Orange
dye represents acidic organelles.
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From Figure 5.10, MCF-10A interacts greatest with lactose, glucose and

mannose. There appeared to be some interaction with galactose, but fewer

fluorescent ’spots’ in the images suggested a lower interaction with galactose.

The confocal images also provide information on the localisation of the PAA-

glycans within the cell, from using a dye which localises in the acidic organelles

(orange filter). PAA-lac was observed to localise in the acidic organelles, al-

though there were areas in the images where the AF488-st and BioTracker

Orange dye fluorescence did not overlap, suggesting PAA-lacwas localised else-

where in the cell. The PAA-man was predominantly not localised in the acidic

organelles as low colocalisation between the AF488-st and BioTracker Orange.

For PAA-glc, there appeared to be no localisation of the PAA-glycan within the

acidic organelles. The difference in localisation between the PAA-glycans sug-

gests different uptake methods, whether that be the receptor involved, or rate

of uptake. The quantified results of the PAA-glycan interaction with MCF-10A

can be seen in Figure 5.11.

Gal Glc Lac Man No glycan Cells Cells + St

Cell line = MCF−10A

Biotin−PAA−glycan

In
te

gr
at

ed
 D

en
si

ty
 / 

AU

0
20

0
40

0
60

0
80

0
10

00

ns

*

ns

ns

**

*

PAA-glycan Controls

In
te

gr
at

ed
 In

te
ns

ity
 / 

AU

Figure 5.11: Quantitative analysis of confocal images from PAA-glycan binding to MCF-10A, showing the integrated
intensity for each glycan (galactose, glucose, lactose and mannose, left to right) and controls. Error bars = +/- SEM,
n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.
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The strongest interaction was observed between MCF-10A and PAA-lac,

with PAA-glc and PAA-man also showing significant interactions with MCF-

10A. The PAA-gal had larger variability, and although there was some fluores-

cence observed by the confocal images (Figure 5.10), there was not a consistent,

statistically significant interaction.

A table summarising the binding by PAA-glycans and each cell line is shown

in Table 5.1. Blue cell shading represents a statistically significant interaction

observed between the PAA-glycan and the cell line; and black cell shading

represents no statistically significant interaction between the PAA-glycan and

the cell line. Darkblue cell shading represents the strongest interactionobserved

between each cell line and PAA-glycan.

Table 5.1: Summary of statistically significant interactions observed between
PAA-glycan and each cell line.

PAA-glycan Cell line

MDA-MB-231 SK-BR-3 MCF-10A

Gal
Glc
Lac
Man

At first look, the low binding interaction of PAA-man and MDA-MB-231

was surprising as MDA-MB-231 has been documented to overexpress mannose

receptor[21]. However, the presentation and density of mannose on the scaffold

(PAA in this case) will effect cellular uptake. Possibly the presentation used for

the PAA-glycan is poor for the MDA-MB-231 mannose receptor binding and

uptake. Successful mannose based targeting approaches to MDA-MB-231 have

usednanoparticles[49][50], and so assessing adifferent scaffold for these glycans

may be important for assessing selectivity.

From comparing all the PAA-glycan results with each cell line (Table 5.1),

galactose appears to give the best selectivity for the breast cancer cell lines, as

no statistically significant interaction was detected with MCF-10A. Therefore,
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galactose was taken forward for AuNP functionalisation to develop targeted

PDT against the breast cancer cell lines. As mentioned previously, glycan

presentation can effect cellular uptake, which is determined by the scaffold.

Therefore, galactose based AuNP cellular uptake was also assessed, to ensure

selectivity was still achieved for the breast cancer cell lines. The next stepwas to

assess whether the AuNPs functionalised with glycans and PS that will be used

for targeted PDT studies, reproduced a similar selectivity as the PAA-glycans.

5.3.2 Singlet oxygen production by glycan-/ce6-AuNPs

To assess the AuNP uptake by the cell lines, the AuNPs that will be used in

the PDT studies were assessed. For the PDT studies, the AuNP surface must

hold the PS for cell eradication through singlet oxygen production, and glycan

for targeting to the cancer cell. The synthesis of PS and glycan functionalised

AuNPs are detailed in Chapter 2.3.3. The PS used was a ce6 derivative, and

the glycans used were galactose and mannose, with PEG3 as a control. The

structure of the ligands can be seen in Figure 5.12.
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Figure 5.12: The structure of the ligands used to functionalise 16 nm AuNPs for the AuNP uptake and PDT studies: a)
ce6-PEG4-SH; b) galactose-PEG3-SH; c) PEG3-SH; and d) mannose-PEG6-SH.

Before assessing cellular uptake of the glycan-/ce6-AuNPs (gal-/ce6-AuNPs,

man-/ce6-AuNPsorPEG3-/ce6-AuNPs), the ability of the ce6 togenerate singlet

oxygen was assessed. To assess singlet oxygen production a fluorescent probe

wasused ,where theprobe’s fluorescencewasquenchedongenerationof singlet

oxygen. The probe usedwas 9,10-anthracenediyl-bis(methylene)dimalonic acid

(ABMA). The ABMA and glycan/ce6-AuNP solutions were mixed, and upon

irradiationwith 633nmHe/Ne laser, the ce6was excited, resulting in generation

of singlet oxygen. The singlet oxygen then quenches the fluorescence of the

ABMA[51], resulting in a reduction influorescence at 431nm. Figure 5.13 shows

the structure of ABMA and the corresponding quenched, 9,10-endoperoxide
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product, upon singlet oxygen generation.
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Figure 5.13: Fluorescent quenching of ABMA (left) by singlet oxygen, generating the non-fluorescent endoperoxide
product (right).

The different glycan-/ce6-AuNP solutions with ABMAwere irradiated, and

the fluorescence measured every five minutes. To ensure the singlet oxygen

generation was a result of irradiation with 633 nm laser, fluorescence of ABMA

and glycan/ce6-AuNPs were measured without light. As a control, gal-AuNPs

(no ce6) were used, so that any singlet oxygen generation was a result of the

ce6 presence on the AuNPs. Figure 5.14 shows the normalised fluorescence

emission intensity at 431 nm for each glycan-/ce6-AuNPs in the presence of

ABMA, with (+) and without (-) irradiation.
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a) b)

c) d)

Figure 5.14: Processed fluorescence emission at 431 nm of ABMA, over 30 minutes in the presence of different glycan-
/ce6-AuNPs to monitor singlet oxygen generation by ce6. a) gal-/ce6-AuNPs, with (blue, filled circles) and without
irradiation (blue circles); b) man-/ce6-AuNPs, with (red, filled circles) and without irradiation (red circles); c) PEG3-
/ce6-AuNPs, with (magenta, filled circles) and without irradiation (magenta circles); and d) gal-AuNPs (control, no
ce6) with (grey, filled circles) and without irradiation (grey circles). Error bars = SE, n=3.
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As can be seen from Figure 5.14, all conditions where ce6 was present on

the particles (Figure 5.14a, b and c) showed a reduction in fluorescence with

irradiation, and so singlet oxygen was generated. The percentage change in

fluorescence after 30 minutes for each set of glycan-/ce6-AuNPs and ABMA

solutions, are shown in Table 5.2 (extracted from the data shown in Figure 5.14).

A negative value represents a decrease in fluorescence, and so quenching of the

ABMA fluorescence from singlet oxygen generation.

Table 5.2: Summary of the change in fluorescence at 431 nm for ABMA in the
presence of glycan/ce6-AuNPs, with and without irradiation.

AuNPs Change in fluorescence at 431 nm after 30 mins / %

Irradiated Not irradiated

Gal-/ce6- - 42.9 - 4.3
Man-/ce6- - 30.8 + 3.8
PEG3-/ce6- - 21.9 - 3.9

Gal- - 4.5 + 0.6

+ = increase in fluorescence; - = decrease in fluorescence

As mentioned previously, when singlet oxygen is generated, ABMA is con-

verted to a non-fluorescent endoperoxide product (Figure 5.13). From Table 5.2,

all ce6 containing particles showed singlet oxygen generation, demonstrating

the ability of the ce6 to generate singlet oxygen is not inhibited by the conju-

gation to the AuNPs. Gal-/ce6-AuNPs demonstrated the greatest quenching

of the ABMA fluorescence signal, suggesting that the gal-/ce6-AuNPs had the

greatest ability to generate singlet oxygen. From looking at the control AuNPs

(gal-AuNPs), there was a background reduction of ABMAfluorescence by 4.5%

with irradiation, where all glycan-/ce6-AuNPs were below this background

level without irradiation. Therefore, the glycan-/ce6-AuNPs were all shown to

generate singlet oxygen, in a light-dependent manner.
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5.3.3 Glycan binding by cancer and non-cancer breast cell lines

using glycan-/ce6-AuNPs

Once the glycan-/ce6-AuNPs were shown to behave as expected (generate sin-

glet oxygen), the particles were assessed for cellular uptake by the different cell

lines. Galactose showed the best selectivity for cancer cells in the PAA-glycan

studies, and so was assessed using AuNPs as a scaffold instead of the polymer

(PAA). For the following studies, mannose was also chosen as overexpression

of mannose receptor on MDA-MB-231 has been documented. Therefore, to

assess whether the cell line was behaving differently, or whether it was the

compound, man-/ce6-AuNPs uptake by the cell lines was also performed. As

a control, PEG3-/ce6-AuNPs were used to assess any non-selective uptake by

the cell lines.

Cancer cell line: MDA-MB-231

As with the PAA-glycan studies, the cellular uptake of the AuNPs was moni-

tored using confocal microscopy and then integrated intensity was measured

to quantify the cellular uptake, and the dye in this case was the ce6. The lo-

calisation of the particles was also tested using the ’BioTrackerTM 560 Orange

Lysosome Dye’, which localises in acidic organelles. The confocal images of

the glycan-/ce6-AuNP uptake can be seen in Figure 5.15. For gal-/ce6-AuNPs

and PEG3-/ce6-AuNPs, the localisation of the particles was mixed, with the

particles predominantly localising in the acidic organelles but also demonstrat-

ing fluorescence elsewhere in the cell. As for the man-/ce6-AuNPs, strong

interaction was shown in the acidic organelles, from the colocalisation with the

BioTracker Orange dye. These differences in AuNP localisation suggest that

different receptors were involved for AuNP uptake.
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Figure 5.16 shows enlarged images from Figure 5.15, where the fluorescence

shown is from the ce6 (red filter) on the particles. The control cells, which is cells

without AuNPs (Figure 5.16d), demonstrated that there is not autofluorescence

by the MDA-MB-231 cell line with the excitation and emission wavelengths

used. Consequently, as can be seen from Figure 5.16, all glycan-/ce6-AuNPs

interacted with the MDA-MB-231 cell line, as fluorescence was detected in all

images with AuNPs (Figure 5.16a-c).

Figure 5.16: Enlarged confocal images from Figure 5.15, with MDA-MB-231 binding by AuNPs: a) gal-/ce6-AuNPs; b)
man-/ce6-AuNPs; c) PEG3-/ce6-AuNPs; and d) no AuNPs. Images are with red filter for chlorin e6 fluorescence.
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To assess the AuNPs that provided the greatest interaction with MDA-MB-

231, the integrated intensity was measured and shown in Figure 5.17.
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Figure 5.17: Quantitative analysis of confocal images from glycan-/ce6-AuNP binding to MDA-MB-231, showing the
integrated intensity for the different AuNPs: gal-/ce6-, man-/ce6-, PEG3-/ce6 and no AuNPs, left to right. Error bars
= +/- SEM, n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

Figure 5.17 shows the greatest interaction with MDA-MB-231 was with gal-

/ce6-AuNPs andman-/ce6-AuNPs. There was also a statistically significant in-

teraction detected between the PEG3-/ce6-AuNPs andMDA-MB-231, although

to a lesser extent that the glycan-/ce6-AuNPs. The results from the AuNP

uptake studies were more consistent with the literature than the PAA-glycan

studies, as mannose based particles were shown to interact with the MDA-MB-

231 cell line, demonstrating that the cell line is behaving as expected and the

low binding of the PAA-man may have been due to the ligand presentation.

However, consistent between the PAA-glycan and AuNP studies within this

PhD research, the MDA-MB-231 cell line showed significant interaction with

galactose.
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Cancer cell line: SK-BR-3

Figure 5.18 shows the confocal images from the glycan-/ce6-AuNP uptake with

breast cancer cell line: SK-BR-3. The gal-/ce6-AuNPs were the only particles

tested that interacted with SK-BR-3, demonstrating a galactose selective uptake

by the SK-BR-3 cells. The localisation of the gal-/ce6-AuNPs was predomi-

nantly not localised in acidic organelles, as seen with lack of colocalisation with

BioTracker Orange dye. The quantified results can be seen in Figure 5.19.
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As can be seen in Figure 5.19, gal-/ce6-AuNPs were the only particles to

show a statistically significant interaction with SK-BR-3, reflecting the images

in Figure 5.18. The results from the AuNP uptake by SK-BR-3 also matched

the results from the PAA-glycan studies, as PAA-gal had the highest level of

binding with SK-BR-3 (Figure 5.9).
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Figure 5.19: Quantitative analysis of confocal images from glycan-/ce6-AuNP binding to SK-BR-3, showing the inte-
grated intensity for the different AuNPs: gal-/ce6-, man-/ce6-, PEG3-/ce6 and no AuNPs, left to right. Error bars =
+/- SEM, n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

The AuNP uptake studies by SK-BR-3 demonstrates that gal-/ce6-AuNPs

had the strongest interaction with the SK-BR-3 cells. SK-BR-3 has been docu-

mented to overexpress galactose-binding cell surface proteins, such as galectins

and GLUT receptors, which may account for the strong gal-/ce6-AuNP uptake

under the conditions tested.
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Non-cancer cell line: MCF-10A

To achieve selective targeting for drug delivery, the non-cancer cell line was

assessed for interactions with the different glycan-/ce6-AuNPs. The processed

confocal images of glycan-/ce6-AuNPuptake by theMCF-10A cell line is shown

in Figure 5.20.
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From Figure 5.20, neither the gal-/ce6-AuNPs or the man-/ce6-AuNPs

showed cellular interaction or uptake with the non-cancer cell line. Figure

5.20 shows the MCF-10A and the PEG3-/ce6-AuNPs when interaction was ob-

served. The PEG33-/ce6-AuNPs had mixed results, and showed low binding

that was variable between images, where some of the images had no binding

at all, suggesting that the interaction was non-selective. The quantified results

from the MCF-10A cell line are shown in Figure 5.21.
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Figure 5.21: Quantitative analysis of confocal images from glycan-/ce6-AuNP binding to MCF-10A, showing the
integrated intensity for the different AuNPs: gal-/ce6-, man-/ce6-, PEG3-/ce6 and no AuNPs, left to right. Error bars
= +/- SEM, n=7 images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

From Figure 5.21, no interaction was detected between MCF-10A and gal-

or man-/ce6-AuNPs (Figure 5.21), which reflects the images seen in Figure

5.20. The interaction between the PEG3-AuNPs and MCF-10A was determined

as not statistically significant (p value = 0.09103). Importantly, the findings

demonstrated that neither glycan-/ce6-AuNPswere taken up by the non-cancer
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cell line, at the concentration tested (50 nM).

A summary of the glycan-/ce6-AuNP interactions with each cell line are

shown in Table 5.3. Blue cell shading represents a statistically significant inter-

action observed between the AuNPs and the cell line; and black cell shading

represents no statistically significant interaction between the AuNPs and the

cell line. Dark blue cell shading represents the greatest interaction observed

between each cell line and AuNPs.

Table 5.3: Summary of statistically significant interactions observed between
glycan-AuNPs and each cell line.

Ligand-/ce6-AuNPs Cell line

MDA-MB-231 SK-BR-3 MCF-10A

Gal-
Man-
PEG3-

From comparing all the interactions of the AuNPs with the cell lines in

Table 5.3, gal-/ce6-AuNPs provide the greatest selectivity of both cancer cell

lines, as there was no significant interaction between the gal-/ce6-AuNPs and

MCF-10A. Considering both the PAA and AuNP interaction results, galactose

consistently gave selective, significant interaction with the cancer cell lines.

The singlet oxygen results also demonstrated gal-/ce6-AuNPs generated singlet

oxygen to a greater extent, as they demonstrated the most quenching of ABMA

fluorescence signal with light treatment (Figure 5.14). Therefore, gal-/ce6-

AuNPs were chosen for the PDT studies.

5.3.4 Receptor uptake of gal-/ce6-AuNPs by breast cancer cell

lines

Before the PDT studies, the receptors involved in binding the AuNPs and their

cellularuptakewere assessed. InGarcia-Calavia et al.[47], lactose-/phthalocyanin-

AuNPs (4 nm) were used to target the same cell lines used in this PhD research.
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The lactose was aimed at targeting overexpressed galectin on both breast can-

cer cell lines. From an ELISA based approach, galectin protein was detected

at higher levels on the MDA-MB-231 cell line over the SK-BR-3 cell line. How-

ever, upon PDT treatment of the two breast cancer cell lines, only cell death

was observed for the SK-BR-3 cell line after three hours. The authors pro-

posed that different receptors may be involved in the uptake of the particles.

Consequently, in this research, the receptors involved in binding and uptake

of the gal-/ce6-AuNPs was assessed, in hope of understanding the selective

mechanism in which the particles are taken up by the cell lines, and to provide

further confidence in the ability of both breast cancer cell lines to take up the

gal-/ce6-AuNPs.

GLUT receptors and galectins are both overexpressed on the breast cancer

cell lines. The SGLT (Sodium-dependent glucose cotransporter) receptor ex-

pression levels are yet to be compared between cancer and non-cancer breast

cell lines, however a relationship between SGLT inhibitors and increased breast

cancer risk has beendocumented[52]. As SGLT receptors can bind and transport

galactose, SGLT receptors were also assessed for uptake of the gal-/ce6-AuNPs.

To determine the proteins involved in gal-/ce6-AuNP binding and uptake, in-

hibitors of GLUTs (WZB117), galectins (33DFTG) and SGLTs (canagliflozin)

were used (see Table 5.4). The cancer cell lines were incubated with 50 µM

of each inhibitor for one hour before addition of the particles, and imaged by

confocal microscopy. Full experimental method is detailed in Chapter 2.5.2.

Table 5.4: Inhibitors of galactose binding protein expressed on breast cancer
cell lines.

Inhibitor Target receptors

Canagliflozin SGLT-1, -2
33DFTG Galectin-1, -3
WZB117 GLUT-1, -3, -4
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Cancer cell line: MDA-MB-231

Figure 5.22 shows the confocal images of gal-/ce6-AuNPbinding in thepresence

of different galactose-bindingprotein inhibitors. All conditions showsome level

of binding of the gal-/ce6-AuNPs to theMDA-MB-231 cell line. However, when

the galectin inhibitorwas present (33DFTG), the fluorescent spotswere reduced.

The gal-/ce6-AuNPs were predominantly localised in the acidic organelles, as

seen by colocalisation between the gal-/ce6-AuNPs and the BioTracker Orange

dye. The quantified images are shown in Figure 5.23.
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From Figure 5.23, the gal-/ce6-AuNP interaction was inhibited in the pres-

ence of the galectin inhibitor, to high significance (p<0.005). The SGLT and

GLUT inhibitors did not show any significant inhibition for gal-/ce6-AuNP in-

teraction with the MDA-MB-231 cell line. Although there appeared to be a

reduction in mean integrated intensity upon addition of WZB117, compared to

no inhibitor, the reduction was not statistically significant (p = 0.1229).
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Figure 5.23: Quantitative analysis of confocal images from glycan-/ce6-AuNP binding inhibition to MDA-MB-231
glycan-binding proteins, showing the integrated intensity with the different inhibitors present: no inhibitor, SGLT
(canagliflozin), galectin (33DFTG), and GLUT (WZB117) inhibitors, from left to right. Error bars = +/- SEM, n=7
images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

Cancer cell line: SK-BR-3

Figure 5.24 shows the confocal images of gal-/ce6-AuNP binding inhibition

to the SK-BR-3 cell line. All conditions show some level of binding between

the gal-/ce6-AuNPs and SK-BR-3 cell line. When the GLUT receptor inhibitor

WZB117 was present (50 µM), there was a reduction in the interaction, as can
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be seen by the lack of fluorescent spots. From comparing the localisation of the

gal-/ce6-AuNPs and BioTracker dye, there were some areas of colocalisation

but predominantly the particles were located elsewhere in the cell.
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Figure 5.25 shows the quantification of the confocal images assessing gal-

/ce6-AuNP interaction with SK-BR-3, in the presence of different inhibitors.

The GLUT receptor inhibitor (WZB117) showed significant inhibition of the

gal-/ce6-AuNP interaction with SK-BR-3. There was no significant inhibition

with the SGLT or galectin inhibitors.
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Figure 5.25: Quantitative analysis of confocal images from glycan-/ce6-AuNP binding inhibition to SK-BR-3
glycan-binding proteins, showing the integrated intensity with the different inhibitors present: no inhibitor, SGLT
(canagliflozin), galectin (33DFTG), and GLUT (WZB117) inhibitors, from left to right. Error bars = +/- SEM, n=7
images. * = p < 0.05; ** = p < 0.01; *** = p < 0.005; ns = not significant.

A summary of the inhibition of the gal-/ce6-AuNP interaction with the

cancer cell lines, in the presence of SGLT, galectin and GLUT inhibitors is

shown in Table 5.5. Dark blue cell shading represents significant inhibition

of gal-/ce6-AuNP interaction to the cell lines; and black cell shading represents

no significant inhibition between the gal-/ce6-AuNPs and the cell lines.
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Table 5.5: Summary of statistically significant inhibition of gal-/ce6-AuNP
binding to cancer cell line galactose-binding proteins.

Inhibitor Target receptors Cancer cell line

MDA-MB-231 SK-BR-3

Canagliflozin SGLT-1, -2
33DFTG Galectin-1, -3
WZB117 GLUT-1, -3, -4

From Table 5.5, the interaction of the cancer cell lines with gal-/ce6-AuNPs

is inhibited by different galactose-binding protein inhibitors, suggesting uptake

of the particles is determined by different receptors on the cells. For the MDA-

MB-231 cell line, the gal-/ce6-AuNPs interact with galectins; whereas the gal-

/ce6-AuNPs interact with GLUT receptors on the SK-BR-3 cell line. These

findings would explain why Garcia-Calavia et al. [47] still observed cell death

with SK-BR-3, even though it had lower galectin expression thanMDA-MB-231.

The different galactose-binding proteins also effect the localisation of the gal-

/ce6-AuNPs. For the MDA-MB-231 cell line, the AuNPs were predominantly

localised in acidic organelles but this is not the case for SK-BR-3, where the

gal-/ce6-AuNPs were mainly localised elsewhere in the cell.

The gal-/ce6-AuNPs have been shown to interact selectively for both cancer

cell lines, and through galectin or GLUT receptors for MDA-MB-231 and SK-

BR-3, respectively. The gal-/ce6-AuNPs were consequently then assessed for

cell toxicity against the breast cancer cell lines through PDT.

5.3.5 Targeted PDT against breast cancer cell lines using gal-

/ce6-AuNPs, in vitro

The gal-/ce6-AuNPs were taken forward for PDT studies against the breast

cancer cell lines: MDA-MB-231 and SK-BR-3. The non-cancer breast cell line

MCF-10A, was used as a control cell line to assess selective toxicity of the

particles. For the PDT studies, 20µMof staurosporine (st) was used as a positive

208



control, as st is toxic to cells at this concentration. Different concentrations of

the gal-/ce6-AuNPs were used, based on the ce6 concentration of the particle

solution (0, 25 or 50 nM). For each set of conditions, the studies were performed

in duplicate to have one set of conditions exposed to irradiation (irradiated),

and a corresponding control set of conditions that were not exposed to any light

(non-irradiated). Using a commercially available cell viability kit (CellTitre

Blue Cell Viability Assay, Promega), a fluorescent signal was produced when

viable cells were present. The kit relies on the compound resazurin which

is converted to the fluorescent compound resorufin, likely through reductase

enzymes present in viable cells (see Figure 5.26)[53].

N

OHO O

O

N

OHO O

NADH/H+ NAD+/H2O

Viable cells

Resazurin Resorufin

Figure 5.26: CellTitre Blue Cell Viability Assay non-fluorescent reagent (resazurin, left) is converted to a fluorescent
reagent (resorufin, right) in the presence of viable cells.

The data will be represented as a percentage of cell viability, normalised

to the non-irradiated, non-treated cells (0 nM of particles). Consequently, the

lower the cell viability percentage, the more cell death was achieved through

PDT. Full experimental detail can be found inChapter 2.5. The processed results

from the PDT studies are shown in Figure 5.27.
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Figure 5.27: CellTitre Blue cell viability results after PDT treatment using gal-/ce6-AuNPs against a) SK-BR-3; b) MDA-
MB-231; and c) MCF-10A. Different concentrations of gal-/ce6-AuNPs were tested (50, 25 and 0 nM, left to right), with
20 µM staurosporine (st) as a positive control for cell death. Error bars represent 95% confidence interval, n = 3.

From Figure 5.27, the processed cell viability for SK-BR-3 (Figure 5.27a),

MDA-MB-231 (Figure 5.27b) and MCF-10A (Figure 5.27c) can be seen. Cell

killing of the breast cancer cell line: SK-BR-3 was achieved using 50 nM ce6,

with a 46.3 % reduction in cell viability compared to the control cells upon

irradiation (yellow bars). Cell killing was only achieved upon irradiation with

633 nm He/Ne laser, as no reduction in cell viability was observed for the

non-irradiated (grey bars) SK-BR-3 cells at 50 nM. No cell death of the non-

cancer breast cell line (MCF-10A)wasdetectedat 50nM,demonstrating selective

killing of the SK-BR-3 cells by 50 nM gal-/ce6-AuNPs.

However, there was no detectable cell killing of the MDA-MB-231 cell line

at 50 nM of gal-/ce6-AuNPs. The reasons behind the lack of cell death are not
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clear, as the previous work demonstrated successful interaction between the

gal-/ce6-AuNPs and the MDA-MB-231 cell line.

One possibility for the results was the localisation of the particles in the

MDA-MB-231 cells. As seen in the confocal work, the gal-/ce6-AuNPs reside

predominantly in the acidic organelles after 3 hours; whereas the gal-/ce6-

AuNPs appear elsewhere in the SK-BR-3 cells. Even though both cells appear

to take up the gal-/ce6-AuNPs, the localisation of the PS has been shown

important for the efficiency of cell death. As reactive oxygen species have a

short lifetime, their location can be critical for achieving effective cell death.

Although localisation in acidic organelles such as lysosomes has been shown

effective for photoinduced cell death, organelles such as the mitochondria are

widely superior for achieving efficient cell death[54][55]. One thought for the

reason behind this improved efficiency is that themitochondria directly induces

apoptotic cell death, whereas lysosomes rely on indirect methods[55].

Due to time constraints, further investigation was not possible but if there

was more time, a helpful next study would have been to use different subcellu-

lar localisation probes (mitochondria, cytoplasm, Golgi apparatus and plasma

membrane). Determining the localisation for the ce6 in the SK-BR-3 may de-

termine how to optimise the conditions for the MDA-MB-231 cell killing. This

could be achieved by altering the incubation time and changing the concentra-

tions, both can effect localisation of the PS in the cells but can be a complicated

relationship. For example, if the PS localises in the plasma membrane, low

concentrations can induce cell proliferation, and so require higher doses to in-

duce damage to the plasma membrane[56]. Yet, high concentrations of PS in

lysosomes can reduce the efficiency of photoinduced cell death, as they can

form aggregates[57].

Increasing the incubation time may result in the gal-/ce6-AuNPs localised

to different organelles, and improve the efficiency of the photoinduced cell

damage from reactive oxygen species. Garcia-Calavia et al. [47], demonstrated

cell killing of the MDA-MB-231 cell line after longer incubations (24 hours)
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but at a reduced amount compared to the SK-BR-3. Furthermore, introducing

additional ligands to the AuNP surface may improve subcellular localisation,

such as the presence of cationic charges and amphiphilic ligands can promote

localisation to the mitochondria[55][58][59].

Although, contrasting studies on localisation of PSs for most effective cell

death have been published. Tsubone et al.[60] reported efficient autophagy-

associated cell death of HeLa cells by targeting lysosomes with anionic por-

phyrins, which produced longer lasting and more effective reduction in cell

growth. Interestingly this was achieved by lowering concentrations of the PS.

Possibly this improved photodamage by targeting lysosomes with low concen-

trations, reduces aggregates of PS in the cell[61]. One way that may improve

the system in this PhD research would be to lower the concentration of PS on

the surface on the nanoparticles.

5.4 Conclusions

The research carried out in the chapter determined a suitable glycan to target

breast cancer cells for PDT. Through confocalmicroscopy, twodifferent scaffolds

were employed to probe glycan binding by the cancer cell lines: MDA-MB-231

and SK-BR-3; and then compare their glycan binding to a non-cancer breast

epithelial cell line: MCF-10A. A selection of PAA-glycans were selected for

assessing glycan binding by the cell lines first. The PAA-glycans were commer-

cially available and so were easily accessible to test an array of different glycans,

including galactose, glucose, lactose andmannose. From the PAA-glycan analy-

sis, the different cell lines interactedwith different PAA-glycans, and to different

levels. However, PAA-gal demonstrated selective interaction to both cancer cell

lines, with no significant binding to the non-cancer cell line.

Next, a series of glycan-/ce6-AuNPs were prepared, to assess binding to

the cell lines. The glycan-/ce6-AuNPs were prepared in the same format for

the PDT studies. Galactose was selected as it had shown promising results
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to achieve selective binding to the cancer cells from the PAA-glycan analysis.

Mannose was also selected to functionalise AuNPs for binding analysis to the

cell lines, as much literature has been developed on mannose to target MDA-

MB-231, due the cell line’s overexpression of mannose receptor. PEG3-/ce6-

AuNPs were prepared as a control to monitor non-selective binding. However,

before assessing the binding selectivity of the particles to the different cell lines,

the ability of the particles to function for the PDT assay were assessed. This

involved testing the ability of the ce6 that was present on the AuNP surface

to generate singlet oxygen, as conjugation of the dye to AuNPs can effect their

properties. A probe (ABMA) was used to test singlet oxygen generation, as the

ABMAfluorescence is quenchedwhen singlet oxygen is produced. The process

can be monitored using fluorimetry. The results demonstrated that all AuNPs

that had ce6 present, generated singlet oxygen upon irradiation with 633 nm

laser, as seen by a reduction in the fluorescence over time. The gal-/ce6-AuNPs

were the most efficient at generating singlet oxygen as their presence resulted

in the greatest reduction in fluorescence over 30 mins (-42.9%). Without light,

quenching of theABMAwas of background level, suggesting the singlet oxygen

generation was due to the activation of ce6 by irradiation via 633 nm laser.

Once the PS properties of the glycan-/ce6-AuNPs were confirmed, the in-

teractions with the cell lines were monitored, using confocal microscopy. Con-

sistent with the PAA-glycan analysis, the glycan-/ce6-AuNPs bearing galactose

showed selective interactions with the cancer cell lines, with no significant in-

teraction detected with the non-cancer cell line at 50 nM. Man-/ce6-AuNPs did

show selective binding toMDA-MB-231, with no detectable binding interaction

to the non-cancer cell line: MCF-10A, nor the second cancer cell line: SK-BR-3.

Therefore, gal-/ce6-AuNPs were taken forward as they showed selective inter-

actions to both cancer cell lines, with no detectable interaction to the non-cancer

cell line.

Next, the galactose-binding proteins involved in cellular uptake of the gal-

/ce6-AuNPs were assessed. Previous work by Garcia-Calavia et al.[47] used

213



lactose/PS based AuNPs (4 nm) to target galectins on MDA-MB-231 and SK-

BR-3 cell lines for targeted PDT. The authors showed that theMDA-MB-231 had

much higher levels of galectin expression, yet observed improved cell death

with SK-BR-3, suggesting other receptors were involved with the uptake of the

particles. Therefore, inhibitors of galectins, GLUT and SGLT receptors were

used to probe the proteins involved with gal-/ce6-AuNP uptake by the cancer

cell lines, and imaged using confocal microscopy. Interestingly, there was a

difference between the proteins involved in cellular uptake of the particles

between the two cancer cell lines. Gal-/ce6-AuNP interaction with MDA-MB-

231 was inhibited by 33DFTG, an inhibitor of galectin-1 and -3, demonstrating

that galectins were involved in cellular uptake of the gal-/ce6-AuNPs by MDA-

MB-231. For SK-BR-3, gal-/ce6-AuNP was inhibited by WZB117, an inhibitor

of GLUT-1, -3 and -4, and therefore particle uptake was regulated by GLUT

receptors on SK-BR-3. The SGLT inhibitor did not effect the gal-/ce6-AuNP

interaction with either cell line, showing that SGLT does not play a major role

in particle uptake.

Finally, the gal-/ce6-AuNPswere assessed for their ability to induce targeted

cell death of breast cancer cell lines through PDT studies. The results showed

selective cell killing at 50 nM ce6 (concentration of gal-/ce6-AuNP solution) of

the SK-BR-3 cell line, with a 46.3% reduction in cell viability upon irradiation.

Without irradiation, no cell damagewas detected. No detectable cell killingwas

observed for the control cell line MCF-10A, demonstrating selective cell killing

of the SK-BR-3 cell line with 50 nM gal-/ce6-AuNPs. However, the MDA-

MB-231 cell line did not show cell death with 50 nM of gal-/ce6-AuNPs, even

though particle uptake at this concentration was demonstrated in the confocal

microscopy studies. The inhibitory studies show differences in interactions

with galactose-binding proteins between the two cancer cell lines. The confocal

microscope images also revealed differences in subcellular localisation of the

particles between the two cancer cell lines. For MDA-MB-231, the gal-/ce6-

AuNPs were predominantly localised in acidic organelles, whereas this was not
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the case for the SK-BR-3 cell line. If there was more time, further investigation

into the localisation of the gal-/ce6-AuNPs in the SK-BR-3 cells may provide

insight in how to optimise the gal-/ce6-AuNPs to effectively kill the MDA-MB-

231 cell lines. Incubation time, concentration of ce6 and ligand properties can

effect the subcellular localisation of the PS.
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Chapter 6

Conclusions

The aims of this PhD research were to develop targeted PDT against bacterial

and cancer cells, through the use of glycoAuNPs, which would deliver PS

to the target cells by selectively binding to cell-surface lectins. Two different

approaches were required for targeted PDT against the different types of cells.

For the bacterial cells, the aim was to deliver the PS to the outer membrane;

whereas for the cancer cells, the PS needed to be localised intracellularly for

effective cell killing. Consequently, for the bacterial cell targeting, focus was

placed on optimising the glycan-lectin cell surface interaction, and the unique

optical properties of AuNPs allowed for this interaction to be probed through

colorimetric techniques. For the cancer cells, focus was placed on assessing

selective cellular uptake of the PS.With respect to the initial aims, the following

discusses the overall findings and conclusions.

6.1 Technical achievements

Through copper (I)-catalysed azide-alkyne cycloaddition click chemistry, one

known galactose-based lectin inhibitor was synthesised, along with two novel

glycan ligands: galactose-PEG3-SH andmannose-PEG6-SH (Figure 6.1). A thiol

based tether was needed to form strong, covalent interaction with the surface
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of the AuNPs. Spacing between the AuNP surface and the monosaccharide is

important to allow accessibility for binding by the lectin carbohydrate recogni-

tion domain. Therefore, the synthesised glycan ligands had a PEGylated tether,

terminated by a thiol. The PEG also provides further advantages, such as en-

hanced aqueous solubility, and steric stability of the particles. In a biological

setting, PEG has also shown reduced clearance from the body.

Figure 6.1: Synthesised glycan structures: a) galactose-based lectin inhibitor; b) galactose-PEG3-SH; and c) mannose-
PEG6-SH.

Chapter 3 demonstrated successful generation of 16 nm citrate-stabilised

AuNPs (citrate-AuNPs), functionalisedwithhomogeneousmonolayers of galactose-

PEG3-SH (gal-AuNPs), or with the cationic ligand TMAC (TMAC-AuNPs). For

the gal-AuNPs, functionalisation was achieved by displacement of the citrate

ions on the citrate-AuNPs with the galactose-PEG3-SH. In contrast, the cationic

TMAC needed a different method to achieve functionalisation, as the positively

charged ligand causes irreversible aggregation upon addition to the negatively

charged citrate-AuNPs, due to electrostatic interactions. Therefore, the citrate
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ions are not displaced before aggregation and precipitation. Different addition

techniques were attempted, such as addition of ligand in methanol, or through

dropwise addition, but stable particles were not produced. By exploring a new

two-phase transfer approach, developed by Hassinen et al. [1], the TMAC was

functionalised onto the NP surface. Briefly, the method involves displacement

of citrate ions with a neutrally-charged, organic soluble amine derivative: oc-

tadecylamine (ODA-AuNPs). The amine forms stronger interactions with the

gold surface than the citrate, and so citrate displacement is achieved. The or-

ganic soluble ODA-AuNPs transfer into the organic phase from the aqueous

phase. The ODA is then displaced by the water soluble ligand: TMAC (TMAC-

AuNPs), and consequently the TMAC-AuNPs transfer into the aqueous phase

(see Figure 6.2 for ligand structures). These functionalised AuNPs were used

for lectin or bacterial binding, in Chapter 4.

Figure 6.2: Ligands used in two-step phase transfer, for functionalising AuNPs with cationic ligand TMAC: a) citrate
ion; b) ODA; and c) TMAC.

Heterogeneousmonolayer functionalisationof the citrate-AuNPswasachieved

using chlorin e6, and either a control PEG3-SH ligand (PEG-/ce6-AuNPs),

or with the novel synthesised glycan ligands: galactose-PEG3-SH (gal-/ce6-

AuNPs) or mannose-PEG6-SH (man-/ce6-AuNPs). For ce6, an amine deriva-
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tive was used for EDC conjugation to the AuNPs that were functionalised with

a carboxylate ligand (COOH-PEG4-SH). See Figure 6.3 for ligand structures.

These particles were used for photodynamic therapy studies in Chapter 5.

Figure 6.3: Ligands used in ce6 conjugation to AuNP surface: a) COOH-PEG4-SH; b) ce6 amine derivative; and c)
ce6-PEG4-SH.

Chapter 4 documents the first experiments using a new filtration tech-

nique developed at Iceni Diagnostics. The technique relies on AuNP aggre-

gates formed by lectin binding, or through bacterial binding, to be larger than

the pores on a 384-well filter plate. The aggregates consequently cannot pass

through the filter, and upon vacuum, solution passes through the filter and the

aggregates remain on the filter surface; resulting in a red-to-blue colouration

(dependent on sample) on the filter surface, which was observed by eye. The

technique was shown successful at detecting both soluble lectin (LecA) and

bacterial (Pseudomonas aeruginosa and Escherichia coli) samples. The technique

also had similar sensitivity to the UV-Vis plate assay (64 nM LecA).
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In Chapter 5, glycan binding to two breast cancer cell lines, and to a non-

cancer breast epithelial cell line, was assessed through commercial polyacry-

lamide (PAA) probes. The PAAwasmodifiedwith biotin, along with one of the

following glycans (PAA-glycans): galactose (PAA-gal), glucose (PAA-glc), lac-

tose (PAA-lac) or mannose (PAA-man). Binding between PAA-glycans and cells

has predominantly been performed using flow cytometry[2][3][4][5] methods.

Fluorescent imaging using PAA-glycans has been achieved using precomplexed

PAA-glycan to streptavidin nanodiamonds[6]. Themethodused in this research

was adapted from a combination of the different literature sources listed above,

to achieve direct binding between PAA-glycan to the breast cell lines using con-

focal microscopy. The cell lines were cultured on glass cover slips, and their

glycan binding probed using fluorescently labelled streptavidin, and detected

by confocal microscopy.

6.2 Scientific achievements

In Chapter 4, 16 nm AuNPs were shown to successfully bind to two bacterial

pathogens: Escherichia coli (E. coli) and Pseudomonas aeruginosa (P. aeruginosa),

using the novel filtration technique listed in Section 6.1. At first, proof-of-

principle was demonstrated using TMAC-AuNPs and E. coli, where binding

occurs through electrostatic interactions, in a wide-spread manner, across the

bacterial cell surface. The cationic charge on the TMAC-AuNPs interact with

negatively charged groups on the Gram-negative bacterial cell surface, such as

phosphates (LPS and phospholipids) or carboxylates (acidic sugars)[7].

Once the filtration technique demonstrated its capability of detecting bac-

terial binding by 16 nm AuNPs, investigation of target pathogen (P. aeruginosa)

binding through glycan-lectin interactions was performed. The target lectin

was LecA; a virulence factor expressed on the cell surface of P. aeruginosa. First,

LecA expression by the P. aeruginosa strain was tested through Western blot

analysis, and expression was detected during late-log and stationary phases.
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Gal-AuNP binding to the target lectin LecA was then optimised. The initial

studieswere performedwith soluble LecA, to remove the complex environment

of bacteria. From these studies, higher galactose-PEG3-SH (200 µm) concentra-

tions for AuNP functionalisation were shown to improve the sensitivity of the

LecA binding. Optimal binding to LecA was shown in the presence of CaCl2,

and at room temperature. Through UV-Vis and filtration-based plate assays,

LecA was detected at 64 nM. The gal-AuNP binding by LecA was shown to

be a selective interaction, as presence of galactose inhibitor resulted in loss of

binding.

Finally, the gal-AuNPswere shown to detect P. aeruginosa at cultures with an

optical density of 0.4 in the filter plate assay. The binding was inhibited in the

presence of galactose inhibitor, suggesting a selective glycan-lectin interaction.

The experiments were subsequently repeated and unfortunately, the results

were not reproducible. Similar conclusions were drawn by Donnier-Marechal

et al.[8], where glycoconjugates showed high affinity LecA binding but they

could not show bacterial binding. Due to time constraints further investigation

was not possible, and consequently, the P. aeruginosawas not taken forward for

antimicrobial PDT studies.

In Chapter 5, investigation into 16 nm AuNPs for glycan targeted PDT was

assessed. Previouswork byGarcia-Calavia et al. assessed 4nmAuNPs function-

alised with lactose and phthalocyanine (lactose-C3Pc-AuNPs) for targeted PDT

against breast cancer cell lines (SK-BR-3 and MDA-MB-231). By ELISA, MDA-

MB-231 demonstrated increased expression of galectin-1 compared to SK-BR-3,

suggesting lactose-C3Pc-AuNPs should bemost effective againstMDA-MB-231.

However, cell deathwas only observed against SK-BR-3, when the particleswere

incubated for 3 hours. Although the authors speculated other lectins or recep-

tors may be involved, time constraints restricted any further investigation. With

this in mind, the research in this PhD focused on assessing glycan binding by

the cancer cell lines and comparing them against a non-cancer breast epithe-

lial cell line (MCF-10A). The aim was to gain information on the most suitable
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glycan for targeted PDT, in hope of selective eradication of the cancer cell lines.

At first, commercially available PAA-glycans were used to compare binding

by the different cell lines by confocal microscopy. The results demonstrated

differential binding between the cell lines, with galactose showing statistically

significant binding to both cancer cell lines, but not to the non-cancer cell line.

Next, glycan-/ce6-AuNPuptake by thedifferent cell lineswas assessedusing

confocal microscopy. Galactose and mannose were taken forward from the

PAA-glycan binding studies, and PEG-/ce6-AuNPs were used as a control.

These studies showed selective uptake of the gal-/ce6-AuNPs by both cancer

cell lines, and no detectable interaction by the non-cancer cell line. Man-/ce6-

AuNPs were only shown to interact with the MDA-MB-231 cell line, which was

as expected as MDA-MB-231 overexpress mannose receptor.

As the gal-/ce6-AuNPs demonstrated selective uptake by both cancer cell

lines, these were taken forward for future experiments. As mentioned previ-

ously, Garcia-Calavia et al[9] observed better particle uptake by the cell line

that had lower galectin-1 expression (SK-BR-3). This suggested other receptors

were involved, or possibly that galectin is not responsible for AuNP uptake.

Consequently, an inhibitor experiment was designed, with inhibitors for the

following galactose-binding proteins: galectins, GLUT receptors, and SGLT re-

ceptors. The cancer cells were incubated with inhibitor before gal-/ce6-AuNP

addition, and effects on NP uptake were analysed by confocal microscopy. The

results demonstrated that the cell lines used different proteins for gal-/ce6-

AuNP uptake. For MDA-MB-231 (high expression of galectin-1), galectin in-

hibitor significantly reduced NP uptake by the cell line. Whereas for SK-BR-3,

theGLUT inhibitor significantly reducedNPuptake. Consequently, cellular up-

take of the gal-/ce6-AuNPs by the cancer cell lines were both galactose-selective

interactions.

Finally, as cellular uptake of gal-/ce6-AuNPs by both cancer cell lines had

been demonstrated, the particles were taken forward for PDT studies. The non-

cancer cell line was used as a control. Different concentrations of ce6 were used
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for the experiments, and selective cell deathwas observed for SK-BR-3, at 50 nM

ce6. These results were consistent with the findings from Garcia-Calavia et al.,

as no selective cell death was observed for MDA-MB-231, even though in this

PhD research, cellular uptake of the particles was seen by confocal microscopy.

Due to time constraints, further investigation was not possible. However, what

was clear from the microscopy results was that the two cancer cell lines rely on

different proteins for NP uptake. Consequently, this could mean different rates

of uptake, or cellular processing once taken up by the cells, which could both

effect cell eradication as localisation of the PS is key to effective PDT treatment.

6.3 Future work

The promising binding results between the gal-AuNPs and P. aeruginosa shown

in Chapter 4, would be investigated further if there was more time. The first

step would be to test binding with cultures from different time points. As LecA

expression is associatedwith higher density cultures, possibly the LecA ismore

consistently expressed on the cell surface when cultures are allowed to grow

for longer time periods.

Another set of experiments that may provide information on the low repro-

ducibility, would be to test binding through different detection systems, such

as SPR or TEM. This may provide information on whether it is a limitation of

the experimental technique (filter plate), or whether there is inconsistency from

the bacterial strain. Alternatively, as effective antimicrobial PDT requires the

PS to be localised to the target cell, the P. aeruginosa could be taken forward

for PDT studies to assess binding indirectly through viability studies. By com-

paring gal-/ce6-AuNPs with control particles (other glycans or PEG), and with

galactose inhibitors or LecA mutant strains, selectively of the binding could be

assessed.

Another avenue to explore would be P. aeruginosa biofilm cultures. LecA

expression is associated with biofilm formation, and is needed on the P. aerug-
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inosa cell surface for attachment. It may be worth comparing binding between

planktonic and biofilm cultures, to see whether the gal-AuNPs are effective at

biofilm binding and provide more consistent results.

InChapter 5, selective cellular uptake of the gal-/ce6-AuNPs were observed

for both cancer cell lines, yet only selective cell death was observed for SK-BR-3

cell line. Possibly, the different proteins involved in cellular uptake were effect-

ing cellular localisation of the particles. Consequently, it would be informative

to have further specific localisation data for the gal-/ce6-AuNPs in the cancer

cell lines. This could be achieved by using dyes that localise in the various or-

ganelles, cytosol, and cellular membrane. First, this experimental layout would

be performed using conditions the same as in the PDT studies in Chapter 5 (3

hours incubation with particles before irradiation). Subsequently, monitoring

the localisation through different time points could provide information on cel-

lular processing of the particles. The hope would be that increasing incubation

time would yield more effective cell eradication of the MDA-MB-231 cell line,

as the particles would move through the cell to different compartments.

If there was more time, the glycan density would have been tested to see if

differential glycandensities could improve uptake and cell death. Thiswould be

in form of either: 1) altering the galactose-PEG3-SH to PS ratio; or 2) functional-

ising the particle surface with PS, and both galactose and mannose. The theory

behind the latter experiment is that the mannose-/ce6-AuNPs showed selective

uptake for only the MDA-MB-231 cell line; and neither galactose or mannose

particles were taken up by the non-cancer cell line. Possibly by introducing

both mannose and galactose onto the cell surface, the particles could target

both galactose (galectins, GLUTs) and mannose (mannose receptor) binding

proteins that are overexpressed on the cancer cell lines, and are able to improve

effectiveness of PDT against both cell lines.
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