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Abstract 

Multivalent lectin-glycan interactions (MLGIs) are widespread and vital for 

biology, and also hold the key to many therapeutic applications. However, the 

underlying structural and biophysical mechanisms for many MLGIs remain 

poorly understood, limiting our ability to design glycoconjugates that can 

potently target specific MLGIs for therapeutic intervention. Glycosylated 

nanoparticles (NPs) have recently emerged as powerful biophysical probes 

for studying MLGIs, revealing key information regarding the binding 

behaviours of different lectins, which can subsequently inform their 

therapeutic potential. Despite these advances, however, the structural and 

biophysical mechanisms behind the specific binding behaviours of different 

lectins towards glycan-NPs is largely unknown. This research focuses on 

furthering our understanding of these mechanisms by exploiting the unique 

multifunctional properties of glycan-conjugated quantum dots (glycan-QDs) 

and gold nanoparticles (glycan-GNPs), as well as other nanoscale tools, to 

improve our understanding of the structural, thermodynamic and kinetic 

rationale behind the MLGIs of two closely related and immunologically 

interesting tetrameric lectins, DC-SIGN and DC-SIGNR. 

DC-SIGN and DC-SIGNR (collectively, DC-SIGN/R) display near-

identical mannose-binding motifs and have both been identified to facilitate 

viral infection. Despite this, these lectins have been shown to have very 

different affinities to some of the same viral glycoproteins or other 

glycoconjugates, both in solution and on cell surfaces. This has been 

attributed to their differences in multivalent spatial specificity, induced by 

differences in their tetrameric structures. For example, our group previously 

demonstrated that upon incubation with the same glycan-QDs, DC-SIGN 

bound simultaneously to individual QDs, whereas DC-SIGNR formed much 

weaker crosslinking interactions. Here, a QD-FRET technique for determining 

the thermodynamic and kinetic contributions of MLGIs in solution has been 

developed, and has revealed that, though both DC-SIGN/R display similar 

enthalpically driven MLGIs with mannosylated QDs (4  that of monovalent 

binding), DC-SIGNR incurs a greater entropic penalty and slower kinetics 

which can be attributed to its less favourable crosslinking binding mode 

(Chapter 3). Furthermore, a 16 amino acid C-terminal (not present in 

DC-SIGNR) has been shown to contribute to the specificity of DC-SIGN 

MLGIs; the removal of which completely alters the thermodynamics towards 

entropically driven binding, and enables the possibility of crosslinking. In 

addition to these assays, DC-SIGN/R-functionalised supported lipid bilayers 
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have been developed to better replicate the native environment of lectins on 

cell membranes (Chapter 5). Here, QCM-D and cryo-EM studies with 

mannosylated GNPs show that these different binding modes can still be 

observed on membrane surfaces, where DC-SIGNRẗglycan-GNP binding is 

highly dependent upon the lectin surface density, whereas DC-SIGN binding 

shows no such dependency. This may therefore contribute to the observed 

differences between DC-SIGN/R MLGIs in both solution-phase and cell 

surface assays. 

The crosslinking behaviour of DC-SIGNR can be attributed to the 

inability of its four binding sites to bridge the glycan display of an individual 

glycan-NP. Here, a single molecule FRET technique has been developed, 

using a new tetramer FRET pair labelling strategy, in conjugation with MD 

simulations to provide an estimate of the inter-binding site distances of 

DC-SIGN/R (Chapter 6). These results demonstrate a broader tetrameric 

model for DC-SIGNR which may explain its inability to tetravalently bind to 

glycan-NPs of these sizes. However, this has been demonstrated to be 

overcome using glycosylated quantum rods (glycan-QRs), whereby the 

reduced surface curvature of the cylindrical middle section of these 

nanomaterials is able to encourage tetravalent binding of all four binding sites 

of DC-SIGNR, reducing the amount of crosslinking and thus resulting in 

stronger MLGIs (Chapter 4).  

Additionally, understanding of these interactions has also paved the 

foundation of other innovative nano-therapeutics which apply these principles. 

Here, DC-SIGN-conjugated NPs have been developed to target the 

glycosylation sites of the SARS-CoV-2 S protein, showing to effectively 

neutralise a range of pseudotyped and authentic SARS-CoV-2 variants 

(Chapter 8).  

Overall, the findings presented in this thesis reveal crucial information 

regarding the binding of key MLGIs which can be used to help inform the 

rational design of more potent and specific lectin or glycan targeting agents 

for potential therapeutic applications. 
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Chapter 1  

Introduction 

1.1 Overview 

Protein-carbohydrate interactions play an essential role in the communication 

of cells in the immune system. They are thus also deeply involved in a lot of 

immune related diseases from viral infection to allergy or cancer promotion, 

making them widely studied as therapeutic targets. However, due to the 

multimeric nature of many carbohydrate-binding proteins (i.e. lectins), it can 

be difficult to design potent targeting agents using conventional monovalent 

molecules. Instead, in order to achieve high affinity, a lectin targeting agent 

must maximise the number of occupied binding sites using multiple 

carbohydrate groups and display a good spatial match between the 

arrangement of its carbohydrates with the specific binding site arrangement 

of the lectin. Therefore, in order to inform the rational design of glycan-bearing 

therapeutics which can target such interactions with both high potency and 

specificity, a comprehensive understanding of the target lectinôs multimeric 

structure and biophysical glycan binding mechanisms are required. However, 

for a lot of multimeric lectins, these details remain largely unknown. 

In recent years, glycosylated nanoparticles have been developed as a 

way to both target and probe multivalent lectin-glycan interactions (MLGIs), 

both revealing key information regarding lectin-glyconanoparticle binding 

affinity and binding modes, as well as displaying high potential as therapeutic 

agents against diseases such as viral infection. This thesis continues this 

effort, exploiting the unique multifunctional behaviour of glyconanoparticles, 

such as glycosylated quantum dots and gold nanoparticles, to investigate the 

biophysical and structural contributions of MLGIs using a case study pair of 

lectins, DC-SIGN and DC-SIGNR, which display similar tetravalent and 

mannose-binding character but different affinities and binding modes towards 

some of the same glycans.  

This chapter provides an introduction into the function and therapeutic 

relevance of MLGIs in the immune system and an overview of the current 

advances in nanotechnology-based approaches for probing the binding of 

lectins, as well as their potential therapeutic applications. Finally, the research 

aims of this thesis are presented with an overview of how each chapter 

addresses some of the gaps in the current research alluded to throughout. 
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1.2 Multivalent Lectin-Glycan Interactions 

1.2.1 Protein-Carbohydrate Interactions in the Immune System 

Protein-carbohydrate interactions (PCIs) are widespread in nature and play 

an essential role in the way that cells interact and communicate amongst 

themselves and with other species within biological systems. In solution, such 

interactions have a variety of roles, from more fundamental processes such 

as catalysis and the organisation of the extracellular matrix, to more complex 

functions such as cell proliferation and opsonisation in the immune system.1-

3 On cell membranes, carbohydrate-binding proteins are used as a way of 

sensing a cellôs external environment: they are often used to detect and inform 

the rest of the cell (and the cells around it) about any interesting molecules 

that may be passing by, alternatively they be used to grab onto specific 

neighbouring cells or draw in immunologically interesting materials from the 

environment.1, 4, 5 Due to the degree of sensitivity required by cells for 

recognition of the wide variety of glycans in nature, carbohydrate-binding 

proteins have inevitably become indispensable players in the immune system, 

facilitating processes such as immune cell adhesion and communication 

(Figure 1.1C), as well as recognition of glycans associated with pathogens or 

damaged cells and, if necessary, internalisation of pathogens or antigens 

(Figure 1.1A) and/or regulation of the rest of the immune system by the 

modulation of signalling molecules (Figure 1.1B). 

 

Figure 1.1 Schematic depicting three possible immunological routes 
involving specific protein-carbohydrate interactions on a cell 
membrane. 
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The immunological relevance of such PCIs means that they are also closely 

associated with many important human diseases. For instance, though such 

interactions can be used to detect pathogens at the cell surface as part of an 

immune response, many viruses have evolved to use these interactions to 

infiltrate host cells. Here, where large pathogens such as bacteria often enter 

the immune system via mechanisms such as phagocytosis, smaller structures 

such as viruses often rely on receptor-mediated endocytosis or fusion in order 

to release their genetic material into the host cells.6 Viruses therefore often 

make use of specific PCIs to enable initial contact with the host cell. This is 

facilitated by either the interaction of a virusô specifically arranged surface 

glycan patterns with the host cellôs carbohydrate binding proteins (Figure 

1.1A), or vice versa.5, 7 Carbohydrate recognition has also been utilised by the 

immune system to detect and supress cancer cells and tumour growth.1 

However, some of these interactions can lead to direct promoting effects on 

cancer growth and metastasis, for example through adhesion of platelets, 

which act as protection against immune elimination, or endothelial cells, 

allowing for trans-endothelial cell migration of metastatic cells.1, 8 Additionally, 

PCIs have also been associated with immune tolerance due to their 

involvement in the secretion of inflammatory, immune suppressive or adaptive 

immunity related signalling molecules. These too can lead to harmful effects 

such as promotion of cancer growth through immune suppression, or a variety 

of autoimmune and inflammatory diseases such as rheumatoid arthritis, type 

1 diabetes and allergy, due to the undesirable activation of inflammatory 

immune responses.1, 9 

PCIs are therefore a hot topic in the development of immune-related 

medicines. For example, endocytosis mechanisms can be exploited for 

applications such as targeted in vivo drug and gene delivery;10 carbohydrate-

induced modulation of immune response can be utilised for new 

immunotherapeutic development;11 and targeted inhibitors may be developed 

to potently block specific viral or bacterial adhesion to cell surfaces.12  

 

1.2.2 Lectins, LGIs and MLGIs  

PCIs require the accurate detection and discrimination of carbohydrates, 

which is facilitated by a class of proteins known as lectins (aptly named from 

the Latin verb lego (or lectus), meaning to choose or pick out).13 The affinity 

of a given lectin binding site is dictated by its chemical and spatial 

complementarity with different mono-/oligo-/poly-saccharides. In animals, 

lectins have been classified into five main groups: C-type lectins, which bind 
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via Ca2+ coordination; I-type lectins, a glycan binding subset of 

immunoglobulins; Galectins (or S-type lectins), which bind solely to ɓ-

galactosides, often via cysteine residues; P-type lectins, which are defined by 

their cation-dependent binding to mannose-6-phosphate-containing 

glycoproteins, through non-well-defined binding domains; and pentraxins, 

which are characteristically pentameric and also Ca2+-dependent.14 Each of 

these lectin classes and the individual proteins within them bring different 

combinations of structures and bonding mechanisms. This is a lectinôs primary 

mode of specificity, where only glycans containing carbohydrate residues that 

are compatible with the sterics and intermolecular interactions of the lectinôs 

binding sites are able to form strong lectin-glycan interactions (LGIs).  

Despite this specificity, LGIs are very weak in order to prevent glycans 

from becoming kinetically trapped onto the lectin surface.15 However, this 

means that monovalent 1:1 lectin-carbohydrate binding is often too dynamic 

to be sustained long enough to initiate any subsequent biological function. 

Because of this, many lectins exist in a multimeric form with multiple 

carbohydrate binding sites, allowing the lectin to bind multivalently to multiple 

carbohydrate residues (i.e. Figure 1.2). These multivalent lectin-glycan 

interactions (MLGIs) facilitate an additional level of specificity. Here, specificity 

is not only determined by the affinity of each individual carbohydrate binding 

site towards any particular glycan, but also by the overall binding strength 

induced by the significant affinity enhancement which results from each 

additional binding interaction, i.e. the avidity.  

 

 

Figure 1.2 Schematic depicting the equilibrium tetravalent binding 
affinity (Ў╖◄▄◄►╪) between a tetravalent lectin L with a tetravalent 
glycan G. 
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The affinity or avidity of the association of a lectin-glycan pair (given by 

Equation 1.1; where L is the lectin, G is the glycan and LG is the lectin-glycan 

complex) can be quantified by the equilibrium binding dissociation constant 

(ὑ ) which describes the strength of the interaction by the comparative ratio 

of the concentrations of free unbound species to bound complex present in 

the system at equilibrium (Equation 1.2; where   denotes the 

concentration).a The ὑ  is related to the overall energy required for LGI to 

occur (i.e. the Gibbs free energy, ЎὋ) by Equation 1.3 (where Ὑ is the ideal 

gas constant and Ὕ denotes the temperature).b  

 , 'ᵶ,' 1.1 

   

 ὑ
ὒὋ

ὒὋ
 1.2 

   

 ЎὋ ὙὝὰὲὑ  1.3 

 

The avidity of an MLGI can be compared to their constituent monovalent 

interactions in two ways: by the degree of cooperativity (‌) or the 

enhancement factor (‍).5 ‌ describes by how much the MLGI enhances the 

ЎὋ in comparison to the same number (ὔ) of constituent monovalent 

interactions (Equation 1.4). Naturally, if ‌ ρ, then there is no cooperative 

effect between the formation of one constituent interaction and the formation 

of the next, they simply act additively. However, if ‌ ρ then the formation of 

each constituent interaction will enhance the formation of the next (i.e. positive 

cooperativity). Conversely, if ‌ ρ then the formation of each constituent 

interaction will inhibit the formation of the next (i.e. negative cooperativity). 

 

a The ὑ  describes the propensity for the bound species to dissociate, as 
opposed to the association constant (i.e. the equilibrium constant) ὑ  
which describes the propensity for unbound species to associate, where 
ὑ ρȾὑ. Despite this, ὑ  is the conventionally used descriptor of 
affinity in biochemistry, whereby the lower the magnitude, the stronger 
the interaction. 

b The Gibbs free energy change describes the overall energy required for a 
reaction to take place. If ЎὋ π then the reaction is unfavourable; if 
ЎὋ π then the interaction is favourable, whereby, the larger the 
magnitude, the stronger the interaction. 
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However, negative cooperation does not mean that the enhancement in 

affinity of polyvalent interaction in comparison to the monovalent interaction is 

irrelevant. On the contrary, due to logarithmic relationship between ЎὋ and ὑ  

(Equation 1.3), Equation 1.4 can be rewritten as ὑ ὑ . This 

shows that, even if ‌ Ò 1, multivalency can still afford very effective affinity 

enhancement provided ‌ὔ > 1 and ὑ  < 1M, as this will still result in  

ὑ  < ὑ . Such enhancement can still be highly influential in biological 

settings, despite displaying negative or no cooperativity. For this reason, the 

enhancement factor ‍ (Equation 1.5) often provides a more useful descriptor 

for the avidity of MLGIs in comparison to their monovalent constituent 

interactions. 

 ЎὋ ‌ὔЎὋ  1.4 

   

 ‍
ὑ 
ὑ 

 1.5 

 

The free energy of binding is derived from two constituent energetic 

terms associated with formation of the lectin-glycan complex: the change in 

enthalpyc (ЎὌ) and change in entropyd (ЎὛ) (Equation 1.6). The enthalpy 

change for a monovalent LGI is essentially determined by the amount of 

energy involved in forming physical bonds between the lectin binding site with 

the carbohydrate binding partner. Thus, in an ideal system, it can be assumed 

that the enthalpy change associated with each additional constituent 

monovalent interaction is independent of the number of interactions that have 

already formed. In this case, the enthalpy change of each interaction simply 

acts additively, i.e. ЎὌ ὔЎὌ ; thus the higher the multivalency, the 

more favourable the binding enthalpy. If, however, any established constituent 

interactions interfere antagonistically with subsequent binding, then this may 

lead to an enthalpically diminished system, whereby ЎὌ ὔЎὌ . This 

 

c The enthalpy change of a reaction describes the overall amount of energy 
required for the conversion of pre-existing bonds to those involved in the 
formation of the resulting compound. A reaction is enthalpically 
favourable only if ЎὌ π. 

d The entropy change of a reaction describes the overall energy change per 
kelvin associated with the change in the number of degrees of freedom 
of the system. A reaction is entropically favourable only if ЎὛ π. 
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can happen if there is too much strain involved in the formation of subsequent 

interactions which could occur if the arrangement of the polyvalent glycans 

does not optimally match the specific arrangement of the lectinôs carbohydrate 

binding sites and if the binding partners are too rigid to compensate for these 

spatial differences. 

 ЎὋ ЎὌ ὝЎὛ  1.6 

Entropy changes associated with binding, which are dependent on the 

number of degrees of freedom formed and lost, can be broken down into the 

sum of its components; for MLGIs these can be given as the sum of the 

translational, rotational, conformational and solvent changes in entropy 

(ЎὛ , ЎὛ , ЎὛ , ЎὛ , respectively; Equation 1.7). In solution, ЎὛ  

describes the change in the degrees of translational freedom in ὼ, ώ and ᾀ 

directions and ЎὛ  describes the change in the rotational degrees of 

freedom. These are logarithmically dependent on the mass and size of the 

molecules involved which, for any 1:1 LGI or MLGI, do not change significantly 

enough to impose too great a change to the overall entropy.e ЎὛ  and ЎὛ  

are also dependent on the change in the number of molecules present in the 

system as each species adds its own contribution to the total number of 

degrees of freedom. This, therefore, has a much more significant influence on 

the overall affinity, especially in systems where multiple lectins bind to a single 

glycan. However, it is worth noting that once the initial binding interaction has 

formed, ЎὛ  and ЎὛ  are not likely to change upon the formation of 

additional intramolecular binding events as the total mass, size and number 

of the complex species will stay the same. Thus, provided the lectin does not 

bind to multiple glycans at a time, these components are unlikely to influence 

the ‍ enhancement factor associated with multivalency and therefore impart 

a negative cooperation element to the overall ‌.  

 
ЎὛ ЎὛ ЎὛ ЎὛ ЎὛ  1.7 

Instead then, the main entropic contributors to ‍ are likely to be ЎὛ  and 

ЎὛ . ЎὛ  is the entropic change associated with the rearrangement of 

 

e On cell membranes, due to the limited lateral mobility, the number of 
degrees of freedom are also reduced, thus these effects impose even 
less significant change to ЎὛ  and ЎὛ . 
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solvent molecules upon binding. This can result from the release of solvent 

molecules from the binding sites or the rearrangement of solvent molecules 

caused by the change in the hydrophilic surface area of the complex. This 

means that, unlike ЎὛ  and ЎὛ , ЎὛ  should in theory increase linearly 

with the number of constituent binding interactions due to the increased 

liberation of water molecules from the lectin and glycan binding sites. This 

means that, as with ЎὌ, ЎὛ  ὔЎὛ  , enhancing ‍. Finally, ЎὛ  

denotes the entropic influence of internal conformational changes within the 

protein or glycan upon binding. Given that most binding partners will display 

some degree of flexibility prior to complexation, LGIs will usually induce a 

negative ЎὛ  contribution as the number of available conformations are 

reduced upon binding. This effect can then be made substantially larger for 

MLGIs, depending on the relative flexibility of the protein and the glycan, due 

to the significant structural reorganisation that may be required to bridge 

multiple binding sites. Interestingly, this effect can be compensatory, as even 

if ЎὛ  is large enough to induce a negative ЎὛ  term, high flexibility in 

either of the binding partners reduces the effect of steric strain, making it more 

feasible for optimal ЎὌ  to be achieved.  

In addition to the thermodynamic stability of LGIs, the actual biological 

relevance of an interaction is intimately dependent on the binding kinetics. If 

an interaction is only transient then it will be unlikely to result in any significant 

biological function, however, if it is too long-lived then the glycan runs the risk 

of becoming kinetically trapped. The degree of multivalency is therefore key 

for inducing successful, biologically relevant adhesion. The kinetics can be 

measured in terms of the on- and off- rates (i.e. the association or dissociation 

of lectin-glycan complex over time). The propensity for which the lectin glycan 

pair will associate or the complex will dissociate can then be quantified by the 

on- and off- rate coefficients (Ὧ  and Ὧ ), respectively. For 1:1 lectin-glycan 

complexation interactions can be assumed to follow a second order 

association (Equation 1.8) and a first order dissociation (Equation 1.9) rate 

profile; the ratio of which, defines the equilibrium dissociation constant of the 

reaction (Equation 1.10), whereby a reaction is only favourable if Ὧ Ὧ . 

For most systems such as these, the Ὧ  is not the determining factor in 

multivalent enhancement, as it is mainly dictated by the rate of diffusion of the 

species in solution, whereas, Ὧ  is much more dependent on the strength of 

the interaction. 
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Overall, a lectinôs avidity in comparison to its constituent monovalent 

affinity is essentially dictated by how well the arrangements of the glycanôs 

carbohydrates and the lectinôs multiple binding sites match in space. This 

therefore demonstrates the important role of multivalency in a lectinôs 

specificity towards multivalent glycans. Glycans which are able to bridge all of 

the lectinôs binding sites with minimal steric strain on both binding partners will 

form the strongest binding interactions. Those that impart unfavourable 

conformational changes or are simply unable to bridge these binding sites will 

form much weaker interactions and will either dissociate before any biological 

functionality is achieved or may be forced to form other, less optimal binding 

configurations.16 Knowledge regarding the binding mechanisms of MLGIs is 

therefore key for the informed design of polyvalent glycoconjugates that can 

target multivalent lectins with both high affinity and specificity. However, 

despite extensive studies, details regarding the structures of some critically 

important cell surface lectins remain poorly understood. This is due to 

limitations of the current methods for probing the structures of such flexible 

and complex cell membrane lectins. Additionally, little information has been 

gathered about the kinetics and thermodynamic contributions to MLGIs and 

how these relate to the lectin structure and overall mechanism of binding. 

Therefore, new techniques that can improve our structural and mechanistic 

understanding of multimeric lectins and their MLGIs are urgently needed. 

 

1.2.3 DC-SIGN 

Dendritic cells (DCs) are a specific set of immune cells involved in bridging 

the innate and adaptive immune system by informing other immune cells 

about the details of an infection. Their roles involve patrolling the body for 

signs of pathogen infection; assimilating any pathogenic material through 

receptor-mediated endocytosis; processing and presenting antigens on their 
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cell surfaces via major histocompatibility complex (MHC) class II molecules; 

and then migrating to the lymph nodes to allow other cells, such as T cells, to 

detect the presence of the specific pathogen. In addition, they also produce 

signalling molecules, such as cytokines and chemokines, to promote specific 

immune response tailored towards the given disease. This is facilitated by the 

large number of cell membrane pattern recognition receptors (PRR), such as 

C-type lectin receptors, which can recognise the pathogen- or damage- 

associated molecular patterns (P/D-AMPs) from any antigenic material (e.g. 

glycoproteins or liposaccharides). Once recognised, a series of intracellular 

biochemical reactions are initiated, which lead to the expression of specific 

genes that induce the production of these signalling molecules. The signalling 

molecules are then released and are either received by the same cell or 

different cells, to direct cells towards a specific immune response.17
  

DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule 

(ICAM)-3 Grabbing Non-integrin; CD209) is one such PPR, primarily situated 

on many subsets of dendritic cell.18, 19 DC-SIGN is a type II membrane C-type 

lectin consisting of four monomeric units, each comprising of a small 

cytoplasmic domain at the N-terminal, which contains the key internalisation 

motifs, followed by a transmembrane and extracellular domain, which bears 

its glycan-binding functionality (Figure 1.3).20, 21 The extracellular domain 

consists of a neck of repeating -hhelical units which form coiled-coil structures 

and have been shown to facilitate tetramerisation.22-25 The neck also acts to 

project its glycan-binding functionality away from the cell surface by 

suspending four C-type carbohydrate recognition domains (CRDs) at the 

C-terminal.26-28 These CRDs selectively recognise high-mannose and fucose 

containing glycans, including those found on virus, bacterium, fungus or 

parasite surfaces, and blood group epitopes such as Lewisa and Lewisx.27, 29, 

30  
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Figure 1.3 Annotated schematic of DC-SIGN. 

DC-SIGN has been shown to be deeply involved in a range of immunological 

processes in the body, such as: cell adhesion, both with ICAM-2 on 

endothelial cells, which allows the DCs to roll along the endothelial lining and 

facilitates trans-endothelial migration, and ICAM-3 as part of the DC-T cell 

synapse required to induce T cell activation;18, 31 pathogen and antigen 

endocytosis, which is essential for the subsequent presentation of lysed 

antigenic fragments by MHC class II molecules;32, 33 and P/DAMP-induced 

specific cytokine modulation, for immune response regulation.34-37 Despite 

these crucial physiological benefits, DC-SIGN was originally identified for its 

involvement in human immunodeficiency virus (HIV)-1 infection via the 

association of glycoprotein 120 (gp120), a high-mannose containing 

glycoprotein found on the exterior of HIV-1ôs viral envelope.20 This DC-SIGN-

associated MLGI allows HIV-1 to enter the dendritic cells, directly infecting the 

innate immune system, and allowing it to easily transfer to other immune cells, 

such as the CD4+ T helper cells, because of the natural migration of the DCs 

to the lymph nodes (Figure 1.4).38 Since then it has also been found to be 

exploited by a range of other severe viruses such as the Ebolavirus (EBOV),39, 

40 Dengue virus (DENV),41, 42 Hepatitis C virus (HCV),43, 44 Japanese 

encephalitis virus (JEV),45-47 Measles virus,48 and more recently, severe acute 

respiratory syndrome coronavirus (SARS-CoV)-2.49 The development of 

highly specific antiviral agents which target DC-SIGN have therefore been of 

high interest to potently block such viruses from entering the immune cells.39, 

41 Alternatively, targeting agents could be exploited to utilise DC-SIGNôs 

endocytic behaviour to carry specific antigens into the DCs to enhance the 

immune response against viruses like these which evade the immune system, 

or from other species which may not ordinarily cause an immune response, 

such as cancer cells.10  
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Figure 1.4 DC-SIGN-mediated trans-infection of T cells by HIV-1, either 
via endocytosis and internalisation into multivesicular bodies 
which then release the virus at the infectious synapse in the 
presence of exosomes; or via DC-SIGN and CD4 binding, both 
associated with the infectious synapse. Additionally, transient 
DC-SIGN-ICAM-3 interactions facilitate DC-T cell interaction.50, 51 

DC-SIGN also displays the remarkable capability to differentiate between 

different glycan P/DAMPs and modulate the production of different cytokines 

and chemokines depending on the carbohydrate ñfingerprintò of a bound 

glycoprotein. The specific cytokine signature can stimulate cells to act in 

different ways, directing the immune system towards either a cellular immune 

response (i.e. by polarising cells which digest pathogens, such as 

macrophages) or a humoral immune response (i.e. by polarising cells which 

produce antibodies, such as B cells), or towards immune tolerance.11, 34, 35, 37, 

52, 53 This makes DC-SIGN a point of extensive study as it has the potential to 

be used to tailor immune responses to suit specific needs. For example, 

towards immune tolerance with respect to autoimmune diseases, allergies 

and transplant rejections, or towards humoral or cellular immune activation for 

treating infections or cancers. Though DC-SIGN isnôt able to dictate these 

different immune trajectories on its own, the recognition of different 

carbohydrate fingerprints have been shown to alter the cytokine expression 

programme of other PRRs such as toll-like receptor (TLR)2, TLR4 and dectin-

1. These differences have been attributed to two general pathways: that 
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associated with high-mannose containing PAMPs, which direct cytokine 

production towards a cellular immune response, and that associated with 

fucose containing PAMPs, which direct cytokine production towards a 

humoral immune response. The signalling pathways associated with DC-

SIGN binding of high-mannose containing PAMPs, mainly displayed on many 

intracellular pathogens such as viruses, works synergistically with other PRRs 

to promote the transcription of DNA associated with upregulating interleukins 

(ILs) such as IL-12 and IL-6.5 IL-12 promotes the differentiation of naïve T 

helper (TH) cells into TH1 cells, which proceed to activate macrophages 

(involved in cell-mediated immunity).54, 55 IL-6 promotes the differentiation of 

TH cells into TH17 cells, which are associated with tissue inflammation and 

many auto-inflammatory diseases.56 On the other hand, binding of fucose 

containing PAMPs, which are often displayed on parasites,57 alters this 

mechanism by inducing the assembly of an alternative DNA transcription 

complex which competes with that associated with IL-12 and IL-6 gene 

expression, thus downregulating these cytokines, and instead upregulates 

chemokines CC-chemokine ligand (CCL)17 and CCL22, and IL-10. CCL17 

and CCL22 are associated with attracting TH2 cells which promote humoral 

immune responses through the activation of antibody producing B cells.37, 58 

Additionally, this fucose-associated DC-SIGN pathway also facilitates the 

upregulation of IL-27 which helps generate follicular helper T (TFH) cells which 

in turn similarly induce the production of antibodies in B cells.36 IL-10 is an 

anti-inflammatory cytokine which acts antagonistically with proinflammatory 

cytokines and is also associated with the suppression of DC and T cell 

function.59 Interestingly, the properties IL-10 have made it a point of medicinal 

interest for applications such as transplant tolerance or induction of the 

regenerative mechanisms involved in wound healing.11, 60 Additionally, IL-10 

upregulation by DC-SIGN has also been associated with probiotic bacteria to 

encourage immune tolerance, however, it has also been shown to be 

exploited by various bacteria and viruses to avoid immune activation, and is 

also triggered by Lewis antigen epitopes associated with some cancers.34, 61-

63  



- 52 - 

 

Figure 1.5 DC-SIGN-mediated pathogen recognition and immune 
regulation. Left: recognition of mannose-containing glycans, in 
conjunction with activation of other PRRs such as TLR4, enables 
transcription of genes encoding for IL-12 and IL-6 cytokines, which 
polarise TH1 cells and TH17 that in turn activate cellular immune 
response (involving macrophages, neurophils and NK cells). Right: 
recognition of fucose-containing glycans displaces the RAF-1 
signalosome (associated with the mannose-associated pathway, 
thus downregulating IL-12, IL-6 and IL-23) and instead allows the 
assembly of the fucose signalosome which, in conjugation with 
other PRRs such as TLR4, enables transcription of anti-
inflammatory cytokine IL-10 and chemokines CCL17 and CCL22, 
which attract TH2 cells that in turn activate a humoral immune 
response (involving IgE+ B cells, eosinophils and basophils), as 
well as IL-27 (via crosstalk with the interferon- /hɓ receptor (IFNAR)-

associated pathway via the upregulation interferon-ɓ (IFNɓ)) which 
activates TFH cell differentiation (involved in IgG+ memory B cell 
activation). 

DC-SIGN also plays a role in the immune regulation of allergens and has 

shown some association with allergic response. For example, DC-SIGN has 

been observed to uptake allergens associated with house dust mites (Der p 1 

and Der p 2), dogs (Can f 1), peanuts (Ara h 1) and pollen (BG-60).9 

Additionally, over- and under-production of DC-SIGN in relation to other 

C-type lectins on the same DCs, such as mannose receptor (MR), have been 

associated with differing T cell response in the presence of allergens. This is 

currently an interesting point of research as both decreased production of 

DC-SIGN and increased expression of MR in comparison to DC-SIGN have 

also been observed in atopic patients.64-66 Thus, it has been suggested that 

specific therapeutics which target these lectins may be able to either block 

allergen uptake or modulate the immune response towards tolerance.9  
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1.2.4 DC-SIGNR 

Many closely related variations of DC-SIGN can be found in nature, however, 

only two have been identified in the human body. The other is known as DC-

SIGNR (DC-SIGN-related; Liver (L)-SIGN; CD209L) and is located primarily 

on the endothelial cells of the liver, lymph nodes and placenta.67, 68 DC-SIGNR 

and DC-SIGN share 77% of the same amino acid identity, the same tetrameric 

architecture and near-identical mannose-binding motifs (Figure 1.6).22, 23, 27, 

67, 69 DC-SIGNR also has a high affinity for adhesion molecules such as ICAM-

3 and has been shown to participate in the infection of a similar range of 

viruses.68, 70 Interestingly, however, despite similarities in the carbohydrate 

binding domains (CRDs), DC-SIGN and DC-SIGNR show very different 

selectively towards the same viral glycoproteins.27, 67, 71, 72 For example, DC-

SIGNR is observed bind to HIV-1 much less efficiently than DC-SIGN, 

however, it has also been found to bind to and effectively transmit the West 

Nile Virus (WNV), where DC-SIGN shows no such ability.71, 72 Given the 

similarities between the two proteinsô primary and tertiary structures, these 

differences in MLGI selectivity are most likely instigated by variation in the 

quaternary structure of the two proteins, such as the arrangements and 

orientations of the four binding sites with respect to one another. 

 

 

 

 



- 54 - 

 

Figure 1.6 Comparison of the amino acid sequences of DC-SIGN and DC-
SIGNR (asterisks identify identical residues, blue bold shows the 
transmembrane domain, grey highlights show the 7½ neck repeat 
units and red bold shows the mannose binding motifs). 

These close similarities in amino acid identity yet significant differences in 

binding activity make DC-SIGN and DC-SIGNR a perfect model lectin pair to 

investigate how multivalent lectin structure controls properties such as the 

binding affinity, binding mode, enthalpy, entropy and kinetics of multivalent 

lectin-glycan binding, distinct from that directly related to chemistry alone. This 

allows us to gain a deeper understanding the role of spatial selectivity in 

biology and how these details may be able to aid the design of more specific 

and potent ligands to target important lectins, such as these. 

 

1.2.5 Limitations and Gaps in Current Research 

Given their great biological importance, DC-SIGN and DC-SIGNR have been 

investigated extensively over the past 20 years, leading to advances in 

understanding their biological functions, binding behaviours and protein 

structures. However, despite these steps, there are still large gaps in our 

understanding of the relationship between the structures and multivalent 

glycan-binding properties of these lectins, among others. Understanding 

these MLGIs would allow us to answer questions such as how multivalent 

lectin binding site arrangements and orientations affect their glycan-binding 

DC- SIGN     1 MSDSKEPRLQQLGLLEEEQL-------- RGLGFRQTRGYKSLAGCLGHGPLVLQLLSFTL 

DC- SIGNR    1 MSDSKEPRVQQLGLLEEDPTTSGIRLFPRDFQFQQIHGHKSSTGCLGHGALVLQLLSFML 

              ******** ********           *   * *  * **  ****** ******** *  

 

DC- SIGN    53 LAG---- LLVQVSKVPSSISQEQSRQDAIYQNLTQLKAAVGELSEKSKLQEIYQELTQLK 

DC- SIGNR   61 LAGVLVAILVQVSKVPSSLSQEQSEQDAIYQNLTQLKAAVGELSEKSKLQEIYQELTQLK 

              ***     ********** ***** ***********************************  

 

DC- SIGN   109 AAVGELPEKSKLQEIYQELTRLKAAVGELPEKSKLQEIYQELTWLKAAVGELPEKSKMQE 

DC- SIGNR  121 AAVGELPEKSKLQEIYQELTRLKAAVGELPEKSKLQEIYQELTRLKAAVGELPEKSKLQE 

              ******************************************* ************* **  

 

DC- SIGN   169 IYQELTRLKAAVGELPEKSKQQEIYQELTRLKAAVGELPEKSKQQEIYQELTRLKAAVGE 

DC- SIGNR  181 IYQELTRLKAAVGELPEKSKLQEIYQELTELKAAVGELPEKSKLQEIYQELTQLKAAVGE 

              ******************** ******** ************* ******** *******  

 

DC- SIGN   229 LPEKSKQQEIYQELTQLKAAVERLCHPCPWEWTFFQGNCYFMSNSQRNWHDSITACKEVG 

DC- SIGNR  241 LPDQSKQQQIYQELTDLKTAFERLCRHCPKDWTFFQGNCYFMSNSQRNWHDSVTACQEVR 

              **  **** ****** ** * ****  **  ********************* *** **  

 

DC- SIGN   289 AQLVVIKSAEEQNFLQLQSSRSNRFTWMGLSDLNQEGTWQWVDGSPLLPSFKQYWNRGEP 

DC- SIGNR  301  AQLVVIKTAEEQNFLQLQTSRSNRFSWMGLSDLNQEGTWQWVDGSPLSPSFQRYWNSGEP 

              ******* ********** ****** ********************* ***  *** ***  

 

DC- SIGN   349 NNVGEEDCAEFSGNGWNDDKCNLAKFWICKKSAASCSRDEEQFLSPAPATPNPPPA 

DC- SIGNR  361 NNSGNEDCAEFSGSGWNDNRCDVDNYWICKKPAA- CFRDE 

              ** * ******** ****  *     ***** ** * ***  
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mechanisms and affinities; how these binding properties may be influenced 

by different glycan displays; and what structural aspects of the proteins are 

responsible for their specificity. Details like these allow us to paint a more 

comprehensive picture of the mechanisms involved in MLGIs of these 

proteins, which is crucial for identifying why and how certain viruses 

differentiate between them, as well as creating rules to guide the design of 

smarter therapeutics to target lectins, such as DC-SIGN and DC-SIGNR, by 

exploiting their biological behaviours for medicinal purposes. 

The main limitation in the research of DC-SIGN and DC-SIGNR MLGIs 

comes from the large uncertainty about the two proteinsô complete tetrameric 

structures. This is a classic problem for many complex membrane proteins, 

as they are often too flexible to be crystallised for structural determination with 

traditional techniques such as X-ray crystallography (XRC), and too small for 

state-of-art cryo-electron microscopy techniques. In addition, other 

conventional biophysical techniques such as isothermal titration calorimetry 

(ITC) and surface plasmon resonance (SPR), although powerful in revealing 

quantitative binding thermodynamic and kinetic data, cannot provide 

important structural information about such interactions. Moreover, ITC has 

limitations in accurately determining high affinity interactions or interpreting 

more complex interactions such as crosslinking.73-75 SPR is also limited by its 

surface-phase chemistry which can make it difficult to interpret results as 

affinity can be strongly affected by the kinetics of diffusion to the surface and 

the surface density and orientation of the surface immobilised binding 

partner.76 These techniques therefore miss out on the full range of descriptors 

for characterising the MLGIs of DC-SIGN and DC-SIGNR, and other lectins, 

such as: glycan binding site orientation and arrangement, binding mode and 

valency, and binding affinity, thermodynamics and kinetics, along with how 

these are dictated by the proteinsô amino acid compositions and how these 

aspects affect one another in relation to different glycans. Therefore, it is 

crucial to develop alternative techniques that can provide such key structural-

mechanistic information to aid our understanding of important MLGIs as well 

as to inform therapeutic design. 

1.3 Glyconanotechnology Strategy and Application in the 

Study of MLGIs 

1.3.1 Introduction to Glyconanotechnology 

In general terms, nanotechnology is the area of science that deals with the 

study, manipulation or application of matter at the nanoscale (i.e. ~10-9-10-7 
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metres). Though this encompasses most species on the molecular level, it is 

generally only applied to new technologies that have been developed at, or 

for, this scale. Nanoscale technology has captured researchersô imaginations 

since Richard Feynman famously conceptualised the idea in the late 1950s, 

leading to breakthroughs in atomic lithography, imaging techniques, self-

assembling materials and material property manipulation, among more.77 It is 

unsurprising then, that by the 1980s such principles were beginning to be 

applied to the field of biology and medicine, where such sizes are perfect for 

the interaction or novel application of proteins and cell components and 

interfaces. This has led to advances in micro- and molecular biology research; 

novel therapeutic applications or improved drug potency and targeting; and 

new diagnostic techniques, exploiting both the complementary size regime 

and also the unique chemical/physical properties of many materials at this 

scale.  

 Glyconanotechnology is therefore the study, manipulation and 

application of carbohydrate-related biology using nanotechnology. 

Glyconanotechnology has been used for a range of applications, from 

therapeutics for inhibiting the adhesion and trans-endothelial migration of 

metastatic cancer cells,78 novel nanoparticle-based photodynamic or 

hyperthermia cancer therapies,79, 80 drug delivery systems,81 pathogen 

inhibitors,82, 83 vaccines,84, 85 to probes for imaging and diagnostics.86 For 

MLGI research, specifically, glyconanotechnology has proved to be incredibly 

valuable for two main reasons: 1. Nanomaterials, in particular nanoparticles 

(NPs; broadly defined as materials that are ~10-9-10-7 m in three 

dimensions)87, provide excellent scaffolds in the design of MLGI-based 

therapeutics, due to their tuneable size, functionalisation and biocompatibility 

which can be altered to compliment target lectins/glycans for potential in vivo 

application (see Section 1.3.2 for more detail); and 2. By exploiting the unique 

size and physical properties offered by nanotechnology, nano-tools can be 

developed to probe the molecular scale characteristics (e.g. structures or 

binding properties) of lectins and MLGIs, which are otherwise inaccessible for 

more conventional techniques such due to limitations in resolution or 

practicality (see Section 1.3.3-1.3.6 for more detail). This thesis therefore 

focuses on bringing these two aspects together by harnessing the various 

unique properties of NPs to provide meaningful lectin binding information 

which can subsequently inform their therapeutic value. Such designs can 

allow us to both dissect the underlying mechanisms of how lectin structure 

and glycoconjugate design influence multivalent lectin-glycan binding, and 

probe their real-world anti-viral efficacy or biological mechanisms.   
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1.3.2 Glyconanoparticle Design 

The utilisation of nanoscale scaffolds as potential lectin targeting 

therapeutics has been explored since the start of the 1990s, originally by 

researchers who were exploring linear, dendritic and branched polymer 

scaffolds, such as Matrosovich, Whitesides and Roy.88-94 Since the turn of the 

century, however, the study of glyconanomaterials for targeting MLGIs has 

expanded significantly to encompass a range of scaffolds with a variety of 

shapes, sizes, constituent materials and chemical properties, from inorganic 

scaffolds made from materials such as gold,95-100 silver,101, 102 magnetite,103 

and quantum dots;16, 104 organic structures such as polymer chains,105-110 

dendritic, branched or hyperbranched polymers,105, 111-114 polymersomes,115, 

116 and nanogels;117 carbon based particles such as fullerenes,118-123 

nanotubes,124-130 and graphene sheets;130-132 and protein based scaffolds.133  

In general glyconanoparticle structure can be characterised by a NP core, of 

any material, capped polyvalently with glycan containing ligands (Figure 1.7). 

 

Figure 1.7 Schematic of glyconanoparticle design consisting of 
carbohydrate bearing glycan ligands polyvalently conjugated onto 
a nanoparticle core. 

NPs have been hailed for their reputation of being relatively inexpensive and 

straightforward to synthesise which make them desirable for therapeutic 

application.134 However, they also provide many other properties which make 

them particularly advantageous when targeting MLGIs, for example: 

1. They can be readily synthesised with sizes tuneable from a few to a 

few hundred nanometres, matching the size of individual virus surface 

glycoproteins or even whole virus particles. 
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2. They are easy to functionalise with specific carbohydrate ligands in a 

polyvalent manner, allowing for strong multivalent interactions with 

multimeric target lectins. 

3. Their properties can be fine-tuned (e.g. their degree of functionality or 

scaffold shape and size) in order to control their lectin binding 

capabilities. 

4. Their functional ligands can be designed to provide additional 

properties to the NP including hydrophilicity, biocompatibility and 

immune evasion. 

5. Many NPs possess unique size-dependent chemical/physical 

properties (e.g. fluorescence, superparamagnetism, photothermal 

behaviour, high density, non-toxicity, deformability/non-deformability, 

etc) which can be harnessed to provide multifunctionality by either 

offering additional therapeutic benefits or providing ways of monitoring 

their lectin binding behaviour via spectroscopic/imagining techniques.  

The ability to combine polyvalency and tuneable properties put nanomaterials 

at an advantage over conventional monovalent drugs when it comes to 

targeting MLGIs for potential therapeutic applications. This is because many 

lectins have overlapping monovalent glycan specificity, thus oligo-/poly-valent 

glycoconjugates with spatial selectivity towards a specific target lectin are able 

to both increase drug potency and provide specificity against binding to other 

molecules in the body. In addition, the simple synthesis and potential for 

multifunctionality make them advantageous over other oligovalent scaffolds 

produced by more conventional synthetic routes, which are very practical for 

fine-tuning the positions of a very specific number of carbohydrate moieties 

but are much harder to adjust in terms of size, shape or functionality. 

While a whole plethora of different glyconanoparticles have been 

investigated for their lectin binding abilities, each bring their own unique set of 

properties to the table; varying in multifunctionality, size, shape, carbohydrate 

type, degree of functionalisation, and material properties, e.g. flexibility/rigidity 

or other chemical/physical properties (Figure 1.7). The effects of some of 

these design elements, such as carbohydrate type, on lectin binding have 

been closely investigated for a range of lectins, others, such as the influence 

of shape, remain poorly understood. However, due to their highly varied 

glycan displays, each glycoconjugate differs in lectin targeting ability. 

Therefore, the development of tools for identifying the mechanisms behind the 

relationship between glyconanoparticle design and lectin binding behaviour 

are of great importance. 
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Figure 1.8 Elements of glyconanoparticle design such as the type of 
functional groups, the core material, the flexibility and density of 
glycans, and the size and shape of the glyconanoparticle can have 
a profound effect on its multivalent lectin binding behaviour. 
However, study of how many of these attributes effect the 
biophysical mechanisms of lectin binding remains in its infancy. 

For monovalent lectin binding, the most important factor in determining the 

affinity is associated with the NPôs surface chemistry, i.e. how well the surface 

glycans bind to individual binding sites. This has been studied in great depth 

as good monovalent binding affinity will have a high impact on the 

enhancement observed upon the formation of multiple binding interactions. In 

general, the most intuitive way to achieve good lectin binding this is to more 

closely mimic the glycoproteins observed in nature which inherently provide 

excellent binding capabilities and specificities towards/by target lectins. This 

is most easily achieved by simply decorating NPs with the key carbohydrates 

identified in binding. However, this can often be greatly enhanced using higher 

glycosylated ligands with poly-/oligo-saccharides which more closely mimic 

glycoproteins found in nature. For DC-SIGN, for example, studies have shown 

that NPs coated with ligands comprised of oligosaccharides achieve much 

better antiviral properties over NPs coated with mono-mannose.104, 135 This is 

consistent with its preferentiality for high-mannose glycans.27 Furthermore, 

binding can also show preferentiality between different oligosaccharide 

linkage positions; for example, Ŭ2,6-sialyllactose coated NPs have been 
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shown to display preferentiality over Ŭ2,3-sialyllactose analogues for the lectin 

hemagglutinin (HA) from human strains of the influenza A virus (IAV), 

however, this preferentiality is reversed for HA from avian IAV strains.136 The 

main challenge of increasing NP affinity via the carbohydrate groups, 

however, is that synthesis of more complex oligosaccharides can be difficult 

and time consuming, thus compromises must be made between the added 

efficacy of enhanced glycosylation and the increased complexity of synthesis. 

Because of this, some research groups have resorted to deriving more 

complex glycans from natural glycopeptides (though this has shown mixed 

benefits)106, 137 or by synthesising more potent pseudo-saccharide residues, 

whereby the carbohydrates have been altered to enhance the inhibition of a 

target virus.112, 138, 139 In addition to carbohydrate-binding strength, other 

ligand properties such as ligand flexibility may also influence the binding 

thermodynamics by inducing additional conformational restrictions.140 The 

need for understanding how aspects such as ligand structure and chemistry 

influence the biophysical contributions to the binding of glycoconjugates with 

multimeric lectins demonstrates the importance of tools which can probe the 

thermodynamics and kinetics of such interactions in order to inform the 

rational design of potent and specific glycoconjugates for targeting such 

MLGIs. 

Apart from the vital dependency between a glyconanoparticleôs surface 

glycans and its capacity to form strong interactions with individual lectin 

binding sites, its ability to establish effective multivalent enhancement comes 

down to whether the polyvalent glycan display is able to bridge multiple 

binding sites at the same time. This is determined by the distances between 

the surface glycans and the glyconanoparticleôs shape, size and flexibility 

(Figure 1.9). For example, one of the key advantages of nanomaterials is their 

macromolecular scale which provides an ideal size regime compatible with 

target lectins, allowing the surface glycans to contact more than one of a 

lectinôs binding sites, thus, greatly enhancing the binding affinity. In the case 

of larger nanoparticles, the scaffold may even be able to bridge multiple cell 

surface receptors, depending on the lectin density and accessibility, inducing 

even further multivalency and more closely mimicking the binding of the native 

glycoproteins on viruses. Such affinity-size relationships have been observed 

for many scaffolds and are often correlated with either the intra- or inter- lectin 

binding site distances.93, 117, 141-145 Thus the glyconanoparticle dimensions are 

a key factor to consider when designing lectin targeting agents, in order to 

optimise the degree of multivalency to both increase the binding affinity and 

the specificity against binding to other molecules with similar binding sites. 
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However, as discussed earlier, for many lectins, such as DC-SIGN and 

DC-SIGNR, details such as the intra-lectin binding site distances are 

unknown, thus, new tools need to be developed to better inform the 

glyconanoparticle design. In addition, scaffold size has also been associated 

with increased antiviral capacity simply due to steric shielding effects which 

provide an additional contribution to the efficacy of glycoconjugate inhibitors 

as additional lectin binding sites can become sterically inaccessible to viral 

glycoproteins despite not being directly involved in binding.146  

 

 

Figure 1.9 Conceptual schematic of different glycan-NPs binding to a 
trimeric lectin with varying valencies; demonstrating that by 
changing the size, shape, glycan density and/or deformability, a 
glycan-NP may be able to bridge a larger number of carbohydrate 
binding sites in order to improve its overall avidity (green: occupied 
binding site, pink: unoccupied binding site). 

Despite the correlation between a glyconanoparticleôs size and its potential to 

bridge multiple lectin binding sites, if the glycans are not displayed in an 

effective manner upon the surface of the nanoparticle, any increase in size 

will impart little enhancing effect other than that of steric shielding. In this 

respect, a scaffoldôs ability to bridge binding sites is very much dictated by 

how the glycans are decorated on the NP surface. On a fully glycosylated NP, 

the density of the glycan ligands is determined either by the physical spacing 

between terminal units (e.g. for polymeric or dendritic scaffolds) or else by the 

surface area occupied by the ligandsô anchor groups (e.g. for inorganic 

scaffolds). If the glycan density is too sparse then the distance between 
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glycans may be too large to bridge multiple binding sites. Conversely, if the 

glycan density provides a good match with the lectinôs binding site 

arrangement then this may result in a better affinity in comparison to other 

glycan densities.111 The glycosylation density of scaffolds can quite easily be 

altered in order to optimise the binding potency, either by changing the degree 

of functionalisation (i.e. by introducing spacer ligands);97, 104, 135, 147 the number 

of glycosylation sites per ligand linker;99, 135 the curvature of the scaffold 

(which alters the angle between the ligands);145 and, provided that the scaffold 

is curved, the length of the ligand.16, 104, 144, 145 It is worth noting, however, that 

the effect of some of these features on the inter-glycan distances may be 

greatly dependent on the flexibility of the linkers which anchor them to the 

scaffolds or the flexibility of the NP scaffold itself, as flexible glycans can be 

more easily rearranged to adjust to the arrangement of the binding sites.  

The influence of shape on the glycan presentation is twofold: 1. 

Changing the shape affects the curvature of the scaffold surface from which 

the ligands protrude, which in turn changes the angle between the glycan 

residues and thus the effective surface glycan density; 2. Curvature also 

affects the effective contact area to which the lectin can bind (for example, an 

increase in scaffold surface curvature gives rise to larger deviation of the 

glycan display away from the away from the contact plane of lectinôs binding 

sites. This can induce a steric barrier which may prevent complete binding of 

all binding sites). Differences in shape have been shown to have substantial 

influences on the binding or bio-functionality of glyconanoparticles, (e.g. 

between spherical nanoparticles or nano-rods, or complex structures such as 

star-like scaffolds or linear polymers).105, 148-151 However, the mechanisms 

behind why certain shapes impart specific avidities or biological 

consequences remains unclear. Moreover, often these effects can often be 

closely linked to additional influences, such as scaffold size or glycan density. 

Thus further work is needed to elucidate the direct effects of the influence of 

shape on MLGIs to improve the rational design of lectin targeting therapeutics.  

 Finally, due to the simplicity of glycosylation for many nanoscale 

materials, glycan-mediated lectin targeting has been at the forefront of MLGI 

therapeutic development. However, lectin-based nanoparticles (lectin-NPs) 

for targeting glycans may also act as effective therapeutics in processes such 

as inhibition of viral glycoprotein attachment. Such methods have been 

explored for the inhibition of IAV, for example, through the design of 

recombinant hemagglutinin nanoparticles which have shown strong low-nM 

affinities for sialylated SLB surfaces.15 Similarly, then, lectin-NPs may also 



- 63 - 

prove useful in targeting other glycosylation sites associated with viral binding. 

For example, DC-SIGN and DC-SIGNR have both been identified as being 

involved in the trans-infection of SARS-CoV-2 into ACE2+ cells via binding to 

the glycosylation sites of the virusô spike proteins.49 Though some inhibitors 

against this interaction have been developed,152 a more effective way of 

inhibiting the virus may be to directly target the glycosylation sites of the spike 

proteins using lectin-NPs. This may not only inhibit DC-SIGN and DC-SIGNR 

binding but could also stop the direct association between the spike protein 

with ACE2, thus greatly improving its in vivo application.  

Despite excellent advances in glyconanoparticle design over the past 

few decades, more systematic approaches for informing how differences in 

scaffold structure and composition affect the mechanisms of lectin binding still 

need to be developed in order to provide a better informed approach to 

designing glycoconjugates for therapeutic applications. Due to the 

multifunctional component of many NPs, these questions can begin to be 

answered by using their unique physical properties to paint a better picture of 

how such glyconanoparticles interact with target lectins. 

 

1.3.3 Spectroscopic Methods for Affinity Determination 

In order to understand what aspects of glycoconjugate design determine its 

binding affinity, the unique physical properties of many NPs have been 

harnessed to provide quantitative data regarding their MLGIs in the presence 

of target lectins. For example, our group previously employed glycan-

conjugated quantum dots (glycan-QDs) and gold NPs (glycan-GNPs) to the 

study of the MLGIs of DC-SIGN and DC-SIGNR.16, 99, 104 Both of these 

approaches take advantage of the characteristic optical properties of these 

materials at the nanoscale to obtain accurate binding affinity and binding 

valency information via fluorescence spectroscopy techniques. 

Quantum dots (QDs) are fluorescent nanocrystals of semiconducting 

material, often with one or more shell layers of different semiconducting material 

surrounding the fluorescent core. Unlike many other passive scaffolds 

employed in glycoconjugate construction, the bright and stable fluorescence 

of QDs enables the development of multifunctional glycan nanoscale probes 

which can not only display polyvalent glycan ligands controllably but also 

offers fluorescent applications. As a result, the glycan-QDs can be harnessed 

to analyse binding interactions with other fluorescent species via a highly 

robust Förster resonance energy transfer (FRET)-based mechanism. FRET 
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is the phenomenon whereby the energy absorbed by exciting a ñdonorò 

fluorophore is transferred to an ñacceptorò fluorophore via a non-radiative 

resonant energy transfer process. This only occurs if the two fluorophores are 

within close proximity to each other (i.e. typically <10 nm apart due to the 

inverse 6th power relationship between the FRET efficiency to the distance 

between the two fluorophores) and the emission spectrum of the donor 

overlaps with the absorption spectrum of the acceptor. If the QD is 

functionalised with specific carbohydrate ligands, and the corresponding lectin 

is labelled with a fluorescent dye acceptor, then binding can be observed by 

measuring the intensity of acceptor fluorescence resulting from QD-dye FRET 

(Figure 1.10). Moreover, because the FRET signal is directly proportional to 

the degree of lectin·glycan-QD complexation, it is possible to derive 

quantitative parameters such as the ὑ  or binding valency (see Section 

2.2.2.1 for more detailed theory).  

 

 

Figure 1.10 Schematic depicting the FRET process between an excited 
glycan-QD and dye-labelled DC-SIGN. 

Compared with other methods, the use of glycan-QD FRET assays to 

measure LGIs has many advantages, for example: 1. FRET provides quicker 

data collection in comparison to more technical approaches for affinity 

measurement, such as ITC; 2. Measuring the dual acceptor and donor 

fluorescence signal allows for a ratiometric readout which is effectively 

insensitive to instrument noise and signal fluctuation due to self-calibration, 

allowing for highly sensitive and robust measurements; 3. Because any non-

bound species are likely to be too far apart to participate in FRET, no 

background signal is produced, allowing for binding interactions to be 

performed in homogenous solutions without the need of separation; 4. Unlike 
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surface-phase assays, such as QCM or SPR, QD-FRET does not require the 

need of surface immobilisation, allowing for more authentic analysis of their 

independent binding properties. In addition to these benefits, QDs are 

particularly advantageous for this approach as their broad absorption and 

narrow symmetric emission allow for a wide choice of excitation wavelengths 

to minimise the direct excitation of the acceptor dye. Furthermore, due to the 

high fluorescence signal of QDs, QD-FRET allows for very sensitive detection 

of binding, requiring only small amounts of material.  

As well as QDs, gold NPs (GNPs) offer a similar, highly sensitive, 

solution based assay for measuring MLGIs. GNPs of >2 nm do not display 

fluorescence, thus cannot be applied in the same way as QDs. However, gold 

can still absorb energy from a donor fluorophore in close proximity (the 

efficiency of which is dependent on the inverse 4th power of the donor-

acceptor distance) though a similar energy transfer process via the resonance 

of its surface conduction electrons (i.e. SPR). Therefore, by labelling a target 

lectin with a fluorescent dye donor, the proportion of bound protein can be 

directly measured by the reduction of dye fluorescence caused by quenching 

from any bound glycan-GNP. Thus, glycan-GNPs also provide a ratiometric 

readout strategy for measuring binding (assuming that the measurements 

before and after incubation of the lectin with glycan-GNP are measured under 

identical conditions), where the same details can be extracted as with 

glycan-QDs. Glycan-GNPs also offer other advantages such as goldôs 

excellent biocompatibility compared to the toxicity of QDs, which provides a 

multifunctional element to glycan-GNPs, potentially allowing for in vivo 

application. Additionally, GNPs provide a much simpler production method 

compared QDs with additional shell layers. 
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Figure 1.11 Schematic depicting the quenching process between excited 
dye-labelled DC-SIGN and glycan-GNP. 

These glycan-NP based binding affinity readout strategies were pioneered by 

our group to study the MLGIs of DC-SIGN and DC-SIGNR. Here, the 

extracellular domains of the two proteins were site-specifically labelled via a 

cysteine site mutation which was positioned close enough to the binding site 

to permit reasonable energy transfer to a bound glycan-NP without being 

structurally or chemically essential for binding to occur.16, 99 Cysteine was 

chosen due to the fact that all other cysteine residues in the protein are 

occupied in disulphide bonding, thus this mutation provides a free thiol which 

can undergo efficient thiol-ene coupling, thus allowing for labelling with 

maleimide-bearing dyes, such as maleimide-Atto594 which provides a good 

spectral overlap with CdSe/ZnS QDs with fluorescence spectra at 550 nm 

(QD550nm). 

In order to functionalise QDs or GNPs for this application, 

thiolate-oligo(ethylene glycol)-glycan ligands were used due to their suitable 

anchor-linker-glycan design, which provides stable sulphur-coordination to 

the metal surface; excellent water solubility and resistance against non-

specific adsorption from the ethylene glycol linker; and lectin-binding 

functionality from the terminal glycan.16, 99, 104 In addition, yne-azide ñclickò 

chemistry was employed between the glycan and linker groups, enabling a 

simple way of creating a library of ligands with different linker lengths or 

carbohydrate groups (Figure 1.12). 
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Figure 1.12 Multifunctional anchor-linker-glycan ligand design (top: 
lipoic acid-tetra(ethylene glycol)-mannose, or LA-EG4-Man, with an 
yne-azide linkage; middle: lipoic acid-undeca(ethylene glycol)-
mannose- -h1,2-mannose, or LA-EG11-DiMan, with a cycoloctyne-

azide linkage; bottom: thiol-hepta(ethylene glycol), or HS-EG7-OH). 

Glycosylated QD550nm were synthesised using ligands containing a lipoic acid 

anchor, an undeca(ethylene glycol) linker and a mannose- 1h,2-mannose 

(DiMan) glycan (LA-EG11-DiMan), yielding QD-EG11-DiMan glyconanoparticle 

probes with ~300 ligands per NP and a hydrodynamic diameter (Ὀ ) of 

~9 nm.104 These probes were able to successfully obtain key quantitative 

details regarding their MGLI binding affinities in solution via ratiometric 

QD-FRET readout. QD-EG11-DiMan glycoconjugates were observed to 

provide strong binding affinities, with ὑ  values as low as 2.1 nM for DC-SIGN 

and 633 nM for DC-SIGNR. QD-EG11-DiManĀDC-SIGN complexation 

displayed an enhancement factor, ‍, of ~430,000 compared to the binding of  

monovalent DiMan with an individual DC-SIGN CRD (ὑ  = 0.9 mM).153 This 

emphasises the power of multivalency in biology to generate significantly 

stronger binding interactions from the combined effect of multiple, much 

weaker binding partners. Moreover, DC-SIGN binding results in a 300-fold 

stronger ὑ  in comparison DC-SIGNR, suggesting that, though their 

constituent monovalent mannose binding sites are near-identical, DC-SIGN 

may display a more optimal tetrameric CRD arrangement for the specific 

glycan display of these particular glycan-QD scaffolds; additionally 

emphasising the power of multivalency in enhancing the specificity of MLGIs 

for more specific biological response. Considering that the HIV surface gp120 
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glycan spike is densely coated with high-mannose glycans and is of 

comparable size to these scaffolds (~10 nm) this may provide a plausible 

explanation as to why DC-SIGN is more effective in trans-infecting HIV-1 

compared to DC-SIGNR.72, 154 

Mannosylated GNPs were also used by the group to measure DC-

SIGN/R binding by capping GNPs with LA-EG2-DiMan, yielding GNP-EG2-

DiMan with ~700 ligands per GNP and a Ὀ  of ~11 nm.99 Quenching assays 

revealed similar trends in the binding affinities to that of QD-EG11-DiMan, with 

ὑ  values of ~3.9 nM and ~152 nM for GNP-EG2-DiMan binding with DC-SIGN 

and DC-SIGNR, respectively.99 The weaker affinity of DC-SIGNR compared 

to DC-SIGN is apparent here, however, the difference is less pronounced 

using this glycan-GNP method compared to the glycan-QDs. Though this may 

be due to the various subtle differences in ligand structure, glycan-density or 

scaffold size, which can lead to more or less optimal binding depending on 

how well the glycan display matches the CRD arrangement of the proteins, it 

may also simply be a result of the inner filter effect at high concentrations (i.e. 

reabsorption of emitted light from the GNPs), thus demonstrating a limitation 

of this approach. 

These glycan-NP probes have been employed to investigate the effects 

of varying other scaffold properties, such as glycan type, linker length, total 

ligand density or individual ligand glycan valency, which all exhibit different 

effects on MLGI binding for DC-SIGN and DC-SIGNR. Using Man instead of 

DiMan, for example, has been observed to greatly reduce the DC-SIGN 

binding affinity for both QD-EG11-Man (~714 nM) and GNP-EG2-Man 

(~33.1 nM).104 This is still a large enhancement in comparison to monovalent 

binding between Man with an individual DC-SIGN CRD (3.5 mM), i.e. ~5000-

100000-fold, however this is between 2-90-fold less than the enhancement 

observed in DiMan. This affinity amplification has been observed for other 

lectins, whereby stronger monovalent affinity interactions tend to also lead to 

a higher enhancement factors with multivalency compared to weaker 

monovalent interactions.155 Altering the length of the linker has also been 

explored. For example, using QD-EG3-DiMan is found to greatly enhance the 

binding affinities of both DC-SIGN (~0.61 nM) and DC-SIGNR (~62 nM) 

compared to the longer QD-EG11-DiMan.104 This is potentially due to the 

increased in inter-glycan spacing afforded by the longer ligand length of EG11, 

which may be less optimal for the CRD arrangements of the two proteins; 

alternatively, the additional flexibility of EG11 may impose unfavourable 

variations in the thermodynamics (entropy penalty) of the binding interaction. 
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Apart from varying the ligand length, the inter-glycan distance can also be 

altered by introducing inert ñspacerò ligands to dilute the concentration of the 

glycan-ligands on the NP surface, thereby extending the separation distances 

between the terminal glycans. This technique was employed to investigate the 

effect of diluting DHLA-EG3-Man coated QDs with inert zwitterionic LA-spacer 

ligands on the binding of DC-SIGN. Using glycan surface coverages of 100%, 

50%, and 25%, it was observed that the relative protein binding efficiency per 

glycan decreased significantly with decreasing glycan density.104 This 

demonstrated that the smaller inter-glycan distances of these scaffolds were 

more optimal for the tetrameric CRD arrangement of DC-SIGN, though the 

effect of higher order mannosylated ligands such as those containing DiMan 

have yet to be explored. Because of this result, higher mannose densities 

were explored by further mannosylating the NP surface using dendritic ligand 

linkers which support three glycans per ligand. Here, LA-(EG2-DiMan)3 ligands 

were synthesised by ñclickingò azide-functionalised DiMan with LA-linkers 

displaying three alkyne groups.99 Interestingly, GNPs capped with these 

LA-(EG-DiMan)3 ligands displayed 3.6-fold stronger binding with DC-SIGNR 

(ὑ  = 42 nM) in comparison to the corresponding GNP-EG2-DiMan scaffolds 

(ὑ  = 152 nM), however, GNP-(EG-DiMan)3 displayed a negligible increase in  

affinity upon binding to DC-SIGN (ὑ  = 3.9 nM; vs 3.6 nM for GNP-EG2-

DiMan).  

 In addition to these methods, other spectroscopic approaches for 

lectinĀglycan-NP characterisation have been developed. For example, 

another benefit of these NPs (such as those made from gold or silver) is their 

absorption spectra and observable broadening/red shift upon agglomeration. 

This property has been exploited by various groups to measure the 

crosslinking of lectins such as Con A, RCA120 or PNA in the presence of 

glycan-gold or silver NPs by simply measuring the shift of absorbance with 

varying lectin concentration or recovery of the native NP absorbance in the 

presence of a carbohydrate competitor.147, 156-168 Alternatively, if the protein is 

fluorescently labelled then the binding of glyconanoparticles can simply be 

measured by centrifuging lectinĀglycan-NP agglomerates out of solution and 

measuring the decay of fluorescence as the concentration of soluble protein 

decreases, or recovery of fluorescence in the presence of a competitor. This 

technique was employed by the Yan group to quantify the binding of labelled 

Con A with mannosylated GNPs (GNP-Man) of various sizes, ligand lengths 

and glycan densities by competing against the binding of free mannose.100 

After incubation, the mixture was then centrifuged (thus removing GNP-bound 

lectin) and the concentration of remaining lectin was measured via its resulting 
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fluorescence intensity. By measuring the proportion of unbound protein over 

varying lectin concentrations, a value for the ὑ  of GNP-Man could be 

obtained relative to that of monovalent Man. This technique was able to reveal 

that crosslinking was less favourable at larger GNP sizes (i.e. ὑ  of ~25 nM 

for 30 nm GNPs vs 3-4 nM for 7-22 nm GNPs), possibly due to steric 

hindrance of lectins binding to the glycans of larger particles. Additionally, the 

binding became stronger with increased linker length which was also 

attributed to a decreased hindrance for binding as the glycans were protruded 

away from the GNP surface with larger inter-glycan separation distances. In 

addition to this approach, alternative techniques have also been investigated 

where the fluorescent functionality of the NP can be directly harnessed to 

monitor agglomeration in a similar way. For example, glycan-conjugated 

materials such as gold nanoclusters (i.e. gold NPs of Ṃ 3 nm) and carbon 

nanotubes (CNTs) also display fluorescence, the latter in the near infra-red 

(NIR). Thus these materials can be directly used to analyse the crosslinking 

of lectins by measuring the fluorescence intensity of the supernatant before 

and after addition of lectin with or without a competitor,124, 169 or even to 

directly measure their abundance on immobilised lectin surfaces.170 

Alternatively, materials such as graphene have been exploited for their 

excellent quenching behaviour. For example, fluorescent aminopyrene 

molecules grafted with maltose adsorb to the graphene surface and thus 

display quenched fluorescence, however, upon incubation with Con A, the 

lectin is able to bind to the maltose and release the fluorophore from the 

surface, thus resulting in fluorescence recovery which can be used to monitor 

the amount of binding.171 

  

1.3.4 Electron Microscopy and Dynamic Light Scattering 

In addition to the spectroscopic functionality, these nanoparticles also 

allow for simple complexation determination via dynamic light scattering 

(DLS). DLS determines the hydrodynamic sizes of species by measuring the 

size-dependent intensity fluctuations of monochromic light caused by the 

Brownian motion of particles in solution, whereby larger particles move with 

lower velocity and thus scatter light over longer periods of time in comparison 

to smaller particles. Additionally, for high density NPs, such as metal NPs, 

electron microscopy (EM) provides a powerful way to image glyconanoparticle 

complexes, due to the strong absorption of electrons which provides much 

higher contrast in comparison to organic species. These techniques lead to 

an additional level of readout, allowing us to see how glycan-NPs organise 
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themselves in solution in the presence of lectins, which provides useful 

information about the binding modes of such MLGIs and consequently the 

lectin binding site orientations. Inorganic NP scaffolds are also particularly 

convenient for this application due to their solid and non-deformable 

structures. 

Scanning or transition EM and DLS have been used widely to monitor 

proteins such as Con A or PNA for a range of inorganic NPs to provide a 

means of confirming agglomeration.147, 156, 157, 159, 160, 164, 165, 167, 168, 172, 173 DLS 

has even been exploited to obtain ὑ  values by monitoring the dose 

dependent increase in size with lectin concentration.174 In addition, DLS and 

scanning transition EM (STEM) were employed by our group to further 

analyse the complexation of DC-SIGN and DC-SIGNR with glycan-QDs and 

glycan-GNPs in order to probe a structural rationale behind their differences 

in binding affinity.99, 104 Both glycan-NPs displayed mean hydrodynamic 

diameters (Ὀ ) comparable to the size of the two proteins (Ὀ  ~14, 12, 9 and 

11 nm for DC-SIGN, DC-SIGNR, QD-EG11-DiMan and GNP-EG2-DiMan, 

respectively). These sizes are easily detectable by DLS, allowing 

straightforward measurement of the variation of Ὀ  with lectinĀglycan-QD 

assembly formation. For example, after incubation of QD-EG11-DiMan with 

DC-SIGN at a protein to QD molar ratio (PQR) of 12.5, a single dominant 

species with a mean Ὀ  of ~42 nm was observed (Figure 1.13B), which is 

consistent with that expected for a single glycan-QD coated with a monolayer 

of DC-SIGN protein molecules.104 In contrast, incubation of QD-EG11-DiMan 

with DC-SIGNR at the same PQR showed much larger and broader 

hydrodynamic size distributions, with Ὀ  values of ~124 and ~205 nm (Figure 

1.13C). Such assemblies are significantly larger than those expected for a 

single glycan-QD coated by a single layer of DC-SIGNR proteins, thus 

indicating the formation of larger assemblies containing a larger number of 

binding partners, suggesting that DC-SIGNR was able to crosslink between 

multiple glycan-QDs at a time. This observation can be backed up by STEM 

imaging of binding induced NP assemblies: by plunge-freezing and 

subsequent drying prior to measurement, which allows the NPs to be directly 

imaged in their native dispersion states without the danger of inducing 

possible artefacts during the sample drying process.175  For QD-EG11-DiMan 

in the absence of any protein, the corresponding STEM images show that, in 

addition to isolated particles, the QDs also shows some degree of adhesion 

in the binding buffer (Figure 1.13D), also observed in the Ὀ  size distributions, 

likely due to weak interactions between the QD surface DiMan ligands and 

the Ca2+ ions in the buffer. However, upon incubation of DC-SIGN, any 
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clustered QDs are completely disassembled and only isolated individual QD 

particles are formed (Figure 1.13E).104 In sharp contrast, the addition of DC-

SIGNR leads to the formation of large and extensively aggregated QD 

assemblies. These organisations of QDs are fully consistent with the 

hydrodynamic size observations for the two proteins, demonstrating that DC-

SIGN bind to single glycan-QDs at a time, whereas DC-SIGNR bridges 

multiple glycan-QDs resulting in an extensive crosslinked assembly (Figure 

1.13F). These observations were complimented by similar results for GNP-

EG2-DiMan complexation with DC-SIGN/R,99 demonstrating the 

reproducibility of these two approaches and establishing them both as valid 

methods for determining the binding nature of multivalent lectins to glycan-

NPs. 

 

 

Figure 1.13 Hydrodynamic diameter (╓ἰ) size distribution histograms of 
(A) QD-EG11-DiMan in HEPES binding buffer; (B) QD-EG11-DiMan 
incubated with DC-SIGN at a PQR of 12.5; (C) QD-EG11-DiMan 
incubated with DC-SIGNR at a PQR of 12.5. (D, E, F) show the 
corresponding STEM images of the cryogenic prepared QD and QD-
protein assembly samples. (Figure copied from Reference 104). 

These glycan-NP based multimodal readout approaches therefore distinguish 

two different binding behaviours for DC-SIGN and DC-SIGNR with NPs of this 

size: DC-SIGN displays strong binding affinity interactions with individual 

glycan-NPs, whereas DC-SIGNR forms crosslinking interactions which result 

in a weaker overall binding affinity. These observations have led to the 

conclusion that DC-SIGNôs four binding sites are oriented in the same 

direction, allowing it to bind tetravalently to the glycans of individual 
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glycan-NPs, whereas DC-SIGNRôs four binding sites are positioned in an 

outward-facing orientation, thus the glycan display of a single glycan-NP is 

unable to bridge all four CRDs which, therefore, forces it to bis-divalently bind 

with two glycan-NPs to maximise binding multivalency (Figure 1.14). 

 

 

Figure 1.14 Schematic of the binding modes of DC-SIGN (i.e. 
simultaneous binding of all CRDs to an individual NP) and DC-
SIGNR (i.e. crosslinking with multiple NPs) upon binding to the 
polyvalent glycan-NPs highlighted in References 99, 104. 

These examples demonstrate the power of glycan-NP in establishing crucial 

details of MGLIs such as binding affinity and binding mode, and show how 

they can be used to probe differences in NP design for informing the design 

of more potent and specific polyvalent targeting agents for MGLIs. This has 

progressed the understanding of the MLGIs of DC-SIGN and DC-SIGNR, 

however, many questions remain, for example: what structural bases dictate 

their differences in tetrameric CRD arrangement; what thermodynamic and 

kinetic contributions dictate their glycan binding affinities; and can 

fundamental design rules be established to inform the design of 

glyconanoparticles for specifically targeting lectins with subtle differences in 

multivalent specificity, such as these? Thus, there is still yet to be explored 

potential for these glycan-NPs for analysing the biophysical and structural 

bases behind MLGIs in a way that other techniques cannot.     

 As with all techniques, however, these glycan-NP probes also have 

their limitations. Though they can infer key structural information regarding 

lectinĀglycan-NP binding, they arenôt able to resolve more specific structural 
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details regarding multimeric lectins, such as the inter-binding-site distances or 

the structural rearrangements under binding with glycans. Moreover, though 

these glycan-NP probes provide a powerful approach for analysing MLGIs in 

their native states in solution, such assays will hold discrepancies with the true 

surface chemistry experienced on cell surfaces. Thus, the use of other state-

of-the-art techniques which allow for more detailed description of the lectin 

molecules (such as smFRET or EPR) or permit surface phase analysis (such 

as QCM or SPR), need to be used in conjunction with the methods highlighted 

above in order to provide a more comprehensive picture of NP-based MLGIs 

(see Section 1.3.5-1.3.6). 

 

1.3.5 MLGIs on Surfaces 

In order to fully understand the binding of membrane proteins with glycans at 

the cellular level, their MLGIs must be investigated on membrane surfaces. 

For the measurement of lectin-glycan affinity at cell surfaces, quantitative 

parameters such as efficacy of viral infection can be obtained by monitoring 

lectin+ cell infection, or more qualitative information may be obtained by 

techniques such as confocal microscopy. For example, glycan-NP-mediated 

inhibition of the infection of DC-SIGN+ and DC-SIGNR+ 293T cells by 

luciferase gene-encoding murine leukemia virus vector particles bearing 

EBOV surface glycoproteins (MLV-EBOV-GP) was studied previously by 

measuring the luciferase activity of infected cells under increasing 

concentrations of glycan-NP inhibitor.99, 104 In the absence of inhibitor, the 

MLV-EBOV-GP pseudo-virus is able to transmit the luciferase gene into the 

cells via the specific binding of DC-SIGN or DC-SIGNR, which results in the 

subsequent expression of the luciferase protein, thus allowing for the 

quantitative analysis of luciferase activity by measuring the oxidation of 

luciferin via bioluminescence spectroscopy. In the presence of glycan-NPs, 

this luciferase activity has been shown to be reduced by 50% at 

concentrations (IC50) as low as 0.7 nM for QD-EG3-DiMan and even 95 pM for 

GNP-EG2-DiMan.99, 104 Thus showing the power of glycan-NPs as very potent 

inhibitors against virus infection and infers the general correlation between the 

binding affinities obtained by FRET/quenching assays with real-world viral 

inhibition applications. Despite this, however, there are some discrepancies 

between trends in solution based affinity and the viral inhibition potency 

between glycan-NP scaffolds. For example GNP-(EG-DiMan)3 was found to 

have a 3.6-fold stronger affinity (lower ὑ ) than GNP-EG2-DiMan in binding to 

DC-SIGNR in solution, however, it gave a 4-fold weaker inhibition (higher IC50 



- 75 - 

value) against DC-SIGNR mediated MLV-EBOV-GP infection. Thus, some 

obvious differences between solution phase and cell surface-phase binding 

are found to occur. 

Unfortunately, however, studies such as these only demonstrate the 

inhibition potency of glyconanoparticles but cannot provide the high level of 

detail available in solution based assays, such as the binding mode or ὑ . 

Thus, it is difficult to obtain specific information about lectin binding 

mechanisms within the cellular context. Because of this, alternative 

techniques have been employed to mimic the surface-phase binding systems 

which are present on cell surfaces. This has included techniques such as SPR 

and quartz crystal microbalance (QCM) which provide a platform for 

measuring the binding of glycans onto artificial lectin coated surfaces or vice 

versa. SPR techniques measure absorption of light from a beam interacting 

with a conducting metal (often gold) due to the resonance of the conduction 

electrons, the angle of which is dependent on changes in the refractive index 

at the solution interface and any changes in mass.176 QCM directly measures 

the effect of mass on the resonance frequency of a piezoelectric quartz crystal 

(which often also uses a layer of gold as a support for functionalisation). Both 

systems can therefore measure the real-time binding of molecules by flowing 

material over the sensor surface and monitoring the rate of change of 

adsorbed analyte as it either associates or dissociates over time. SPR and 

QCM have therefore been used to measure the binding of many lectins and 

glycan-NPs either by functionalising sensor surfaces with immobilised lectins 

and monitoring the association of glycan-NP, or by monitoring the dissociation 

of freely diffusing lectins from immobilised glycan surfaces in the presence of 

a glycan-NP competitor. This has allowed for the acquisition of key 

quantitative binding parameters such as association/dissociation rates and 

binding strengths, as well as quantitative descriptors of selectivity in the 

presence of competitors for a range of glyconanoparticles and lectins, 

including DC-SIGN and DC-SIGNR.114, 122, 133, 159, 170, 177-186 However, such 

techniques are limited in the amount of information they can convey, for 

example, though both techniques can provide some of the key biophysical 

parameters required to quantify binding, it can be difficult to extrapolate 

structural details such as binding modes, which are much more easily 

obtainable by solution-based techniques. Such information is essential to 

provide understanding regarding the behaviour of multivalent lectin-glycan 

binding upon surfaces. In addition, using immobilised surfaces can often result 

in inaccurate binding descriptors, as, by fixing glycans or lectins in place, the 

system can neither accurately depict the kinetics of fluid cell membranes nor 
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the collision frequencies or lectin domain formations observed in nature.33, 187 

One approach that could overcome this, would be to support lectins upon 

artificial membrane surfaces using lipid bilayers which, though do not fully 

represent the complex nature of cell membranes, do allow for the 

rearrangement of surface-phase proteins in ways that better mimic the lateral 

mobility of their native states. Such supported lipid bilayers (SLBs) can be 

formed by the adsorption and subsequent rupture of nanoscale bilayer 

liposomes (known as small unilameller vesicles; SUVs) onto smooth, 

hydrophilic Si-based surfaces such as silica, SiN3, or mica (though other 

metal-based hydrophilic surfaces, such as TiO2, have shown varying degrees 

success)188-190. Conveniently, due to the use of silica-based sensors, both the 

formation of SLBs and monitoring of subsequent lectin-glycan interactions 

could be facilitated by QCM-based techniques (see Section 2.2.1.2 for more 

detailed theory).  

This technique has been harnessed to analyse the kinetics of many 

ligand-receptor interactions on artificial membrane surfaces, including LGIs 

such as influenza A hemagglutinin (HA) with sialic acid-coated SLBs.15 

However, apart from this, limited attempt has been made to develop SLBs for 

the surface-phase analysis of other key membrane lectins such as DC-SIGN 

and DC-SIGNR. Thus, such analysis could be used in conjugation with the 

glycan-NP techniques mentioned previously to provide a more detailed story 

of the binding of lectins to glycan-NPs both in solution and on lipid bilayer 

surfaces. This would allow us to assess whether there are any mechanistic 

similarities or discrepancies between translating from solution-phase glycan- 

NP binding to that on cell membranes. Such information will provide a better 

picture of how to design more powerful tools for monitoring MLGIs that can 

inform therapeutic glycoconjugate design at the cellular level. 

 

1.3.6 Spectroscopic Rulers 

Although glycan-NPs have been able to obtain key information behind the 

structural characteristics of lectin-glycan interaction,s obtaining detailed 

measurement of the glycan binding site arrangements of lectins with 

unresolved multimeric structures still poses a challenge. For example, though 

glycan-NP probes been able to resolve the binding site orientation of 

DC-SIGN and DC-SIGNR, the actual relative positions of these regions in 

space still remain unsolved. Such details would allow for a more rational 

design of multivalent glycan-based targeting agents with specific glycan 

arrangements which perfectly match the inter-binding site distances of these 
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lectins, allowing a much higher degree of target specificity. Tetrameric models 

for DC-SIGN and DC-SIGNR have been suggested in the past, based on the 

crystal structures of individual monomers or dimers, which agree well with the 

observed MLGI binding activities observed for DC-SIGN and DC-SIGNR 

MLGIs.23, 191 However, these are still only theoretical, thus more empirical 

techniques need to be developed to identify these CRD arrangements in order 

to better inform more specific glyconanoparticle design. One method for 

achieving this is to use so-called ñspectroscopic rulersò, which are able to 

empirically measure low-nanometre distances by analysing the relative 

positions between two or more molecular probes. This approach include 

techniques such as FRET and electron paramagnetic resonance (EPR) 

spectroscopy. 

In the case of FRET spectroscopy, the distances between a FRET pair 

of donor and acceptor fluorophores can be measured using the inverse 6th 

power relationship between distance and the FRET efficiency (see Equation 

2.3). This therefore provides a very useful way of measuring the distances 

between two discrete positions on a protein, or any other material, and has 

been applied in a range of biological scenarios.192, 193 However, when it comes 

to systems which may return multiple distances, conventional FRET 

spectroscopy techniques are greatly limited by the fact that exciting a large 

volume of sample will always return a fluorescence spectrum corresponding 

to the average conditions of all the FRET pairs measured. For example, if, the 

CRDs of DC-SIGN were labelled with a FRET pair of dye molecules, 

conventional FRET spectroscopy would simply return the average distance 

between all of the 6 inter-CRD distances (Figure 1.15 right). To overcome 

this problem, a technique known as single-molecule FRET (smFRET) 

spectroscopy has been developed to measure the fluorescence signal of 

individual molecules by focusing a beam of light at the excitation wavelength 

into a small volume of dilute sample, ensuring that no more than one molecule 

is present in the confocal volume at any time (Figure 1.15 left). By measuring 

the donor and acceptor emissions of individual molecules over an extended 

period of time, a distribution of FRET events with each FRET efficiency 

observed can be extracted. Thus, if the FRET pair occupies more than one 

distance, then multiple distributions of FRET efficiencies will be observed, 

containing a corresponding number of peaks. This can then be used to obtain 

the corresponding distances for the different configurations of the system. 

This approach has been exploited for various biological applications, including 

to probe membrane proteins to discern their conformational changes or 

particle interactions,194 but it is yet to be applied to measure the inter-binding 
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site arrangement of multimeric lectins. This is because, due to the multimeric 

nature of many lectins, labelling CRDs with acceptor and donor dye 

molecules, even via specific site mutations, inevitably leads to a distribution 

of different numbers of dyes in different configurations on the lectin. This is 

detrimental to FRET readouts as a disproportionate number of acceptor 

molecules would lead to artificially high FRET efficiencies (see Equation 2.6), 

whereas a disproportionate number of donor molecules may lead to 

quenching effects, causing artificially low FRET efficiencies. For such 

techniques to work, only 2 dye molecules per lectin can be used, however, 

such configurations are almost impossible to purify. Therefore, new 

techniques for labelling 2 out of 4 CRDs must be developed in order to probe 

multiple distances within the same multimeric lectin.  

 

 

Figure 1.15 Schematic depiction of a single molecule FRET approach to 
measure inter-binding site distances, demonstrating the passing of 
single protein molecules through the confocal volume of a focus 
excitation beam ▐ⱨἭὀ which excites the donor fluorophore 

(emission ▐ⱨἎ) which transfers energy to the acceptor fluorophore 
(emission ▐ⱨἋ) with a FRET efficiency of ╔ (left). By then obtaining 
╔ for all inter-binding site distances, for a tetrameric lectin, values 
for the 4 side and 2 diagonal distances may be obtained. 

Unlike FRET, EPR is not limited by the use of multiple different labelling 

molecules, and thus does not have the same purification challenges. EPR 

measures the effect of local environment on the excitation frequency of 

unpaired electron spins under an external magnetic field (see Section 2.2.1.3 

for more detailed theory). This technique is commonly used to monitor the 

structural dynamics of proteins over time or conformational changes upon 

binding with other proteins or ligands, by  labelling the protein under 
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investigation with site directed spin labels (SDSLs).195, 196 In addition to this, 

under strict cryogenic environments, EPR techniques such as pulse electron-

electron double resonance (PELDOR; or DEER) spectroscopy can be used to 

measure the dipole coupling between multiple SDSLs (which is inversely 

proportional to the separation distance between the SDSLs to the 3rd power, 

and thus can extend much further than FRET).197 This allows EPR to be used 

to measure distances between two or more points on a protein. However, 

unlike smFRET, PELDOR requires much larger sample sizes and 

measurements must be taken in a frozen state, where temperature effects on 

lectin conformation could affect the data accuracy compared to normal 

physiological conditions. 

Techniques such as smFRET or EPR have not been applied to the 

measurement of multimeric lectin binding domains. Therefore, harnessing 

these methods to resolve currently unknown lectin multimeric arrangements, 

such as those of DC-SIGN and DC-SIGNR, is of great value. Such information 

would be able to provide clear structural markers for developing 

glycoconjugates with matching inter-glycan distances for potent, specific 

targeting of specific MLGIs for potential therapeutic development, addressing 

a key challenge currently facing this important research area by avoiding 

unwanted interactions with other similar proteins in the body.  

1.4 Summary and Research Aims 

Lectin research has come far within the past few decades, with new insights 

into their glycan specificities, affinities, structural characteristics and biological 

pathways. The rise of nanotechnology has provided an ideal platform to 

facilitate this research, offering vital new methods for probing lectin-glycan 

interactions and effective lectin binding partners which can be employed to 

treat disease. Despite these advances, many of the structural characteristics 

and binding mechanisms for many multimeric cell membrane lectins remain 

unresolvable by conventional means and therefore require alternative 

methods of elucidation. Glycan-QDs have proven to be a powerful technique 

for probing MLGIs through a multimodal readout strategy comprising of FRET, 

STEM and hydrodynamic size analyses. This technique has been able to 

reveal the binding mechanisms of a pair of closely related tetrameric lectins, 

DC-SIGN and DC-SIGNR, demonstrating that subtle differences in their CRD 

orientations are responsible for their distinct binding affinities and modes with 

glycan-QDs and in turn affects the glycan-QD inhibition of DC-SIGN/R 
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mediated viral infections. This thesis therefore builds upon the previous work, 

and focuses on developing new techniques using glyco-nanotools to evaluate:  

1. The thermodynamic and kinetic contributions of lectinĀglycan-QD 

binding, through temperature and time dependent FRET studies, which 

reveal the energetic and dynamic rationale behind the different 

specificities of DC-SIGN and DC-SIGNR with glycan-QDs; Chapter 3. 

2. Structural contributions to the specificity of these proteins, via the 

combination of mutagenesis and glycan-QD-FRET techniques; 

Chapter 3. 

3. Scaffold design elements, such as scaffold shape, which contribute to 

the observed differences in multivalent lectin-glycan-QD binding 

specificity and affinity; Chapter 4. 

4. The differences between solution- and surface-phase lectinĀglycan-NP 

binding using SLBs as an intermediate lens for understanding the 

mechanistic differences between glycan-NP FRET/quenching analysis 

and cell-based viral inhibition studies; Chapter 5. 

5. smFRET and EPR as innovative tools to investigate the tetrameric 

inter-CRD arrangements and dynamics of DC-SIGN and DC-SIGNR, 

to better understand their relative positions and how these may 

contribute to their observed specificity differences; Chapter 6. 

6. Finally, this thesis also explores the use of DC-SIGN for the 

development of novel DC-SIGN and DC-SIGN CRD-based lectin-NP 

conjugates as potent inhibitors against SARS-CoV-2 infection by 

directly targeting viral surface conserved glycans; Chapter 7. 

This research provides an important advancement to the current study of 

protein-carbohydrate interactions, utilising and developing state-of-the-art 

nanotechnologies to provide previously unattained structural and biophysical 

details regarding the lectins DC-SIGN and DC-SIGNR and their multivalent 

lectin-glycan interactions. Here, glycan-QDs were able to distinguish that 

where DC-SIGN and DC-SIGNR both interact with mannosylated species with 

similar enthalpies, the crosslinking capability of DC-SIGNR results in a large 

entropic and kinetic penalty, which correlates with the reduced binding 

efficiency of DC-SIGNR often observed on cells or with other glycoconjugates.  

However, by lengthening the QD in one dimension, i.e. via the use of quantum 

rods, this crosslinking can be partially overcome, resulting in the addition of 

stronger simultaneous binding of all four binding sites to individual QRs with 

a comparable binding strength to that of DC-SIGN. Thus demonstrating the 

key contribution of shape influences, such as curvature, on the overall avidity 
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of glycoconjugates to lectin. Furthermore, it was revealed by single molecule 

FRET that DC-SIGNR has a much broader inter-binding site area than 

DC-SIGN, which explains why DC-SIGNR is only able to form these stronger 

tetravalent interactions with larger effective glycan display areas.  

 In addition to this, preliminary results measuring the binding of 

DC-SIGN and DC-SIGNR with glycan-GNPs on lipid surfaces, via QCM-D, 

provided strong evidence that the different binding modes of the two lectins 

(i.e. weaker crosslinking of DC-SIGNR and stronger simultaneous binding of 

DC-SIGN) can also be observed on membrane surfaces. Thus, agreeing with 

previous cell study results which demonstrate correlations with solution phase 

experiments.  

 Finally, by exploiting the strong multivalent mannose-binding capability 

of DC-SIGN, lectin-conjugated GNP viral neutralising agents have been 

successfully developed and shown to inhibit SARS-CoV-2 virions in vitro with 

high potency, irrespective of variant type, by targeting the highly 

mannosylated spike protein. 

These data provide useful advancement in answering the questions of 

ñhow lectin structure influences glycan-binding behaviourò and ñhow 

glycoconjugate design influences lectin-binding behaviourò, using DC-SIGN 

and DC-SIGNR as a case study pair of lectins. The conclusions obtained 

herein can therefore be used to inform a more rational design of highly potent 

and specific lectin targeting therapeutics in the future as well as innovative 

glycan-targeting therapeutic treatments against diseases such as viral 

infection. 
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Chapter 2  

General Materials and Methodology 

2.1 Materials and Methods 

2.1.1 Materials 

Phenol (>99.5%) was purchased from Alfa Aesar. D-mannose was purchased 

from Biosynth Carbosynth. Maleimide-Atto488, Maleimide-Atto643 

Maleimide-Atto643 were purchased from ATTO-TEC GmbH. 1,2-di-(9Z-

octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) was purchased from 

Avanti Polar Lipids. Bovine serum albumin (BSA, >99%) was purchased from 

BioServ UK. commercial CdSe/ZnSe/ZnS Core/Shell/Shell quantum dots 

(core diameter: 3.9 Ñ 0.5 nm, ɚem = 550 ± 8 nm, quantum yield (QY) = 62%, 

denoted as QD550) bearing mixed ligands of hexadecylamine, 

trioctylphosphine and trioctylphosphine oxide in toluene, and CdSe/CdS 

elongated core/shell quantum rods (QR560; core diameter = 3.1 ± 0.7 nm, core 

length = 15 ± 6 nm based on our TEM images; 1st excitonic ‗  = 541 nm, 

‗  = 558 nm, nominal QY = 68 %) capped with mixed ligands of 

trioctylphosphine oxide, trioctylphosphine and hexadecylamine in hexane, 

were purchased from Center for Applied Nanotechnology (CAN) GmbH. His6-

Cys peptide was purchased from China peptides. 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES, >99%); 2-amino-2-

(hydroxymethyl)propane-1,3-diol (tris base >99.8%); calcium chloride (CaCl2, 

fused granular); chloroform (CHCl3, >99.8%); ethylenediamine tetraacetic 

acid, disodium salt dehydrate (ETDA, >99%); hydrochloric acid (HCl, ~37%); 

sodium chloride (NaCl, >99.5%); sodium hydroxide pellets (NaOH, >99%), 

and sulphuric acid (H2SO4, >95%) were purchased from Fischer Scientific. 

Hexane (>97%) and methanol (MeOH, >99.9%) and were purchased from 

Sigma-Aldrich. S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate (MTSSL) was purchased from Toronto Research 

Chemicals. Ethanol absolute (EtOH, >99.97%) was purchased from VWR 

Chemicals BDH®. Ultra-pure H2O (resistance >18.2 Mɋ.cm) was obtained 

through an ELGA Purelab classic UVF system.  

DHLA-EG11-DiMan, DHLA-EG3-DiMan, DHLA-EG3-OH, 

DHLA-EG3-Man and LA-EG2-Man were synthesised in-house using our 

previously established protocols (ligands and precursors were also provided 

by Darshita Budhadev, Yuanyuan Liu, Emma Poole and Chadamas 

Sakonsinsiri in our group).1-3 LCMS: calculated m/z for C60H111N5O27S2 

(DHLA-EG11-DiMan) [M+H]2+ 699.84, found 699.92; calculated m/z for 
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C44H78N5NaO19S2 (DHLA-EG3-DiMan) [M+Na]+ 1068.2, found 1068.6; 

calculated m/z for C32H59N5O9S2 (DHLA-EG3-OH) [M+H]+ 722.38, found 

722.41; calculated m/z for C38H68N5O14S2 (DHLA-EG3-Man) [M+H]+ 884.11, 

found 884.46; calculated m/z for C27H49N4O11S2 (LA-EG2-Man) [M+H]+ 

669.2834, found 669.2838; calculated m/z for C33H58N4O16S2 (LA-EG2-Man) 

[M+H]+ 831.3233, found 831.3242. LA-EG11-Tz-TFP and LA-EG11-TFP linkers 

and LA-EG4-Gal and LA-EG4-DiMan glycan ligands were synthesised in-

house (provided by Darshita Budhadev in our group). HRMS: calculated m/z 

for C69H107F4N5NaO21S2 (LA-EG11-Tz-TFP) [M+Na]+ 1504.6728, found 

1504.6725; calculated m/z for C42H69F4N2O15S2 (LA-EG11-TFP) [M+H]+ 

981.4075, found 981.4098; calculated m/z for C31H59N4O13S2 

(DHLA-EG4-Gal) [M+H]+ 759.35, found 759.30; calculated m/z for 

C37H69N4O18S2 (LA-EG4-DiMan) [M+H]+ 921.40; found 921.33. 

Tris-NTA(-OtBu)-succ-dioctadecylamine (tris-NTA DODA) was synthesised 

in-house, as described previously (provided by Changjiang You in the Piehler 

group).4 

Common buffers included: loading buffer (25 mM Tris, 1.25 M NaCl, 25 

mM CaCl2, pH 7.8); binding buffer (20 mM HEPES, 100 mM NaCl, 10 mM 

CaCl2, pH 7.8); elution buffer (20 mM HEPES, 100 mM NaCl, 2.5 mM EDTA, 

pH 7.8); binding buffer for dye labelling (20 mM HEPES, 100 mM NaCl, 10 

mM CaCl2, pH 7.2); and elution buffer for labelling (20 mM HEPES, 100 mM 

NaCl, 2.5 mM EDTA, pH 7.2); tris buffer (10 mM tris base, pH 7.8); dialysis 

buffer (1.25 M NaCl, 25 mM tris pH 7.8, 25 mM CaCl2); SUV buffer (10 mM 

HEPES, 150 mM NaCl, pH 7.4). All buffers were made using ultra-pure water. 

 

2.1.2 General instrumentation and computation 

Centrifugation was performed using either a Thermo Scientific Haraeus 

Fresco 17, Heraeus Multifuge 3SR or a Beckman Coulter Avanti JXN-30 

centrifuge, depending on the speed and volume, at room temperature (r.t.) 

unless otherwise stated. Concentration or washing by centrifugation was 

carried out using Sartorius Stedim Lab 30 kDa molecular weight cut-off 

(MWCO) Vivaspin 500 and Merck Millipore 10 kDa MWCO Amicon Ultra 

centrifugal filters for QRs and protein, respectively. Dialysis was performed 

using Thermofischer Scientific 14000 MWCO BioDesign Dialysis Tubing. 

Evaporation was performed using at reduced pressure using Genevac 

Concentrator EZ-2 or a Virtis Benchtop K freeze dryer. 
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High resolution mass spectrometry (HRMS) was used to analyse all 

protein samples and was performed using a Bruker Daltonics MicroTOF mass 

spectrometer. Deconvoluted mass values reported are in Da and protein 

labelling efficiency (LE) was obtained from the ratio of the integral of the 

labelled protein HRMS peak to the sum of that of the labelled and unlabelled 

protein peaks. Liquid chromatography mass spectroscopy (LC-MS) was used 

to analyse all other samples and was performed using a Bruker AmaZon 

speed mass spectrometer. Ultraviolet-visible light spectroscopy (UV-vis) was 

performed on either a Cary 60 UV-vis spectrophotometer using an Agilent 

Technologies sub-micro 10 mm quartz cell or a Thermo Scientific Nanodrop 

2000 spectrophotometer with optical path length of 1 mm using a droplet of 

sample. 

All images were analysed using ImageJ version 1.4.3.67 or 1.53q; all 

numerical data were analysed using Microsoft Excel 2016; and graphs were 

plotted using Origin 2019b software. 

 

2.1.3 DHLA-EGn-Glycan  

DHLA-EG11-DiMan and DHLA-EG3-OH ligands were synthesised by copper-

free ñclickingò interactions between LA-EG11-Cyclooctyne and N3-EG2-DiMan 

or LA-EG3-Cyclooctyne and N3-EG2-OH followed by reduction using 

TCEPĀHCl as reported previously.1 All the glycans and linkers were 

synthesised in-house and purified using our previously established protocols 

(precursors were also provided by Darshita Budhadev, Yuanyuan Liu, Emma 

Poole and Chadamas Sakonsinsiri in our group).1,2 MS: calculated m/z for 

C60H111N5O27S2 (DHLA-EG11-DiMan) [M+2H]2+ 699.84, found 699.92; 

calculated m/z for C32H59N5O9S2 (DHLA-EG3-OH) [M+H]+ 722.38, found 

722.41 (Figure 2.1).f 

 

f It is worth noting that a DL-lipoic acid precursor is used for the synthesis of 
these molecules. Thus, a mixture of enantiomers is present in each of the 
final products, due to the chiral centre of the lipoic acid substituent. 
However, this is not a concern for the purpose of nanoparticle conjugation. 
In addition, although all products are purified via column chromatography, 
the yielding ligand will inevitably contain a mixture of triazole regioisomers 
due to the random relative orientations of the reacting azide and alkyne 
groups. (Note: this could be minimised by instead employing copper-
catalysed alkyne-azide cycloaddition, which favours the trans regioisomer 
(depicted in Figure 2.1) due to steric hindrance of the other substituents 
during the reaction). 



- 92 - 

 

 

Figure 2.1. Mass spectrometry data and chemical structures of in-house 
synthesized ligands for functionalize the QD, (A) DHLA-EG11-DiMan 
and (B) DHLA-EG3-OH.a 

 

2.1.4 Production and characterisation of proteins 

2.1.4.1 Wild-type protein 

All proteins used were based off the extracellular domains (ECDs) of DC-

SIGN and DC-SIGNR. Plasmids encoding for the wild type amino acid 

identities DC-SIGN and DC-SIGNR were made in-house (provided by Yuan 

Guo). 

Flakes of a pre-prepared ampicillin-resistant E. coli (BL21/DE3) 

glycerol stock containing the plasmid coding for the desired protein were 

added to sterilised solutions of LB (2.5 g) in H2O (100 mL) with ampicillin (100 

µL, 50 mg mL-1 in H2O) and were incubated for 15 hr at 30 oC and 200rpm. 

The resulting start culture (30 mL) was then added to sterilised solutions of 

LB (25 g) in H2O (1 L) with ampicillin (1 mL, 50 mg mL-1 in H2O) and incubated 

at 37 oC and 200 rpm until the optical density at 550 nm (OD550) was around 

0.7-0.8. IPTG (1 mL, 100 mg mL-1 in H2O) was then added and the cell culture 

was incubated at the same conditions for a further 2.5 hrs. The resulting 

growth culture was then centrifuged at 5000 rpm at 4 oC for 10 min. The 
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supernatant was discarded, and the pellet was redispersed in tris buffer (10 

mM tris base, pH 7.8) and centrifuged at 10000 rpm at 4 oC for 10 min. The 

pellet was then collected and stored at -80 oC. 

For 3 L of growth culture, the resulting pellet was then dispersed in cold 

tris buffer (100 mL) using sonication (50 % cycle, 60 % power, 8 cycles of 

alternating between 2 min sonication and 1 min at 0 oC). The cells were then 

disrupted via two cycles in a cell disruptor at 23 kPsi, followed by one cycle of 

tris buffer (50 mL). The resulting solution was then centrifuged at 20000 rpm 

at 4 oC for 15 min. The pellet was then suspended in a buffer of guanidineĀHCl 

(6 M), tris (100 mM, pH 7.0) and ɓ-mercaptoethanol (20 µL) (total volume 

60 mL) and further sonicated (50 % cycle, 60 % power, 2 cycles of 2 min 

sonication and 1 min at 0 oC followed by 2 min sonication and 30 min at 0 oC). 

The solution was then centrifuged at 20000 rpm and 4 oC for 30 min. The 

supernatant was added to dialysis buffer (1.25 M NaCl, 25 mM tris pH 7.8, 25 

mM CaCl2; total volume 150 mL) and dialysed against the same buffer (2 L) 

for around 42 hr, where the buffer was replaced 3 times. The dialysed material 

was then collected and centrifuged at 23000 rpm and 4 oC for 30 min.  

The supernatant was then added to a mannose-sepharose affinity 

column which had been pre-equilibrated with dialysis buffer. For DC020 and 

DC020-C, the column was washed with binding buffer (20 mM HEPES, 100 

mM NaCl, 10 mM CaCl2, pH 7.8) before being eluted using with elution buffer 

(20 mM HEPES, 100 mM NaCl, 2.5 mM EDTA, pH 7.8). CaCl2 (pH 7.4) was 

then added to the eluted fractions to a final concentration of 10 mM. Protein 

concentrations were obtained by UV-vis spectroscopy using the Beer-

Lambert law (Equation 2.1; where ὃ is the absorbance a specific wavelength 

‗, ὧ is the concentration, ‐ is the extinction coefficient at ‗, and ὰ is the sample 

path length). Here, the protein monomeric concentration is determined by the 

ὃ  using ‐  = 70400 M-1·cm-1 and ‐  = 60890 M-1·cm-1. 

 ὃ ὧ‐ὰ 
2.1 

 Protein molecular weights (MW) were confirmed from deconvoluted 

HRMS data, where calculated protein MW values were obtained from the 

amino acid sequences of one monomeric unit of the corresponding protein. 

Protein tetrameric hydrodynamic diameters (Ὀ ) were confirmed by DLS 

analysis. 

DC-SIGN: HRMS: calculated MW [DC-SIGN] 39197.22; found 39202.44. 

DLS: Ὀ  14.0 ± 4.3 nm. 
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DC-SIGNR: calculated MW [DC-SIGNR] 37478.99; found 37470.17. DLS: Ὀ  

14.5 ± 3.6 nm. 

 

Figure 2.2. Deconvoluted HRMS spectra of the monomeric extracellular 
domains of (A) DC-SIGN (wild type; WT) and (B) DC-SIGNR (WT). 

 

Figure 2.3. Volume population hydrodynamic size distribution 
histograms fitted with lognormal Gaussian distribution for 
extracellular segments of wide-type lectins: (A) DC-SIGN (WT) (B) 
DC-SIGNR (WT), at 40 nM in binding buffer (╓ἰ values given as 
mean ± ½ FWHM).  

 

2.1.4.2 Labelled protein 

Plasmids encoding for DC-SIGN Q274C and DC-SIGNR R287C plasmids 

were made in-house by site-directed mutagenesis, as described previously.2 

Proteins were produced from pre-prepared ampicillin-resistant E. coli 

glycerol stocks containing the plasmid coding for the desired protein, as 

described in Section 2.1.4.1. However, during the mannose-sepharose 
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column chromatography purification, loaded protein was instead washed with 

binding buffer for dye labelling (20 mM HEPES, 100 mM NaCl, 10 mM CaCl2, 

pH 7.2) and eluted with elution buffer for labelling (20 mM HEPES, 100 mM 

NaCl, 2.5 mM EDTA, pH 7.2), before adding CaCl2 (pH 7.4) to the eluted 

fractions to a final concentration of 25 mM.  

The fractions containing protein were combined and concentrated to a 

final absorbance at 280 nm (A280) of >0.6. Either maleimide-Atto594 (7.36 mM 

in DMSO, monomer protein:dye molar ratio = 3:1) was then added and 

immediately mixed by vortex. The solution was then covered and slowly 

rotated at r.t. for 1 hr, before being stored at 4 oC overnight. The resulting 

mixture was then added to a mannose-sepharose affinity column, which had 

been pre-equilibrated in binding buffer, and washed with binding buffer until 

the excess dye was removed. The protein was then eluted using elution buffer 

and CaCl2 (pH 7.4) was then added to each fraction to a final concentration of 

10 mM. Concentration was determined using UV-vis adsorption using a 

modified Beer-Lambert equation (Equation 2.2; where [P] is the monomer 

concentration of protein (P); ὃ is the maximum absorbance peak at 

wavelength ‗ (i.e. ὃ  for P or ὃ  for Atto594); #&  is the correction factor 

for the dye at 280 nm (#&  = 0.5 for Atto594), and ‐ is the extinction 

coefficient of monomeric P at 280 nm (‐  = and 60890 M-1·cm-1 for DC-SIGN 

Q274C and DC-SIGNR R287C, respectively)).  

 

 0
ὃ #& ȟ ὃ ȟ

‐ȟ  ὰ
 2.2 

 

Protein molecular weights (MW) were confirmed from deconvoluted HRMS 

data, where calculated protein MW values were obtained from the amino acid 

sequences of one monomeric unit of the corresponding protein and LE was 

obtained from the ratio of the labelled protein to unlabelled protein peak areas. 

DC-SIGN-Atto594: HRMS: calculated MW [DC-SIGN Q274C] 39172.22, [DC-

SIGN Q274C + 2Ca] 39252.40, [DC-SIGN Q274C-Atto594] 40100.22; found 

39253.60 and 40105.75. LE: 87%. 

DC-SIGNR-Atto594: HRMS: calculated MW [DC-SIGNR R287C] 37425.95, 

[DC-SIGNR R287C + 2Ca]: 37506.10, [DC-SIGNR R287C-Atto594] 

38353.95; found: 37507.48 and 38358.26. LE: 85%. 
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Figure 2.4. Deconvoluted HRMS spectra of the monomeric extracellular 
domains of (A) DC-SIGN Q274C labelled with maleimide-Atto594 
(DC-SIGN-Atto594), (B) DC-SIGNR R287C labelled with 
maleimide-Atto594 (DC-SIGNR-Atto594). 

  

2.2 Experimental methodology and instrumentation 

2.2.1 Experimental Theory 

2.2.1.1 QD-FRET Theory 

Förster resonance energy transfer (FRET) between donor and acceptor 

fluorophores can be measured quantitatively via the FRET efficiency (Ὁ), 

which describes the proportion of energy absorbed by the donor which is 

transferred to the acceptor. The efficiencies of such dipole-dipole energy 

transfer processes are well-known to vary with the inverse 6th power of the 

donor-acceptor distance (Ὑ). For 1:1 donor:acceptor FRET systems this can 

be described using in Equation 2.3:  

 Ὁ 
ρ

ρ
Ὑ
Ὑ

 
2.3 

Ὑ, also known as the Förster radius, describes the donor-acceptor distance 

of a specific FRET pair, at which Ὁ is 50%. This is characterised by the 

conditions of the FRET pair system, such as: the dipole orientation factor (‖); 

the refractive index of the solution (ὲ); the quantum yield (QY) of the donor 

(  ; that is, the efficiency by which a fluorophore converts absorbed light into 

fluorescence); and the spectral overlap (ὐ) between the donor fluorescence 

and the acceptor absorbance spectra (Equation 2.5; where Ὅ is the 

fluorescence intensity of the donor, ‐ is the extinction coefficient of the 

acceptor, and ʇ is the wavelength of light).   
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For polyvalent glycan-QDs, however, their surface areas are often 

much larger than the binding contact area of many lectins, which means that 

multiple acceptors can often be assembled onto a single glycan-QD surface. 

In such cases, Ὁ is not only dependent on Ὑ and Ὑ, but also the effective 

number of acceptors within proximity to each QD (ὔ), in accordance with 

Equation 2.6 (where, in order for ὔ to represent the number of bound 

acceptor, the donor-acceptor distance for each acceptor pair must be the 

same).5  

 Ὁ 
ρ

ρ
ρ
ὔ
Ὑ
Ὑ

 
2.6 

 

The FRET efficiency can be related to measured fluorescence 

spectrum of the system via the integrated fluorescence intensities 

corresponding to the donor and acceptor fluorophores, Ὅ ‗ and Ὅ‗, 

respectively (Equation 2.7; where ‎ is a correction factor for the quantum 

yield difference between the donor and acceptor). 

 
Ὁ 

ρ

ρ ‎ ᷿
Ὅ ʇ
Ὅʇ

Äʇ
 

2.7 

As the ratio of the integrated fluorescence intensities should be directly 

proportional to the ratio of the intensities of each peak, a relationship between 

the ratio of the acceptor to donor fluorescence intensities can be derived 

which is shown to be proportional to ὔ (Equation 2.8; where ‌ is the factor of 

proportionality between the donor to acceptor integrated fluorescence ratio to 

the donor to acceptor peak intensity ratio). This ratio is hereon referred to as 

the FRET ratio (Ὂ.   

 

Ὂ
Ὅ

Ὅ
ὔ‎Ͻ‌Ͻ

Ὑ

Ὑ
 2.8 
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Given a constant mean donor-acceptor separation distance, this linear 

proportionality between the FRET ratio and the number of bound protein 

therefore allows us to directly measure the proportion of bound protein 

(ὔ Ⱦὔ  under constant lectin:QD molar ratios, by simply measuring Ὂ 

at different lectin concentrations ( ὒ) (where ὊȾὊ ὔ Ⱦὔ ; Figure 

2.5 right). By monitoring how the proportion of bound protein changes with 

concentration via the FRET ratio, the ὑ  can be obtained using the Hill 

equation (Equation 2.9; where ὲ denotes the Hill coefficient, a measure of 

the propensity of a bound protein to assist or hinder subsequent binding, i.e. 

ὲ ρȟὲ ρȟὲ ρ describes positive, negative or no cooperativity, 

respectively).  

 Ὂ Ὂ Ͻ
ὔ

ὔ
Ὂ Ͻ

,

ὑ ,  
 2.9 

In addition to this, because of the linear dependency of Ὂ with ὔ (Equation 

2.8), the FRET ratio can also be used to analyse the number of proteins able 

to bind to each glycan-QD (i.e. the valency). This can be done by measuring 

the change in Ὂ with the titration of protein against a fixed QD concentration. 

Assuming ideal ὔ:1 binding of protein to a single QD and identical donor-

acceptor separation distances, this should result in a linear Ὂ-ὔ relationship 

which plateaus upon saturation of lectins on the glycan-QD surface (provided 

ὗὈḻὑ  and assuming no other interactions affect the FRET process, e.g. 

there is no change of acceptor fluorescence with increasing QD surface 

coverage). Thus the glycan-QD valency is given by the point at which this 

linear increase reaches the maximum FRET ratio.  
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Figure 2.5 Diagram depicting example plots related to Figure 1.10, for: 
the overlap between the adsorption spectra for donor (QD) and 
acceptor (dye) fluorophores (═Ἆ and ═Ἃ, respectively) and their 

emission spectra (with fluorescence intensities ╘Ἆ and ╘Ἃ, 
respectively) (left); the fluorescence spectra of a FRET pair which 
increases in binding with increasing concentration (middle); and 
the change of FRET ratio (╘ἋȾ╘Ἆ) with concentration, showing the 
maximum FRET ratio (╕ἵἩὀ) and the dissociation constant (╚Ἤ) 
(right).  

 

2.2.1.2 Theory Behind QCM-D Analysis of SLB 

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a 

convenient technique for the setup and monitoring of SLB formation and any 

subsequent surface interactions. Because quartz displays piezoelectric 

character (whereby electrical voltage applied to the crystal is converted into 

mechanical deformation, and vice versa), when an alternating current is 

applied then the crystal will mechanically vibrate in sync. If this vibration 

frequency matches the crystalôs acoustic resonance frequency then the 

crystal is able to freely oscillate which can be monitored via its alternating 

current. The resonance frequency is negatively correlated to the areal mass 

density (ά) of material on the sensor. This means any mass added to the 

surface (e.g. during the formation of SLBs or the subsequent interaction of 

material) will lead to negative shifts in frequency (Ὢ) (Equation 2.10; where ὲ 

is the overtone number, ὅ is the sensitivity constant).  

 ЎὪ 
ὲЎά

ὅ
 2.10 

Additionally, QCM-D monitors the dissipation of energy (i.e. the loss of energy 

from the system through heat, per oscillation). This is determined by the 

mechanical properties of the materials adhered to the surface. Softening of 

the sensor surface results in an increase in dissipation, whereas more rigid 

surfaces decrease the dissipation.  
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 QCM-D therefore allows for the quantitative measurement of binding 

over time under a constant flow of material in buffer. This can be observed 

during the adsorption of SUVs onto the surface which initially results in a large 

negative frequency shift (ЎὪ) from the buffer baseline (correlating to an 

increase in mass) as intact SUVs adsorb to the silica surface (Figure 2.6).6 

However, once a critical vesicular coverage (CVC) is obtained, crowding 

stresses cause rupturing of the adsorbed SUVs, resulting in the formation of 

the SLB. This is demonstrated by the partial return of the ЎὪ, which forms a 

new baseline which shifts only slightly upon washing with buffer as any 

remaining material adsorbed is displaced from the SLB surface. By also 

monitoring the dissipation, a signature transient shift can be observed which 

confirms these two phases (i.e. the soft intact SUV layer which is much higher 

in dissipation and the final SLB surface which is much more similar silica 

baseline).  

 

Figure 2.6 QCM-D monitoring of the formation of an SLB via the 
adsorption and subsequent rupturing of SUVs upon a hydrophilic 
support (reconstructed from Reference 6). 

If the SUV is also comprised of lipids containing a functional tethering 

group, other materials such as proteins or glycans may be bound to the 

surface. These functionalised SLBs allow for the concentration- or time-

dependent measurement of protein-ligand association by flowing the 

corresponding analyte (e.g. free lectin or glycan) over the semi-immobilised 

surface and measuring the decrease in ЎὪ. Additionally, the time-dependent 
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measurement of dissociation can also be obtained by washing the bound 

surface with pure buffer and measuring the increase in ЎὪ with time as analyte 

dissociates from the surface. As ЎὪ is proportional to the amount of bound 

protein, the kinetic parameters such as the apparent-ὑ  can be derived by the 

ЎὪ-concentration relationship via the Hill equation (Equation 2.9), and the 

apparent-Ὧ  via the first order rate of dissociation (Equation 1.9). 

 

 

Figure 2.7 QCM-D monitoring of the functionalisation of an SLB surface 
with protein, and subsequent association and dissociation of 
analyte. 

 

2.2.1.3 EPR Theory 

Electron paramagnetic resonance (EPR analyses the splitting of unpaired 

electron spin energy levels as they align themselves either parallel (ά

ρȾς) or antiparallel (ά ρȾς) to an external magnetic field. In the case of 

continuous wave (cw)-EPR, the extent to which energy gap (ЎὉ) between 

these energy levels is affected by an external magnetic field can then be 

monitored by scanning the magnetic field strength (ὄ) and recording the point 

at which a fixed microwave frequency (’) is able to excite the electrons into 

an antiparallel spin state (Equation 2.11; where Ὤ is the Planck constant, and 

‘  is the Bohr magneton). The extent of the splitting of the spin energy levels 

is determined by the electronôs g-factor (Ὣ) which is known value for free 

electrons (i.e. Ὣ) but can be altered by any local magnetic fields.  
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Ὤ’ ЎὉ Ὣ‘ὄ 2.11 

Nitroxide SDSLs are particularly suitable for EPR studies as the spin of the 

N14 nuclei (Ὅ = 1) couples with the spin of the unpaired electron on the OÅ which 

results in a hyperfine triplet splitting pattern. By measuring the change in 

absorption over modulating Ўὄ, a first derivative spectrum is obtained which 

can be used to derive key details about the system. For example, as well as 

the local magnetic environment, the dynamics of the system also influence 

the signal. Here, the correlation time (†) of the spin label (i.e. the average 

time it takes for a molecule to rotate one radian) is determined by its mobility 

and effects the signal amplitude and broadening.  

 

Figure 2.8 (A) schematic of proxyl SDSL at a cysteine residue; (B) energy 
level diagram demonstrating the hyperfine splitting of electron spin 
upon coupling with a N14 nucleus (C) cw-EPR spectrum 
corresponding to the hyperfine splitting of nitroxide unpaired 
electrons. 

 

2.2.2 General Experimental Method 

2.2.2.1 FRET assays 

All FRET studies were performed using a Cary Eclipse Fluorescence 

Spectrophotometer and a 0.7 mL SUPRASIL® quartz cuvette (optical path 

length: 10 mm). Samples were excited with a fixed ɚex = 450 nm 

(corresponding to ɚabs minimum of the Atto594 acceptor to minimise direct 

excitation background) and the fluorescence spectra were collected from 500 

to 750 nm, with intervals (ȹɚ) of 1 nm. Excitation and emission slit widths and 

PMT were adjusted to ensure that fluorescence signals were always within 
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the linear response range of the instrument to ensure high measurement 

accuracy. While this would affect the absolute fluorescence signals for both 

the donor (quantum dot/rod QD/R) and acceptor (Atto594), the FRET ratio 

used in affinity evaluation would be unaffected, due to its ratiometric 

character. Binding assay samples were prepared by adding labelled protein 

to glycan-QD/R in a solution of binding buffer with BSA (1 mg/mL), and were 

incubating for 20 min before measurement. The large excess of BSA was 

used not only to greatly minimise any nonspecific interactions, but also to 

drastically reduce the adsorption of the QR and proteins on surfaces, which is 

especially important for measuring samples at low concentrations (e.g. 20 nM 

or below) where non-specific surface adsorption can significantly reduce the 

true solution concentration. All samples were performed in duplicates and 

each fluorescence spectrum was corrected by subtracting the background 

spectrum of the labelled lectin, without QR-DiMan, under identical conditions. 

FRET ratios (Ὂ) were obtained as the ratio between the maximum intensity 

observed from the fluorescence of the acceptor (Atto594; Ὅ at ~627 nm) to 

that observed from the donor (QD/R; Ὅ at ~550/560 nm, respectively) of the 

background corrected fluorescence spectra (Ὂ ὍȾὍ). 

 

2.2.2.2 Hydrodynamic size analysis 

All hydrodynamic size measurements were performed by dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano and 10 mm PMMA cuvettes. 

Distributions were obtained by averaging a minimum of 3 measurements of 

10 runs of 10 s. Mean hydrodynamic diameter, Ὀ , values were obtained by 

fitting these averaged volume percentage hydrodynamic size distributions 

with Gaussian (Equation 2.12) or lognormal (Equation 2.14) distribution 

curves, as specified. Where, ώ denotes the volume percentage intensity, ὼ 

denotes the hydrodynamic size, ὼ is the hydrodynamic size distribution 

centre, ύ is the standard deviation, ὃ is the integrated area, and FWHM is the 

full width at half of the maximum amplitude (Gaussian FWHM: Equation 2.13; 

lognormal FWHM: Equation 2.15). All Ὀ  values are reported as ὼ ± ½ 

FWHM.  All protein containing samples were performed using wild type lectin.
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2.2.2.3 STEM analysis 

All STEM images were taken using an FEI Titan3 Themis 300 G2 S/TEM and 

analysed using analysed using high angle annular dark field scanning 

transmission electron microscopy (HAADF STEM) mode (performed by Dario 

Fernandez Ainaga and Nicole Hondow at the University of Leeds).1, 7 This 

provides atomic number contrast, permitting imaging of the high atomic 

number metal nanoparticles (brighter) on the low atomic number background 

(darker). 3.5 µL of each sample was loaded onto a plasma-cleaned TEM grid 

with a continuous carbon support film, before blotting and plunge-freezing into 

liquid ethane. The TEM grids were then warmed to room temperature over 

several minutes by placing the specimens in a liquid nitrogen cooled storage 

container in a rotary pumped vacuum desiccator. The samples were then 

plasma cleaned for 15 s before measurement.   

 

2.2.2.4 Phenol-sulphuric acid carbohydrate quantification 

The average number of ligands conjugated to the QR surface was determined 

using the phenol-sulphuric acid method of carbohydrate quantification.8 

Calibration samples were prepared in duplicates by adding phenol (80 µL, 5 

% w/w in H2O) and sulphuric acid (400 µL) simultaneously to known 

concentrations of N3-EG2-DiMan ligand precursor (80 µL in H2O). After 

vortexing briefly, the samples were left at r.t. for 30 min, and their absorbance 

spectra were recorded by UV-vis spectroscopy using a SUPRASIL® quartz 

cuvette (path length: 10 2 mm). A calibration curve of absorbance at 490 nm 

vs concentration was then constructed which was fitted with a linear fit, 

obtaining an extinction coefficient at 490 nm of 18900 ± 300 M-1 cm-1.  
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Figure 2.9 (A) The background corrected absorption spectra of varying 
concentrations of N3-EG2-DiMan samples after reaction with 5 % 
phenol and sulphuric acid (1:5 v/v ratio) and (B) a plot of sample 
absorbance at 490 nm against N3-EG2-DiMan concentration, fitted 
by a linear relationship, giving ◐  (0.0189 ± 0.0003) Ͻ●; R2 = 0.998. 

The supernatants and washing filtrates obtained after each glycan-NP 

preparation, were combined, freeze-dried and dissolved in H2O. Samples 

were then treated with phenol-sulphuric acid in the same manner as the 

calibration samples. The calibration extinction coefficient was then used to 

determine the amount of unbound free ligands for each sample, from the 

absorbance at 490 nm. The amount of ligand conjugated to each NP was then 

obtained by subtracting the number of unbound free ligands from the initial 

amount used for QD conjugation. The number of ligands per NP (ὔ) is 

therefore the ratio of the amount of conjugated ligand to the amount of NP 

used (Equation 2.16; where ὲ  is the total number of moles used for cap 

exchange, ὲ  is the final number of moles of NP, ὃ  is the absorbance of 

the unconjugated ligand stock at 490 nm, ὠ is the volume of unconjugated 

ligand stock, ‐  is the extinction coefficient  (18900 ± 300 M-1 cm-1) 
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Chapter 3  

Polyvalent Glycan-Quantum Dots as a Multifunctional Tool 

for Revealing Thermodynamic, Kinetic and Structural Details 

of Multivalent Lectin-Glycan Interactions 

The following chapter is based on the work from: Hooper, J. et al. ACS Appl. 

Mater. Interfaces. 2022. 14 (42), 47385ï47396.  

The author of this thesis wrote the manuscript and conducted all material 

preparation, FRET experiments and FRET data analysis. STEM was 

performed and analysed by Dario Fernandez Ainaga and Dr Nicole Hondow. 

Ligand precursors were synthesised by Dr Yuanyuan Liu and Dr Darshita 

Budhadev. All plasmids were prepared in-house by Dr Yuan Guo. 

3.1 Introduction 

Lectin-glycan interactions (LGIs) are widespread and play a pivotal role in 

biology. As individual LGIs are intrinsically weak, and hence mostly 

biologically inactive, most lectins form multimeric structures, allowing them to 

bind multivalently with multivalent glycans to enhance affinity and form 

biologically relevant interactions.1 In the immune system, multivalent LGIs 

(MLGIs) are employed to recognise pathogen associated glycan patterns as 

a means of activating the host immune defences against infection.2, 3 

However, undesirable nonspecific activation can also lead to persistent 

inflammation and tissue death.4, 5 MLGIs are also exploited by pathogens (e.g. 

viruses, bacteria and fungi) to establish attachment on host cells to initiate 

infection or by cancer cells to suppress host immunity to assist cancer 

development.6, 7 Therefore, understanding the mechanisms behind MLGIs is 

of great importance.  

Multivalent glycans are widely employed as research probes for MLGI 

mechanisms as well as potential therapeutics against specific MLGIs.8-16 

Here, the binding mode between MLGI binding partners is critical. When MLGI 

binding partners have perfect spatial and/or orientation matches, they will form 

simultaneous multivalent binding and give a great affinity enhancement, and 

hence effective therapeutic intervention.17-22 Whereas, those that do not have 

such spatial/orientation matches may inter-cross-link with each other, giving 

rise to a relatively low affinity enhancement and a less effective therapeutic 

result.19-21  However, information regarding the majority of MLGI binding 
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modes and how different binding modes affect the affinity and underlying 

binding thermodynamics and kinetics remains largely unexplored. This is 

presumably due to limitations of current biophysical techniques in probing 

such complex and flexible interactions. For example, isothermal titration 

calorimetry (ITC)23, 24 and surface plasmon resonance (SPR)25 are two of the 

most widely employed techniques to study the thermodynamics and kinetics 

of binding interactions, including MLGIs. However, ITC cannot accurately 

determine the affinity of very strong binding interactions (e.g. with an 

equilibrium dissociation constant, ὑ , at the low nanomolar level or below).26, 

27 Moreover, cross-linking interactions can make it difficult to interpret the ITC 

data.28 It is also difficult to dissect how individual LGIs contribute and control 

the overall MLGI affinity and specificity by SPR, because these are strongly 

affected by the density and orientation of the surface immobilised binding 

partner.29 In addition, SPR measures the binding interactions occurring at the 

surfaceīsolution interface, a very different environment from that in solution. 

Hence, the kinetic data measured by SPR may not be directly transferrable to 

that in solution. Thus, these conventional biophysical techniques can only 

provide some, but not a whole set, of key biophysical parameters such as the 

individual lectin binding thermodynamics, kinetics, binding modes, and 

binding site orientations, which are important for both the fundamental 

understanding and therapeutic development against specific MLGIs.     

Meanwhile, over the past two decades, the strongly fluorescent 

quantum-dots (QDs) have emerged as a powerful probe for biological and 

biomedical research. In particular, the QDôs strong and robust fluorescence 

has been widely exploited as sensitive QD-FRET (Förster resonance energy 

transfer) readouts in broad biosensing, bioanalytical and diagnostic assays, 

as well as bioimaging applications.30-36 Compared to other readout strategies, 

QD-FRET has the advantages of high sensitivity, simple, separation free 

detection, and excellent assay robustness because of its ratiometric 

character. In this regard, our group has recently demonstrated that densely 

glycosylated QDs (glycan-QDs) can be harnessed as powerful mechanistic 

probes for MLGIs. We have shown that glycan-QDs can not only provide 

quantitative MLGI binding affinities via QD-FRET readout, but can also dissect 

their exact binding modes by S/TEM imaging of binding-induced QD 

assemblies.19, 20, 37 Using the tetrameric lectins, DC-SIGN and DC-SIGNR 

(collectively denoted as DC-SIGN/R, hereafter) as model lectins, it was found 

that despite sharing ~80% amino acid identity, an overall tetrameric 

architecture and identical monovalent mannose binding motifs,38, 39 their 

binding properties with mannose-Ŭ-1,2-mannose (DiMan) capped QDs 
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(QD-DiMan) are very different: DC-SIGN binds strongly via simultaneous 

tetravalent binding, while DC-SIGNR binds much more weakly (>100-fold 

lower affinity) via inter-cross-linking (Figure 3.1).20 It was also revealed that 

QD-DiMan only potently blocks DC-SIGN-mediated, but not DC-SIGNR-

mediated, virus infections, and their potencies are positively linked to their 

lectin binding affinities.20 These differences were attributed to subtle 

orientation differences in their four carbohydrate-recognition domains (CRDs), 

where, all four CRDs point uprightly, away from the coiled-coil tetramerisation 

neck, in DC-SIGN, but those in DC-SIGNR are split into two pairs and point 

sideways (Figure 3.1).19, 20 The CRD orientation difference may account for 

their distinct glycan binding and virus transmitting properties. For instance, 

DC-SIGN was found to be more effective in transmitting some HIV strains than 

DC-SIGNR,40 while only DC-SIGNR, but not DC-SIGN, could effectively 

transmit West Neil Virus for infection.41 

 

 

Figure 3.1 Schematic showing the different binding modes for 
DC-SIGN/R leading to different QD assemblies. The simultaneous 
tetravalent DC-SIGNĀglycan-QD binding leads to individual QD 
particles, even at high protein:QD ratios (PQRs), whereas the 
crosslinking between DC-SIGNR and glycan-QDs results in a 
multiple QDs being assembled together in large-scale assemblies. 

The close structural similarity and monovalent mannose specificity yet distinct 

multivalent QD-DiMan binding modes makes DC-SIGN/R a perfect pair of 

model lectins to study how binding modes affect MLGI binding 

thermodynamics and kinetics, as well as the structural bases behind these 

differences. Moreover, DC-SIGN/R play a key role in facilitating the infection 

of a wide range of viruses, e.g. HIV, HCV, Ebola, Zika and more recently 

SARS-CoV-2.40-44 Thus their MLGI biophysical parameters are of great 

importance and biological significance, not only for understanding their basic 

structural and biophysical mechanisms but also for guiding the design of 

multivalent glycan entry inhibitors for blocking DC-SIGN/R-mediated viral 
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infections. This antiviral mode can avoid virus mutation and the development 

of resistance, and thus can be advantageous over other antiviral strategies.8, 

9, 13-15 In addition, DC-SIGN-targeting multivalent glycans can be harnessed 

as potential therapeutics against cancer, allergy and other immune 

dysregulation diseases, by exploiting DC-SIGNôs powerful immune regulation 

functions.2, 3, 6, 7 

In this chapter the capability of QD-DiMan MLGI probes is significantly 

extended by studying their binding thermodynamics via measuring their 

temperature-dependent binding affinities with DC-SIGN and DC-SIGNR in 

combination with Van ôt Hoff analysis. Furthermore, stopped flow fluorescence 

spectroscopy has been employed to study their binding kinetics. Additionally, 

these techniques have been applied to identify that a 16 amino acid segment 

located at the C-terminus of DC-SIGN, which is absent in DC-SIGNR and 

plays an important role in DC-SIGNôs ability in HIV transmission,40 is critical in 

defining DC-SIGNôs binding thermodynamics and binding mode. This work 

thus provides a significant development in establishing glycan-QDs as a 

powerful new platform for studying a MLGIs, extending their capability to 

probe a range of biophysical parameters, mechanisms, and protein structure-

function relationships. 

3.2 Experimental 

3.2.1 QD-EGn-Glycan 

Cap exchange procedure was adapted from previously described methods of 

lipoic acid ligand conjugation.19-20 DHLA-EG11-DiMan was prepared as 

described in Section 2.1.3. 

QD-EG11-DiMan. QD550 (53 µM in toluene, 1.2 nmol) was precipitated by 

adding EtOH (1.2 ml) followed by centrifugation at 15000 g for 10 min. The 

clear supernatant was discarded and the pellet was dissolved in CHCl3. 

DHLA-EG11-DiMan (2.5 mg, 1.8 µmol) in CHCl3, NaOH (0.1 M in EtOH, 2.2 

µmol) and MeOH were then added quickly to the QD solution and the reaction 

was left to stir, covered, at r.t. for 30 min. Hexane was then added until 

precipitation was observed and the suspension was then centrifuged at 

15000 g for 3 min. The clear supernatant was carefully removed and stored 

for glycan valency evaluation. The QD pellet was dissolved in H2O, transferred 

to a 30 kDa MWCO spin filter and then washed 3  with H2O, each using a 

2 min centrifugation at 15000 g, to remove any unbound free ligands. The 

supernatant above and the washing solvents were collected and stored for 
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sulfur-phenol quantification of the surface carbohydrate coverage (see 

Section 2.2.2.4). Mean hydrodynamic diameters (Ὀ ) were obtained by DLS. 

This yielded a stable QD-DiMan in aqueous solution with a Ὀ  of 12.4 ± 3.0 

nm and 210 ± 70 glycans ligands per particle. 

QD-EG3-OH. QD550 (80 µM in toluene, 2 nmol) was precipitated in the 

presence of EtOH (1.2 ml) and centrifuged at 15000 g for 10 min. The 

supernatant was discarded and the pellet was dissolved in CHCl3. DHLA-EG3-

OH (1.0 mg, 1.4 µmol) in CHCl3, NaOH (0.1 M in EtOH, 1.68 µmol) and MeOH 

were then added quickly and the reaction was left to stir, covered, at r.t. for 30 

min. Hexane was then added until precipitation was observed, and the 

suspension was then centrifuged at 15000 g for 3 min. The QD pellet was 

then dissolved in H2O followed by washing 3  with H2O using a 30 kDa 

MWCO spin filter at 15000 g for 2 min as above. This yielded a stable QD-OH 

in aqueous solution with a Ὀ  of 9.0 ± 2.9 nm. 

 

 

Figure 3.2 Volume populations hydrodynamic size distributions fitted with 
lognormal Gaussian distribution curves for (A) QD capped with 
DHLA-EG11-DiMan (QD-DiMan) and (B) QD capped with DHLA-EG3-OH 
(QD-OH). 

 

3.2.2 DC-SIGN, DC-SIGNR and DC-SIGN-C 

The DC-SIGN and DC-SIGNR were produced and purified as described in 

Section 2.1.4.1, and their cysteine point mutation variants, DC-SIGN Q274C 

and DC-SIGNR R287C, were produced, purified and labelled with 

maleimide-Atto594 as described in Section 2.1.4.2. Plasmids encoding for 

DC-SIGN-C and DC-SIGN-C Q274C variants were prepared by deleting 16 

amino acids at the C-terminal of DC-SIGN and DC-SIGN Q274C, respectively, 

confirmed by DNA sequencing. These proteins were produced and purified as 
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described in Section 2.1.4.1 and labelled as described Section 2.1.4.2, 

respectively. The amino acid identities are shown below, whereby asterisks 

denote residues of similarity between DC-SIGN/-C and DC-SIGNR, and the 

location of the cysteine mutation is shown in bold. 

 

Proteins were characterised by UV-vis spectroscopy and protein molecular 

weights (MW) were confirmed from deconvoluted HRMS data, where 

calculated protein MW values were obtained from the amino acid sequences 

of one monomeric unit of the corresponding protein and labelling efficiency 

(LE) was obtained from the ratio of the labelled protein to unlabelled protein 

peak areas. The wild type tetrameric protein Ὀ  was confirmed by DLS 

analysis. 

DC-SIGN-C: HRMS: calculated MW [DC-SIGN-C]: 37581.41, found 

37585.66. DLS: Ὀ  14.5 ± 3.5 nm. 

DC-SIGN-C-Atto594: HRMS: calculated MW [DC-SIGN-C Q274C + 2Ca] 

37636.60 and [DC-SIGN-C Q274C-Atto594] 38484.42; found 37636.62 and 

38490.71. LE: 75 %. 
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Figure 3.3. Deconvoluted HRMS spectra of the monomeric extracellular 
domains of (A) DC-SIGN-C, (B) DC-SIGN-C-Atto594. 

 

 

Figure 3.4. Volume population hydrodynamic size distribution 
histograms fitted with a lognormal Gaussian distribution for (A) 
DC-SIGN-C at 40 nM in binding buffer (╓ἰ values given as 
mean ± ½FWHM).  

 

3.2.3 QD-FRET thermodynamic assays 

FRET assays were performed as described in Section 2.2.2.1. Affinity 

measurements were obtained by measuring the direct excitation background 

corrected FRET spectra of lectin and glycan-QD at concentrations of 0.5-60 

nM at a protein to QD ratio (PQR) of 1:1 for DC-SIGN and DC-SIGN-C, and 

concentrations of 0-800 nM at a PQR of 10:1 for DC-SIGNR. Thermodynamic 

measurements were obtained by repeating these measurements at 

temperatures of 20, 25 and 30 oC. Buffer and sample temperatures were 

controlled by incubation in a water bath or dry bath, respectvely. The cuvette 
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temperature was maintained by a Cary single cell Peltier accessory 

temperature control unit, where temperature was sustained using a water 

pump cooling system.  

 

3.2.4 QD-FRET kinetic assays 

Kinetic FRET assays were performed using a TgK scientific SFA-20 Rapid 

Kinetics stopped-flow accessory in conjunction with a Cary Eclipse 

Fluorescence Spectrophotometer. Measurements were taken by exciting the 

sample at ‗  = 450 nm and taking subsequent measurements of the 

fluorescence intensities at ‗  = 550 and 628 nm over time, with a time 

resolution (ɝὸ) of 0.0125 s. The apparatus consists of two syringes (A and B) 

fed to a 80 µL high grade Spectrasil B cuvette via capillary tubes, which then 

continues to a switch which is triggered upon injection of 0.3 mL of sample. 

Before measurement, the system was pre-flushed with H2O (40 mL), followed 

by syringe A with BSA (1 mg/ml in binding buffer, 2 mL) and syringe B with 

binding buffer (2 mL), and finally both syringes with binding buffer (10 mL). All 

solutions used for measurements were made in binding buffer containing 

His6-Cys (5 µg/mL). His6-Cys has been previously found to enhance 

fluorescence and reduce nonspecific interactions for the QDs, 19, 20, 45 thus 

was used instead of BSA which may inhibit collision events under high 

concentrations. Association measurements were obtained by loading syringe 

A with QD-DiMan (2.5 mL, 40 nM in buffer) and syringe B with protein (2.5 

mL, 40 nM in buffer). Dissociation measurements were obtained by loading 

syringe A with solution of QD-DiMan and protein (2.5 mL, 40 nM in buffer, 

PQR 1:1), which had been pre-incubated for 20 min, and syringe B with 

D-mannose (2.5 mL, 40 mM). Background measurements were obtained by 

loading syringe A with buffer (2.5 mL) and syringe B with protein (2.5 mL, 

40 nM in buffer). For each run, the system was flushed with sample (1.5 mL 

per syringe) before starting measurements. Each measurement was ran for 

60 s before the next injection, where buffer was used to displace the sample 

once the sample had been completely injected, until the fluorescence signal 

was observed to drop. Corrected fluorescence intensity profiles were obtained 

for both association and dissociation experiments by subtracting the 

background time profiles taken at corresponding injection volumes and ‗ , 

and averaging 3 measurements at each ‗  possessing consistent 

fluorescence intensity plateau values. FRET ratio time profiles were then 

obtained by the ratio between the averaged corrected fluorescence signals at 

‗  = 628 nm (Ὅ) and 550 nm (Ὅ), over time. The kinetic profiles for DC-
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SIGNR at a 1:1 PQR showed low signal-to-noise due to its weaker binding 

interaction, thus the data were smoothed by averaging every five time points, 

giving a Ўὸ of 0.0625 s. 

 

3.2.5 QD STEM imaging 

Samples were prepared by adding wild type lectin to a solution of QD-DiMan 

(40 nM in binding buffer) at PQRs of 1:1 for DC-SIGN and DC-SIGN-C, or 

10:1 for DC-SIGNR, and incubating for 20 min. STEM images were obtained 

as described in Section 2.2.2.3. 

Software based approaches to analyse the particles was complicated 

by the significant overlap of particles in the samples with agglomeration (in 

particular for DC-SIGNR). Consequently, a manual approach to identify 

individual or groups of QDs was undertaken using the following criteria: (1) 

Particles were considered to be óclusteredô if there was no clear boundary 

between their edges at the magnification and focus of the relevant image (i.e. 

Ṃ1 nm apart); (2) Once a particle had been counted it was marked to avoid 

the possibility of double counting. Due to the high contrast difference between 

the Cd-containing QDs and the carbon support film of the TEM grid images of 

an appropriate magnification permitted the analysis of between 170 and 400 

particles per image.  

3.3 Results and Discussion 

3.3.1 Materials synthesis and characterisation.  

A dihydro-lipoic acid-undeca(ethylene glycol)-mannose- -h1,2-mannose 

(DHLA-EG11-DiMan) based multifunctional glycan ligand (Figure 3.5) was 

synthesised using our previous procedures.20 Additionally, a DHLA-

tri(ethylene glycol) based ligand with a terminal di(ethylene glycol) group 

(denoted as DHLA-EG3-OH) was also synthesised and used as a negative 

control (Section 2.1.3 for chemical structure). Each glycan ligand contains 

three functional domains: a DHLA group for strong QD anchoring via chelative 

zinc-thiolate coordination;31 a flexible EG11 linker for imposing high water 

solubility, excellent stability and resistance against nonspecific adsorption;46, 

47 and a terminal DiMan group for specific DC-SIGN/R binding.20 
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Figure 3.5 Schematic of DHLA-EG11-DiMan coated CdSe/CdS/ZnS 
core/shell/shell QDs (QD-DiMan; left) with the chemical structure of 
deprotonated DHLA-EG11-DiMan (LA-EG11-DiMan; right). 

A CdSe/CdS/ZnS core/shell/shell QD (ɚem ~550 nm, core diameter ~3.9 nm, 

quantum yield = 62%) was employed to construct the glycan-QDs. It also 

acted as the donor for developing the QD-FRET-based binding assays. Cap-

exchange using deprotonated DHLA-EG11-DiMan in a homogeneous solution 

was employed to make DHLA-EG11-DiMan capped QD (denoted as QD-

DiMan, hereafter) as reported previously.19, 20 A QD capped with the DHLA-

EG3-OH control ligand (denoted as QD-OH hereafter) was also prepared as 

a negative control for lectin binding. Both QDs were found to be 

monodisperse, relatively compact (with hydrodynamic diameters, Ὀ , of ~12 

and ~9 nm for QD-DiMan and QD-OH, respectively; Figure 3.2) and highly 

stable. No changes of physical appearance or precipitation were observed 

after storage for 1 month in a fridge. The average glycan valency per QD was 

estimated as 210 ± 70 by measuring the difference between the amount of 

ligand added and that remaining unbound post cap-exchange (Section 

2.2.2.4).20 By calculating the average deflection angle of the glycan ligands, 

and using the Ὀ  value above, the average inter-glycan distance was 

estimated to be 1.7 ± 0.3 nm (Appendix B.1).36 

The soluble extracellular segments of DC-SIGN/R, which have been 

shown to faithfully retain the tetrameric structure and glycan binding properties 

of full length proteins, were used in all glycan-QD binding studies.19, 20 DC-

SIGN with its C-terminal 16 amino acids truncated (denoted as DC-SIGN-C 

hereafter) was constructed using standard molecular biology techniques and 

the construct was confirmed by DNA sequencing. Proteins used in FRET 

assays were modified with a site-specific cysteine mutation at Q274 in DC-

SIGN and DC-SIGN-C or R287 for DC-SIGNR, enabling them to be labelled 

with maleimide-modified Atto594 dye, as described previously, which acted 
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as a FRET acceptor.19, 20 The labelling positions lie outside of the lectinsô 

glycan binding pockets; hence, Atto594 labelling does not affect their glycan 

binding properties as confirmed previously.20 The QD-Atto594 FRET pair 

have good spectral overlap with a respectable Förster radius (R0 ~5.7 nm, 

Appendix B.2), ensuring that efficient FRET can occur provided that the 

glycan-QD and labelled lectin are bound to one another. Moreover, there is 

little overlap between the QD and dye emission spectra, making it 

straightforward to differentiate donor and acceptor fluorescence without the 

need of spectral deconvolution.20 The proteins were characterised by high 

resolution mass spectrometry (HRMS), UV-vis spectroscopy and dynamic 

light scattering (DLS). All three lectins were found to form stable tetramer with 

comparable hydrodynamic diameters (Ὀ ) of ~14 nm (Figure 2.3; Figure 3.4) 

The average dye labelling efficiency was ~85% for all DC-SIGN/R and ~75% 

for DC-SIGN-C (Figure 2.4; Figure 3.3B). 

3.3.2 Quantifying binding affinity and thermodynamics via QD-

FRET.  

 

 

Figure 3.6 Schematic depicting the FRET process between an excited 
glycan-QD (donor) and lectin labelled with Atto594 (acceptor), 
where ▐ⱨἭὀ is the excitation energy, ▐ⱨἎ is the donor emission 
energy and ▐ⱨἋ is the acceptor emission energy. 

The principle of the QD-FRET readout for quantifying the DC-SIGN/R 

(Atto594 labelled) binding with QD-DiMan is shown schematically in Figure 

3.6. Since FRET can only happen over a short distance (e.g. < 10 nm), any 

unbound lectins (acceptors) would be too far away to participate in FRET 

interactions with the QD donor and hence cannot contribute to the FRET 

signal. Thus, the observed FRET signal is directly linked to the equilibrium of 
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QD-DiMan-lectin binding, and more specifically, the amount of lectins bound 

to the QD. This is a distinct advantage of QD-FRET readout, allowing for 

binding assays to be performed in homogenous solutions without the need of 

purification or separation.34, 35, 48 The apparent binding equilibrium 

dissociation constants, ὑ  (the inverse of the equilibrium association constant, 

ὑ, i.e. ὑ ρȾὑ), between QD-DiMan and the lectins were measured via our 

recently established method.20 Briefly, the fluorescence spectra of pre-mixed 

QD-DiMan-lectin samples with varying protein concentration, but under a fixed 

protein:QD molar ratio (PQR) of 1:1 for DC-SIGN or 10:1 for DC-SIGNR, were 

recorded at a fixed excitation wavelength (‗ ) of 450 nm. This ‗  

corresponds to the absorption minimum of the Atto594 receptor, thereby 

minimising the dye direct excitation background. A higher PQR for DC-SIGNR 

was used to compensate for its relatively low FRET signal, due to weak 

binding.  
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Figure 3.7 Background-corrected fluorescence spectra of different 
concentrations of a mixture of QD-DiMan with Atto594 labelled 
lectins at 20 oC for (A) DC-SIGN (PQR 1:1), (B) DC-SIGNR (PQR 
10:1), and (C) DC-SIGN-C at a (PQR 1:1); and the corresponding 
apparent FRET ratioīprotein concentration relationships at three 
different temperatures, fitted by Equation 3.1, for (D) 1:1 mixed QD 
and DC-SIGN, (E) 1:10 mixed QD and DC-SIGNR, and (F) 1:1 mixed 
QD and DC-SIGN-C. Error bars represent the standard deviations 
(SDs) of triplicate experiments at each concentration. 

 

 



- 120 - 

Table 3.1 Fitting parameters for the FRET curves of QD-DiMan binding 
with labelled DC-SIGN, DC-SIGN-C and DC-SIGNR at varying 
temperatures (R2 >0.99 for all fits, SDs represent fitting errors). 

Protein ╣ / oC ╚▀ / nM ╕□╪● 

DC-SIGN 

20 1.54 ± 0.07 3.0 ± 0.1 

25 3.00 ± 0.04 3.00 ± 0.01 

30 5.9 ± 1.7 3.3 ± 0.2 

DC-SIGN-C 

20 1.62 ± 0.28 3.15 ± 0.08 

25 1.67 ± 0.48 2.80 ±0.07 

30 1.56 ± 0.50 2.42 ± 0.12 

DC-SIGNR 

20 35 ± 2 1.20 ± 0.02 

25 80 ± 6 1.31 ± 0.04 

30 130 ± 10 1.30 ± 0.09 

 

The corresponding dye direct excitation corrected fluorescence spectra 

(Figure 3.7A,B) revealed that while both the fluorescence intensities of the 

QD donor (Ὅ; at ~550 nm) and Atto594 acceptor (Ὅ; at ~628 nm) were 

increased with increasing concentration, Ὅ increased more quickly than Ὅ, 

leading to an increasing apparent FRET ratio (Ὂ ὍȾὍ) at higher 

concentrations before reaching saturation (Figure 3.7D,E). In contrast, 

incubating the labelled lectins with the QD-OH control without the terminal 

glycan did not produce any noticeable FRET signals, confirming that the 

FRET signal observed here was due to specific lectin-glycan interactions 

(Figure 3.8). Furthermore, neither the QDs nor the labelled proteins exhibited 

any significant absorption at ‗  of 450 nm which could affect the FRET 

measurement via inner filter effect. Their absorbance at 450 nm were <0.01 

even at the highest concentrations used (80 nM of QD and 800 nM of protein), 

and their fluorescence intensity-concentration relationships were both 

perfectly linear across the range of concentrations studied (Figure B.2). 
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Figure 3.8 Plot of FRET ratio vs protein to QD molar ratio (PQR) obtained 
by titrating varying amounts of DC-SIGN (blue) or DC-SIGN-C 
(green) to a fixed concentration of QD-OH (20 nM). Neither plots 
showed significant FRET signals, confirming almost no non-
specific interactions between the QD-OH control and Atto594 
labeled DC-SIGN or DC-SIGN-C. 

The apparent FRET ratio-concentration relationships were then fitted with the 

Hill equation (Equation 3.1) to derive the apparent binding ὑ  values (Figure 

3.7D-E, Table 3.1). Where [P] is the protein concentration, Ὂ is the apparent 

FRET ratio, Ὂ  is the maximal FRET ratio at saturated binding, and n is the 

Hill coefficient, which indicates binding cooperativity (i.e. ὲ < 1, = 1, and > 1, 

indicate binding to be negatively-, none- and positively- cooperative, 

respectively). Here, ὲ = 1 was assumed as most affinity assays were 

performed under a PQR of 1, therefore glycan-QDs should be bound with just 

one lectin; thus no intermolecular lectin-lectin interactions were expected to 

inhibit or promote the lectin-QD binding.49 
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amount of protein (or other binder) whilst maintaining a fixed QD 

concentration, to obtain the fluorescence-concentration relationships from 

which apparent ὑ  values were derived.50 While such a method can provide 

accurate ὑ  values for weak binders (e.g. true ὑ  >> 50% of the QDôs saturate 

binding capacity), it cannot provide accurate measurement for strong binders 

(e.g. true ὑ  < 50% of QDôs saturate binding capacity) where the measured 

0 10 20 30 40

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 DC-SIGN + QD-EG3-OH

 DC-SIGN-C + QD-EG3-OH

F
R

E
T

 R
a
ti

o

PQR



- 122 - 

ὑ  values will simply equal 50% of the QDôs saturate binding capacity. In 

contrast, our above method does not have such limitations and can provide 

robust ὑ  measurements for both strong and weak binding partners. This is 

because the ὍȾὍ ratio is linearly proportional to the amount (or fraction, under 

a fixed PQR) of lectins bound to the QD in the binding system, thus it is 

independent of the protein concentration or QDôs binding capacity, making it 

a highly robust parameter for ὑ  quantification.20, 37 

Consistent with our previous results, the binding affinity of DC-SIGN 

with QD-DiMan is very strong, with an apparent ὑ  of ~1.5 nM at 20 oC, which 

is >20 fold stronger than that of DC-SIGNR.20 To obtain the binding 

thermodynamics, each binding assay was repeated at three different 

temperatures (20, 25 and 30 oC, Figure 3.7D,E; see Figure C.1 for the 

detailed spectra), and their respective apparent ὑ  values were derived from 

the Hill fits (Table 3.1). Van ót Hoff plots were then constructed to extract the 

binding enthalpy and entropy changes by combining two Gibbs free energy 

equations, Equation 3.2 and 3.3, and taking a linear fit of the natural log of 

the ὑ  against the reciprocal of temperature, ρȾὝ (Equation 3.4; where, R is 

the gas constant) as shown in Figure 3.9A (ЎὌ άὙ; ЎὛ ὧὙ, where ώ

άὼ ὧ). 

 ЎὋ ὙὝÌÎὑ  3.2 
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Figure 3.9 (A) Van ΐt Hoff analyses of the ἴἶ╚Ἤ  vs Ⱦ╣ relationships 

for QD-DiMan binding with DC-SIGN (blue), DC-SIGN-C (green), and 
DCSIGNR (red). (B) Comparison of the standard (╣ = 298 K) enthalpy 
(blue), entropy (red), and Gibbs free energy (pink) changes of QD-
DiMan binding with DC-SIGN, DC-SIGN-C and DC-SIGNR. 

 

Table 3.2 Summary of the binding thermodynamic parameters for 
QD-DiMan binding with DC-SIGN, DC-SIGN-C, and DC-SIGNR (SDs 
are propagated from the fitting errors obtained in Figure 3.9, 
according to Equation 3.4). 

Lectin a 
╗ἷ / 

kJ mol-1 

╢ἷ / 

J mol-1 K-1 
╖o / kJ mol-1 b 

DC-SIGN -96.8 ± 0.6 -161 ± 2 -48.6 ± 0.9 

DC-SIGN-C 2 ± 4 174 ± 10 -50 ± 5 

DC-SIGNR -100 ± 10 -201 ± 34 -40 ± 20 

a ITC measured ЎὌȟ ЎὛ and ЎὋ  values for CRDĀDiMan monovalent 

binding are -25.8 kJ mol-1, 28.5 J K-1 mol-1, and -17.3 kJ mol-1, 

respectively.51  

b at 298 K. 

 

The binding thermodynamic parameters for QD-DiMan binding with DC-

SIGN/R are summarised in Table 3.2. Based on these data, two conclusions 

can be drawn. (1) Both DC-SIGN/R interactions with QD-DiMan are enthalpy 

driven with negative binding enthalpy change (ЎὌ ) and negative binding 

entropy change (ЎὛ) terms. Both ЎὌ  values for DC-SIGN/R are similar, at 

~-100 kJ mol-1, which is approximately 4-fold that of monovalent DC-SIGN 

CRDĀDiMan binding measured by ITC (e.g. -25.8 kJ mol-1).51 Given that 
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glycan binding does not lead to conformational changes in CRD,39, 52 and the 

QD-OH control without the terminal DiMan shows no measurable binding with 

DC-SIGN (Figure 3.8), these results suggest that all four CRDs in both DC-

SIGN/R are engaged in glycan binding. This is to be expected for enthalpy 

driven MLGIs. The excellent consistency between the ЎὌ values measured 

here and that measured from ITC thus confirms our QD-FRET technique is a 

valid, sensitive new method for investigating the binding thermodynamics of 

MLGIs. (2) The multivalent binding ЎὛ values for QD-DiManĀDC-SIGN/R are 

~5.7- and ~7-fold that of the monovalent DC-SIGN CRDĀDiMan binding 

measured by ITC (-28.5 J mol-1 K-1), respectively. Thus a larger entropic 

penalty for DC-SIGNR binding with QD-DiMan is responsible for its lower 

binding affinity compared to DC-SIGN. The total ЎὛ of multivalent 

interactions consists of changes in translational and rotational entropies with 

complexation; any changes associated with the conformational changes 

imposed on each species upon binding; and the entropy changes associated 

with the rearrangement of solvent molecules.1 Given that all four CRDs in DC-

SIGN/R are engaged in glycan binding and each CRD is most likely to 

accommodate a single DiMan molecule,53, 54 entropic contributions from 

conformation change of monovalent CRD-DiMan binding should be very 

similar for both lectins. Therefore, the higher entropic penalty observed for 

DC-SIGNR over DC-SIGN upon binding with QD-DiMan is most likely due to 

a greater reduction of translational and rotational degrees of freedom by 

forming a smaller number of larger inter-cross-linked protein-QD complexes. 

The thermodynamic data obtained here are fully consistent with that expected 

for MLGIs with different binding modes (i.e. simultaneous binding vs 

crosslinking). 

3.3.3 Role of C-terminal segment in DC-SIGN multivalent binding.  

The CRDs in DC-SIGN/R are linked to the coiled-coil neck domain with some 

degree of flexibility.55 A short C-terminal segment of 16-amino acids in length 

is found at the CRD-neck junction region in DC-SIGN, but it is absent in DC-

SIGNR.38 Thus, this segment may act as a steric wedge to maintain the 

upright CRD orientation of DC-SIGN, thus determining its multivalent binding 

properties. To probe this, DC-SIGN-C was constructed, labelled with Atto594 

and applied in binding studies with QD-DiMan using the same methods 

described above.   

Interestingly, DC-SIGN-Côs overall QD-DiMan binding profile at 20 oC 

more closely resembles that of DC-SIGN over DC-SIGNR. (1) Its binding ὑ  

is roughly the same as that of DC-SIGN (e.g. 1.6 ± 0.3 vs 1.54 ± 0.07 nM), 
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which is >20 fold lower (stronger) than that of DC-SIGNR (35 ± 2 nM; Figure 

3.7C,F; Table 3.1). (2) Its maximum FRET ratio (Ὂ ) is also comparable to 

that of DC-SIGN, which is >2-fold that of DC-SIGNR despite the PQR used in 

the latter being 10-fold that of the former (Figure 3.7F; Table 3.1). Despite 

such similarities between DC-SIGN-C and DC-SIGN in QD-DiMan binding at 

20 oC, their affinity-temperature dependencies are drastically different. While 

the ὑ  for QD-DiManẗDC-SIGN binding is increased ~4 fold (i.e. affinity is 

weakened ~4-fold) as temperature is increased from 20 to 30 oC, the ὑ  of 

DC-SIGN-C remains essentially unchanged. Moreover, the maximum FRET 

ratio for DC-SIGN binding remains almost constant, while that of DC-SIGN-C 

is decreased considerably with increasing temperature (Figure 3.7D,F).  

The Van ót Hoff plot of QD-DiManĀDC-SIGN-C binding therefore shows 

little change in the ln ὑ  with changing ρȾὝ, and the binding ЎὌ  and ὝЎὛ 

(at 298 K) contributions are obtained to be 2 ± 4 and -52 ± 3 kJ mol-1, 

respectively. This thermodynamic profile contrasts greatly with that of 

DC-SIGN (ЎὌ  = -96.8 ± 0.6 kJ mol-1 and ὝЎὛ = 48.1 ± 0.6 kJ mol-1) or 

DC-SIGNR ЎὌ  = -100 ± 10 kJ mol-1 and ὝЎὛ = 60 ± 10 kJ mol-1). 

Therefore, the removal of the C-terminal segment in DC-SIGN has shifted its 

MLGI from being enthalpically driven to entropically driven. Here, the highly 

favourable binding ЎὌ  observed in DC-SIGN (-97 kJ mol-1) is diminished 

completely in DC-SIGN-C (~2 kJ mol-1). However, the binding is compensated 

with a strongly favorable entropic term ( ὝЎὛ = -52 ± 3 kJ mol-1), giving rise 

to almost the same overall binding ɝὋ  (e.g. -49 ± 1 vs. -50 ± 5 kJ mol-1 for 

DC-SIGN vs. DC-SIGN-C; Table 3.2; Figure 3.9). 

ñCryo-snapshotò S/TEM imaging was performed to capture the native 

dispersion states of the QD-DiManĀlectin complexes in solution to probe their 

binding modes. This was accomplished by rapid plunge freezing of the 

samples followed by vacuum drying, and finally loading for S/TEM imaging.20, 

56 The corresponding S/TEM images show that, binding of DC-SIGN gives 

almost exclusively isolated single QD particles (~99%), whereas binding of 

DC-SIGNR results in most of the QDs (75%) being clustered, with ~20% being 

in a group of >4 particles (Figure 3.10). This result is fully consistent with our 

previous observations,20 which also reaffirms the different binding modes 

between DC-SIGN (simultaneous tetravalent binding to individual QDs) and 

DC-SIGNR (crosslinking with multiple QDs). Interestingly, binding of DC-

SIGN-C gives a particle dispersion that is in between those of DC-SIGN and 

DC-SIGNR: ~40% of the QDs are isolated, ~55% of particles are in groupings 

of 2 or 3, and only 5% are in groups of >4 particles (Figure 3.10D). This result 
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shows that the C-terminal segment in DC-SIGN has indeed made a valid, but 

not the sole, contribution in maintaining its characteristic tetrameric structure 

and multivalent glycan binding properties. Removal of the C-terminal segment 

results in DC-SIGN-C losing some of the binding character of DC-SIGN, but 

gaining some of DC-SIGNR. This is also consistent with previous studies 

showing that only DC-SIGN+, but not DC-SIGNR+, cells can bind to the HIV-1 

virus for efficient viral transmission, and removal of the C-terminal segment in 

DC-SIGN reduces its virus binding and transmission ability but without 

completely demolishing it.40 

 

 

Figure 3.10 Representative cryo-preserved TEM (contrast inverted 
HAADF STEM) images of QD-DiMan after binding to (A) DC-SIGN 
(PQR, = 1:1), (B) DC-SIGN-C (PQR = 1:1), or (C) DC-SIGNR (PQR = 
10:1). (D) Quantitative analysis of the number of QDs per cluster for 
assemblies of QD-DiMan bound with DC-SIGN, DC-SIGN-C, or DC-
SIGNR.  

As the C-terminal segment is located at the flexible CRD-neck junction, it may 

act as a steric barrier to control the CRD flexibility, forcing each CRD to 

function as an independent unit to retain MLGI specificity. If this is true, then 
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the CRDs in DC-SIGN-C would be less restricted and able to change 

position/orientation relative to one another more freely than that in DC-SIGN. 

Though this still allows DC-SIGN-C to form stable simultaneous binding to 

QD-DiMan to provide strong affinity, it would also enhance the probability of 

the CRDs from one DC-SIGN-C molecule to bind to DiMan ligands from 

different QDs, leading to lectin-QD clustering, which is unlikely to occur in DC-

SIGN. This would likely also lead to CRD-CRD and/or CRD-neck interactions 

upon QD-DiMan binding, which may account for the observed ЎὌ  penalty. 

This steric influence of the C-terminal segment can also rationalise the 

enhancement of ЎὛ in QD-DiManĀDC-SIGN-C binding, whereby the newly 

found flexibility of the CRDs would allow for the preservation of the flexibility 

of both the CRDs and flexible EG11 chains of the QD-DiMan scaffold upon 

binding. Moreover, their binding interactions may even relieve some of the 

steric strains on the CRDs, leading to the positive entropy term. This rationale 

would also agree with the entropic penalty observed in DC-SIGN, where a 

more rigid CRD arrangement would cause a loss of the degrees of freedom 

in the EG11 chains, upon binding. These results demonstrate that the 

combination of mutagenesis, TEM imaging and QD-FRET based biophysical 

characterisation is a powerful tool to probe structure-function relationships in 

MLGIs. Here, we reveal that the C-terminal segment may act as a steric 

wedge between individual CRDs in DC-SIGN to impose good specificity for 

multivalent binding towards multivalent glycans. 

 

3.3.4 Investigating MLGI kinetics by QD-FRET.  

The QD-DiManĀlectin binding kinetics were measured by stopped flow 

fluorescence spectroscopy. The association rate was obtained by rapid mixing 

QD-DiMan and labelled lectin into an 80 µL cuvette at a 1:1 molar ratio via 

stopped flow apparatus. Measurements of the QD and dye fluorescence were 

obtained over time at the wavelengths corresponding to their excitation peak 

maxima (Figure 3.11A) and were corrected by the dye direct excitation signal 

(Figure 3.11C) to provide Ὅ and Ὅ time profiles, respectively (Figure C.2). 

The FRET ratio was obtained as ὍȾὍ and the averaged FRET ratio-time 

profiles were fitted by the second order rate equation to derive the apparent 

on-rate coefficient, Ὧ  (Equation 3.5; derivation shown in Appendix E.1.1), 

where, [P]0 is the initial protein concentration and ὥ is a constant which 

accounts for fluorescence degradation.31, 36 
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Ὂ Ὂ Ͻ
Ὧ 0 ὸ

ρ Ὧ 0 ὸ
ὥὸ 3.5 

 

Figure 3.11 Raw kinetic profile of the fluorescence intensity at 626 nm 
(red) and 550 nm (green) for the association of (A) QD-DiMan with 
labelled DC-SIGN, (B) the dissociation of QD-DiMan and labelled 
DC-SIGN in the presence of excess mannose (Man), and (C) a 
control containing only labelled DC-SIGN. Kinetic profiles of the 
FRET ratio (╕ ╘ἋȾ╘Ἆ) measured for the association of a 1:1 ratio of 
QD-DiMan with labelled protein (dark colour) and dissociation of 
bound 1:1 QD-DiManĀlectin complex in excess Man (light colour) for 
(D) DC-SIGN, (E) DC-SIGN-C, and (F) DC-SIGNR. 
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Table 3.3 Summary Kinetic Parameters for QD-DiMan Binding with 
DC-SIGN, DC-SIGN-C, and DC-SIGNR (SDs Represent Fitting 
Errors). 

 

Both DC-SIGN and DC-SIGN-C showed very similar association FRET ratio-

time profiles for [P]0 = 20 nM, which gave maximal FRET ratios similar to those 

obtained in Figure 3.7D,F within 10 s, indicating that saturate binding was 

achieved (Figure 3.11D,E). The second order rate equation fitted nicely for 

DC-SIGN and DC-SIGN-C, yielding Ὧ  values of (2.24 ± 0.06) 107 and (2.92 

± 0.04) 107 M-1 s-1 and half-lives (ὸϵ) of 1.55 ± 0.04 and 1.19 ± 0.02 s, 

respectively (where, ὸϵ ÌÎςȾ0 Ὧ ; Table 3.3). DC-SIGN-C 

association is slightly faster, consistent with its slightly stronger affinity with 

QD-DiMan found in the thermodynamic studies (Table 3.1). A much lower 

FRET ratio was observed for DC-SIGNR due to its low binding affinity at a 1:1 

PQR, which resulted in relatively poor fits due to the low signal-to-noise ratio. 

This was only slightly improved by taking an average of every 5 

measurements, resulting in a time resolution of 0.0625 s. Results showed that 

Association rate 

Lectin ◐ἵἩὀ 
▓ἷἶ / 107  

M-1 s-1 
◄ ϵ / s ╪ / 10-3 s-1 

DC-SIGN 
2.49 

± 0.03 
2.24 

± 0.06 
1.55 

± 0.04 
10.3 
± 0.5 

DC-SIGN-C 
2.59 

± 0.01 
2.92 

± 0.04 
1.19 

± 0.02 
5.1 

± 0.2 

DC-SIGNR 
0.0532 

± 0.0004 
16 
± 1 

0.22 
± 0.01 

-2.5 
± 0.2 

     

Dissociation rate 

Lectin ◐ ◐ἭἹ ▓ἷἮἮ / s
-1 ◄ ϵ / s 

╪ / 10-3 
s-1 

DC-SIGN 
1.261 

± 0.007 
0.129 

± 0.001 
3.23 

± 0.03 
0.215 

± 0.002 
1.261 

± 0.007 

DC-SIGN-C 
1.722 
Ñ 0.006 

0.131 
Ñ 0.001 

2.95 
Ñ 0.02 

0.235 
± 0.002 

1.722 
Ñ 0.006 

DC-SIGNR 
0.067 
Ñ 0.003 

0.042 
Ñ 0.001 

0.45 
Ñ 0.08 

1.5 
± 0.3 

0.067 
± 0.003 
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despite a relatively rapid initial association (increase in FRET ratio), DC-

SIGNR was not able to reach saturation, even after 60 s, resulting in a 

negative ὥ-term. Here, the positive ὥ-terms observed for DC-SIGN and 

DC-SIGN-C (which signify a decrease of FRET over longer timescales) are 

likely due to the gradual decay in QD fluorescence in binding buffer over time. 

This has been reported previously for other small molecule ligand-capped 

QDs.31, 36 However, the negative ὥ-term for DC-SIGNR thus must be the result 

of another form of association occurring over a much longer timespan, giving 

rise to an increasing FRET ratio with time.  

These kinetic results agree well with that expected for DC-SIGN/R 

because of their different binding modes. The simultaneous binding of DC-

SIGN provides a rapid interaction where, once initial contact between a CRD 

and QD-DiMan is formed, it becomes kinetically more favourable for the other 

CRDs in the same lectin to bind due to their close proximity with the ligand. 

For DC-SIGNR, it is likely that the initial rapid increase in binding is a result of 

the simultaneous binding of two CRDs with one QD-DiMan to form a QD-DC-

SIGNR intermediate unit. The secondary increase in binding, occurring over 

a much longer timescale, can be attributed to crosslinking interactions. As 

crosslinking requires multiple QD-DiManĀDC-SIGNR intermediate units to 

interact with each other to form large assemblies, it would be a much slower 

process. For DC SIGN-C binding, only minimal amounts of QDs are capable 

of being extensively crosslinked according to S/TEM imaging (~5%, see 

Figure 3.10). Thus, these may only induce minimal contributions to the overall 

FRET signal and binding kinetics which would be too small to be resolved by 

these measurements. Moreover, its similar association rate and maximal 

FRET ratio to those of DC-SIGN suggest that the small assemblies captured 

by S/TEM are very dynamic which implies that the CRDs in DC-SIGN-C are 

more flexible than those of DC-SIGN/R, where crosslinking interactions could 

be easily reversed in preference of more stable simultaneous binding 

interactions. 

Pseudo-dissociation rates were obtained by injecting a pre-mixed 1:1 

solution of QD-DiMan and labelled lectins into a binding buffer containing an 

excess of free D-mannose. A 106 QD molar equivalent of D-mannose was 

found to effectively compete with lectin-QD-DiMan binding (Figure B.3). The 

presence of free mannose greatly reduces the amount of lectins bound to the 

QD, leading to a decrease of dye FRET signal together with the simultaneous 

recovery of the QD fluorescence, and hence a decrease of FRET ratio (Figure 

3.11B). A rapid decay in FRET ratio is observed by all three lectins, confirming 

that QD-DiManĀlectin binding is specifically facilitated by carbohydrate-lectin 
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interactions (Figure 3.11D-F). These FRET decay curves were fitted by a 

pseudo-first order rate equation, Equation 3.6, (see Figure B.3) as the 

change in mannose concentration is negligible. Where, Ὧ  is the apparent 

pseudo-first order dissociation rate coefficient. 

 Ὂ Ὂ ϽὼὩ ὥὸ 3.6 

As for association, the dissociation rates for DC-SIGN and DC-SIGN-C are 

similar, with Ὧ  values of 3.23 ± 0.03 and 2.95 ± 0.02 s-1
 and ὸϵ of 0.213 ± 

0.002 and 0.235 ± 0.002 s, respectively (where, ὸϵ ÌÎςȾὯ ). DC-SIGNR 

appeared to have the slowest rate of dissociation, with Ὧ  and ὸϵ values of 

0.45 ± 0.08 s-1
 and 1.5 ± 0.3 s, respectively. This is likely due to the difficulty 

in dissociating the multiple inter- and intra- QD-DiManĀDC-SIGNR interactions 

within the extensively crosslinked QD-lectin assemblies. 

It is worth noting that the Ὧ  measured in this way is not wholly 

representative of the true natural dissociation rate, where dissociation and 

association are in equilibrium and a pair of dissociated binding partners still 

have chances to re-bind. Here, any dissociated protein binding sites will be 

rapidly occupied by the competitors, making them unable to re-bind as that 

which would happen under natural conditions. As a result, the Ὧ  measured 

in this way should be faster than natural dissociation. This is apparent by using 

Ὧ  to calculate the apparent binding ὑ  (ὺὭὥ ὑ Ὧ  ȾὯ ) which would yield 

values of ~140 and ~100 nM for DC-SIGN and DC-SIGN-C, respectively. 

These values are about two orders of magnitude higher than those measured 

from the thermodynamic FRET assays above. Therefore, the dissociation rate 

coefficient derived from competition based kinetic studies must be treated with 

caution; it may not reflect the true disassociation rate under natural conditions. 

Such discrepancies are not unexpected and can be quite significant, 

particularly for multivalent binding systems, where re-association often occurs 

under natural conditions due to the close proximity of multiple binding pairs 

within the binding area.  

However, by using the ὑ  and Ὧ  rate coefficients measured by our 

QD-FRET thermodynamic (at 20 oC) and kinetic assays, respectively, a more 

plausible Ὧ  of ~0.05 s-1 (Ὧ Ὧ ὑ) is obtained for both DC-SIGN and DC-

SIGN-C. As the ὑ  value was measured under equilibrium conditions, this 

calculated Ὧ  should be an accurate reflection of the natural dissociation rate. 

In fact, this calculated Ὧ  value broadly agrees with that measured by SPR 

(e.g. ~0.1 s-1) between surface-immobilised DC-SIGN and DiMan-coated gold 

nanoparticles (GNPs, ~1.2 nm in diameter), without competitors.57 Despite 
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some differences in binding environment (surface immobilised vs solution) 

and core nanoparticle sizes (~4 vs ~1.2 nm for QD vs GNP), the good 

agreement between the calculated Ὧ  from our QD-FRET assays and that 

measured by SPR for the same pair of lectin and glycan-nanoparticles 

demonstrates that our QD-FRET assays are highly credible for probing a 

variety of important binding thermodynamic and kinetic parameters for MLGIs.   

It is worth noting that the Ὧ  measured by our QD-FRET assay is almost 

1000 fold faster than that measured from SPR using surface-immobilised DC-

SIGN (e.g. ~107 vs. ~104 M-1s-1).57 We attribute this difference to the different 

binding environments. As our QD-FRET assays are performed in solution, 

both binding partners can diffuse freely, greatly increasing the likelihood of 

collision and thus association. Whereas, in SPR,  as one binding partner (e.g. 

DC-SIGN) is immobilised on surface and unable to diffuse, it must rely on the 

diffusion of the other partner to the surface target sites for any binding to 

occur. This would result in a significantly slower on-rate than that in solution, 

which is exactly what has been observed here. This result also implies that 

the binding kinetics measured by surface assays (e.g. SPR, QCM) should not 

be used to directly predict or explain binding behaviours in solution and vice 

versa, due to the influence of binding environments on kinetics. Instead, all 

binding assays should be performed under the same conditions as those 

concerned, or at least as close as possible, in order to obtain meaningful 

results and explanations. In this regard, the results presented herein establish 

QD-FRET assays as a powerful new tool for studying solution-phase kinetics 

and thermodynamics of MLGIs. This method may also be applicable to other 

types of binding and bio-recognition processes in solution, where other well-

established methods such as SPR and QCM are well-suited, but also limited, 

to studying binding interactions on surfaces with one immobilised binding 

partner. 

3.4 Conclusions 

In summary, we have significantly expanded the capability of our glycan-QD 

method for probing MLGIs. Besides providing quantitative binding affinity and 

binding mode data,19, 20 we have developed a sensitive QD-FRET technique 

for the successful dissection of the thermodynamic and kinetic contributions 

behind affinity enhancing mechanisms in MLGIs with distinct binding modes, 

and for identification of lectin structure-function relationships. We have 

revealed that the lower QD-DiMan binding affinity for the crosslinking DC-

SIGNR, over that of the simultaneous tetrameric binding of DC-SIGN, is a 
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consequence of a larger binding entropy penalty. We have further 

demonstrated that the removal of a 16 amino acid C-terminal segment in DC-

SIGN, absent in DC-SIGNR, greatly affects its QD-DiMan binding 

thermodynamic profile and completely changes the binding from an 

enthalpically driven into an entropically driven MLGI. These results have 

allowed us to hypothesise that the entropic gain in removing the C-terminal 

segment is the result of an increased freedom of the CRDs, which is not 

present in DC-SIGN naturally. S/TEM images of the resulting 

QD-DiManĀDC-SIGN-C complex further supports the idea that the C-terminal 

segment may play a key role in maintaining the CRD orientation and therefore 

in controlling the multivalent specificity of DC-SIGN in binding to multivalent 

glycans. Together, this work has established glycan-QDs as a powerful new 

platform for probing the biophysical and structural mechanisms of MLGIs in 

solution. These data are important for guiding the design of multivalent 

therapeutics against specific MLGIs, particularly those with unknown 

structures. 
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Chapter 4  

Polyvalent Glycan-Quantum Rods as Multifunctional 

Mechanistic Probes for Shape-Selective Multivalent Lectin-

Glycan Recognition 

The following chapter is based on the work from: Hooper, J. et al. ACS Appl. 

Nano Mater. 2023. 6 (6), 4201-4213. 

 

The author of this thesis wrote the manuscript and conducted all material 

preparation, FRET experiments and all data analysis. STEM imaging was 

performed by Dario Fernandez Ainaga and Dr Nicole Hondow. Ligand 

precursors were synthesised by Dr Darshita Budhadev. All plasmids were 

prepared in-house by Dr Yuan Guo. 

4.1 Introduction 

Research into the effects of nanomaterial design in biology has led not only 

to key advances in the ever-growing field of nanomedicine, but also the 

discovery of novel tools to answer important biological questions.1-4 The 

exploration of fine tuning nanoparticle surface chemistry to achieve biological 

functionality has been extensively investigated for over 4 decades, however, 

the study of a nanoparticleôs geometric design elements, such as size and 

shape, and their mechanistic influences in biology, remains in its infancy. 

Though some studies have shown that varying nanoparticle size and shape 

can have a strong effect on various biological processes such as cell uptake,5-

7 endocytic pathways,8-10 cytokine production,8, 11-13 or pathogen inhibition,14-

16 the relationship between nanoparticle geometry and biological function 

remains a fairly under-explored topic for a lot of processes. Moreover, often 

little has been done to elucidate the specific mechanistic differences caused 

by shape variation at the molecular level, such as binding affinities or binding 

modes, which are essential for identifying how nanomedicines work and, 

perhaps more importantly, for guiding the design of more effective 

therapeutics.  

 Multivalent lectin-glycan interactions (MLGIs) are widespread and play 

a pivotal role in pathogen infection, immune regulation and cell-cell 

communication.17 It is thus unsurprising that glycan displaying nanomaterials 

have been widely exploited for potential antiviral and immuno-therapeutic 

applications, due to simple polyvalent glycan functionalization. For 

glyconanomaterials, the geometric parameters, such as scaffold size and 
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shape, inevitably affect their surface glycan display. As natural lectins are 

often multimeric, variations in glycan display may lead to changes in the 

number of binding sites that can be occupied at one time, which dictates the 

strength and mode of lectin-glycan binding and, subsequently, its biological 

function. A large number of nano-scaffolds with different geometries have 

been employed to target lectins. These include spherical scaffolds (e.g. 

inorganic nano-particles, fullerenes, dendrimers, hyper-branched polymers, 

polymersomes, etc),18-28 tubular/rod shaped structures (e.g. gold nanorods, 

carbon nanotubes, cylindrical micelles),7, 16, 29-32 planar sheets (e.g. graphene 

nanosheets),31, 33 as well as structures that are less well-defined (e.g. linear 

polymers)15, 34-38 or more complex in shape.7, 32, 39-41 Since these results are 

obtained with scaffolds of different glycan composition, softness, size, shape, 

and glycan density, it is difficult to directly compare results from one another 

to draw general conclusions. While a few studies have shown that the scaffold 

size and shape can affect their lectin binding and pathogen inhibition 

properties, the molecular mechanisms underlying such differences remain 

unclear.7, 8, 14-16, 30, 32, 42 Therefore, new tools need to be developed in order to 

identify the rationales behind these differences allowing us to better 

understand the molecular mechanisms of shape dependency for such 

interactions. In this regard, probes that can reveal how scaffold shape affects 

MLGI binding mode and affinity are highly valuable, allowing us to establish a 

geometric design rule for glyconanoparticles for potent and specific targeting 

of particular MLGIs for therapeutic application. 

As discussed in previous chapters, our group have recently developed 

densely glycosylated fluorescent quantum dots (glycan-QDs) as new 

mechanistic probes for MLGIs.20, 21 These glycan-QDs were not only able to 

quantify MLGI affinity via a ratiometric QD sensitized dye Förster resonance 

energy transfer (FRET) readout, but also dissect the exact binding modes and 

affinity enhancing mechanisms of MLGIs via hydrodynamic size analysis and 

STEM imaging of lectin binding induced glycan-QD assemblies.20, 21 Using 

QDs bearing mannose- -h1,2-mannose (DiMan)-glycans (QD-DiMan) as 

probes, our group was able to extract key structural and mechanistic 

information for MLGIs of the immunologically important and closely related 

tetrameric high-mannose-binding viral receptors, DC-SIGN and DC-SIGNR 

(collectively denoted as DC-SIGN/R hereafter). These studies revealed that, 

although both lectins bound multivalently with QD-DiMan, these spherical QD-

DiMan scaffolds induced different binding modes which resulted in very 

different affinities. DC-SIGN was found to simultaneously bind to the same 

QD-DiMan with all 4 carbohydrate-recognition-domains (CRDs) which gave 
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rise to strong binding (with an apparent equilibrium binding dissociation 

constant, ὑ , of 2.1 nM). Whereas, DC-SIGNR was found to crosslink 

between QD-DiMan particles (Figure 3.1), with a much weaker affinity (ὑ  = 

~633 nM, ~300-fold weaker than that of DC-SIGN).20 An additional 

demonstration of this affinity difference was found by monitoring the FRET 

signal of lectin binding with increasing concentrations of protein (Figure 4.1). 

For DC-SIGN, binding was detected at very low protein to QD molar ratios 

(PQRs) and increased linearly with PQR until the QD surface was fully 

saturated with protein. However, for DC-SIGNR, due to low affinity and 

crosslinking binding nature, saturation occurred at a much higher PQR and 

significant binding was only observed as PQR was increased above a certain 

threshold. 

 

Figure 4.1 FRET signal with increasing protein to QD molar ratio (PQR) 
for the titration of DC-SIGN (black circle), DC-SIGNR (red circle), 
monomeric DC-SIGN carbohydrate-recognition domain (CRD) (blue 
upward triangle) or monomeric DC-SIGNR CRD (green downward 
triangle), against a fixed concentration of QDs capped with 
DHLA-EG11-DiMan (QD-DiMan). (Taken from reference 20). 

Where QDs comprise of roughly spherical nanoscale crystals of 

semiconducting material, quantum rods (QRs) are of the same material 

composition but are elongated in one dimension. QRs have a higher extinction 

coefficient and single particle brightness than QDs, which is highly beneficial 

for fluorescence based applications.43-45 Moreover, their optical properties can 

be tuned by changing not only the particle size, but also the aspect (length to 

width) ratio. This feature can be highly beneficial for some applications, e.g. 

bioluminescence resonance energy transfer (BRET), where an aspect ratio of 

3:1 has shown to give the highest BRET efficiency.46, 47 In addition to these 

benefits, the distinct curvatures between the central cylindrical section and 
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spherical ends make QRs an attractive platform for studying the influence of 

scaffold geometry in controlling MLGI properties. For instance, by conjugating 

polyvalent glycans on the QR surface (i.e. glycan-QR), the glycan displays at 

the ends will closely resemble that of spherical glycan-QDs, whereas, in the 

middle, the glycans will be presented more like a curved plane wrapped 

around the centre of the rod. Therefore, by exploiting both the highly 

fluorescent properties of QRs with their ability to form two distinct glycan 

displays, it has been possible to probe the effects of different scaffold 

geometries on MLGIs using the same glycan-nanoparticle.  

This chapter demonstrates (to the best of our knowledge) the first use of 

glycan-QRs which have been prepared for the application of probing DC-

SIGN/R-related MLGIs (Figure 4.3). By developing a QR-FRET based 

ratiometric MLGI affinity readout, together with hydrodynamic size and S/TEM 

analysis of lectin binding induced QR assemblies, it is shown that QR-DiMan 

with distinct glycan displaying curvatures can effectively discriminate the 

MLGI properties between DC-SIGN and DC-SIGNR. DC-SIGN binds strongly 

and simultaneously to one QR-DiMan regardless of surface curvature with 

sub-nM ὑ , comparable to that with QD-DiMan. In contrast, DC-SIGNR binds 

simultaneously to the glycans displayed on the central cylindrical section of 

the same QR but cross-links between glycans displayed on the spherical ends 

of different QRs. This result demonstrates that the QRôs unique geometry 

together with its strong fluorescence and high EM contrast allows us to reveal 

how glycan presentation, induced by scaffold curvature, affect MLGIs.  

4.2 Experimental 

4.2.1 Preparation of QR-DiMan.  

QR-EG11-DiMan (QR-DiMan). Cap exchange procedure was adapted 

from previously described methods of lipoic acid ligand conjugation.20, 21, 48 

DHLA-EG11-DiMan was prepared as described in Section 2.1.3. QR560 (416 

µL, 2.0 nmol) in toluene was dispersed in EtOH (1.2 mL) and span at 15000 g 

for 5 min. The QR pellet was then dissolved in CHCl3 (300 µL) and then a 

mixture of DHLA-EG11-DiMan (273 µL, 5.4 µmol) in CHCl3 and NaOH (64 µl, 

6.48 µmol) in EtOH was added (ligand:QR molar ratio = 2700:1) followed by 

MeOH (100 µL) to make a homogenous solution. The resulting mixture was 

immediately covered with aluminum foil and stirred magnetically at room 

temperature for 30 min. The QRs were pelleted by addition of hexane (600 

µL) followed by centrifugation at 15000 g for 3 min. The supernatant was 

removed and stored for carbohydrate quantification, and the resulting QR 
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pellet was dissolved in H2O (300 µL) and washed with H2O (3  200 µL) using 

a 30 kDa MWCO spin filter. This yielded a stable aqueous QR-DiMan (1.55 

nmol, yield = 78 %) with a fluorescence quantum yield (QY) of 6.2% 

(Appendix B.2). All post cap-exchange supernatants and filtrates were 

combined, dried and used for determining the unbound free ligands using 

phenol-sulphuric acid carbohydrate quantification against a DiMan calibration 

standard (Section 2.2.2.4). Its surface glycan valency was estimated as 370 

± 30 ligands per QR. 

A mean hydrodynamic diameter (Ὀ ) of 20.8 ± 4.8 nm was obtained by 

dynamic light scattering (DLS; Figure 4.2A). Core diameters and lengths 

distributions were obtained from the area (ὥ) and aspect ratios (AR) of each 

QR obtained by STEM imaging (where diameter, Ὠ ὥȾ!2; length, ὰ

ЍὥϽ!2), and were plotted as log histograms and fitted with Gaussian fits to 

obtain values for the mean core diameter and length of Ὀ  = 3.06 ± 0.70 nm 

and ὒ  = 14.7 ± 5.7 nm, respectively (Figure 4.2B). Interestingly, these 

values are ~64% smaller than the reported sizes prior to ligand conjugation 

which may suggest some etching of the QR surface upon cap exchange.  

 

 

Figure 4.2 (A) Volume population hydrodynamic size distribution 
histogram, fitted with the Gaussian function, of QR560 capped with 
LA-EG11-DiMan (QR-DiMan) measured by DLS. (B) Histograms of 
the QR core diameter and length distributions obtained from STEM 
images of QR-DiMan. Mean hydrodynamic diameter and core 
diameter and length are denoted as ╓ἰ, ╓ἫἷἺἭ and ╛ἫἷἺἭ, respectively 
(recorded as mean ± ½ FWHM; R2 Ó 0.98). 

 

4.2.2 QR-FRET assays 

All FRET assays were performed as described in Section 2.2.2.1. Samples 

for affinity determination assays were prepared by adding labelled lectin to a 
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solution of QR-DiMan in binding buffer (containing BSA, 1 mg mL-1), at final 

concentrations ranging from 0.1-50 nM for PQRs of 1:1 or 1-800 nM for PQRs 

of 10:1, and incubating at r.t. for 20 min. FRET spectra were obtained by 

measuring the direct excitation background corrected fluorescence spectra at 

each concentration. 

Samples for protein titration assays were prepared by adding labelled 

lectin to QR-DiMan (5 nM, final concentration) in binding buffer (containing 

BSA, 1 mg mL-1) with lectin concentrations ranging from 0-150 nM for DC-

SIGN or 0-400 nM for DC-SIGNR, and incubating at r.t. for 20 min. FRET 

spectra were obtained by measuring the direct excitation background 

corrected fluorescence spectra at each concentration. 

Samples for mannose dissociation assays were prepared by adding 

labelled lectin (40 nM, final concentration) to QR-DiMan (10 nM, final 

concentration) in binding buffer (containing BSA, 1 mg/mL) before incubating 

at r.t. for 20 min. D-mannose (Man) was then added at concentrations ranging 

from 0-100 mM, before incubating for a further 20 min and then measuring. 

Direct excitation background corrected FRET spectra were obtained by 

subtracting a background of only the labelled lectin (40 nM, final 

concentration) in binding buffer (containing BSA, 1 mg mL-1) from the 

fluorescence measurement at each [Man]. 

 

4.2.3 Lectin Titration Analysis via DLS 

All DLS measurements were performed as described in Section 2.2.2.2. 

Samples for protein titration assays were prepared by adding wild-type lectin 

to QR-DiMan (10 nM) at lectin concentrations of 0-200 nM. The samples were 

incubated in binding buffer at r.t. for 20 min before DLS measurement was 

performed. 

Samples for mannose dissociation assays were prepared by adding 

wild-type lectin (40 nM) to QR-DiMan (10 nM) in binding buffer and incubating 

at r.t. for 20 min. Man was then added, with concentrations ranging from 

0.01-100 mM, before incubating for a further 20 min and measuring by DLS. 

Hydrodynamic size distributions were fitted with uni- or bi- modal 

Gaussian fits. From here, area weighted average Ὀ  values were taken 

(average Ὀ Ὀȟ ὃϷ Ὀȟ ὃϷȟ where ὃϷ and ὃϷ are the 

percentage area of the Gaussian fits) and plotted against PQR. Average Ὀ  

plotted for the titration assays were fitted with an offset Hill equation in order 

to obtain the Ὀ  at plateau. 
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4.2.4 S/TEM QR images 

High angle annular dark field scanning transmission electron microscope 

(HAADF STEM) images of lectinẗglycan-QR complexation were performed as 

described in Section 2.2.2.3. Samples were prepared by adding wild-type 

protein (160 nM) to QR-DiMan (40 nM) in binding buffer and incubating at r.t. 

for 20 min before loading onto the TEM grid, blotting and then plunge-freezing. 

Complex dissociation by D-mannose was prepared in the same way, 

however, Man (2 mM) was added after the initial incubation step, and 

incubated for a further 20 min, before loading. Data was collected of 310 QRs 

from 12 images for QR-DiMan + DC-SIGN, 759 QRs from 15 images for QR-

DiMan + DC-SIGNR and 1661 QRs from 15 images for QR-DiManϽDC-SIGNR 

+ Man, taking only particles within a threshold area of 5-500 nm2.  

 

4.3 Results and Discussion 

4.3.1 QR-DiMan Preparation and Characterisation 

 

 

Figure 4.3 Schematic of DHLA-EG11-DiMan capped CdSe/CdS core/shell 
quantum rods (QR-DiMan) with the chemical structure of 
deprotonated DHLA-EG11-DiMan (LA-EG11-DiMan; below). 

A CdSe/CdS core/shell (dot in a rod) QR with maximal emission at 

‗  ~560 nm (denoted as QR560 hereafter) was chosen to construct the 
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QR-DiMan via our previously described ligand conjugation method.49 QR560 

was chosen due to its similar core diameter to the QD scaffolds used in our 

groupôs previous studies,20 allowing for direct comparison of results. A 

dihydrolipoic acid-undeca(ethylene glycol)-mannose- -h1,2-mannose 

(DHLA-EG11-DiMan, Figure 4.3) based multi-functional ligand was 

synthesized as described previously.20 Each ligand contains three unique 

functional domains: a DHLA group for strong QR surface anchoring;49 a  

flexible EG11 linker for imposing high water-solubility, stability and resisting 

non-specific interactions,50, 51 and a terminal DiMan group for specific lectin 

binding. QR-DiMan was produced by performing cap-exchange using 

deprotonated DHLA-EG11-DiMan ligand in a homogeneous 

CHCl3/MeOH/EtOH solution, giving rise to high cap-exchange efficiency as 

described previously for QD-DiMan.20,48 QR-DiMan was found to be relatively 

compact, with a mean hydrodynamic diameter (Ὀ ) of 20.8 ± 4.8 nm and the 

first excitonic absorption and emission peaks at 541 nm and 560 nm, 

respectively. Its fluorescence quantum yield (QY) was determined as 6.2%, 

this represents a significant reduction of its nominal QY (~68%) prior to cap-

exchange (Appendix B.2). This result agrees with other literature results, 

where CdSe/CdS based QDs and QRs have shown to display significantly 

reduced fluorescence QY after cap-exchange.46,49 By calculating the 

difference between the amount of ligand added and that remained in 

supernatant post cap-exchange via the phenol-sulphuric acid carbohydrate 

quantification, the number of DHLA-EG11-DiMan ligands capped on each QR 

was estimated as 370 ± 30 (Section 2.2.2.4).19-21 

 

4.3.2 Binding Affinity Determination via FRET 

The QRôs strong fluorescence was exploited as a ratiometric FRET readout to 

quantify the binding affinity between QR-DiMan and acceptor fluorophore 

labelled DC-SIGN/R. As in Chapter 3, lectin labelling was achieved by 

coupling a maleimide-Atto594 dye via the site-specifically introduced Q274C 

and R287C mutations in DC-SIGN and DC-SIGNR, respectively (Section 

2.1.4.2), which lie close to, but not in, the glycan binding pockets, enabling us 

to obtain sufficient FRET signals without inhibiting the lectinsô glycan binding 

properties, as confirmed previously.20, 21, 52 The QR-Atto594 FRET pair has 

good spectral overlap and a respectable Förster radius Ὑ of 4.8 nm (see 

Appendix B.2), ensuring that efficient FRET between QR-DiMan and labelled 

lectins can happen upon binding. Furthermore, there is little overlap of their 
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emission spectra, allowing for straightforward separation of the donor and 

acceptor fluorescence without the need of spectral deconvolution.52 

 

 

Figure 4.4 Schematic depicting the FRET process between an excited 
glycan-QR (donor) and lectin labelled with Atto594 (acceptor), 
where ▐ⱨἭὀ is the excitation energy, ▐ⱨἎ is the donor emission 

energy and ▐ⱨἋ is the acceptor emission energy. 

The affinity assays were carried out by mixing QR-DiMan with labelled 

proteins under different concentrations at a fixed protein:QR molar ratio (PQR) 

of 1:1 in a binding buffer (20 mM HEPES, 100 mM NaCl, 10 mM CaCl2, pH 

7.8, containing 1 mg/mL of bovine serum albumin to reduce non-specific 

adsorption). The resulting fluorescence spectra were recorded using a fixed 

excitation wavelength (‗ ) of 450 nm, corresponding to the absorption 

minimum of the Atto594 acceptor to reduce the dye direct excitation 

background. Exciting an equilibrated mixture of QR-DiMan with labelled 

lectins resulted in fluorescence of unbound QR (peaking at ~559 nm) or, if 

binding occurred, energy transfer via FRET from the excited QR donor to the 

Atto594 acceptor, giving rise to simultaneously quenched QR and enhanced 

Atto594 fluorescence (at ~627 nm; Figure 4.4). These fluorescence spectra 

were corrected by subtracting dye direct excitation background spectra of the 

labelled lectins, without QR-DiMan, under identical conditions (Figure 

4.5A-C). The fluorescence spectra were measured over varying 

concentrations and the resulting dye to QR fluorescence intensity ratios 

(FRET ratios) were then fitted by the Hill equation to extract the apparent 

binding ὑ  values (Equation 4.1; where, Ὂ is the FRET ratio, Ὅ is the peak 

emission intensity of the donor (D; QR) or acceptor (A; Atto594), [P] is the 

protein concentration, ὲ is the Hill coefficient and ὑ  is the apparent 
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equilibrium binding dissociation constant).20, 52 Here, ὲ = 1 was assumed 

because most binding assays were measured under a PQR of 1:1, under 

which most QRs should be bound by just a single lectin, and hence there 

should be no positive or negative influence of QR-bound lectins toward further 

binding of lectins to the same QR-DiMan. As the FRET ratio is proportional to 

the fraction of protein bound to the QR under a fixed PQR of 1:1,20 this method 

is robust and can provide accurate affinity measurement of both strong and 

weak MLGIs.52 
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Figure 4.5 Direct excitation background corrected fluorescence spectra 
over different concentrations of QR-DiMan binding with Atto594 
labelled (A) DC-SIGN and (B) DC-SIGNR. The corresponding FRET 
ratioïconcentration relationships, fitted with the Hill equation 
(Equation 4.1 for QR-DiMan binding with (C) DC-SIGN or (D) DC-
SIGNR. (PQR = 1:1; Fitting parameters are summarised in Table 
4.1). 
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The FRET ratio-concentration relationship for DC-SIGN binding with 

QR-DiMan was fitted very nicely (R2 > 0.99) by the Hill equation and revealed 

a ὑ  of 0.5 ± 0.1 nM at a PQR of 1:1 (Figure 4.5C; Table 4.1). This represents 

a massive 1.8 million-fold enhancement of affinity (‍) over the corresponding 

CRDẗDiMan monovalent binding (ὑ  = 0.9 mM), and a per-glycan normalised 

affinity enhancement (‍Ⱦὔ) of ~4,900 (Table 4.1). Interestingly, this affinity is 

~4-fold as strong as that of QD-DiManĀDC-SIGN binding (ὑ  = 2.1 ± 0.5 nM).20 

The sub-nanomolar ὑ , here, demonstrates the high suitability of QR-DiMan 

for potent DC-SIGN targeting. The difference in affinity between QR-DiMan 

and QD-DiMan in DC-SIGN binding could be due to subtle changes in the 

inter-glycan distances and/or glycan display curvatures, allowing the former 

to have a better spatial and/or orientational match with DC-SIGNôs four 

binding sites to form stronger binding than the latter. The FRET ratio for DC-

SIGNR binding is considerably lower than that of DC-SIGN at PQR = 1 under 

equivalent conditions, implying a weaker binding compared to the former. This 

result is fully consistent with that of DC-SIGN/R binding with QD-DiMan 

reported previously.16 The overall FRET ratio-concentration relationship for 

DC-SIGNR binding with QR-DiMan could be fitted by the Hill equation (R2 = 

0.990), giving an apparent Kd of 3.3 ± 0.9 nM (grey broken line), although 

several data points were found to deviate considerably from the fitting curve 

(Figure 4.5D). The resulting FRET ratio-concentration relationship appeared 

to display biphasic binding behaviour, where the FRET ratio exhibits a 

secondary increase at higher concentrations. By fitting only the first few data 

points at the low concentration range ([P] Ò 10 nM), a good fit (R2 > 0.996) 

with an apparent ὑ  of 0.3 ± 0.1 nM was obtained (Figure 4.5D). This ὑ  value 

is comparable to that of DC-SIGN, suggesting that a similar interaction is 

taking place, likely involving the same degree of binding multivalency (e.g. 

binding of all 4 CRDs to the same QR-DiMan). The appearance of the broader 

(slower increasing signal) secondary binding phase suggests that further 

binding can occur at higher concentrations, which may indicate the formation 

of an additional crosslinking interaction, similar to that observed previously 

with QDs. This is presumably because at higher concentrations, the relatively 

weak inter-QR binding becomes accessible. In order to obtain a more 

accurate overall binding affinity between DC-SIGNR and QR-DiMan, the 

binding assay was performed using a PQR of 10:1 which significantly 

improved the FRET signals (Figure 4.6). Fitting the resulting FRET ratio-[P] 

relationship with Equation 4.1, an apparent binding ὑ  of 48 ± 9 nM was 

obtained (Figure 4.6), which is ~13-fold stronger than that of the QD-DiMan 

under equivalent conditions (ὑ  = ~633 nM, PQR = 10).20 The binding affinity 
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enhancement for DC-SIGNR is more substantial than that for DC-SIGN, which 

is expected due to the presence of the additional high affinity 1:1 binding 

component as observed with DC-SIGNR under at PQR of 1. 

 

Figure 4.6 (A) Direct excitation background corrected fluorescence 
spectra over different concentrations of QR-DiMan binding with 
Atto594 labelled DC-SIGNR at a PQR of 10:1. (B) The corresponding 
FRET ratioïconcentration relationships, fitted with the Hill equation 
(Equation 4.1). (Fitting parameters are summarised in Table 4.1). 

 

Table 4.1 Summary of fitting parameters obtained from the FRET 
ratio-concentration relationship for QR-DiMan binding with DC-
SIGN and DC-SIGNR fitted with the Hill equation (Equation 4.1). 
Where, PQR is the protein:QR molar ratio, ╕ἵἩὀ is the FRET ratio at 
saturation, ╚Ἤ is the dissociation constant, ♫ is the enhancement 

factor over the monovalent interaction and ╝ is the number of 
glycans per QR (R2 > 0.99 for all fits). 

Protein PQR ╕ἵἩὀ ╚Ἤ / nM ♫ a ♫Ⱦ╝ 
╚Ἤ
ἝἎ

╚Ἤ
Ἕἠ 

b 

DC-SIGN 1:1 0.37 ± 0.01 0.5 ± 0.1 ~1,800,000 ~4,900 ~4 

DC-SIGNR 
1:1 c 0.056 ± 0.003 0.3 ± 0.1 ~3,000,000 ~8,100 ~2,100 

1:10 0.80 ± 0.03 48 ± 9 ~19,000 ~51 ~13 

a ‍ ὑ Ⱦὑ , ὑ  = 0.9 mM for CRDẗDiMan binding.53 
b ὑ Ⱦὑ  signifies the enhancement in ὑ  for QR-DiMan over QD-DiMan. 

ὑ = 2.1 ± 0.5 and 633 ± 77 nM for DC-SIGN and DC-SIGNR, 

respectively.20 
c Only data points Ò10 nM included in fit. 
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4.3.3 Binding Mode Determination via FRET and Hydrodynamic 

Size Analysis 

In order to more empirically establish the binding modes between the two 

lectins and QR-DiMan, the effect of titrating protein against a fixed 

concentration of QR was analysed using FRET and hydrodynamic size 

analysis. Binding of both lectins with QR-DiMan yielded an initial linear 

increase of FRET ratio with increasing PQR before reaching saturation 

(Figure 4.7). This behaviour is similar to that observed previously for DC-

SIGN binding with QD-DiMan, but is very different from the binding of DC-

SIGNR with QD-DiMan, which displays a sigmoidal relationship with very little 

binding occurring at the low PQRs.20 This difference agrees with the 

aforementioned observation that a significant amount of strong affinity, higher 

order multivalency complexes are established for QR-DiManĀDC-SIGNR 

complexation, allowing significant binding to occur even at these lower PQRs. 

By fitting the linear region of the FRET ratio-PQR relationship and taking the 

intersection with the maximum recorded FRET ratio (Figure 4.7C), the 

ñapparentò PQRs required to achieve saturate QR binding (i.e. maximal FRET 

ratio) are estimated as ~6 for DC-SIGN and ~33 for DC-SIGNR. Please note 

that these values do not represent the actual number of lectins that are bound 

to each QR-DiMan but, rather, the number of lectins per QR required to 

achieve saturate binding because not all added lectins will be able to bind to 

the QR under the natural association/dissociation equilibrium. As the overall 

binding affinity of QR-DiMan with DC-SIGNR is significantly weaker than that 

with DC-SIGN, the proportion of added DC-SIGNR molecules that are bound 

to the QR would be considerably lower than that for DC-SIGN. In addition, it 

is also worth noting that these values are likely to be smaller than the ñtrueò 

PQR required to achieve saturated protein coverage of QR. This is because, 

according to our previous EDX mapping, the fluorescent core is situated at 

the centre of the rod,49 thus only lectins bound within proximity of the central 

region will be close enough to engage in FRET, due to the inverse sixth power 

dependency of the FRET efficiency to the distance between the donor and 

acceptor.54 

 



- 149 - 

 

Figure 4.7 Direct excitation background corrected fluorescence spectra 
corresponding to titration of DC-SIGN (A) or DC-SIGNR (B) against 
a fixed concentration of QR-DiMan (10 nM). (C) Plots of the 
corresponding FRET ratio-PQR relationships fitted with linear fits 
of the initial PQR data points (PQR Ò 4 or 12 for DC-SIGN and DC-
SIGNR, respectively). The fits give intercept = 0.018 ± 0.002 and 
0.0194 ± 0.0006, slope = 0.24 ± 0.01 and 0.0234 ± 0.0002 for DC-SIGN 
and DC-SIGNR, respectively. (R2 Ó 0.99 for all fits) 

The binding modes of the two proteins with QR-DiMan were further confirmed 

by analysing the hydrodynamic diameters (Ὀ ) of the resulting QR-lectin 

complexes. The apparent Ὀ  values were obtained from Gaussian fits of the 

Ὀ  distribution histograms over a PQR range of 0 to 20. For QR-DiManĀDC-

SIGN complexation, only a single size distribution is observed, which plateaus 

at ~60 nm (Figure 4.8A-D; Figure C.3Figure C.5) after a PQR of ~6. This 

value is similar to the summation of the Ὀ  values of a single QR-DiMan 

flanked by two proteins (where QR-DiMan and DC-SIGN demonstrate 

individual Ὀ  values of ~21 and ~14 nm, respectively). This size is therefore 

likely to be representative of a monolayer of lectin with all CRDs 

simultaneously specifically bound to a single QR-DiMan particle. QR-

DiManĀDC-SIGNR complexation, on the other hand, demonstrates two 

distinct size distributions (Figure 4.8E-H): one plateaus at ~60 nm and 

matches well with that of DC-SIGN complexation, while the other plateaus at 

~140 nm. The similarity in Ὀ  values between the smaller size peak in DC-

SIGNR and that observed for DC-SIGN evidently confirms the presence of 

simultaneous binding in DC-SIGNR. Whereas, the larger size distribution with 

DC-SIGNR is indicative of the formation of crosslinked clusters, similar to that 

observed previously with QDs, although the size here is somewhat smaller.20 

Fitting the average Ὀ  (weighted with respect to their integrated areas) against 

PQR using an offset Hill function (Figure 4.8I), it is observed that the average 

Ὀ  plateaus at 62 ± 6 and 150 ± 10 nm for DC-SIGN and DC-SIGNR, 

respectively. This demonstrates that the number of DC-SIGNR clustered 

particles tends to increase with increasing PQR. This result provides further 

evidence that the high affinity interaction observed at low concentrations for 
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DC-SIGNR does indeed correlate with the simultaneous binding mode, and 

the weaker affinity binding correlates with an increase of crosslinked binding 

at the higher PQRs.  

 

 

Figure 4.8 Volume population hydrodynamic size distribution 
histograms fitted with uni- or bi-modal Gaussian functions for QR-
DiMan (10 nM) after binding with DC-SIGN at PQRs of (A) 2:1, (B) 
4:1, (C) 10:1 and (D) 20:1 or binding with DC-SIGNR at PQRs of (E) 
2:1, (F) 4:1, (G) 10:1, and (H) 20:1. (I) The corresponding 
average ╓ἰ-PQR relationship (average ╓ἰ ╓ἰȟ ═Ϸ ╓ἰȟ
═Ϸȟ where ═Ϸ and ═Ϸ are the percentage area of the Gaussian 
fits; filled circles: single distribution; half-filled circles: two 
distributions) fitted with an offset Hill function (╓ἰȟἜἝἠ ╓ἰȟ
╓ἰȟ ╓ἰȟ Ⱦ ἜἝἠ ȾἜἝἠ▪  where ╓ἰȟ was fixed to the ╓ἰ of 

QR-DiMan, ╓ἰȟ  = 62 ± 6 and 150 ± 10 nm, ἜἝἠ (PQR at 50% of 

╓▐ȟ ) = 2.7 ± 0.8 and 1.3 ± 1, and ▪ = 1.3 ± 0.4 and 1 ± 1, for DC-SIGN 

and DC-SIGNR, respectively; R2 Ó 0.99). (DC-SIGN: blue; DC-SIGNR: 
red). 

To confirm the binding affinity-mode relationship, free D-mannose (Man) was 

added to compete for pre-formed QR-DiManĀDC-SIGN/R complexes 

prepared under a PQR of 4:1. DLS analysis showed that the amount of 

clustered QR-DiManĀDC-SIGNR species was decreased even with addition of 

just 0.1 mM of Man (Figure 4.9E; Figure C.6Figure C.8). This is a clear 
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indication that the crosslinked clusters correspond to the weaker binding 

mode, which is more easily displaced than the stronger simultaneous binding. 

The average Ὀ  of the smaller species was also reduced to ~30 nm with Ó 4 

mM Man (Figure 4.9G), along with the complete disappearance of the 

clustered species, indicating the eventual breakdown of both binding modes.  

 

 

Figure 4.9 Volume population hydrodynamic size distribution 
histograms fitted with uni- or bi-modal Gaussian functions for a 
pre-incubated mixture of QR-DiMan (10 nM) with DC-SIGN (40 nM) 
after addition of free mannose (Man) at concentrations of (I) 0.1, (J) 
2, (K) 4 or (L) 100 mM; and a pre-incubated mixture of QR-DiMan (40 
nM) with DC-SIGNR (40 nM) after addition of Man at concentrations 
of (M) 0.1, (N) 2, (O) 4 and (P) 100 mM. (S) Plot of the corresponding 
average ╓ἰ against [Man] (average ╓ἰ ╓ἰȟ ═Ϸ ╓ἰȟ ═Ϸȟ 
where ═Ϸ and ═Ϸ are the percentage area of the Gaussian fits; 
filled circles: single distribution; half-filled circles: two 
distributions). (DC-SIGN: blue; DC-SIGNR: red). 

Moreover, addition of Man to QR-DiManĀDC-SIGN/R complexes also led to a 

significant, dose-dependent reduction in FRET ratio (Figure 4.10), indicated 

by the simultaneous reduction of dye fluorescence and recovery of QR 

fluorescence. These results are fully consistent with free Man induced 

lectinĀglycan-QR complex dissociation. The FRET ratio change with Man 

concentration, [Man], was then fitted with an offset Hill equation to obtain the 
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apparent-inhibition constant (ὑ), which represents the ñapparentò [Man] 

required to inhibit binding by 50% (Equation 4.2; where Ὂ is the FRET ratio 

at a particular -ÁÎ, and ὲ represents the Hill coefficient; Figure 4.10C).  
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Figure 4.10 Direct excitation background corrected fluorescence 
spectra corresponding to increasing concentrations of free 
mannose to a pre-incubated 4:1 PQR mixture of 10 nM QR-DiMan 
with (A) DC-SIGN or (B) DC-SIGNR. (C) A plot of the relationship 
between FRET ratio against mannose concentration for the 
fluorescence spectra recorded in A and B, fitted with an offset Hill 
function (Equation 4.2; where ╕  = 1.049 ± 0.007 and 0.253 ± 0.001, 
╕  = 0.071 ± 0.003 and 0.072 ± 0.003, ╚ἱ ([Man] at 50% inhibition) = 
8.0 ± 0.1 and 4.2 ± 0.2 mM, and ▪ = 1.78 ± 0.05 and 1.21 ± 0.08, for 
DC-SIGN (blue) and DC-SIGNR (red), respectively; R2 > 0.999 for 
both fits). 

Here, the apparent-ὑ values for DC-SIGN and DC-SIGNR were estimated as 

8.0 ± 0.1 and 4.2 ± 0.2 mM, respectively. The higher ὑ value for DC-SIGN is 

a reflection of its stronger overall binding affinity with QR-DiMan, and hence 

requires a higher [Man] in order to displace 50% of binding interactions. 

However, DC-SIGNR displays a broader decay with increasing [Man] than 

DC-SIGN does, evidenced by the smaller exponent (ὲ = 1.78 ± 0.05 vs 1.21 

± 0.08 for DC-SIGN vs DC-SIGNR). This suggests that Man is able to displace 

a larger amount of DC-SIGNR binding at much lower concentrations than DC-

SIGN. It is worth noting that, where the difference in the overall apparent-ὑ  

between DC-SIGN/R binding to QR-DiMan is ~100-fold, the difference in the 

apparent-ὑ with Man is only ~2 fold. This may suggest that, for a PQR of 4:1, 

the simultaneous binding mode of DC-SIGNR provides a higher contribution 

to the apparent-ὑ than the crosslinking mode, where the latter contributes 
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mainly to broadening of the decay. Interestingly, because the fluorescent core 

of the QR has been shown to be located in the centre of the cylindrical middle 

section of the QR,49 any binding at the middle section will have a larger 

influence on the apparent-ὑ. This result may therefore suggest that the glycan 

display at the cylindrical section of the rod is better suited to form simultaneous 

binding with DC-SIGNR than crosslinking interactions. Consistent with this, 

the decay in Ὀ  for the simultaneously bound complexes also occurs at the 

same [Man] range (Figure 4.9I).  

Overall, these results collectively demonstrate that our QR-DiMan is 

able to distinguish between the strong simultaneous- and weaker crosslinking- 

binding modes by combining both FRET and hydrodynamic size analyses. 

4.3.4 Binding Mode Rationale via S/TEM Imaging 

Electron microscopy was further employed to capture ñsnapshotò images of 

the QR-lectin complexes in order to provide a more detailed understanding of 

their interactions. Here, QR-lectin samples, prepared with a PQR of 4:1, were 

plunge-frozen and then vacuum dried, before being placed for S/TEM 

imaging. We have shown previously that this method allows for the successful 

capture of the native dispersion state of nanoparticle assemblies.20, 55 Binding 

of DC-SIGN demonstrated mostly isolated individual QRs (Figure 4.11A) 

which correlated nicely with the single Ὀ  distribution for DC-SIGNĀQR-DiMan 

complexes observed by DLS (Figure 4.8B). Additionally, binding of 

DC-SIGNR yielded both clustered QR assemblies and non-clustered 

individual QRs (Figure 4.11B), which again agreed well with the two distinct 

Ὀ  species observed in DLS (Figure 4.8F).  

 

 

Figure 4.11 S/TEM images of cryo-prepared QR-DiMan (10 nM) after 
complexation with 4 eq of (A) DC-SIGN, (B) DC-SIGNR, and (C) 
DC-SIGNR in the presence of Man (2 mM). 

To further quantify assembly formation, the inter-QR distances were analysed 

by measuring the perimeter-perimeter nearest neighbour distances (ppNNDs) 
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between each QR (i.e. the shortest distance between the perimeter of one QR 

with that of its nearest neighbouring QR). The distributions of ppNNDs were 

then plotted as histograms and fitted with Gaussian distribution curves. This 

analysis revealed three well-defined species for QR-DiManĀDC-SIGNR 

assemblies with ppNNDs of 1.9 ± 0.8, 4.0 ± 1.1 and 6.7 ± 1.0 nm (mean ± 

½FWHM; Figure 4.12B; Table 4.2), respectively. DC-SIGN, on the other 

hand, displayed only one well-defined ppNND distribution at 2.3 ± 1.1 nm 

(Figure 4.12; Table 4.2). These results allowed us to draw three conclusions. 

(1) The smallest ppNND species (~2 nm) were observed in similar amounts 

for both DC-SIGN and DC-SIGNR (20-27%). Such distances are comparable 

to the thickness of the glycan ligand coating, thus these QR assemblies are 

deemed to result from non-specific interactions. (2) The species with ppNNDs 

ṃ 7.7 nm were found in 71% of QR-DiManĀDC-SIGN and 31% of QR-

DiManĀDC-SIGNR complexes and were randomly distributed (Figure C.10). 

These corresponded nicely to single QR-DiMan particles bound with a layer 

of proteins as observed by DLS, thus confirming that both DC-SIGN and DC-

SIGNR were able to bind tetravalently with all CRDs with one QR-DiMan. (3) 

The well-defined species for DC-SIGNR binding with ppNNDs of 4.0 ± 1.1 and 

6.7 ± 1.0 nm were not observed in significant amount with DC-SIGN (Figure 

4.12A,B), such distances were consistent with the discrete distances 

expected for DC-SIGNR-bridged QRs. In addition, 49% of QRs with ppNNDs 

Ṃ 8 nm contained > 2 QRs per cluster for DC-SIGNR, which were only 

observable in negligible amounts for DC-SIGN (< 3% of QRs, and none with 

>3 QRs per cluster). These multi-QR assemblies are consistent with the larger 

Ὀ  sizes observed by DLS. Interestingly, these are only limited to a few QRs 

per cluster, thus do not resemble the extensive intercrosslinked networks 

observed for QD-DiMan bridged by DC-SIGNR.20 This is likely due to the dual 

simultaneous and crosslinking binding mode which imparts a limit to the 

number of crosslinking interactions possible.  
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Figure 4.12 Histograms of the perimeter-perimeter nearest neighbour 
distance (ppNND), fitted with uni- or multi- modal Gaussian fits, for 
the S/TEM images of cryo-prepared QR-DiMan incubated with (A) 
DC-SIGN, (B) DC-SIGNR or (C) pre-incubated sample of QR-
DiManĀDC-SIGNR with 2 mM Man. Histograms of the centre-centre 
nearest neighbour distances (ccNNDs, for 2.9 < ppNND < 7.7 nm), 
fitted with trimodal Gaussian fits (where applicable), for QR-DiMan 
incubated with (D) DC-SIGN, (E) DC-SIGNR  or (F) pre-incubated 
QR-DiManĀDC-SIGNR with 2 mM Man. Statistical analysis of the (G) 
numbers of QRs per cluster (i.e. the number of interconnected QRs 
with a ppNND < 7.7 nm) and (H) QR nearest neighbour orientations 
(individual: ppNND > 7.7 nm; parallel: the area of the first ccNND 
peak (or ccNND <10 nm for DC-SIGN); non-parallel: the sum of the 
second and third ccNND peak areas (or ccNND >10 nm for 
DC-SIGN); non-specific: ppNND < 2.9 nm).  
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Table 4.2 Summary of fitting parameters obtained from the Gaussian fits 
of the nearest neighbour distances (NND) of QR-DiMan particles 
binding with DC-SIGN, DC-SIGNR or DC-SIGNR with 2 mM Man. 
Where ppNND is the perimeter-perimeter NND and ccNND is the 
centre-centre NND (where 2.9 < ppNND < 7.7 nm). 

Perimeter-perimeter NND 

Protein 
Mean 
ppNND / 
nm 

FWHM / nm Area / % R2 

DC-SIGN 2.3 Ñ 0.1 2.2 Ñ 0.4 8 Ñ 1 0.747 

DC-SIGNR 

1.9 Ñ 0.2 

4.0 Ñ 0.2 

6.7 Ñ 0.7 

1.5 Ñ 0.5 

2.2 Ñ 0.9 

2 Ñ 1 

8 Ñ 4 

15 Ñ 6 

4 Ñ 3 

0.869 

DC-SIGNR + 
Man 

1.63 Ñ 0.09 

3.6 Ñ 0.2 

6.4 Ñ 0.6 

1.5 Ñ 0.4 

2.0 Ñ 0.6 

3 Ñ 1 

10 Ñ 3 

9 Ñ 3 

5 Ñ 2 

0.987 a 

Perimeter-perimeter NND 

Protein 
Mean 
ccNND / 
nm 

FWHM / nm Area / % R2 

DC-SIGN - - - - 

DC-SIGNR 

8.9 Ñ 0.1 

13.5 Ñ 0.3 

19.3 Ñ 0.3 

2.4 Ñ 0.3 

4.9 Ñ 0.8 

2.0 Ñ 0.6 

15 Ñ 2 

21 Ñ 3 

4 Ñ 1 

0.939 

DC-SIGNR + 
Man 

8.9 Ñ 0.1 

14.0 Ñ 0.4 

21.5 Ñ 0.3 

3.1 Ñ 0.4 

7.9 Ñ 0.9 

1.8 Ñ 0.6 

7 Ñ 2 

18 Ñ 2 

1.1 Ñ 0.4 

0.980 

a An additional peak was observed at ~0.8 nm which was an artefact of 
the image resolution and fit poorly to the data. 

 

To investigate how Man competes with the QR-DiManẗDC-SIGNR binding, 

S/TEM images were performed on a sample of pre-incubated 

QR-DiManĀDC-SIGNR complex with 2 mM Man (Figure 4.11C; Figure 

4.12C). Here, a ~40% reduction of clusters containing > 4 QRs was observed 

(Figure 4.12G), consistent with the significantly reduced mean Ὀ  observed 

by DLS (Figure 4.9F). In parallel to the decrease in crosslinking, a ~10% 

increase in the proportion of individual complexes and a ~50% increase in the 
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proportion of non-specific interactions was observed (Figure 4.12H). This 

result may explain why the Ὀ  of QR-DiMan did not completely return to its 

original size after dissociation of protein observed at high Man concentrations. 

Given the previously established crosslinking character of spherical 

QD-DiMan with DC-SIGNR,20 any deviation in binding mode induced by QRs, 

with a similar radius and chemical composition, is likely to be imparted by the 

central cylindrical section, where the glycan display differs most from that of 

QDs. Therefore, simultaneous binding of DC-SIGNR is most likely to occur in 

central cylindrical region of the QR while crosslinking is more likely to occur at 

the spherical ends. This can be investigated by analysing how the QR-DiMan 

particles orient themselves with respect to each other in the presence of 

crosslinking DC-SIGNR. This was achieved by measuring the centre-centre 

nearest neighbour distance (ccNND; the shortest distance between the centre 

of one QR with that of its nearest neighbour) for all QRs with a ppNND 

between 4.0 ± 1.1 to 6.7 ± 1.0 nm. As expected, no clear ccNND distribution 

was observed for QR-DiManĀDC-SIGN complexes (Figure 4.12D). In sharp 

contrast, for QR-DiManĀDC-SIGNR, three discrete distributions were obtained 

with Gaussian fits with ccNNDs of 8.9 ± 1.2, 13.5 ± 2.4, and 19.3 ± 1.0 nm 

(mean ± ½FWHM; Figure 4.12E; Table 4.2), respectively. These distributions 

are representative of QRs which are stacked either parallel (i.e. centre to 

centre), perpendicular (i.e. end to centre) or adjacent (i.e. end to end) to one 

another, respectively (as depicted in Figure 4.12E).  

If crosslinking did not discriminate between the different rod regions 

then, based on surface area alone, the most common inter-QR orientation 

would be QRs stacked loosely parallel to one another. However, the ccNND 

distributions show this is not the most prevalent orientation. Instead, only 15% 

of QRs are stacked parallel to their nearest neighbour, and 25% of QRs 

display non-parallel nearest neighbour orientations (Figure 4.12H), 

suggesting that crosslinking favours the spherical QR ends over the central 

cylindrical section. In addition, these parallel interactions were the only 

nearest neighbour orientation that showed a significant reduction upon 

addition of the Man competitor. Therefore, it is plausible that these parallel QR 

stacks are comprised of protein crosslinking at both QR ends, which are then 

either fully dissociated into isolated particles or partially dissociated into 

nonparallel interactions in the presence of Man. This is feasible as further 

crosslinking between adjacent QR-lectin complexes within the same original 

QR cluster would be much more kinetically favourable than crosslinking 

multiple QR-lectin complexes that were freely diffusing in solution. Based on 
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these observations, three interesting conclusions can be deduced: (1) 

DC-SIGN does not discriminate between the spherical ends and cylindrical 

section of the QR scaffold; (2) DC-SIGNR crosslinks with spherical ends of 

the QR; and (3) DC-SIGNR simultaneously binds to cylindrical section of the 

QR (Figure 4.13). 

 

 

Figure 4.13 Schematics depicting (1) the simultaneous binding of 
DC-SIGN to all sections of both QR-DiMan and QD-DiMan; (2) 
DC-SIGNR crosslinking with spherical QD-DiMan or with the 
spherical end sections of QR-DiMan into parallel stacks; and (3) the 
simultaneous binding of DC-SIGNR to the cylindrical section of 
QR-DiMan, only. 

These different binding phenomena can be rationalised by considering the 

relative dimensions of both binding partners. The hydrodynamic dimensions 

of QR-DiMan can be estimated from the summation of the average QR core 

dimensions obtained by S/TEM (core length, ὒ  = 14.7 ± 5.7 nm; core 

diameter, Ὀ  = 3.1 ± 0.7 nm; Figure 4.2B) and the estimated hydrodynamic 

surface ligand length (2.9 ± 1.1 nm; derived from the previous QD-DiMan 

dimensions, Ὀ  = 9.5 ± 0.1 nm and Ὀ = 3.7 ± 2.1 nm; Figure E.1Figure 

E.2).20 This provided a QR-DiMan estimated terminal end Ὀ  and cylindrical 

height Ὄ) of 8.9 ± 2.3 nm and 11.6 ± 5.7 nm, respectively (see Appendix 

E.2). Both of these dimensions are comparable with that of the equivalent QD-

DiMan scaffold (Ὀ  = 9.5 ± 0.1 nm).20 Due to the flexible nature of the EG11 

chains, the surface area and inter-glycan distance of each glycan ligand can 

be assumed to be roughly the same across the whole QR (1.6 nm2 and 1.4 

nm, respectively; Appendix B.1). The crystal structure of DC-SIGNR C-

terminal tetrameric fragment (PDB code 1XAR) provides approximate 
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dimensions of 3.8  8.0 nm between the primary Ca2+ ions associated with 

glycan binding (Figure E.3A).56 This means that the binding contact area of 

each DC-SIGNR is likely to be smaller than both the spherical and cylindrical 

regions of the QR, and would cover a QR surface area containing ~20 

glycans. These simple calculations suggest that neither the QR size nor the 

inter-glycan distance are likely to be the main factor causing the distinct 

binding mode for DC-SIGNR between the QR end and middle sections. 

Instead, the distinct DC-SIGNR binding modes are most likely to be 

determined by the large differences in the 3-dimensional surface curvatures 

between these regions. In fact, at the spherical ends of the QR, surface 

curvature could theoretically impart separation distances (Ὠ) as much as ~4 

nm from the protein binding sites to the glycan surface (Equation 4.3). Here, ὴ 

is the Ca-Ca distance between two CRDs at the furthest separation distance 

from the scaffold surface, which is taken as the average diagonal Ca-Ca 

distance (Figure 4.14 left), where ὴ ~ 8.8 nm for DC-SIGNR. 

 

Ὠ
Ὀ Ὀ ὴ

ς
 

4.3 

 

Figure 4.14 Schematic depicting the difference in separation distance 
between the binding contact area of DC-SIGNR (red) with either the 
spherical end (left) or cylindrical section (right) of the QR surface. 
Where ▀ is the separation distance between the protein contact 
area and the QR-DiMan surface, ■ is the maximum compression 
length of the surface glycan ligands, ▬ is the Ca-Ca distance 
between two CRDs at the furthest separation distance from the QR 
surface, ╓▐ is the estimated QR-DiMan hydrodynamic diameter, and 

╗ is the height of the QR cylindrical section. (Not to scale). 
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The theoretical maximum length at which the glycan ligands may be able to 

be compressed (ὰ) can be derived from the estimated length of flexibility in the 

glycan ligand, i.e. ὰ ~2.1 nm for DHLA-EG11-DiMan (estimated by the length 

of the rigid lipoic acid segment (~0.8 nm; PDB code: LPA) subtracted from the 

total hydrodynamic ligand length). Therefore, even with compression of the 

ligands, it would be impossible for all four binding sites to reach the glycan 

surface simultaneously. This means that the glycan displays at the QR ends 

are incapable of bridging all four binding sites in DC-SIGNR, thus the protein 

cannot access its most stable simultaneously bound state. Instead, it is forced 

to find its next most favourable configuration by crosslinking with other 

particles to maximize binding enthalpy (see Chapter 3). For the cylindrical 

section of the scaffold, the curvature of the round of the cylinder is the same 

as the spherical ends, however, along the length of the cylinder, it is roughly 

flat. This means that the tetrameric lectin has the opportunity to align itself 

with its longer length parallel to the length of the rod (Figure 4.14 right). 

Therefore, only the short length of the tetramer (i.e. ὴ = 3.8 nm) needs to 

contribute to the separation distance (d) from the rod surface, resulting in a 

Ὠ of only ~0.4 nm. This is well within the maximum compression length of the 

ligands, therefore allowing glycans to easily bridge all 4 CRDs to give strong 

simultaneous tetravalent binding. Finally, the tetrameric model of DC-SIGN 

has been predicted to exhibit a more compact shape with an average diagonal 

inter-binding site distance of 5.6 nm (Figure E.3B).57 This results in a much 

smaller separation distance between the protein contact area (Ὠ ~1 nm), 

which is smaller than the maximum compression length of the flexible surface 

ligands (ὰ = 2.1 nm). This would therefore easily allow the QR surface glycans 

to bridge all 4 CRDs, regardless of the region of the QR that DC-SIGN binds 

to, leading to the exclusively simultaneous binding mode as observed here. 

These calculations therefore show that while the tetrameric structures of both 

lectins are still unknown, the good agreement between the predicted and 

observed results suggests that the structural models for DC-SIGN/R are likely 

to be relatively reliable. Moreover, it also demonstrates that, by taking into 

account nano-scaffold curvature, estimating the Ὠ-ὰ relationship between the 

protein and nano-scaffold dimensions can provide a useful prediction of the 

binding mode for multimeric lectins. 
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4.4 Conclusion 

In summary, this chapter presents a new glycan-QR based multifunctional 

biophysical probe for MLGIs. By combining FRET, hydrodynamic size and 

S/TEM imaging analysis, geometric influences of glyconano-materials on 

MLGI properties have been dissected using DC-SIGN and DC-SIGNR, a pair 

of tetrameric lectin models with almost identical monovalent binding motifs but 

distinct binding site arrangements. It is demonstrated that, given ample 

polyvalent glycan density and area, scaffold curvature has a fundamental 

impact on the binding modes of MLGIs. Here, DC-SIGNR is able to distinguish 

between the end and middle sections of QR-DiMan, forming strong 

simultaneous tetravalent binding at the central cylindrical section but bis-

bivalent crosslinking at the spherical ends. Whereas, DC-SIGN binds with 

strong simultaneous tetravalent binding irrespective of the QR section. It has 

been further predicted that only curvatures affording a separation distance 

between the protein contact area and the glycan ligand surface (Ὠ) smaller 

than the compression length of the glycan ligands (ὰ) can result in the strong 

simultaneous binding of all binding sites. However, if Ὠ is greater than ὰ, then 

only weak crosslinking or other lower valency binding interactions can occur. 

This result thus demonstrates how multimeric lectins like DC-SIGN/R 

differentiate glycan displays with different geometries, which may help explain 

some of their differences in virus-binding and transmitting properties. This new 

information will be useful for guiding the design of specific multivalent glycans 

for targeting such MLGIs. 
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Chapter 5  

Investigating the binding of glycan-gold nanoparticles upon 

DC-SIGN/R conjugated supported lipid bilayers using QCM-D 

and cryoTEM 

All work in the following chapter was conducted by the author of this thesis. 

Cryo-EM imaging was facilitated by Dario Fernandez Ainaga and Dr Nicole 

Hondow. Ligand precursors were synthesised by Dr Darshita Budhadev. 

Plasmids were co-prepared by Dr Yuan Guo. 

5.1 Introduction 

So far, this thesis has demonstrated the valuable contribution of 

glyconanoparticles, such as glycan-coated quantum dots (glycan-QDs), as 

unique tools for probing the solution-phase affinities, thermodynamics, 

kinetics and binding modes of multivalent lectin-glycan interactions (MLGIs). 

Solution-based methods offer a range of advantages, such as the accurate, 

non-sterically hindered quantification of the binding of individual proteins with 

easily accessible glycan surfaces, however, such techniques cannot truly 

represent the surface-phase chemistry observed between glycans and 

membrane lectins in their native states upon cell or virus surfaces.  

Such distinctions were demonstrated by our groupôs recent study on the 

use of glycan-coated gold nanoparticles (glycan-GNPs) as potential 

therapeutics for targeting tetrameric lectins DC-SIGN and DC-SIGNR.1 In that 

study, a range of glycans, including mannose (Man) and mannose- 1h,2-

mannose (DiMan), coupled to monovalent and trivalent ligands, were 

conjugated onto 5 nm GNPs (G5) and were investigated for their 

solution-phase binding behaviour and in vitro viral inhibition efficacy. Lectin 

binding was quantified by monitoring the quenching of fluorescence from an 

excited Atto643 labelled protein to any bound glycan-GNPs via a non-radiative 

energy transfer process (see Section 1.3.3; Figure 1.11). This technique 

achieved comparable ὑ  values with those obtained for QD-EG11-DiMan, 

where binding between G5-EG2-DiMan with DC-SIGN/R achieved values of 

3.9 and 152 nM, respectively (vs 3.0 and 80 nM for QD-EG11-DiMan at 25 oC; 

see Table 3.1). These studies also revealed that increasing the density of Man 

or DiMan using trivalent ligands had much more of a strengthening effect on 

DC-SIGNR than it did DC-SIGN. Interestingly, however, when these glycan-

GNPs were applied to the inhibition of ebolavirus glycoprotein (EBOV-GP)-

driven infection of DC-SIGN/R+ 293T cells, the concentrations required to 
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achieve 50% inhibition (IC50) were conversely observed to increase (i.e. lower 

in potency) with increased glycan density for both proteins. In addition, though 

DiMan generally led to stronger binding, the difference in potency of binding 

between the DiMan-bearing GNPs and the Man-bearing GNPs for DC-SIGNR 

was much more pronounced in the cell surface-phase inhibition studies 

compared to the solution-phase quenching studies (i.e. )# Ⱦ)#  = 12-

20-fold vs ὑ Ⱦὑ  = 2-3-fold), however, this difference was a lot less 

pronounced for DC-SIGN (i.e. )# Ⱦ)#  = 3-10-fold vs ὑ Ⱦὑ  = 5-

8-fold). 

Table 5.1 Summary of parameters for the binding of DC-SIGN/R with 
different glycan-GNPs, derived from the quenching efficiency, ╔
ἜἶȾ╚Ἤ

▪ Ἔ▪ ; and the inhibition of EBOV-GP into DC-SIGN/R+ 
293T cells with different glycan-GNPs, derived from the luciferase 
activity, ═ ἓἍ □ȾἓἍ □ ἑἵ . Where [L] is the concentration of 

lectin, ╚Ἤ is the dissociation constant, ▪ is the Hill coefficient, IC50 
is the concentration of inhibitor required to achieve 50% luciferase 
activity, □ is the inhibition coefficient and [G] is the concentration 
of glycan-GNP inhibitor. 

 Glycan-GNP ὑ  / nM ὲ IC50 / nM ά 

D
C

-S
IG

N
 G5-Man 33.1 ± 2.1 0.82 ± 0.07 0.26 ± 0.08 1 

G5-(Man)3 18.7 ± 0.3 0.77 ± 0.01 1.57 ± 0.25 1 

G5-DiMan 3.9 ± 0.3 0.59 ± 0.03 0.095 ± 0.017 1 

G5-(DiMan)3 3.6 ± 0.1 0.42 ± 0.01 0.15 ± 0.03 1 

      

D
C

-S
IG

N
R

 

G5-Man 214 ± 68 0.68 ± 0.10 7.3 ± 1.2 0.42 ± 0.04 

G5-(Man)3 133 ± 20 0.63 ± 0.07 53 ± 17 0.61 ± 0.14 

G5-DiMan 152 ± 37 0.99 ± 0.14 0.63 ± 0.09 0.56 ± 0.02 

G5-(DiMan)3 42 ± 2 0.48 ± 0.03 2.6 ± 0.1 0.53 ± 0.02 

 

Discrepancies such as these demonstrate the importance of understanding 

MLGIs not only within the solution-phase but also within their native states 

upon cell surfaces. Such regimes not only take into account the true kinetic 

and entropic contributions associated with binding between restricted, 

laterally mobile protein with freely diffusing glycans, but also incorporate the 

bigger picture of how proteins might act cooperatively upon cell surfaces to 

better facilitate glycan binding and internalisation. For example, the formation 

of clustered proteins on cell membranes, known as microdomains, are 

understood to promote the binding of extracellular species through the 

additional multivalent enhancement afforded by multiple receptors interacting 

with multiple glycans on the same species. Techniques such as electron 
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microscopy, near-field scanning optical microscopy and confocal 

fluorescence microscopy have been used in the past to identify DC-SIGN 

microdomains on cell surfaces, demonstrating clusters of ~80 nm in diameter 

on naïve dendritic cells which organise to ~200 nm upon binding and 

internalisation of pathogenic species.2-5 Such microdomains have been 

shown to display rapid lateral transportation from the cellôs leading edge to 

zones of potential internalisation upon contact with pathogenic material, 

demonstrating the importance of such interactions in internalisation.6 

Microdomain stability has been shown to be largely dependent on the 

presence of DC-SIGNôs CRDs,3  which suggests that they are stabilised by 

either the extracellular matrix or transmembrane glycans rather than from the 

cytoplasm, however, microdomain formation may likely play an important role 

in other cytoplasmic activities such as lectin-associated signalling pathways. 

These insights demonstrate the importance of understanding the interaction 

of glycans with lectins such as DC-SIGN an DC-SIGNR in their native 

membrane-phase environments. However, despite these studies, little has 

been done to investigate the actual mechanistic modes and affinities of the 

MLGIs upon membrane surfaces and how differences in binding mechanism 

may affect clustering and any subsequent biological function. Moreover, other 

than for inhibition studies and probing microdomains,2 few studies have been 

performed to analyse the effect of glyconanoparticles and their design on 

MLGIs on lipid membranes. Revealing such details would therefore better 

inform our understanding of MLGIs in their native states and what 

considerations need to be taken into account in designing glycoconjugates to 

target such interactions. 

So far, surface plasmon resonance (SPR) has been the main technique 

for measuring the surface-phase kinetics of lectin-glycan interactions,7-12 

however, simply binding glycans or lectins onto a solid support (i.e. gold) or 

immobilising them via static interactions, has its limitations. Such techniques 

can often lead to lectins being positioned in undesirable orientations where 

the binding sites are not fully accessible.13 In addition, full immobilisation does 

not allow for lateral fluidity and thus cannot accurately represent the true 

dynamic nature of cell membranes. Quartz crystal microbalance (QCM) 

techniques offer an adequate alternative to SPR, where, instead of providing 

an optical readout, QCM exploits quartzôs piezoelectric readout to measure its 

mass-dependent acoustic resonance. Here, shifts in the resonance frequency 

are proportional to the amount additional areal mass bound to the surface 

(Equation 5.1), which is in turn proportional to the amount of bound analyte, 

thus allowing binding rates and affinities to be derived.14 Though QCM can 
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also be used to monitor immobilised binding partners on gold surfaces,15, 16 

because of the natural hydrophilicity of silicon oxide-based surfaces, QCM 

sensors can also support lipid bilayers,17 allowing them to monitor interactions 

upon lipid surfaces which more closely mimic the properties of cell 

membranes compared to solid surfaces. Additionally, by incorporating lipids 

that can be functionalised with specific proportions of proteins or ligands, 

these supported lipid bilayers (SLBs) can be tuned in a simple, controllable 

manner. This technique thus provides an desirable platform for the detailed 

study of protein-carbohydrate interactions upon lipid bilayer surfaces without 

the high complexity of real cell membranes. Additionally, QCM-D (QCM with 

dissipation monitoring) can also monitor the dissipation of energy from the 

quartz surface via the decay in the amplitude of piezoelectric oscillation, 

allowing the sensor to observe changes in the rigidity or flexibility of the 

surface which can provide further information about the changing character of 

the system upon addition of an analyte. 

Glycan-GNPs provide an excellent example glycoconjguate for studying 

MLGIs upon SLB surfaces. Firstly, the previously performed solution-phase 

and cell surface studies offer an excellent comparative lens to which SLB 

assays can add key information to bridge these two environments. 

Additionally, GNPs provide a much more practical scaffold compared to the 

QDs discussed in previous chapters. GNPs are not only much simpler to 

synthesise and functionalise, but they have also been shown to display 

excellent biocompatibility (in comparison to more cytotoxic metals, such as 

cadmium), permitting them to be much more readily applied to nanomedicinal 

applications.18 

In this study, G5-Man has been employed to investigate the binding of 

glyconanoparticles with DC-SIGN and DC-SIGNR upon lipid bilayer surfaces. 

Here, small unilamellar vesicles (SUVs) containing varying concentrations of 

tris-NTA functionalised lipids were synthesised and converted into SLBs. 

SLBs were then further functionalised with DC-SIGN and DC-SIGNR by 

tethering N-terminal oligo-histidine tagged variants of the proteins to tris-NTA 

via Ni2+ coordination. QCM-D was then employed to show that DC-SIGN/R 

functionalised SLBs of various protein densities were successfully formed, 

stable and were relatively representative of DC-SIGN/Rôs native surface 

presentation. Furthermore, DC-SIGN/R functionalised SLBs were able to form 

strong and specific interactions with G5-Man glycoconjugates which could be 

completely displaced under high concentrations of mannose. It was 

additionally observed that, where the affinity of DC-SIGN binding with G5-Man 



- 168 - 

displayed limited dependency upon the lectin surface density, DC-SIGNRôs 

binding affinity was found to increase significantly (become weaker) with 

increasing inter-lectin spacing. This indicated G5-Man binding with DC-

SIGNR is much more reliant on the interaction of multiple protein molecules. 

This demonstrates that, for small (4-5 nm) GNP scaffolds, the crosslinking and 

simultaneous binding mechanisms observed in the solution-phase assays of 

DC-SIGN/R actually closely resemble those at the membrane surface. 

Additionally, this difference in density dependency between DC-SIGN and 

DC-SIGNR affinities may also provide some insight into the observed 

differences between the solution and cell based assays. In addition, a 

preliminary effort was made to image such interactions using cryo-TEM and 

confocal microscopy, which were able to visually characterise the crosslinking 

of DC-SIGNR by G5-Man on SLB surfaces. Though these techniques are still 

in their infancy, the development of these strategies for analysing membrane-

phase MLGIs shows some promising results for prospective studies in the 

future.  

5.2 Experimental 

5.2.1 G5-Ct 

GNPs were synthesised via a previously established approach.19 All 

glassware was washed with aqua regia and oven dried prior to GNP 

synthesis. Solutions of tannic acid (0.1 mL, 2.5 mM in H2O, 0.25 mmol) and 

K2CO3 (1 mL, 150 mM in H2O, 0.15 mmol) were added to a solution of sodium 

citrate (97 mg, 0.33 mmol) in H2O (150 mL), and heated at 75 oC for 30 min 

with vigorous stirring. A solution of gold(III) chloride trihydrate (1 mL, 25 mM 

in H2O, 0.025 mmol) was then added and the mixture was then heated at 

75 oC for 1 hr with slow stirring, before cooling to r.t.. Concentrations were 

obtained by UV-vis spectroscopy (‐  = 1.1 107 M-1 cm-1; Equation 2.1) and 

the man hydrodynamic diameter was obtained by DLS. 

Citrate capped gold nanoparticles (G5-Ct): Yield: 5.7 nmol. UV-vis: ‗  509.0 

nm. Mean hydrodynamic diameter (Ὀ ) 8.7 ± 2.0 nm. 
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Figure 5.1 Hydrodynamic size distribution of G5-Ct, obtained by DLS. 
Fitted with a lognormal distribution curve (╓ἰ = mean ± ½FWHM; R2 

= 0.998). 

 

5.2.2 G5-Man 

Cap exchange was performed via previously established methods. 

LA-EG2-Man was prepared in-house by our group as described previously.1  

A solution of LA-EG2-Man (200 µL, 10 mM in H2O, 2.0 µmol) was added 

to a solution of G5-Ct (1.33 mL, 1.51 µM, 2.0 nmol, ligand:GNP molar ratio 

1000:1) and rotated at r.t. for 36 hr, as described previously.1 The resulting 

mixture was then washed with 3 times with 3 mL H2O using a using a 10 kDa 

MWCO spin filter at 4000 rpm for 15 mins. Concentrations were obtained by 

UV-vis spectroscopy, mean hydrodynamic diameters were obtained by DLS 

and the number of ligands per GNP obtained by sulphur-phenol carbohydrate 

quantification to be 750 ± 50 (where the extinction coefficient obtained for the 

sulphur-phenol quantification of LA-EG2-Man was obtained previously to be 

‐  = 8600 ± 200 M-1 cm-1).1 

LA-EG2-Man capped GNPs (G5-Man): Yield: 1.96 nmol, 98%. UV-vis: ‗  

517 nm. CryoTEM: mean core diameter (Ὀ ) 4.9 ± 1.4 nm. DLS: Ὀ  

10.4 ± 2.8 nm.  
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Figure 5.2 (A) Core diameter distribution of G5-Man, obtained by 
cryoTEM; (B) hydrodynamic size distribution of G5-Man, obtained 
by DLS. Both distributions fitted with lognormal distribution curves 
(where Dcore or Dh = mean ± ½FWHM; R2 Ó 0.99).  

 

5.2.3 Protein Production and Non-Specific Labelling 

His24-DC-SIGN and His24-DC-SIGNR were made using the protein production 

and purification protocol described in Section 2.1.4.1, using plasmid encoding 

for the monomeric His6-DC-SIGN or His6-DC-SIGNR, respectively (made 

in-house by Dr Yuan Guo, as confirmed by DNA sequencing). 

 To non-specifically label the protein for confocal microscopy, His24-DC-

SIGNR was washed 3 times with a buffer of HEPES (20 mM, pH 8.3), NaCl 

(150 mM) and CaCl2 (100 mM) (herein referred to as non-specific labelling 

buffer; NSL buffer) using a 10 kDa MWCO spin filter. His24-DC-SIGNR (265 

µL, 20.8 µM in NSL buffer, 5.53 nmol) was reacted with NHS-ester-Atto643 

(7.4 µL, 10.5 mM in DMSO, 77.3 nmol) by immediate vortexing, followed by 

rotating at r.t. for 2 hrs. The protein was then purified via a mannose-

sepharose affinity column which was washed with a buffer of HEPES (20 mM, 

pH 7.8), NaCl (100 mM) and CaCl2 (10 mM) (herein referred to as binding 

buffer), to remove any excess dye and denatured protein, before eluting with 

a buffer of HEPES (20 mM, pH 7.8), NaCl (100 mM) and EDTA (2.5 mM). A 

solution of CaCl2 (500 mM, pH 8, in H2O) was then added to a final Ca2+ 

concentration of 10 mM. This yielded non-specifically labelled 

His24-DC-SIGNR (NSL-DC-SIGNR; 12.2 nmol, 55%). 

His24-DC-SIGN: HRMS: calculated monomeric molecular weight (Mw) based 

on amino acid sequence [protein] 37034.72; found 37027.52. DLS: Ὀ  12.7 ± 

2.0 nm. 
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His24-DC-SIGNR: HRMS: calculated monomeric Mw based on amino acid 

sequence [protein] 35343.57; found 35336.14. DLS: Ὀ  10.2 ± 1.7 nm. 

NSL-DC-SIGNR: HRMS: calculated monomeric Mw based on amino acid 

sequence [protein] 35343.57, [protein+Atto643] 36161.48 and 

[protein+2Atto643] 36979.36; found 35334.45, 36152.69 and 36970.42; 

proportion of 1o labelled protein 69%, proportion of 2o labelled protein 15%. 

 

 

Figure 5.3 Deconvoluted HRMS of (A) His6-DC-SIGN monomer; (B) His6-
DC-SIGNR monomer; (C) NSL-DC-SIGNR monomer. 

 

Figure 5.4 Hydrodynamic size distributions obtained by DLS for (A) 
His24-DC-SIGN and (B) His24-DC-SIGNR. 

 

5.2.4 DOPC and tris-NTA DODA SUVs 

SUVs were prepared using a previously established approach.20 1,2-di-(9Z-

octadecenoyl)-sn-glycero-3-phosphocholine (DOPC; 36 mM in CHCl3) and 

tris-NTA(-OtBu)-succ-dioctadecylamine (tris-NTA DODA; 1.56 mM in CHCl3) 

were combined in molar equivalents of 1:0, 499:1, 249:1, 99:1, 49:1 to a final 

amount of 4.5 µmol. The lipid mixtures were then dried under N2 followed by 



- 172 - 

desiccation for 2 hr, before being dissolved in a buffer of HEPES (10 mM, pH 

7.4) and NaCl (150 mM) (herein referred to as SUV buffer) to a final 

concentration of 2 mg mL-1. The resulting vesicles were reduced in size by 5 

cycles of vortexing, freezing in dry ice and thawing in warm water. Each 

solution was then sonicated (power: 70%; cycle: 1 s on, 1 s off) on ice for 15 

min, before being centrifuged for 10 min. The supernatant was then removed 

and stored under N2 at 4 oC. This yielded small unilaminar vesicles (SUVs) of 

DOPC, containing 0, 0.2, 0.4, 1 and 2% tris-NTA DODA.  

 

5.2.5 QCM-D 

All QCM-D experiments were studied on silica-coated sensors (QSX303; 

Biolin Scientific, Västra Frölunda, Sweden) using a Q-Sense E4 system 

equipped with four independent flow modules, connected to a syringe pump 

(Legato; World Precision Instruments, Stevenage, UK). All measurements 

were monitored via the frequency and dissipation shifts (ЎὪ and ЎὈ, 

respectively) at overtones of Ὥ11 ,9 ,7 ,5 ,3 =ױ and 13 (fundamental resonance 

frequency, Ὢױ= 5 MHz), which showed comparable data. All buffers used were 

degassed before each experiment to avoid the introduction of bubbles during 

measurement. All chambers and tubing were washed with BSA (10 mg mL-1) 

at a flowrate of 50 µL min-1 for 10 min, to passivate the apparatus walls to 

reduce non-specific adsorption, before being washed with H2O at a flowrate 

of 100 µL min-1 for 20 min and then dried in air and N2. The sensor chips were 

incubated in sodium dodecyl sulphate (SDS) solution (2% w/v in H2O) for 1 hr 

before being washed with water, dried under N2 and then cleaned under 

UV/ozone for 30 min (immediately before use). Sensor chips were then 

monitored in air at 24 oC for their stability in frequency and dissipation at each 

overtone, before being equilibrated in SUV buffer for at least 10 minutes, 

ensuring a 3rd overtone ЎὈ of 162 10-6, typical of this buffer. All proceeding 

measurements were monitored using the normalised frequency and 

dissipation at overtone Ὥ = 5 (i.e. ЎὪ ЎὪȾυ and ЎὈ ЎὈȾυ). Typical 

measurements were performed at a flowrate of 20 µL min-1, unless otherwise 

stated. For SLB formation, SUVs (2 mg mL-1 in SUV buffer) were diluted to 50 

µg mL-1 in SUV buffer with 5 mM NiCl2. 

 

5.2.6 Confocal Microscopy  

Confocal microscopy samples were prepared using a 4  200 µL Teflon well 

plate which had been mounted onto a borosilicate glass slide (Menzel-Glazer; 



- 173 - 

24  24, 1.5 mm) via Twinsil® silicone glue. Samples were prepared by 

adding SUV (25 µL, 0.2 mg mL-1 in SUV buffer with 20 mM NiCl2) to SUV 

buffer (25 µL) and incubating, covered, at r.t. for 15 min, before washing with 

SUV buffer (10  100 µL) followed by binding buffer (10  100 µL). Half of the 

solution was then replaced with protein (25 µL, 2.24 µM in binding buffer) and 

was incubated, covered, at r.t. for 60 min, before washing with binding buffer 

(10  100 µL).  

 Confocal microscopy was performed using a Zeiss LSM880 with a 

Airyscan Inverted Confocal Microscope and samples were excited using a 

HeNe 633 nm laser. Once images of the SLB-lectin samples were collected, 

half of solution was replaced with G5-Man (25 µL, 800 nM in binding buffer) 

and images were taken at various time points during incubation. 

 

5.2.7 CryoTEM 

CryoTEM samples were prepared using the confined droplet method. Here a 

15 µL droplet of SUV buffer was suspended on a O2/Ar plasma cleaned silicon 

nitride coated 3 3 window cryoTEM grid. Half of the droplet was replaced with 

SUV (7.5 µL, 0.2 mg mL-1 in SUV buffer with 20 mM NiCl2) and incubated, 

covered, at r.t. for 15 min, before removing half of the solution and washing 

with SUV buffer (10  7.5 µL) followed by binding buffer (10  7.5 µL). Protein 

(7.5 µL, 2.24 µM in binding buffer) was then added and incubated, covered, 

at r.t. for 60 min, before removing half of the solution and washing with binding 

buffer (10  7.5 µL). To this, G5-Man (7.5 µL, 800 nM in binding buffer) was 

then added and incubated, covered, at r.t. for 60 min, before removing half of 

the solution and washing with binding buffer (10  7.5 µL).  

CryoTEM was performed by Dario Fernandez Ainaga and Nicole 

Hondow at the University of Leeds. The grids were then immediately blotted 

and plunge-frozen into liquid ethane using an FEI Vitrobot mark IV plunge 

freezer. A Gatan 914 cryo-holder was used for TEM and the temperature was 

maintained below -160 oC to prevent devitrification. Transmission electron 

microscopy (TEM) was conducted on an FEI Titan3 Themis G2, operating at 

300 kV, fitted with 4 EDX silicon drift detectors, multiple STEM detectors and 

a Gatan One-View CCD, using probe currents of 20-40 pA. Cryo-EDX 

spectroscopy was performed using probe currents between 40-60 pA and a 

dwell time of 23 ɛs were used.   
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5.3 Results and Discussion 

5.3.1 Materials Synthesis and Characterisation 

GNPs of ~5 nm in core diameter (G5) were used to replicate those previously 

employed in solution phase assays in order to provide a comparative lens to 

the study.1 These nanoparticles were synthesised using gold(III) tetrachloride 

sodium citrate via a modified Turkevich method using competing sodium 

citrate and tannic acid, developed for the production of relatively 

monodispersed sub-10 nm GNPs.19 This yielding citrate surface-stabilised G5 

(G5-Ct) with a mean core diameter of 4.9 ± 1.4 nm and mean hydrodynamic 

diameter (Ὀ ) of 8.7 ± 1.9 nm. These were functionalised with Man by 

substituting the weakly adsorbed citrate ligands with lipoic acid-di(ethylene 

glycol)-mannose (LA-EG2-Man). Here, ligands followed a ñanchor-linker-

glycanò design, where the lipoic acid (LA) anchor unit allowed the formation 

of highly stable chelating S-Au interactions without the need for reduction of 

the disulphide bond; di(ethylene glycol) (EG2) was used as the linker domain 

to provide additional hydrophilicity to ligand, adequately stabilising the G5 gold 

core, despite the low number of repeat EG units; and a terminal Man glycan 

unit was used due to well-known strong specific association with DC-SIGN 

and DC-SIGNR. In order to closely replicate the scaffolds used in the previous 

solution-phase studies, LA-EG2-Man ligands were assembled using alkyne-

azide copper-catalysed ñclickò chemistry between LA-EG2-CCH and N3-EG2-

Man precursors. Conjugation of G5-Ct with LA-EG2-Man yielded G5-Man 

(Figure 5.5) which were characterised by UV-vis spectroscopy, dynamic light 

scattering (DLS) and sulphur-phenol carbohydrate quantification to provide a 

maximum adsorption wavelength of 517 nm, a Ὀ  of 10.4 ± 2.8 nm and 

750 ± 50 ligands per GNP. 

 



- 175 - 

 

Figure 5.5 Schematic depicting LA-EG2-Man capped G5 (G5-Man) bound 
to His6-tagged DC-SIGN/R (His24-DC-SIGN/R)-tethered via Ni2+ 

coordination to a tris-NTA DODA-containing DOPC supported lipid 
bilayer (SLB) on a quartz sensor support.  

Plasmids encoding for N-terminal hexahistidine-tagged variants of DC-SIGN 

and DC-SIGNR were constructed via standard molecular biology techniques 
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from the sequences corresponding to a slightly N-terminal truncated wild-type 

extracellular domain of each protein (see Appendix A.1 for amino acid 

sequence), and were confirmed by DNA sequencing. Proteins were shown to 

retain good mannose-specificity during purification with mannose-sepharose 

affinity column chromatography. The resulting His24-DC-SIGN and His24-DC-

SIGNR tetramers were characterised by UV-vis spectroscopy and DLS which 

provided Ὀ  values of 12.7 ± 2.0 nm and 10.2 ± 1.7 nm, respectively.  

 

5.3.2 SLB-lectin formation 

In order to replicate DC-SIGN and DC-SIGNRôs native surface-phase 

presentation, supported lipid bilayers (SLBs) bearing these lectins were 

employed to mimic the laterally mobile lipid surface associated with their 

natural cell membrane environment. However, because imbedding full 

proteins with long cytoplasmic domains into the SLBs could disrupt the 

stability of the lipid bilayers, a protein immobilisation strategy based on 

coordination of oligohistidine-tagged protein extracellular domains to 

functional Ni2+-bearing tris-NTA DODA lipids was employed (Figure 5.5). 

SLBs are prepared by the adsorption and subsequent rupturing of small 

unilamellar vesicles (SUVs) onto a quartz support.17 Therefore, DOPC SUVs 

containing tris-NTA DODA lipids in proportions of 0, 0.2, 0.4, 1 and 2% were 

prepared with Ni2+
 containing buffer, to allow for the tethering of histidine-

tagged protein via Ni2+ coordination. The quality of SLB formation was 

confirmed by monitoring the resonance frequency and energy dissipation via 

QCM-D during the addition of SUVs in SUV buffer with 5 mM NiCl2 onto a 

quartz sensor chip, at a flowrate of 50 µg mL-1 (Figure 5.6). Here, a shift in 

frequency (ЎὪ) and dissipation (ЎὈ) of ~-40 Hz and 2-3 10-6 was observed, 

respectively, indicating the adsorption of SUVs onto the quartz surface up until 

the critical vesicular coverage.17 At this point the ЎὪ then returned to ~-25 Hz 

and the ЎὈ returned roughly back to its baseline, signifying the rupturing of 

adsorbed SUVs and the formation of the SLB. The SLBs were stable under 

further washing with buffer, displaying minimal change in frequency (i.e. <1 

Hz).  
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Figure 5.6 QCM-D measurements of the Ў█ and Ў╓ time profiles for the 
formation of SLBs from DOPC SUVs containing tris-NTA DODA in 
proportions of (A) 0.2%, (B) 0.4%, (C) 1% or (D) 2%. 1. Demonstrates 
the equilibration of the sensor under buffer; 2. demonstrates a 
typical frequency and dissipation shift with absorption of the SUVs 
to the quartz surface; and 3. Demonstrates a slight recovery of 
frequency and dissipation as SUVs rupture to form the SLB surface. 
Schematics of these stages depicted below. (Buffer: SUV buffer). 

To test the coordination His24-DC-SIGN/R to the tris-NTA-Ni2+ bearing SLB 

surface, SLBs containing 0% and 2% tris-NTA DODA were assembled as 

described above. In order to ensure the stability of DC-SIGN/R and to 

replicate the conditions employed in the solution-phase assays, the SLBs 

were then equilibrated in binding buffer, resulting a small ЎὪ of ~-1 Hz and ЎὈ 

of ~0.5 10-6. From here, the SLBs were incubated with 280 nM His24-DC-

SIGN/R in binding buffer and the ЎὪ and ЎὈ was monitored over time (Figure 

5.7). Both proteins demonstrated no observed binding for 0% tris-NTA (i.e. no 

change of ЎὪ), confirming that protein cannot associate without the presence 

of tris-NTA. SLBs containing 2% tris-NTA displayed significant binding, 

saturating at a ЎὪ of ~-100 Hz. Assuming complete surface coverage of 

protein, the thickness, ЎὬ, of the protein layer can be estimated from the 
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Sauerbrey equation to be ~13 nm (Equation 5.1; where ὅ is the sensors mass 

sensitivity constant, which is assumed to be 18 ng cm-2 Hz-1,1 and ” is the 

protein film density, which is assumed to be 1.41 g cm-1 2).21, 22 

 

ЎὪ
Ўά

ὅ

”

ὅ
ЎὬ 5.1 

This correlates nicely with the hydrodynamic sizes measured by DLS (His24-

DC-SIGN: ~13 nm; His24-DC-SIGNR: ~10 nm), indicating that proteins were 

orientated in an extended structure, protruding outwards from the SLB 

surface, which matches the predicted native state of these proteins on cell 

membranes.23 In addition, an increase in ЎὈ of ~8-9 10-6 is observed with 

protein binding, indicating an increase in flexibility of the surface. This 

increase in dissipation is a common property in the formation of protein layers 

that have been tethered to an SLB surface by flexible linkers such as oligo-

histidine, rather than fixed to a solid support.24 Furthermore, the coiled-coil 

neck of each tetramer is much smaller than the head group containing the four 

CRDs, hence packing will be less dense at the neck region (Figure 5.5), thus 

permitting such flexibility at the sensor surface.      

These proteins were also able to be completely dissociated under the 

addition of 500 mM imidazole, indicated by the return of ЎὪ to the baseline. 

Here, imidazole is able to compete with the His-tag proteins chelating with the 

Ni2+ ions. This result indicates that the binding of protein to the SLB is 

specifically facilitated by the binding of the histidine-tag at the N-terminal of 

the proteins to the tris-NTA functionalised lipids via Ni2+ coordination.  

 

1 ὅ depends largely on the fundamental resonance frequency and material 
properties of the quartz sensor.  

2 ” can be estimated from ” ρȢτρπȢρτυὩ , where the molecular 
weight ὓ  of His24-DC-SIGN and His24-DC-SIGNR is 141 and 148 kDa.  
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Figure 5.7 QCM-D measurements of the Ў█ and Ў╓ time profiles for the 
association and imidazole-driven dissociation of (A) His24-DC-SIGN 
and (B) His24-DC-SIGNR, onto an SLB bearing 2% tris-NTA; and (C) 
the interaction of His24-DC-SIGN and His24-DC-SIGNR with SLBs 
bearing no tris-NTA. 1. Demonstrates the equilibration of the SLB 
in binding buffer; 2. demonstrates the binding of protein over time; 
and 3. demonstrates the release of protein via displacement of Ni2+ 
by imidazole. (Buffer A: SUV buffer; Buffer B: binding buffer). 

In order to investigate the effect of protein density on binding DC-SIGN/R were 

then tethered to SLBs with 0, 0.2, 0.4, 1 and 2% tris-NTA DODA. The 

relationship between the tris-NTA density and the fraction of protein to the 

SLB was monitored by measuring the ЎὪ. Here, a plot of the equilibrium ȿЎὪȿ 

against tris-NTA density demonstrated a linear increase with a slope of 

~85 Hz per percentage of tris-NTA DODA to DOPC (Figure 5.8; Figure C.11). 

Interestingly, the equilibrium ȿЎὪȿ values at 2% tris-NTA deviated negatively 

from this linearity. Assuming that the SLB surface has a single DOPC lipid 

cross-sectional area of ~0.73 nm2,25 the distance between tris-NTA molecules 

at a densities of 0.2, 0.4, 1, 2% can be estimated at ~21, 15, 10 and 7 nm, 

respectively. For 2% tris-NTA, this distance becomes comparable to the sizes 

of the DC-SIGN and DC-SIGNR tetramer head groups (where the furthest 

inter-binding site distances have been estimated at ~6 nm and ~9 nm for DC-

SIGN and DC-SIGNR, respectively, from models of the XRC structures of the 

monomeric or dimeric CRDs of these proteins).23, 26 Therefore, the ȿЎὪȿ at 2% 
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tris-NTA may be lower than that expected by the linear trend because the 

proteins may not be able to completely occupy every tris-NTA molecule at the 

SLB surface due to steric hindrance once protein has already saturated the 

surface. This steric hindrance is much less likely to occur at lower tris-NTA 

densities, thus theoretically allowing the proteins to bind to every tris-NTA 

molecule. In addition, because species are closer together at higher densities, 

the amount of the hydrodynamically coupled mass between species also 

increases. This therefore causes a release of water back into solution, 

decreasing the amount of mass acting on the surface with increasing protein 

density, thus further lowering the ȿЎὪȿ.27 (Herein, despite these discrepancies, 

SLBs bearing DC-SIGN/R with ὼ% tris-NTA to DOPC also contain ὼ% 

DC-SIGN/R have been abbreviated simply to ὼ% DC-SIGN/R). 

 

Figure 5.8 Plot of the dependency of Ў█ for the association of protein to 

SLB surface on the percentage of tris-NTA containing lipid for DC-SIGN 

(blue) and DC-SIGNR (red). Where Ў█▄▲ is taken as the difference in 

average equilibrium frequency 2 mins before addition of protein and that 

after washing with buffer after addition of protein. Linear fits taken 

between 0-1% tris-NTA; DC-SIGN: ╨ = (85 ± 4)╧; DC-SIGNR: ╨ = (84 ± 7)╧; 

R2 Ó 0.99. 
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5.3.3 SLB-lectinĀglycan-GNP binding 

In order to confirm the binding of G5-Man to these SLB-DC-SIGN/R surfaces, 

G5-Man was incubated against SLBs of either 2% DC-SIGN, 2% DC-SIGNR, 

a control SLB bearing 2% His-GFP (His-tagged green fluorescent protein; 

produced in-house) or an inert SLB containing no tris-NTA. Both the inert and 

GFP bearing SLBs displayed no significant shift in frequency in the presence 

of G5-Man (Figure 5.9A,B). However, DC-SIGN and DC-SIGNR 

demonstrated ЎὪ of ~-72 and ~-35 Hz, respectively, demonstrating that 

binding occurred only through contact with DC-SIGN/R lectins (Figure 

5.9C,D). Furthermore, DC-SIGN/R retained ~75% of associated glycan-GNPs 

after washing the surface with binding buffer, indicating strong adsorption 

between the glycan-GNPs with the protein surface. In order to confirm the 

mannose-dependent specificity of binding between G5-Man with DC-SIGN/R, 

the surface was then washed with 50 mg mL-1 of D-mannose (Man). The 

addition of Man induced a significant shift in both frequency and dissipation, 

observed in all four SLBs tested, which is likely a result of the high viscosity 

from the high Man concentration. However, upon further washing with pure 

binding buffer, the frequency was found to return to that prior to the addition 

of glycan-GNP, indicating the successful dissociation of all glycan-GNP via 

the competition and inhibition of the mannose-binding sites of DC-SIGN/R by 

free Man. 
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Figure 5.9 QCM-D measurements of the Ў█ and Ў╓ time profiles for the 
association of G5-Man followed by its partial dissociation in 
binding buffer and complete dissociation in 50 mg mL-1 free 
mannose for SLBs bearing (A) 2% DC-SIGN and (B) 2% DC-SIGNR; 
and the interaction of G5-Man and Man with SLBs bearing (C) 2% 
GFP and (D) DOPC only. 1. Demonstrates the equilibration of the 
SLB-lectin surface in binding buffer; 2. demonstrates the binding of 
G5-Man with time; and 3. demonstrates the partial dissociation of 
G5-Man after washing with binding buffer. (Buffer: binding buffer; 
Man: mannose). 

In order to investigate whether the rate at which G5-Man associates to the 

DC-SIGN/R surface is primarily driven by the binding or by the diffusion of the 

GNP within the QCM-D chamber, the rate of change of the frequency shift 

upon addition of GNP was analysed for its dependency on the flowrate. 

Systems where the rate determining step of binding is driven the diffusion of 

analyte to the surface are termed ñmass transport limitedò. For such systems, 

the rate of uptake of analyte is proportional to the cubic root of the flowrate 

(ὗ  and the concentration of analyte.28 Therefore, the presence of mass 

transport limitations can be determined by measuring the rate of change of 

frequency at the turning point of the association curve, against ὗ , for addition 

of a fixed concentration of analyte.29 Here, ЎὪ was monitored for the addition 

of 12.5 nM of G5-Man to 0.4% DC-SIGN at flowrates of 5 and 20 µL min-1, 
























































































































































































































































