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II. Abstract 

Multivalent protein-carbohydrate interactions are crucial in many aspects of biology as 

they initiate the first contact between pathogens and host cells which ultimately leads to 

infection. Developing an understanding of the structures and binding modes used for 

these interactions will help develop specific, potent multivalent glycan inhibitors that can 

block such interactions, thereby preventing infection. This work focuses on two closely 

related tetrameric C-type lectins, DC-SIGN and DC-SIGNR, collectively abbreviated as DC-

SIGN/R. These proteins are known to bind multivalently to multiple glycans, specifically 

mannose, found within the surface glycoproteins of many viruses, such as human 

immunodeficiency virus (HIV), Ebola Virus and West Nile Virus, and facilitate their 

infections. Despite significant research over the past 20 years, knowledge on the binding 

characteristics and structural mechanisms of these proteins remains limited because 

their tetrameric structures remain unknown. This project aims to develop novel 

glyconanoparticle probes to establish a valid structural model of the binding domains 

with these proteins and to reveal the mechanisms behind the multivalent glycan ς DC-

SIGN/R interactions. This objective has been achieved through the development of two 

ǎŜƴǎƛǘƛǾŜ ŦƭǳƻǊŜǎŎŜƴǘ ōŀǎŜŘ ŀǎǎŀȅǎΣ C ǊǎǘŜǊ ǊŜǎƻƴŀƴŎŜ ŜƴŜǊƎȅ ǘǊŀƴǎŦŜǊ όCw9¢ύ ŀƴŘ 

fluorescence quenching, using polyvalent glycan coated quantum dots (QDs) and gold 

nanoparticles (AuNPs) by exploiting their unique strong fluorescence and fluorescence 

quenching properties respectively. In particular, the biocompatible, low cytotoxic AuNP-

saccharide conjugates make them potentially suitable for in vivo studies in the future.  

This thesis has specifically designed a series of multifunctional glycan ligands for 

nanoparticle surface coating. Each ligand consists of three unique functional domains, a 

dihydrolipoic acid (DHLA) for strong nanoparticle capping, an oligo(ethylene glycol, EGn) 

linker for promoting hydrophilicity and reducing non-specific adsorptions, and a terminal 

mannose sugar moiety for specific DC-SIGN/R binding. Both the monosaccharide and 

disaccharide forms of a mannose sugar were investigated. Our group has previously 

found that the mono-mannose capped QDs have much weaker affinity for DC-SIGNR than 

that of DC-SIGN, suggesting that the binding sites in DC-SIGN/R orient differently, 

although their exact binding modes remain unclear as DC-SIGNR binding is too weak to 

be distinguished from monovalent CRD. In this thesis, by displaying the dimannose ligands 

on the QD surface to increase monovalent binding affinity and developing a novel 

multimodal readout strategy consisting of FRET and TEM imaging, the exact binding 

modes of DC-SIGN/R have been revealed. The four carbohydrate recognition domains in 
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DC-SIGN face in the same direction and bind tetravalently to a single glycan-QD; while 

those in DC-SIGNR are split into a pair of back-to-back dimers and bind bis-divalently with 

two different saccharides-QDs. Furthermore, QD-saccharides capped with two different 

ligand series have been prepared and their binding affinities, Kds, with DC-SIGN/R have 

been investigated. Initial studies using QD-EGn- Saccharide (where n = 3 or 11, Saccharide 

= a-Man and Man-a-1,2-Man) to study their DC-SIGN/R interactions revealed that 

dilution of the surface saccharide ligand using an inert zwitterionic ligand resulted in a 

decrease in binding. So a second dendritic glycan ligand series, DHLA-(EGn-Glycan)m, 

(where n = 1 or 2; m =1, 2, or 3 and Glycan = a-Man and Man-a-1,2-Man) was synthesised 

to further increase the nanoparticle surface glycan density to investigate how this affects 

DC-SIGN/R binding.  

Significant results were observed using these ligand series and the different scaffold 

materials. In general, reducing the ethylene glycol linker length and using DiMan ligand 

capped nanoparticles led to enhanced binding affinity with DC-SIGN. For example, DC-

SIGN binds more strongly to QD-EG3-DiMan than QD-EG11-DiMan (Kd:  0.61 ± 0.07 v.s. 2.1 

± 0.5 nM) and its monosaccharide equivalent, QD-EG3-Man (Kd = 35 ± 7 nM). Interestingly, 

further increasing the glycan density on the nanoparticle surface using dendritic sugar 

ligands weakened their binding with DC-SIGN but enhanced the binding with DC-SIGNR. 

The Kd values for DC-SIGN binding to QD-EG2-DiMan and QD-(EG-DiMan)3 were 1.7 ± 0.1 

and 1.59 ± 0.2 nM, while those for DC-SIGNR were 1.59 ± 0.2 and 0.49 ± 0.6 nM 

respectively. The same binding affinity trend of was also observed for AuNPs capped with 

such glycan ligands, which gave one of the smallest reported Kd values for DC-SIGN/R 

interactions. Finally the potency of these materials in inhibiting DC-SIGN mediated Ebola 

virus glycoprotein driven viral infection of target cells were investigated, giving 

impressively low IC50 values, e.g. 0.7 ± 0.2 nM for QD-EG3-DiMan and 0.2 ± 0.04 nM for 

AuNP-EG2-DiMan. These IC50 values make these materials to be the most potent glyco-

nanoparticle inhibitors. 
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1                                                    Chapter 1 

Introduction 

The field of nanotechnology is a mixture of science and engineering which is dedicated to 

working with materials which range in a size of 1 ς 100 nm. 1 Nanotechnology simply refers to 

the technology which is used at a nanoscale and has wide applications in the real world.  

Nanoparticles are unique materials and they possess many features which differ significantly 

from those of larger scales.2  Some of these properties include quantum size effects and large 

surface to volume ratios.   

1.1 Quantum Dots 

Over the past two decades, fluorescence semiconductor nanocrystals, also known as quantum 

dots, QDs, have been a significant research focus due to their multiple advantageous properties, 

which include size-tuneable emission spectra, broad absorption spectra, high quantum yield, 

easily achievable large Stokes shift and a great resistance to photo-bleaching.3 Furthermore QDs, 

depending on size, can be twenty times brighter and one hundred times more stable against 

photobleaching in comparison to organic dyes, as reported by Chan et al..4 QDs have been 

further developed and used for mapping and imaging biological tissues, cells and live animals. 

They have been widely used for biosensing and bio-diagnositics applications including 

immunoassays, specific sensing/detection of both small and macromolecule targets and 

multiplex optical barcoding.5  Synthesis of QDs can be achieved in many different ways using a 

wide range of materials. QDs consist of highly crystalline inorganic colloidal semiconductor 

particles. Semiconductors made from groups 2 and 6 or 3 and 5 elements are often used to 

synthesise QDs. 6 As the particles sizes are reduced to physical dimensions smaller than the 

exciton Bohr radius R,7 the mean distance that separates an electron-hole pair, strong 

confinement of exciton is observed, turning the nanoparticle into a QD. R can be calculated by 

using (Eq. 1) below: 

Ὑ Ὑ ‐     (Eq. 1) 

Where RH ƛǎ ǘƘŜ .ƻƘǊ ǊŀŘƛǳǎ ƻŦ ŀ ƘȅŘǊƻƎŜƴ ŀǘƻƳΣ ʶ ƛǎ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ ŎƻƴǎǘŀƴǘΣ Ƴ0 is the resting 

weight of an electron and µ is the reduced mass of the exciton. 
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The properties of QDs are dominated by quantum confinement in three dimensions, as their 

sizes become smaller than the exciton Bohr radii, typically 1 ς 50 nm for different semiconductor 

materials.4 This quantum confinement effect is observed when the size of the particle decreases 

into the nanoscale causing the widening of the band gap as a result of the energy spectrum 

becoming discrete for that material meaning it becomes numerical and categorical. 8 This effect 

in relation to band gap is shown in Figure 1.1.1. The optical and spectroscopic properties 

expressed by QDs are determined by their effective bandgap, where the smaller the size of the 

particle the bigger the bandgap.9  

 

Figure 1.1.1: A Schematic showing the quantum confinement effect observed for QDs and the resulting effects on 

band gap size and band gap energy as a change in particle size is witnessed. 

1.1.1 Quantum Dots as Fluorophores 

Due to their size-dependent bandgap structure, QDs are ideal fluorophores, as their emitting 

energy matches the bandgaps (Eq. 2). The emission wavelength can be tuned by manipulation 

of the particle size through the following relationship.10 

 

Ὁ ὄὥὲὨὫὥὴ   (Eq. 2) 

 

As a result of quantum confinement, QDs possess a broad absorption and narrow symmetric 

emission as shown in Figure 1.1.2. This means that a single wavelength can excite a number of 

different sized QDs simultaneously to exhibit an extensive range of coloured crystals, as shown 

below in Figure 1.1.3. QDs can be excited to any wavelength as long as it is shorter than the 

emission peak wavelength.11 The following equation (Eq. 3) describes the rough relationship 

between the bang gap of QD and their size in relation to quantum confinement: 



 

3 

 

Ὁ Ὁ     (Eq. 3) 

 

Where EQD is the band gap of the QD, EB is the band gap of the bulk material, h is Plancks 

constant, µ is the reduced mass of the exciton and D is the diameter of the QD. The fluorescent 

properties of QDs can be further manipulated by coating the QD with a material that possesses 

a larger bandgap to create a core shell structure to enhance the quantum confinement effects. 

Furthermore, capping the QD with organic ligands such as PEGylated compounds can also be 

done to trap any surface defects causing fluorescence inconsistencies. QDs show a high quantum 

yield, ranging from 40% - 100% another useful advantageous property for being a good 

fluorophore.6 The fluorescence properties of QDs  has opened up many areas of research, for 

example, QD based solar cells and light emitting diodes (LEDs), 12 and also QDs can be used as 

labelling reagents for biological applications. 4,11 

 

 

Figure 1.1.2: A schematic showing the absorption spectra and emission spectra for differing QDs as a decrease in 

particle size occurs. Reprinted from reference13 

 

Figure 1.1.3: Ten easily distinguishable emission colours of (CdSe)ZnS quantum dots ranging from blue to red, with 

emissions located at 443, 473, 481, 500, 518, 543, 565, 587, 610 and 655 nm respectively excited by a single light 

source. Reprinted from reference.10 
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1.1.1.1 Core Shell QDs 
Conventional core only QDs have limited stability and relatively low quantum yield. In order to 

improve these optical properties of simple QDs the core is coated with a shell of a higher 

bandgap material to form a core-shell structure, such as CdSe/ZnS.14 An extensive review on 

core-shell QDs has been published by Chaudhuri et al., highlighting some of their key properties 

and the wide range of practical uses.15 The presence of a flexible band gap between the two 

materials, as well as the photoluminescence properties are tuned in relation to the size of the 

QD making these materials of great interest. An advantage to using core-shell materials is that 

coating the inorganic fluorescent core with a higher bandgap shell can increase its quantum yield 

via the removal of surface defects.6 Figure 1.1.4 below shows the transmission emission 

microscopy, TEM, images of two types of core only (e.g. CdTe, CdSe) and two types of core-shell 

(CdTe/CdSe and CdSe/ZnTe) QDs. A clearly larger particle size can be observed for those 

containing a core shell structure.  

 

Figure 1.1.4: Bright field TEM image of core and core-shell QDs. (A) 32 Å radius CdTe QD, (B) 22 Å radius CdSe QD, (C) 

32 Å radius core with 11 Å shell CdTe/CdSe QD and (D) 22 Å radius core with 18 Å shell CdSe/ZnTe QD. Reprinted from 

reference.14 

Despite multiple advantages of QD fluorophores, one disadvantage observed is the 

ǇƘŜƴƻƳŜƴƻƴ ƪƴƻǿƴ ŀǎ άōƭƛƴƪƛƴƎϦΦ .ƻǘƘ /Ƙŀƴ et al.4 and Stanisavljevic et al. have reported this.6 

"Blinking" is a process in which a single QD loses its fluorescence and then regains it 

intermittently. An apparent minor flaw, this fluorescent change is seen to switch between on 

and off in an unpredictable time scale ranging from sub-milliseconds to an hour. This affects the 

results in that sample saturation occurs during the off time which ultimately reduces sample 

(A)

) 

(B)

) 

(C)

) 

(D)
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ōǊƛƎƘǘƴŜǎǎΦ LǘΩǎ ƳƻǊŜ ŎǊƛǘƛŎŀƭ ŦƻǊ ƭƻƴƎ ǘƛƳŜ ǘǊŀŎƪƛƴƎ ŀǎ ǘƘŜ ŜŦŦŜŎǘ ōŜŎƻƳŜǎ ƳƻǊŜ ŀǇǇŀǊŜƴǘΦ 

Currently the dark state of the materials is untraceable. This problem can be overcome using a 

range of methods but is most commonly corrected by coating the surfaces with short thiol chains 

or a thick-multilayer shell 16  

 

1.1.2 Synthesis of Quantum Dots 
QDs synthesis was first published by Murray et al. 17 it requires pyrolysis of an organometallic 

complex through injection into hot coordinating solvent to produce high-quality, nearly 

monodisperse CdS, CeSe and CdTe NCs. Figure 1.1.5(A) shows a TEM image of the NCs produced. 

¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ b/ǎ ŀƴŘ ŀ v5 ƛǎ ǘƘŀǘ b/ǎ ŘƻƴΩǘ ŜȄƘƛōƛǘ ŦƭǳƻǊŜǎŎŜƴŎŜΦ The QDs exhibit 

sharp adsorption and emission features at room temperature.17  Hines et al. 18 presented a new 

method for synthesising core-shell QDs. Starting again with an organometallic starting material 

but uses a two-step-single-flask method, involving firstly producing the core and then adding a 

zinc and sulphur solution to overcoat the core. Figure 1.1.5(B) shows a TEM image of the 

particles synthesised in this method. The advantage of this method over the previous pyrolysis 

method is that a smaller amount of NCs can be produced over a faster turnover time, thus more 

batches of QDs (in small quantities) can be made over the same time period. 18 

 

Figure 1.1.5: TEM picture of a range of different (CdSe)ZnS nanocrystals that have been synthesised in a range of 

different ways, (A) Murray et al. 17 synthesised these using pyrolysis of an organometallic, (B) Hines et al. 18 

synthesised these using a two-step single flask method with organometallic starting material and (C) Peng et al. 19 

synthesised using a CdO starting material. All reprinted from corresponding references. 

A newer method by Peng et al. 19 shows the synthesis of QDs without the need for the 

organometallic starting material. Instead a one-pot synthesis is used, starting with an air-stable 

cadmium precursor, cadmium oxide, CdO. They reported that this synthetic method worked 

significantly better than other strategies reported. The advantages are that the results are more 

reproducible, the method itself is easier and also has great potential to be scaled up for industrial 

(A) (B) 

(C) 
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production.19 QDs prepared in this manner can be seen in the TEM image above, Figure 1.1.5(C). 

Peng et al. identified that loading CdO, trioctylphosphine oxide, TOPO, and either the ligand 

hexylphosphonic acid or tetradecylphosphonic acid produced a homeogenous solution in which 

the non-metal precursors could be added to yield high quality CdX QDs (where X=S, Te or Se).19 

 

An important aspect to consider in the synthesis of QDs is whether they are being used for 

biological applications, as for this purpose the QDs must be hydrophilic and water-soluble.11 This 

is determined by the type of ligand used during further modifications. Since most high quality 

QDs are prepared by the organometallic route, they are naturally coated with hydrophobic 

ligands and therefore water-insoluble. Previously reported methods of making QDs hydrophilic 

and water-soluble involve the use of PEGylated phospholipid or amphiphilic polymer 

encapsulation, however the resulting QDs have relatively large hydrodynamic sizes that can limit 

their applications.9 One way to produce compact, water-soluble QDs is to simply displace their 

original hydrophobic ligands with hydrophilic ones such as dithiothreitol,20 dihyrolipoic acid,21 

oligomeric phosphines,22 peptides23 and cross-linked dendrons etc.24 Also the addition of a silica 

coating is another way to produce water-soluble QDs and further modifications with different 

functionalities.25 The methods of producing hydrophilic QDs are shown in Figure 1.1.6. 

 

 

Figure 1.1.6: QD water solubilisation strategies including ligand interaction, hydrophobic interaction and silica 

encapsulation. Reprinted from reference. 25 

1.1.3  Quantum Dots Bioconjugates 
More research is being carried out into the use of QDs as bioconjugates in a plethora of different 

applications because of their incredible optical properties, which make them outstanding 

fluorescence probes for long term intracellular imaging and tracking. In comparison to organic 

fluorescent dyes, QDs do not have the problems of pH dependent fluorescence, a high 

susceptibility to photobleaching and a narrow excitation with broad emission.26 Many 

publications have used a range of different QD-bioconjugates including: QD-peptide 
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conjugates3, QD-protein conjugates27, QD-DNA conjugates28, QD-antibody conjugates29 and QD-

enzyme conjugates.30 The major challenge with these materials is their safe removal from the 

body after potential in vivo applications. A targeted delivery is often needed to consider how 

the QD will pass through the cell membranes and become internalized within the cell. A simple 

solution by Derfus et al.31 is to conjugate QDs with cell penetrating peptides. The removal of 

these conjugates must then not casue any adverse effects on cells. One major problem is that 

most QDs contain toxic cadmium, after being broken down the leakage of the cadmium ions can 

casue major toxic effects on cells caused by the oxidation of CdSe either by air or UV light.9 The 

use of a core shell structure can reduce cadmium oxidation but not completely stop it. Further 

research by Derfus et al. shows that QD toxicity is strongly related to the processing parameters 

during synthesis, exposure to UV light and the surface coatings.32 

 

Two major approaches to produce QD-bioconjugates have included cross-linking chemistry and 

direct linkage to the QD surface via functional interactions.33 Although QD-bioconjugate 

synthetic methods are reported, a major challenge in cellular application of these materials, as 

reported by Derfus et al., is the lack of a delivery system for intra-cellular detection, which would 

allow us to inject cells with these markers and get real-time results.31 Different forms of delivery 

systems for cell internalisation need to be explored. The delivery is highly dependent on the 

specific application in which the QD-conjugates will be used. In the case of in vitro sensing a 

ŘŜƭƛǾŜǊȅ ǎȅǎǘŜƳ ƛǎ ǳƴƴŜŎŜǎǎŀǊȅΦ {ƛƴŎŜ 5ŜǊŦǳǎΩ ǇǳōƭƛŎŀǘƛƻƴΣ ŦǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ Ƙŀǎ ōŜŜƴ ŎƻƳǇƭŜǘŜŘ 

in this area by Biju et al, which examines different delivery systems.34 The need for improvement 

in the development and characterization of different delivery schemes are highlighted.34 A major 

investigation that is needed is targeting strategies for these materials for subcellular regions. A 

great review by Breger et al. looks at the research progression of delivery systems of QDs over 

the past few years.35 They define three categorical methods to which most of the delivery 

systems used fit  into. These include passive, in which the QD material is utilized within the 

delivery; facilitated, which relies on the association of the QD with the biological polymer; and 

active, which is the direct approach with manipulation of the cell.35 In order to specify delivery 

the QD-bioconjugates have specific biomacromolecules on the surface that can enhance specific 

interactions targeting. 
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1.1.3.1 Quantum Dot - Protein Conjugates 
A main focus for the use of QD-protein conjugates is to try to achieve clear intracellular labelling 

to characterize long-term in vivo/in vitro biological functions without causing adverse effects.3 

The main focus lies on producing a QD-bioconjugate that contains a protein to probe the 

function of interest, and the QD acts as a fluorescent marker. Applications include, the imaging 

of cargo transport of cell penetrating proteins (CPP),27 selective intracellular delivery for labelling 

different cell organelles 3 and QD immunoassays 36. 

The use of QD-bioconjugates for imaging intracellular protein cargo transport has been reported 

many times, for example Medintz et al. has specifically used CPPs in promoting the effective 

delivery of QD cargos in which they use both a small and a large fluorescent QD-protein 

bioconjugate as protein cargo. 27 Results have shown the successful passing of the protein across 

the cell membrane via the CPP mechanisms. This comes as a breakthrough as until this point the 

literature has relied on intracellular delivery by receptor-mediated or nonspecific endocytosis,3 

where the specific binding with cell surface receptors leads to enhanced cell uptake of QD-

bioconjugates.37 This shows that CPPs can be used as a method for an intracellular delivery for 

the imaging of cells.27 Figure 1.1.7 shows the successful cellular uptake of the different modified 

large and small protein cargos via CPPs. However the CPP mechanism is non-specific so although 

shows successful uptake of QD into cells it cannot be used for cell-ǎǇŜŎƛŦƛŎ ǘŀǊƎŜǘƛƴƎ ŀǎ ƛǘ ŘƻŜǎƴΩǘ 

differentiate the different cell types. 

 

Figure 1.1.7: Cellular uptake of different fluorescent modified QD-bioconjugates. The QD-bioconjugates used were 

QD-CCP, cell-penetrating peptides, QD-YFP, yellow fluorescent protein, QD-CPP-YPD, a combination of the two 

previous bioconjugates. The QDs were incubated with HEK-293, human embryonic kidney cells.  Scale bar in 10 ˃ƳΦ 

Reprinted from reference. 27 

Another method of producing fluorescently active QD-peptide conjugates is reported by J. B. 

Delehanty et al. which does not require the use of any CPP. It just uses the molecule itself as the 

probe for cellular labelling. 3 Figure 1.1.8 shows cells have been successfully labelled, using only 

the QD-conjugate as the probing material where a series of cross sectional confocal imaging 
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slices appearing from (a) below to (e) above the cell, though this method can be further 

enhanced by using multi-peptide labelled QDs.  

 

 

Figure 1.1.8: Laser scanning fluorescence images of cross-sectional slices of the internalised modified QD cell 

assemblies using HEK 392T/17 cells. Panel (a) shows underneath the cells and the images work through to panel (e) 

which shows the effects above the cells. Scale bar is 10 ˃ƳΦ Reprinted from reference. 3 

 

A more recently discovered method of producing QD-protein conjugates is to modify the QD 

and protein with complementary functional groups that can bind together via a simple click 

chemistry. This method has been used to produce QD-transferrin conjugates by Schieber et al.38 

Transferrin is a glycoprotein that specifically binds to iron that is present within the blood 

plasma. They use an azide-modified core-shell QD and a cyclooctyne moiety functionalized into 

the protein. Figure 1.1.9 shows the successful uptake of the QD-protein conjugate into the cells 

via the QD fluorescence. This method is versatile and has scope for further development in that 

you can control the azide surface modification to suit a specific purpose. It can also be applied 

to other functional groups such as the extremely rapid tetrazine-TCO click reactions.38 
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Figure 1.1.9: Fe2-transferrin uptake into cells using A568-Fe2Tf (A1-A3), QD100-Fe2Tf (B1-B3) and QD100 (C1-C3) at a 

15, 30min and 2 hr interval at 37°C. Reprinted from reference.38 

 

1.1.3.2 Quantum Dot ς DNA Conjugates 
As DNA can be used as a tool for probing gene functions and holds excellent potential as a 

treatment for a wide range of diseases the area of QD-DNA conjugates has shown large promise. 

Many papers have outlined the formation of QD-DNA conjugates formed by both covalent or 

electrostatic interactions.39  Zhou et al. 28, 40 demonstrates the successful synthesis of a compact 

QD-DNA conjugate using self-assembly between thiolated DNA and a mercaptopropionic acid 

(MPA) capped QD, where extremely high fluorescence energy transfer efficiency of >80% was 

achieved at a DNA:QD molar ratio of 1:1. However, the DNA was found to irreversibly absorb 

onto the QD surface, making hybridization to complementary strands hard to achieve. To 

overcome this problem, a tri(ethylene)glycol, TEG, linker was introduced between the QD 

surface ligand and DNA which improved stability and prevented the non-specific DNA adsorption 

on the QD surface.28 Zhou et al. further demonstrated that QD-DNA conjugates can be used for 

label and label-free detection of the complementary DNA target using the schematic procedures 

shown in Figure 1.1.10. It also demonstrates how the optical properties of QDs can be harnessed 

to detect a labelled DNA target and also in label-free DNA detection using the intercalated 

ethidium bromide. 
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Figure 1.1.10: A schematic representation of the principles for hybridisation and label-free detection of DNA probes 

coupled to a QD conjugate using a FRET detection system. Reprinted from reference. 28 

Further work in this area has used the above concept to build and create DNA dendrimers to 

coat the surface of the QDs. Samanta et al.41 utilize this and in the presence of fluorescence dyes 

have created an energy transfer based system to explore attachment chemistry through using 

light harvesting properties. Through the attachments of fluorescence dyes upon the DNA strands 

present on the QD surface, Figure 1.1.11. This creates a whole new area of scope for these 

materials away from the biosensor, bioimaging approaches as it could be used as a nanoatenna. 

There is potential however to further improve the concept through adding florescence 

quenching materials for use as a biosensor. As the DNA could have target specific recognition 

and then direct the energy transfer upon binding to its target.  

 

Figure 1.1.11: Schematic of the QD-dendrimer structures and linkage chemistry, the circles illustrate the dyes at their 

estimated locations while each of the DNA strands are presented with distinct colours. For clarity only one dendrimer 

is shown appended to the QD, but ideally there should be six of them centrosymmetrically arrayed around it. 

Reprinted from reference. 41 
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1.1.3.3 Quantum Dot ς Antibody Conjugates 
Antibody conjugated QDs have excelled in the research area of QD-bioconjugates as they are 

able to give high-resolution specific labelling of biological systems.42 They are used for the 

immunofluorescent staining of cells and tissues.39 The production of these conjugates has 

provided an excellent milestone for the integration of QDs into clinical and in vivo experiments.29 

This is down to the specificity that antibodies have for their target cell receptors. The first 

example is adhering avidin, a highly positively charged tetrameric protein, to the QD surface and 

using it as a bridge to conjugate a biotinylated antibody onto the surface via the extremely 

strong biotin-avidin interaction, highlighted in Figure 1.1.12.43 A similar approach can be achived 

through using a protein called streptavidin, also a member of the avidin family but with the 

protein surface glycans removed to make it roughly neutral, and this then greatly reduces the 

non-specific binding experienced by avidin. Most papers describe these methods as having a 

higher sensitivity on read-out for immunostaining other classical techniques due to the excellent 

fluorescent brightness of the QDs.  

 

Figure 1.1.12: Schematic of a QD-antibody conjugate in which avidin bridges are harnessed for the interaction 

between the nanocrystal and the biotin modified antibody. Reprinted from reference. 43 

 

A recent problem that has been highlighted with these conjugates is that the antibody 

orientation upon the QD surface is often random which hampers their sensing performance.44 

These materials are often used in immunoassays so a display of the correct antibody orientation 

is highly important. A heavily reported immunoassay which utilises QD-antibody conjugates is 

an energy transfer assay which involves terbium complexes, Tb.45 The immunoassay involves the 

detection of the prostate specific antigen (tPSA) which is known to have strong links to prostate 

cancer.  Annio et al. shows the problem of antibody orientation can simply be corrected by 

increasing the conjugation ratio which has led to significant improvements in the 

immunoassay.44 
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1.2 Fluorescence Resonance Energy Transfer 
Fluorescence, or Förster, resonance energy transfer (FRET) is an analytical technique which is 

used to measure the separation distance between two fluorophores, commonly known as the 

donor and acceptor.46 The mechanisms behind FRET come from the intermolecular dipole-dipole 

interactions between fluorophores. The excitation energy of the donor is transferred non-

radiatively to the adjacent acceptor, leading to donor quenching and acceptor emission 

simultaneously. The FRET efficiency is strongly dependent on the centre-to-centre donor-

acceptor separation distance, allowing for accurate measure of nanometer distances. It is 

named after Theodor Förster, the German scientist who established the theory behind it.6 He 

proposed the quantitative theory of molecular resonance energy transfer and derived the 

kinetics required for the theoretical basis of FRET.47, 48 The applications of FRET has expanded 

significantly in the last 30 years, ranging across biology, chemistry, public safety and 

environmental protection.  Figure 1.2.1 highlights the areas in which this mechanism can be 

used.  

 

Figure 1.2.1: A summary of all the different applications available for QD-FRET sensors. Reprinted from reference. 6 

     

Figure 1.2.2: A schematic which shows fluorescence energy transfer between the donor and acceptor present within 

FRET experiments. 

hv 
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The FRET process can be described by a simple modified Jablonski diagram, Figure 1.2.2, 

showing the electronic states of molecules.49 Non-radiative energy transfers in the process of 

FRET are seen as intersystem crossings or internal conversions in which the energy from the 

excited state donor is transferred to the excited state of the acceptor.50 These non-radiative 

energy transfers are represented by the black arrows within the simplified Jablonski diagram. 

The donor electrons energy from returning to ground state must match the energy required to 

excite the acceptor.51 The efficiency of this energy transfer is calculated using the Förster theory 

(Eq. 4), showing the dependency on the distance between the two fluorophores.  

 

Ὁ  
 В

 (Eq. 4) 

  

Where kET is the rate of energy transfer, kf is the radiative decay rate of the donor and ki are the 

rates of and other relaxation pathways which exclude energy transfers to the acceptor. FRET 

efficiency is the quantum yield measurement of the energy transfer which is the fraction of 

energy transfer that occurs per donor excitation.  In order to witness the energy transfer there 

should be a non-zero spectral overlap between the donor emission and the acceptor absorption 

spectra, an example of this can be seen in Figure 1.2.3.5 Both species, acceptor and donor, must 

ōŜ ǊŜƭŀǘŜŘ ōȅ CŜǊƳƛΩǎ DƻƭŘŜƴ wǳƭŜΣ ǘƘŜ ǊŀǘŜ ƻŦ ǿƘƛŎƘ ŀǘƻƳƛŎ ƻǊ ŜƭŜŎǘǊƻƴƛŎ ǘǊŀƴǎƛǘƛƻƴǎ ǘŀƪŜ ǇƭŀŎŜ 

between two states, for interacting dipoles  in order to undergo FRET.52 CŜǊƳƛΩǎ DƻƭŘŜƴ wǳƭŜ 

applies to a wide range of optical and electronic processes in which both the initial and final 

states are described as wave functions it is calculated from the probabilities from transition 

matrix elements as part of quantum mechanics.53 Taking into consideration the extra 

dependencies, donor and acceptor distance and orientation and  spectral overlap the fret 

efficiency can be calculated using (Eq. 5) below. 

 

Ὁ    (Eq. 5) 

 

Where E is the efficiency of the energy transfer, r is the distance between the acceptor and the 

donor and R0 is the Förster radius under which the FRET efficiency is 50%. 
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Figure 1.2.3: The spectral overlap as indicated by the grey area is determined by the spectral overlap between the 

emission spectrum of the donor (blue line) and the absorbance spectrum of the acceptor (yellow line). Reprinted from 

reference.54 

QDs have been widely used in FRET based studies because of their highly attractive spectral 

characteristics such as broad absorption and narrow symmetric emission. As a result, a broad 

range of excitation wavelengths can be selected to minimize the direct-excitation of the 

acceptor, thereby reducing the background signal. Most commonly in QD-FRET experiments QDs 

are the donor and an organic dye as the acceptor. However QDs can act as either the donor or 

acceptor.51 The role of donor is preferred due to the broad adsorption spectra of QDs makes 

direct excitation unavoidable. QDs are reported as great acceptors when combined with 

luminescence lanthanide labels as donors via time gated detection. 55 Figure 1.2.4 (A) shows 

how QD-conjugates have been used to determine the separation distance between the acceptor 

and donor, highlighting the energy transfer between them. The relationship between the 

acceptor and donor is shown in Figure 1.2.4 (B), which also illustrates molecules sitting in close 

proximity to each other, within FRET the donor and acceptor are usually fluorescence materials. 

 

Figure 1.2.4: An example of QD-FRET system: (A) A schematic of a type of QD-conjugate that can be applied for use 

with FRET.50 (B) Excitation light is absorbed by donor (D) and transferred by non-radiative transfer to acceptor (A), 

resulting in acceptor emission if donor-acceptor is in close proximity (scenario 1), however if they are separated too 

far, then no FRET will happen (scenario 2). Reprinted from reference. 6 

(A) 

(B) 
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1.2.1 FRET in Biodetection 
FRET has important applications in areas such as labelling biological molecules, cellular labelling, 

tissue imaging and developing immunoassays.50 FRET is a powerful technique as it can provide 

accurate measure over small separation distances (ca. 1-10 nm). It can then provide an insight 

into in-depth complicated biological processes, such as protein-protein interactions and ligand-

receptor binding as well as in imaging changes in protein and oligonucleotide structure and 

conformation as a result of a known biological stimulus. 50 P. Babu et al.56 has shown the 

successful tracking and detection of the interactions of carbohydrate-binding proteins by using 

modified glucose-QDs, through showing that using a thiol functionality is key in the synthesis of 

glucose modified QDs by the addition of oligosaccharides to the QDs. The modified QDs were 

seen to successfully agglutinate together in the presence of the carbohydrate-binding proteins. 

 

Other FRET based techniques which do not just use QDs and organic dyes are available. Examples 

include bioluminescence resonance energy transfer,57 chemiluminescence resonance energy 

transfer,58  Homo-FRET59 and fluorescent protein-based FRET.60 In each of these cases the 

fluorophore used is different to that of the standard FRET experiment. The difference between 

homo-FRET and regular FRET, also known as hetero-FRET, is that in homo-FRET the donor and 

acceptor are the same fluorophore. All other principles remain the same. Fluorescent protein 

based FRET harnesses fluorescent proteins where a cyan fluorescent protein are often used as 

the donor and a yellow fluorescent protein used as the acceptor.60 

1.3 Gold Nanoparticles  
In addition to QDs, gold nanoparticles, AuNPs, have been used throughout nanoscience for 

energy transfer applications. 61 AuNPs are also known as colloidal gold because they are made 

from tiny colloidal suspension of gold particles. They have been used throughout history from 

staining glass in windows to treating a wide range of diseases.62 They also possess some unique 

optical properties which makes them useful for energy transfer studies.63 AuNPs are effective 

fluorescence quenchers due to strong localised surface plasma absorption.64 The size, shape and 

surface properties of the AuNPs can be widely changed in a similar way to QDs. Figure 1.3.1 

shows the effect of AuNP size on the colour of the nanoparticles, NPs.  AuNPs exhibit unique 

properties such as surface plasmon resonance65, surface enhanced Raman spectroscopy66 and 

fluorescence quenching effects.67  A full review of the properties of gold nanoparticles and their 

applications in Biology and Nanotechnology has been published and reviewed by M. Daniel et 

al.68 
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Figure 1.3.1: Optical colour of a range of gold nanoparticles showing the colour change over increased particle size. 

Reprinted from reference. 69 

 

A major advantage of AuNPs over QDs is that AuNPs are more biocompatible and do not contain 

toxic heavy metal ions, hence they are more suitable for in vivo applications.70 Another 

advantage is that they possess high extinction coefficients and have a broad absorption 

spectrum in the visible part of the spectrum.71 Also the separation distance that fluorescence 

quenching can measure is much larger (15 - 70 nm) than that of FRET (<10 nm). These distances 

were confirmed by an experiment by Samanta et al. in which a DNA origami structure is used to 

control the distance between the donor and the quencher.72 This is because the energy transfer 

now has an inverse d4 dependency rather than an inverse d6 dependency, found in FRET, where 

d is the distance between the interacting dipoles. This comes from the differences in the energy 

transfer equations for both processes.73 (Eq. 6) shows the interaction for energy transfer rate 

within FRET and (Eq. 7) shows the energy transfer rate for the AuNP fluorescence quenching 

behaviour also known as surface energy transfer, SET. 

 

Ὧ   (Eq. 6) 

Ὧ   (Eq. 7) 

These differences come from the difference in materials in which the energy transfer comes and 

goes too. Both interactions within FRET are dipoles so have the same contribution where in 

AuNP quenching is surface energy transfer, SET, which is a dipolar energy transfer to a metallic 

surface mechanism. This is the difference that comes into play, causing the larger separation 

distances that can be measured by the AuNP quenching mechanism.73  
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1.3.1 AuNPs as Fluorescence Quenchers 
AuNP are known to be strong fluorescence quenchers when paired with fluorescent dyes or QDs 

showing a high quenching efficiency (up to 99 %).74 Similar to that seen previously in the FRET 

experiments using glycan-QDs,75 AuNPs use a similar method of energy transfer from a donor 

but instead of transferring the energy to enhance acceptor fluorescence, the donor is quenched 

without producing acceptor fluorescence. This method is also known as dynamic quenching.76 

The quenching efficiency with AuNPs has many dependencies which include the surface plasmon 

resonance, particle size and shape and the distance away from the fluorescent donor.74 Although 

this is a significant advantage of AuNP quenching method as  it can extend to beyond the 

conventional FRET distance of ca. <10 nm.61 This method can be used as another way to quantify 

the binding between glycans and multivalent proteins using modified polyvalent ligands 

functionalised to enhance binding affinity and specificity. In this case the percentage quenching 

efficiency is calculated using the integrated fluorescence intensity with and without the 

quenching material.  

1.3.2 AuNP Synthesis 
AuNPs can be easily synthesised with high precision and purity for a large range of diameters 

between 2 nm and 100 nm. The first synthesis of AuNPs was introduced by Turkevitch et al.77 in 

ǘƘŜ ŜŀǊƭȅ мфрлΩǎ ǳǎƛƴƎ ŀ ŎƛǘǊŀǘŜ ǊŜŘǳŎǘƛƻƴ ƳŜǘƘƻŘΦ ¢Ƙƛǎ ƛǎ ǎǘƛƭƭ ŀ ŎƻƳƳƻƴ ƳŜǘƘƻŘƻƭƻƎȅ ǘƻŘŀȅ ŦƻǊ 

making AuNPs. Figure 1.3.2(A) below shows the original electron micrograph image form 

showing the production of the gold nanoparticles using the citrate reduction method.  This 

method utilizes the redox properties of gold and uses sodium citrate to reduce a chloroauric 

acid, HAuCl4, in water. The limitation of the method is that it produces a polydisperse solution 

of AuNPs which means the NPs are of various shape and size which can affect the accuracy of 

their average size calculation. Further improvements to this method have been made and new 

protocols have emerged which results in a specific size or shape of AuNP being synthesised by 

varying the molar ratio of the sodium citrate: gold. 78 The resulting NPs are capped with weak 

ligands which can be exchanged for specific materials for particular applications. 
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Figure 1.3.2: (A) Electron microscope of the gold sol using the citrate reduction method from the original synthesis in 

ǘƘŜ мфрлΩǎ ōȅ ¢ǳǊƪŜǾƛŎƘ et al.77 and (B) Transition electron microscope image of thiol derivatised  AuNPs by the Brust 

ς Schiffin method by Brust et al. Reprinted from reference.79 

Another common method for synthesising AuNPs is the Brust ς Schiffin Method which was first 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ мффлΩǎ ōȅ .Ǌǳǎǘ et al.79 This method is based on a two phase liquid-liquid 

system which involves growing metallic clusters, starting with gold chloride, in which thiol 

monolayers are attached to the surface of the growing nuclei, forming particles that are then 

thermally stable and air stable. Within this method AuCl4
- is transferred to toluene using 

tetraoctylammonium bromide, a phase transfer reagent, and the gold ions are then reduced by 

sodium borohydride in the presence of dodecanethiol.  This reduction can be seen through a 

colour change of the solution from orange to brown. The AuNP size can be controlled by the 

thiol to gold chloride ratio. 68 A recent review published by Herizchi et al. highlights a vast array 

of methods that have been further developed for the synthesis of AuNPs including an 

electrochemical method80 and also a biological method1 and the seeding growth method.81  

1.3.3 AuNP Bioconjugates 
Gold nanoparticles provide a good scaffold in which a wide variety of molecular species can be 

capped onto the surface. 82 This is highlighted below in Figure 1.3.3 showing the variety of 

biological scaffolds that can be capped onto the surface of NPs. A review by Sapsford et al.83 

highlights some of the methods used to create these materials in which nanomaterials have 

been created to further bridge the gap between nanotechnology and biology. Gold is an inert 

material meaning that it can easily be used for in vivo studies and is much less toxic in 

comparison to QDs. As well as their facile preparation and modification and the liable use for 

various sensing methods.84 These properties have led to the formation of many different AuNP 

conjugates with such materials as peptides, proteins, DNA and antibodies. These materials can 
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be further combined with another material such as a lanthanide82 for imaging agents or a 

fluorescent labelled protein61 for sensing applications. 

 

Figure 1.3.3: Nanomaterial- bioconjugate multifunctional NP assembly: A representative NP decorated with multiple 

disparate functional molecules (e.g., nucleic acids, proteins, drugs, peptides) is depicted. Reprinted from reference.83 

 

1.3.3.1 AuNP ς Peptide Conjugates 
The functionalization of AuNPs with peptides allows them to be used as intercellular drug and 

gene delivery nanocarriers.85 The targeting properties of peptides can be used to deliver 

materials to specific parts of the body for potential use as in vivo sensors. A recent review by 

Zong et al. highlights the range of different uses that peptide-functionalized AuNPs have ranging 

from detection agents of metal ions, enzymes and antibodies, targeted drug delivery and cellular 

uptake to a more specific delivery of anti-cancer peptides.86 Figure 1.3.4 shows some of the ways 

in which peptide/protein functionalised NPs are used. The detection of metal ions was first 

reported by Si et al. in which they detected mercury ions, Hg2+, via a shift in the UV-Vis spectra 

as well as slight colour change in from red to purple.87 A common enzyme that is detected by 

these materials is thrombin, a serine protease, which hydrolyses peptide bonds so the 

functionalised AuNPs aggregate after cleavage of some peptide chains. This work was first 

published by Zhen et al.88 Cell penetrating peptides can also be conjugated to the surface of 

AuNPs, as these are short peptide chains that assist in cellular uptake of various cargo materials, 

ranging from small chemical molecules to nanosized particles. 89 Peptide functionalised AuNP 

that has shown potential as cell-targeting agents by allowing the specific detection of the cell 

nucleus and endoplasmic reticulum using bright field microscopy has been developed by Sun et 

al. 90 They use a AuNP functionalised with the arginine rich peptide CALNN and its derivative 

CALNNR8 and show their capability to cross the membrane by endocytosis.  
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Figure 1.3.4: The features imparted by the peptide/protein functionalisation of NP surface and how they influence 

NP behaviour. Reprinted from reference. 91 

 

1.3.3.2 AuNP - Protein Conjugates 
Protein-gold bioconjugates are key to studying important roles found within biological 

systems.92 AuNP ς protein conjugates are formed due to the interaction between the surface 

and proteins. This can be achieved in 3 different ways through a surface adsorption, cross-linking 

and electrostatic absorption.  For example the presence of cysteine residues within the protein 

can directly chemi-adsorb to the surface of the AuNPs, alternatively charged proteins can absorb 

to oppositely charged AuNPS electrostatically.93  Protein ς nanoparticle interactions can also 

lead to the formation of a protein corona, a biological coating that forms around NPs within 

biological media first shown by Monopoli et al.94 The corona consists of an inner shell of proteins, 

hard corona, in which the proteins have a high affinity to the NP and an outer shell of proteins, 

soft corona, which has a low affinity to the NP.95 A predominant example of protein corona 

formation with AuNPs has been the Human Serum Albumin as shown by Canaveras et al. these 

blood proteins high affinities for AuNPs especially within biological media due to their high 

abundance.92  

1.3.3.3 AuNP ς DNA Conjugates 
Over the past three decades DNA has been used to design a wide range of facilitating materials 

such as DNA nanostructures, DNAzymes and DNA aptamers which combined with AuNPs further 

enhances their properties.96 These DNA functionalised AuNPs allow for molecular recognition 

ŀƴŘ ŘƛǊŜŎǘŜŘ ŀǎǎŜƳōƭȅ Ǿƛŀ 5b!Ωǎ ǳƴƛǉǳŜ ŀƴŘ ǎǇŜŎƛŦƛŎ ƳƻƭŜŎǳƭŀǊ ǊŜŎƻƎƴƛǘƛƻƴΦ aƛǊƪƛƴ et al. led the 

way of AuNP-DNA conjugates studies who created the first bioconjugate assembly using 

thiolated DNA capped AuNPs.97 A recent review by Liu at al. highlights some further examples 

of preparation methods for these materials and their application as powerful diagnostic tools.96  
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1.3.3.4 AuNP ς Antibody Conjugates 
Antibody-AuNPs provide an essential part to new biosensing technologies as they provide the 

specificity of the antibody-antigen interaction as well as showing the unique properties of 

nanoparticles. 98 This makes them great tools for immunosensing which relies on the specific 

recognition between biosensor and the biomolecule. These bioconjugates can easily be formed 

through the direct adsorption of antibodies onto citrate-capped AuNPs. However this method 

can lead to orientation issues with how the antibody is presented on the AuNP surface.84  There 

are three main ways reported in the literature to present antibodies on the surface of AuNPs.  

Simple hydrophobic interactions between the hydrophobic structure of the antibody and the 

metal surface. 99 Ionic interactions can also play a key role in attachment of antibodies to AuNPs 

as the surface charge of the AuNP is negative so the positively charged amino acids and N-

terminal groups can interact. The final method is to provide a linker material that covalently 

attaches to the AuNP through coordination to the gold surface. Figure 1.3.5 depicts these 

different conjugation methods and shows the corresponding orientations. AuNP-antibody 

conjugates have been used in two different ways as biosensor materials and as part of 

competitive immunoassays. Rayavarapu et al. have used ionic interactions to create AuNP-

antibody conjugates for binding to the Human epidermal growth factor receptor 2, HER2, in 

which the materials have then been used as contrast agents for the imaging of breast cancer.101 

A competitive immunoassay for malaria antigen detection based on a fluorescence-quenching 

mechanism by Cavadas et al. has been developed.102 An IgG monoclonal antibody recognises the 

antigen, Plasmodium falciparum, was used in malaria diagnostics.   

 

Figure 1.3.5: Hydrophobic and ionic interactions between antibody and gold nanoparticle surface. A) Hydrophobic 

interactions, B) ionic interactions and C) covalent bond is formed due to dative binding. Reprinted from reference. 100 
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1.3.3.5 AuNP ς QD Conjugates 
As AuNPs show great quenching properties a large amount of research have used them as part 

of FRET in order to quench donor fluorescence over larger separation distances then average 

FRET.103 These QD-AuNPs conjugates energy transfer mechanism is known as a nanometal 

surface energy transfer, NSET. The energy donor within the mechanism is usually a simple 

organic dye but has been modified to include QDs. 103 The combination of the QD and AuNP, into 

a single system can further enhance the excellent optical properties already seen individually 

and even lead to new properties. 104 Using a QD and AuNP pair, an inhibition assay was created 

that could be used as a high throughput screening method of inhibitors. Oh et al. utilized a 

streptavidin-biotin interaction and the assay works through monitoring the photoluminescence 

quenching of QDs conjugated with streptavidin. This quenching is caused by the biotin modified 

AuNP binding to QD-Steptavidin, which can be competed off by the free avidin.71  Figure 1.3.6 

shows schematically how the inhibition assay works. 

 

Figure 1.3.6: Schematic illustration of the inhibition assay by Oh et al. based on the photoluminescence quenching of 

Streptavidin-QDs by Biotin-AuNPs. Reprinted from reference. 71 

 

1.4 Click Chemistry 
A common method used to produce NP-bioconjugate based fluorescence probes is the highly 

efficient click chemistry reaction also known as a 1,3 ς dipolar cycloaddition occurring between 

an azide and a terminal alkyne. 105 This technique can be done in two ways. The first is a copper 

(I) catalysed reaction which forms a highly stable triazole linked molecule along with a limited 

amount of by-products. This method was first reported by Sharpless et al. in 2001.106 Scheme 

1.4.1 below shows the scheme in which copper catalysts are harnessed for use during click 

chemistry. It also highlights how the conjugation occurs and the formation of the cyclic product. 

The copper (I) is usually generated in situ with the use of a stabilizing agent.  The reaction is 

highly powerful and versatile due to its ability to offer excellent functional group selectivity and 

high yield.107 This process has been identified for use in producing a large variety of 

bioconjugates, for example: silica, gold and magnetic nanoparticles, carbon nanotubes, as well 

as synthetic polymers. However, this process has a major disadvantage in that the copper ion is 
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found to quench QD fluorescence due to reacting with the zinc ions present within the core-

shell QD structure.  

 

Scheme 1.4.1: A reaction scheme for copper catalysed click chemistry in which metallic copper can be used.  

This, on the other hand, has been found to be an advantage in the design of sensitive cation 

detectors. For example Li et al. modified the QD surface with a cadmium ion detector using click 

chemistry to achieve binding, which is then used to detect the presence of cadmium ions, a 

chemosensor.108 Beaune et al. manages to successfully give the reason for the quenching and 

how to overcome it.109 They suggest that the problem can be overcome by adding a thick 

negatively charged shell, as quenching occurs due to copper ions reacting to the core shell. Cu-

catalysed click chemistry is not suitable for QD-conjugates based fluorescence probes when used 

directly in the ligand exchange. Bernardin et al. actually hypothesises reasons why the quenching 

is observed; the first hypothesis being electron transfer between the semiconductor material, 

the QD, and the copper ions, and the second being that a chemical reaction may be occurring 

between the QD's surface and the copper, suggesting displacement of the zinc by copper, 

forming CuS, causing damage to the fluorescent donor.105 This is further confirmed from the 

simple solubility product point of view as the solubility constant, Ksp, for CuS is ~10-36 where as 

it is ~10-23 for ZuS therefore it is favorable for Cu2+ to replace the Zn2+ surface.110 

 

The second method is the copper free click chemistry reaction, which is essentially the same as 

that used previously, but without the need of a copper catalyst. It is usually referred to as strain 

promoted azide-alkyne cycloaddition, SPACC, which involves a 1, 3-dipolar cyclocaddition. The 

reaction is driven by the high ring strain in the cyclooctyne ring system which favours the 

formation of the triazole species as shown in Scheme 1.4.2 below. The reaction itself is highly 

flexible and can be done between any strained alkynes and azide that are present on two 

molecules at room temperature and pressure. This method is being harnessed especially for 
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producing conjugates for use in in vivo studies, avoiding the apparent toxicity effects of copper. 

The disadvantages of this method is that it can sometimes be slow and low yielding with bulkier 

ligands. 

 

 

Scheme 1.4.2: A reaction scheme to show the 1, 3-dipolar cyclocaddition reaction mechanism between the strained 

alkyne and an azide as part of the copper free click chemistry mechanism. 

 

1.5 Nanoparticle Characterisation Techniques 
Characterisation of NPs is highly important in the nanotechnology field especially for 

understanding the toxicity effects of the particles.111 The main two parameters that must be 

determined for any NPs used for understanding interactions with living systems are particle size 

and size distribution. Determination of the particle size is key for any work using biological media 

especially for in vitro and in vivo studies so that you know what you are putting into the 

cell/body. The use of poorly characterised NPs has often led to confusing and mis-interpreted 

data.111 Two techniques that have been widely used to determine these two parameters, 

dynamic light scattering and transition electron microscopy, are outlined below.  

1.5.1 Dynamic Light Scattering 
Dynamic light scattering, DLS, is a technique that is used to determine the size distribution 

profile of the particles found within a suspension. This is achieved by using a light source to hit 

all the particles, the light is then diffracted in different directions and analysed. A simple 

schematic of the basic DLS instrumentation is shown in Figure 1.5.1. NPs that are dispersed in a 

solution scatter light proportional to the 6th power of their nucleus radii and the scattering can 

be done through three mechanisms, elastic scattering, Mie Scattering and Rayleigh scattering.112  

The mechanism chosen is dependent on the size threshold of the particles. Using light in this 

way the structure and state of motion of the particles can be measured. 113 The scattering 

intensity of particles fluctuates over time due to Brownian motions, the random motion of 

particles within a suspension, causing constructive and destructive interferences. Results 

observed from the light scattered experiments are manipulated using the Stokes ς Einstein 

relationship (Eq. 8) below to give the hydrodynamic sizes of the particles within the solution:  
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Ὀ    (Eq. 8) 

Where Dh is the hydrodynamic diameter of the particles, Dt is the translational diffusion 

coefficient, Kb ƛǎ ǘƘŜ .ƻƭǘȊƳŀƴƴΩǎ ŎƻƴǎǘŀƴǘΣ  ́is the dynamic viscosity and T is the temperature. 

The hydrodynamic size, DH, is the diameter of the hard sphere particle that diffuses at the same 

speed as the particle and is a hypothetical measurement calculated in DLS. The hard sphere does 

not exist in most colloidal dispersions as this is dynamic and fluctuates with time.112 Thus DLS 

ŎŀƭŎǳƭŀǘŜǎ ŀƴ ŀǾŜǊŀƎŜ ŎƻƭƭƻƛŘŀƭ ǎƛȊŜ ƛǘ ŘƻŜǎƴΩǘ ǎƛƎƴƛŦȅ ǘǊǳŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜΦ !ƴ advantage to this 

technique is that it can measure a large number of particles in comparison to other methods of 

calculating particle size such as TEM which requires a small sample. 

 

Figure 1.5.1: Schematic of Dynamic Light Scattering, DLS, instrumentation. 

1.5.2 Transmission Electron Microscopy  
Transmission electron microscopy, TEM, is widely used for the characterisation of nanoparticles 

with sub-nm resolutions.114 This technique uses a powerful finely focused electron probe which 

can help identify specific structural characteristics of nanoparticles down to the atomic 

resolution.114 It is used widely as a major analytical technique in all areas of science, physical, 

chemical and biological. This technique was first founded by Knoll et alΦ ƛƴ ǘƘŜ ŜŀǊƭȅ мфолΩǎΦ115 

This means that you can get good atomic resolution for real-space imaging of nanoparticles. The 

working principle for TEM is based on that of a simple light microscope but instead of using light, 

a focused high energy electron beam is used to probe the structure, Figure 1.5.2. Given that the 

ƘƛƎƘ ŜƴŜǊƎȅ ŜƭŜŎǘǊƻƴ Ƙŀǎ ŀ ƳǳŎƘ ǎƘƻǊǘŜǊ ǿŀǾŜƭŜƴƎǘƘΣ ˂Σ ǘƘŀƴ ƭƛƎƘǘ ƛǘ Ŏŀƴ ƎƛǾŜ ŀ ƳǳŎƘ ƘƛƎƘŜǊ 

resolution.  This comes from the De Broglie principle of electrons in that electrons are charged 

particles that act as waves. The electrons are produced and emitted by the electron gun through 

thermionic emission from either tungsten cathodes or LaB6 rods. 116 Most modern microscopes 

use a field emission gun which includes a tungsten tip with a layer of ZrO2 on an emitter. The 
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samples are placed in a vacuum and hit with electrons, which interact using elastic and inelastic 

scattering and then an image recorded using the multiple lenses present within the microscope.  

 

Figure 1.5.2: A schematic showing both the imaging modes and diffraction mode of Transmission electron 

microscopy, TEM. A simple Fourier transform is used to convert the diffraction pattern into an image. 

 

1.6 Multivalent Protein ς Ligand Interactions 
In order to prepare the QD-conjugates used in FRET analysis and the AuNP-conjugates for 

fluorescence quenching analysis, specific ligands must be designed and developed that can 

easily bind to both the NPs and the biological macromolecule. Synthesis of QDs usually leaves 

them coated in hydrophobic ligands making them unsuitable for biological purposes this is 

different for AuNPs as they are usually already hydrophilic. The surface coatings of the NPs are 

key for developing materials suitable to size, shape and specific functionality. Multivalent 

interactions are used throughout biology and are important because of two factors; for strength 

and for providing the basis to biological mechanisms.117 Suggesting that ligands used for this 

purpose must contain multiple binding sites attached to the surface of one NP. As many proteins 

are multivalent, meaning that they have multiple binding sites, it is important that we 

characterize them using materials that contain multivalent ligands.117 The ligands must also form 

stable coatings on the NPs and also be resistant to non-specific interactions. The mechanisms 

behind how multivalent interactions are formed are currently poorly understood due to the 

nature of multiple interactions at once.118  
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A wide range of ligands showing multivalency have been synthesized and can be used to explore 

multivalent interactions.117, 119, 120 Example ligands that show all the specific properties required 

for probing multivalent protein interactions consist of: a chelative dihydrolipoic acid group that 

can bind strongly to both QDs and AuNPs, and one or more carboxylic acid groups which can be 

further modified with specific functionalities.121 The structural design of these ligands can 

further split into an anchor segment, a hydrophilic segment and a functional group, as shown in 

Figure 1.6.1. 122 Each specific section then specifically enhances the properties of the ligand for 

probing multivalent interactions. 

 

 

Figure 1.6.1: DHLA-based multifunctional ligands are used as a linking group between the protein and NP using 

different terminal groups.  

The properties provided by each section will in turn make the ligand more specified to its 

function as a NP bioconjugate. A di-thiol group is preferred, as the anchor because it can chelate 

strongly to the NP surface to produce compact and stable NPs easily and cheaply. 121 The di-

thiolate provides a stronger binding affinity for the NP surface over a monodendate thiolate 

ligand. The functional group is to promote the linkage to the target molecule. 122 A compound 

which is widely used is dihydrolipoic acid, DHLA, based ligands as they are shown to have a 

greater enhancement of colloidal stability over a wide variety of biological conditions which is 

also further.123 This enhancement of colloidal stability in biological media is further stabilized 

through the addition of oligoethylene glycol, EG, linkers, or a zwitterionic section to the ligand. 

These materials are also biologically inert when not in the presence the functional group.124 The 

polymer chain is there to help separate of the functional group from the NP surface, and further 

works to promote water-solubility and resistance to non-specific adsorption of biomolecules.  

 

A dendron, hyperbranched organic molecules connected to a central point, is a type of ligand 

that has been commonly used to achieve multivalency and produce NP-bioconjugates.125  The 

surface densities of specific functionalities can be enhanced through using such ligands multiple 
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from one anchor point known as a chelating dendritic ligand, CDL. This now included the di-thiol 

function to chelate to the metal surface of the NPs, Figure 1.6.2 shows a CDL taken by Zhou et 

al.121  ¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ŘƻƴΩǘ ŘƛŦŦŜǊ ǘƻƻ ƳǳŎƘ ŦǊƻƳ ŜŀŎƘ ƻǘƘŜǊ Ƨǳǎǘ ƛƴ ǘƘŜ ŎƘŜƭŀǘƛƻƴ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜǎ 

as the dendron has been further modified to chelate to NPs. These materials are widely used 

part of a NP-bioconjugate surface functionality research for specific multivalent interactions.  

 

Figure 1.6.2: Molecular structures of a chelating dendritic ligand, CDL.121 

1.6.1 Glyconanoparticles 
Current research is being undertaken to understand the structural mechanisms of multivalent 

interactions between c-type lectins and glycans, particularly the spatial arrangement of their 

carbohydrate binding domains with specific proteins. 126 One way to monitor this interaction is 

by using modified nanoparticles, NPs. Nanoparticles include gold, iron oxide or semiconductor 

nanoparticles. These NPs are bound to sugar molecules and thus are given the name 

glyconanoparticles. These materials are known to be a good mimics of carbohydrate 

presentation upon the surface of different cells making them great tools for glycobiology and 

biomedicine research.127 This is due to their large surface area to volume ratio in comparison to 

other types of related compounds already used within this field as we can place a large amount 

of functional groups upon the surface for high loading efficiency.128 Many reviews have been 

published in this area highlighting the importance of these materials. Hao et al. summaries the 

synthesis of many different types of glyconanoparticles and how they are being used in 

biosensing129 as well as a review by de la Fuente et al.127 Cunha et al. have published a review 

highlighting the biomedical applications of quantum dot based glyconanoparticles.130 

 

There is a range of papers in the literature showing many NP scaffold examples of 

glyconanoparticles. Park et al. synthesised a glyconanoparticle using silica, containing 

rhodamine B isothiocyanate, to over-coat cobalt ferrite nanocrystals which integrated two 

properties within one, fluorescence and magnetism,128 also known as a dual-modal fluorescent 

magnetic nanoparticle, FMNP. These materials were then successfully used to block the 
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adhesion of the infectious stomach bacteria Helicobacter pylori on mammalian cells by 

expressing different carbohydrate-binding proteins.128 Yang et al. prepared a lactose CdSeS/ZnS 

quantum dot conjugates to further study specific carbohydrate-protein interactions.131  

1.7 C-type Lectin Based Viral Receptors 
All mammalian cells are covered by a dense array of carbohydrates called the glycocalyx.132 The 

carbohydrates within this bind to proteins and lipids creating glycoproteins and glycolipids 

respectively. These biomaterials play key roles with the human biological system in such 

processes as cell-cell signalling and cell-environment interactions.133 Singular carbohydrate 

interactions are weak and biologically non-functional so to overcome this, nature has created a 

unique multivalent receptor ς ligand presentation. Multivalent interactions can increase the 

binding affinities and further enhance the biological functions. Increasing the valency of 

carbohydrates can positively enhance the protein-carbohydrate interaction by positive co-

cooperativity. Whereas, the weak interactions can be of negative cooperativity leading to 

decrease in binding efficiency.117 This is further highlighted by some basic thermodynamics as 

highlighted in Figure 1.7.1. 

 

Figure 1.7.1: The proposed names for multivalent interactions and the thermodynamic relationships of the Gibbs free 

ŜƴŜǊƎȅ ƻŦ ōƛƴŘƛƴƎ όɲDύ ŀƴŘ ƛƴƘƛōƛǘƛƻƴ constants (Ki) of these interactions. Reprinted from reference.117 

In which the singular bond becomes enhanced through multiple of the same bonds. These 

multivalent ς ligand interactions occurs within c-type lectin proteins. C-type lectins are calcium-

dependent carbohydrate binding proteins.134 They play important roles in many biological 

processes, some of which include cell ς cell adhesion, innate immunity and serum glycoprotein 

clearance.135 A major characteristic of a c-type lectin is the presence of one or multiple 

carbohydrate recognition domains (CRDs) within their structure.136 C-type lectins binding 

domains attach together to make a multivalent arrays forming dimers, trimers and tetramers in 

which the different multivalences are presented in a multiple orientations. 137  
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Figure 1.7.2: Schematic representation of nanoparticles showing the interactions of different types of carbohydrates 

with different types of lectin. Reprinted from reference.138 

These molecules are primarily used in the body for detecting high mannose oligosaccharides 

ŦƻǳƴŘ ƻƴ ŀƴȅǘƘƛƴƎ ŦǊƻƳ ǾƛǊǳǎŜǎΩ ǎǳǊŦŀŎŜǎ ǘƻ ǘƻȄƛƴǎΦ  ! ƭŀǊƎŜ ŀƳƻǳƴǘ ƻŦ ǊŜǎŜŀǊŎƘ ŎŀǊǊƛŜŘ ƻǳǘ ōȅ 

Feinberg et al. has looked at the specific binding of mannose oligosaccharides to c-type lectin 

carbohydrate recognition domains (CRD).139, 140 It was found that high mannose oligosaccharides 

bind to the c-type lectin receptors via principal calcium ion via the vicinal hydroxyl groups on the 

pyranose ring of mannose.139 Figure 1.7.2 below represents nanoparticles containing different 

types of carbohydrates that can interact with different lectins (erythina C, concavalin A, ulex 

europaeous). It shows multiple nanoparticles are bound to each of the lectins, meaning each 

lectin has multiple binding sites. 

 

Two examples of c-type lectins are DC-SIGN and DC-SIGNR they are found within the peripheral 

immune system of the body.134, 141 DC-SIGN, dendritic cell-specific intercellular adhesion 

molecule grabbing nonintegrin and DC-SIGNR, DC-SIGN- related, both contain four CRDs. A 

common primary structure for them contains a short N-terminal tail, a transmembrane anchor, 

a tetramerisation domain and also a c-terminal CRD.139 The schematic shown in Figure 1.7.3 

highlights some of the key characteristic sections of these proteins, in this case the schematic of 

a DC-SIGN. In addition to this there is also a calcium ion siting within the structure. This is known 

as the principal Ca2+, which is the distinctive feature of the carbohydrate binding site as it 

undergoes coordination with the hydroxyl groups of the sugar.139 The two binding hydroxyls are 

ǇǊŜǎŜƴǘŜŘ ƛƴ ŀƴ ŜǉǳŀǘƻǊƛŀƭ ŀǊǊŀȅ ŀǘ ǘƘŜ оΩ ŀƴŘ пΩ Ǉƻǎƛǘƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜ ƳŀƴƴƻǎŜ ǊƛƴƎΦ  

Glyconanoparticles with 

different types of 

carbohydrates. 

Interactions with different 

types of lectins. 
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Figure 1.7.3: A schematic of the predicted domains for DC-SIGN and DC-SIGNR showing the common features. 

Reprinted from reference.142 

1.7.1 DC-SIGN 
DC-SIGN, first sequenced in 1992 after it was found for its properties in binding to the 

glycoprotein, gp120, found upon the human immunodeficiency virus, HIV.143 It is a type II 

membrane protein found in dendritic cells, DCs, and macrophages but are more specifically 

present in the lamina propina of mucosal tissues found in the rectum, uterus and cervix.140 The 

protein contains an extracellular domain consisting of a tetrameric stalk. Further details about 

the tetrameric stalk, such as its structural properties, are yet to be determined. As well as being 

found to bind to mannose containing oligosaccharides, DC-SIGN has also shown to bind with 

fucose-containing sugars. Due to its affinity for high mannose oligosaccharides, DC-SIGN can act 

as a receptor for different infectious viruses such as HIV, hepatitis C virus and Ebola virus. Due 

to it being a DC it has thus been associated with acting as an intercellular adhesion molecule.144 

Part of its function is to sense any unknown invading pathogens, which then leads to a signaling 

pathway of a specific response in which T cells are differentiated in order to provide the immune 

response against the found foreign entity.  

 

 

Figure 1.7.4: Best predicted models of the extracellular domain of DC-SIGN and DC-SIGNR, best fitting to the 

experimental data obtained by Feinberg et al., (A) single tetrameric stalk model for DC-SIGNR, (B) Y-shaped dimer 

model for DC-SIGNR, (C) and (D) two single tetrameric stalk model for DC-SIGN and (E) Y-shaped dimer model for DC-

SIGN. Reprinted from reference.144 

(A) 

DC-SIGNR 

(B) 

DC-SIGN 

(C) (D) (E) 
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Figure 1.7.4 (C), (D) and (E) shows the most plausible models that have been presented for the 

extracellular segment of DC-SIGN by Feinberg et al. based on their hydrodynamic experiments. 

The model suggests a non-spherical shape due to the values of the sedimentation and diffusion 

coefficient being lower than expected for spherical molecules. They also found a lack of flexibility 

between the repeated coiled-coil neck, which suggests a structure more like those pictured 

above.144 The CRD is located within the neck region that sits above the surface of the cell.  

 

Although these proteins specially bind to high mannose oligosaccharides, research has 

suggested binding has been found to other sugars. For example, in the case of DC-SIGN, fucose 

binding has been found. This is highlighted in a paper by van Liempt et al. showing the specificity 

that DC-SIGN has for both sugars.145 In terms of sugar specific binding, Feinberg et al. showed 

that the CRD selectively recognises the internal portion of the carbohydrate moiety. Specifically 

the proteins were also found to bind to the outer-branched tri-mannose unit that were unique 

to the mannose type used for this particular study.139 The binding mode between the 

oligomannose, GlcNAc2Man3, and CRD of DC-SIGN, is shown below in the crystal structure in 

Figure 1.7.5, with the sugar shown in yellow and the protein in blue. It also shows how calcium 

plays a large role within the specific binding for these prticular proteins. Within this interaction 

two mannose sugars can be seen to interact with the protein-binding site. Binding with the 

fucose sugar occurs in a different manner to the binding seen with mannose. It was found to 

bind at a galanin residue via binding of the essential calcium ion.146 

 

 

Figure 1.7.5: Structure of CRD of DC-SIGN bound to sugar GlcNAc2Man3 ς Ribbon diagram of the DC-SIGN CRD (blue) 

with bound oligosaccharide residues shown via a single lettering system G for GlcNAc and M for mannose. Calcium 

ions are also shown in cyan and the dusulfide bonds are shown in pink. Reprinted from reference.140 
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1.7.2 DC-SIGNR 
DC-SIGNR, DC-SIGN related, also known as L-SIGN, is again another type II membrane protein 

consisting of a c-type lectin viral receptor. They are closely related as 77% of the amino acid 

sequences in DC-SIGNR and DC-SIGN are identical, suggesting that similarities and differences 

can be seen between each of the c-type lectins.140 The major similarities between the two are 

that they have the same overall tetrameric structure, both bind to high-mannose containing 

oligosaccharides and are both classed as a C-type receptors. DC-SIGNR has the ability to bind to 

the same viruses as DC-SIGN due to its affinity for mannose sugars.147 A significant difference 

between them is the location in which these types of cells can be found within the body, DC-

SIGNR is commonly found in the endothelial cells in the liver as well as the lymph nodes and the 

placenta.147 Despite such close resemblance, distinct multivalent ligand binding specificities147 

as well as virus transfection properties have also been reported.  

 

Similarly to DC-SIGN, there is currently no published detailed structure of DC-SIGNR, but 

predicted models of the extracellular domain have been hypothesised (Figure 1.7.4 (A) and (B) 

above). These are taken from the same published paper that developed the models for DC-SIGN 

based on hydrodynamic size values by Feinberg et al.144 It has been proposed that DC-SIGNR has 

the same structure as DC-SIGN in terms of fitting to the same model approaches, in that one is 

with the tetrameric stalk and the other has the y-shaped model. This is because the binding 

affinity between a singular CRD and glycan molecule was worked out to be the same for each of 

the proteins. The individual binding between a mannose containing glycan and DC-SIGNR CRD is 

shown in the crystal structure below, Figure 1.7.6. Similarly to DC-SIGN, they propose that in 

DC-SIGNR the neck region sits on top of the cell surface where the tetrameric binding site lies. 

 

In comparison to DC-SIGN, DC-SIGNR does not bind to fucose containing sugars as reported by 

Guo et al., who compared the distinct ligand binding properties for both DC-SIGN and DC-

SIGNR.147  Mannose sugars also bind to DC-SIGNR in a similar way to that shown for DC-SIGN in 

Figure 1.7.6.  
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Figure 1.7.6: IƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ʰм-3-linked branch of the molecule GlNAc2-Man2 with DC-SIGNR. The remaining 

mannose residues are drawn schematically. Again the calcium ion dependency can be seen due to the black lines 

showing the Ca2+ coordination. Reprinted from reference.140 

1.7.3 Pathogen Internalisation Via C-type Lectins 
Pathogen internalisation, the transport of pathogen into the cell, occurs via the c-type lectins 

that are found within the body and even more specifically the DC-SIGN/R. These particular 

proteins are pattern recognition receptors that are used to sense the invading pathogens leading 

to immune responses occurring as a result.  This includes protein cell signaling and the 

differentiation of T-helper cells.148 There are many viruses and bacteria (e.g. Mycobacterium 

tuberculosis, and HIV-1 and Helicobacter pylori) that are internalised into the cell via DC-SIGN/R 

due to their high surface sugar content. The process is very highly dependent on the lectin 

extracellular domain of the DCs, which is known to bind to HIV surface glycoprotein 120, gp120, 

for both DC-SIGN and DC-SIGNR.141 Research by Chung et al. has found that DC-SIGN can 

recognise and transmit some viruses better than DC-SIGNR and vice versa. Some examples 

include some HIV strains which are recognised by DC-SIGN while west Nile virus is recognised by 

DC-SIGNR.149  

 

There has been a wide range of research into the internalisation mechanisms and the most 

common one is HIV internalisation. Auwerx et al. showed that this internalisation occurred via 

the capture of the virus molecules by DC-SIGN expressing cells. They successfully used a 

carbohydrate-binding agent, CBAs, to block this capture.150 The same conclusion has been 

shown by both Balarani 151 and Truville et al.152 There are two proposed mechanisms of how DCs 

bind and internalise HIV as suggested by Wu et al.  These are the trans pathway and the cis 

pathway which are highlighted below in Figure 1.7.7.153 There are two differing trans pathways. 

The first includes transport across the infectious synapse, a cell-to-cell junction formed when a 

HIV virus is captured. The second trans pathway is achieved using both mature and immature 

cells crossing the synapse via exocytosis. The cis pathway is shown to play a key role in the long 

term infection of HIV transmission, which leads to replication and production of new HIV within 

the cell membrane. 
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Figure 1.7.7: Schematic showing the mechanism of dendritic cell mediated HIV transmission. Shown here are two 

different proposed pathways: (a), (b) are two different mechanisms for trans-infection and (c) is the method of cis-

infection. Reprinted from reference. 153 

Infection can also be caused by DCs interacting with the glycoprotein 120 subunit situated on 

the viral surface. This causes a conformational change of the protein structure, which means 

that it is recognised and further internalised via cell signalling.141 Although these models have 

been proposed, there is still key structural and mechanistic information missing in regards to 

how the proteins differentiate between different targets, as well as exactly how the CRDs sit and 

flex upon viral binding. This information will be key for future research, especially in developing 

an effective vaccine that targets DCs to fight the infectious diseases134, in drug development for 

treating these infections that are internalised150 and in designing specific targeted inhibitors 

against these proteins. 
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1.8 Conclusion 
Nanomaterials such as QDs and AuNPs both show a variety of different properties that showcase 

how they can be used as potential NP-bioconjugates when functionalized with various biological 

macromolecules such as DNA, peptides and proteins. These nanomaterials have shown so much 

promise across a wide range of areas from use as biosensors, nanocarriers, bio-imaging agents 

and as part of immunoassays. Due to the significant optical properties of both QDs (size-

dependent bandgap structure) and AuNPs (strong localised surface plasma absorption) they can 

be useful as part of a highly sensitive fluorescence based read-out strategies. These materials 

can now be synthesised through relatively simple one-pot methods. Ligand exchange can then 

be used to introduce specific functional groups.  Glyconanoparticles can easily be synthesised 

using these materials when a glycan is placed as the surface functionality. An apparent 

knowledge gap in the literature is found on how the viral receptors, DC-SIGN and DC-SIGNR, 

binding domains are presented on the surface of cells which control the nature of their 

multivalent interactions with glycoproteins. Although the literature has provided key 

information on the binding affinity of the monovalent interactions of the CRD with different 

glycan materials. Glyconanomaterials show great potential as multivalent probes for these 

interactions due to the surface being coated with the functional glycan material of the 

interaction. These functionalised glycan-NPs can also be characterised in a variety of different 

ways to reveal useful structural information on the glycan-protein interaction. 

1.9 Aims of this Project 
The major objective of this project is to produce a wide range of NP-sugar conjugates, which will 

be used to further understand and elucidate the structural and mechanistic properties of the c-

type lectins, and more specially DC-SIGN and DC-SIGNR. Currently little is known about their 

structure and CRD spatial arrangement, which is key to the multivalent binding nature of these 

proteins. These proteins are also of high interest due to their involvement in the viral infections 

of diseases such as HIV, West Nile Virus and Ebola. The investigations will be done using QD- 

saccharides conjugates as FRET probes and using AuNP-saccharides as fluorescence quenchers. 

The fluorescence based read-out strategies will be developed into a rapid, sensitive method to 

deduce the binding affinities and thermodynamics of the multivalent NP probe-protein 

interactions, Figure 1.9.1. By systematically tuning the QD/GNP surface saccharides valency, 

inter glycan distance and flexibility, we expect to see that the binding site and sugar spacing 

distance match, leading to a greatly enhanced affinity and specificity via the formation of 

simultaneous multivalent binding.  
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Figure 1.9.1: Schematic of the fluorescence based read- out strategies used within this project. (A) Flourescence 

resonance energy transfer and (B) fluorescence quenching. 

This work will continue on from the recent successful work by Guo et al.154 Two NP scaffolds will 

be investigated, QDs and AuNPs, capped with both monosaccharide and disaccharide mannoses 

to study the apparent binding affinity, K, and the binding dissociation constant, Kd, using the two 

sensitive fluorescence energy transfer mechanisms. QDs will be used for their advantageous 

optical properties such as strong size dependence fluorescence, high quantum yields, however 

they can be cytotoxic due to potential cadmium ion leakage. This is why AuNPs are also 

investigated as they are great fluorescence quenchers but do not contain toxic heavy metals. 

They can also offer a larger range of sizes over QDs which can be manipulated to help calculate 

the distances between the CRD groups found within the proteins. Both materials can efficiently 

cap-exchange with custom ligands designed for binding with DC-SIGN/R. The sugar ligands 

series, LA-EGn-Mans (where n= 3 and 11 and s = 1 and 2) and LA-(EGn-Mans)m (where n = 1 or 2, 

s = 1 and 2 and m = 1, 2 and 3), Figure 1.9.2, will be synthesised using two different click 

chemistry methods. The mannose functional group will be spaced by a defined oligo(ethylene 

glycol) linker from the NP surface anchoring group, lipoic acid, LA. The specificity of the NP-

glycan protein interaction will be quantified by competition experiments using free sugar as well 

as unlabelled proteins to calculate the respective binding inhibition constant, Ki. This also 

confirms the binding specificity between the saccharide -protein interactions. 

 

Figure 1.9.2: The proposed ligand structures of the ligand series used throughout this project, LA-EGn-Mans (where 

n= 3 and 11 and s = 1 and 2) and LA-(EGn-Mans)m (where n = 1 or 2, s = 1 and 2 and m = 1, 2 and 3). 

Saccharides: 
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Figure 1.9.3: Specific binding between the proteins DC-SIGN/R and the novel multivalent QD- saccharides based viral 

inhibitor. Schematic based on predicted structures of these materials. 

 

Different characterisation techniques, such as DLS and TEM, will also be used to elucidate a 

structural binding model for the dimensions of the CRDs found within both the proteins. Figure 

1.9.3 shows the intended specific binding of the glycan-QDs to the proteins DC-SIGN/R. The mian 

aim is to try and develop a further understanding of the geometries of the CRD head groups in 

both proteins, as this is still unknown. There is a clear knowledge gap within the literature for 

DC-SIGN/R regarding their structural and mechanistic which is critical for designing more specific 

treatments for the viral infections in which DC-SIGN/R are involved. Once a valid structural 

model is revealed, investigations into the use of these NP-glycan probes as novel multivalent 

anti-viral inhibitors can be conducted to inhibit viral infections by blocking the initial viral-cell 

interactions. 
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2                                                   Chapter 2 

Probing Multivalent DC-SIGN/R-Saccharide Binding Affinities using QD-

EGn-Saccharide Conjugates 

 

2.1 Introduction 

Sugar binding proteins play a key role in many viral infections, such as Human Immunodeficiency 

virus (HIV), Ebola virus disease (Ebola) and West Nile Virus.1 The multivalent protein-

carbohydrate interactions which initiate the first pathogen-host contact are responsible for 

infection. 2 Monovalent binding is weak and hence biologically inactive, the formation of 

multivalent interactions can dramatically enhance the binding affinity, making them biologically 

functional.3 Multivalent glycoconjugates that can potently block, or inhibit these interactions 

can thus be harnessed as entry inhibitors to prevent such infections. The challenge to overcome 

is that to make the binding specific these multivalent partners should have their binding 

orientation and spacing between the partners match but this is difficult without knowing the 

lectin structure. Due to the multivalent nature of the binding, crystal structures are hard to 

determine. Multivalent protein-carbohydrate interactions are also important in other significant 

biological events such as cell-cell communication and host immune response regulation so it is 

key that we develop further knowledge of these interactions.3  

These interactions are most commonly found in C-type lectins, also known as calcium dependent 

carbohydrate binding proteins, which bind to sugars presented on the glycoproteins found upon 

the surface of a variety of viruses.3 Two C-type lectins of special interest here are the tetrameric 

DC-SIGN4 and DC-SIGNR5 (abbreviated collectively as DC-SIGN/R) which play a key role in 

facilitating viral and bacterial infections by specific binding to array of glycans found on the 

glycoproteins of virus surfaces. Despite extensive research, their overall tetrameric structure 

and hence CRD spatial arrangement are currently unknown. Figure 2.1.1 below shows the 

similarities and differences in the previously proposed structures of both proteins.   
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Figure 2.1.1: Schematic structure models of the C-type lectins (A) DC-SIGN and (B) DC-SIGNR proposed based on our 

own results. It shows the key difference in the layout of the four CRD groups between the two proteins, which may 

account for the difference in binding specificity. 

Many synthetic glyconanoparticles have been developed to block and inhibit the multivalent 

lectin-glycan interactions responsible for virus infections.6, 7 The inhibition efficiency depends 

critically on matching the relative spatial distances and orientations of the two binding partners. 

Many reviews have been published decribing the types of glyconanoparticles and how they are 

used in biomedicine by modulating specific carbohydrate ς protein interactions. 8-10 As many 

multimeric lectins are highly flexible and complex membrane proteins, this creates a major 

challenge to determine their structural information. Although multivalent glycans built upon 

nanoparticle scaffolds have been developed to study multivalent glycan-lectin interactions by 

isothermal titration calorimetry, ITC,11 and surface plasmon resonance, SPR.12 Fluorescent 

semiconductor nanocrystals, quantum dots (QDs), can be harnessed to dissect these multivalent 

interactions because of their unique properties which include size-tuneable emission spectra, 

broad absorption spectra, high quantum yield and resistance to photobleaching.13 These 

properties make QDs a powerful tool to develop fluorescent resonance energy transfer (FRET) 

based assays to probe multivalent interactions. FRET can provide an accurate measure of small 

separation distances (ca. 1-10 nm) which is useful to provide an insight into complicated 

biological interactions, such as protein-protein and ligand-receptor interactions. This technique 

can also be used to quantify the binding affinity between glycans and the multimeric proteins.  

 

In order to use the QD-FRET mechanisms to probe multivalent protein-glycan interactions 

probes containing both monosaccharide and disaccharide mannose sugars were designed. The 

major challenge to develop effective QD-FRET probes was the inability to produce stable 

compact, polyvalent saccharide QDs, which are essential for strong multivalent binding and a 

DC-SIGN DC-SIGNR 

(A) (B) 
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sensitive FRET readout strategy. The published literature cap-exchange methods lacked 

efficiency and so they required a large excess of the ligands (e.g. typical ligand: QD molar ratio 

>104), making it impractical for precious sugar ligands. 14 This problem has been overcome by 

the development of a highly efficient capping method recently published by Guo et al,15 in our 

group, making it possible to determine the binding affinities, Kd, via a sensitive FRET readout 

strategy for the first time. Figure 2.1.2 below shows a schematic of experimental strategy used 

to probe these interactions.  

 

 

Figure 2.1.2: A schematic diagram to show probing of multivalent saccharide-protein binding via FRET using a QD 

capped with different DHLA-based saccharide ligands and acceptor dye-labelled lectins DC-SIGN/R. 

2.2 Polyvalent Saccharide Quantum Dot Design 

In order to probe how multivalent binding sites are presented within DC-SIGN/R we need to 

design and construct a QD-conjugate that can specifically bind to the protein. First, there must 

be a sugar ligand that can bind to both the QD and the proteins. Second, the resulting QD-

conjugate must be stable and water soluble for biological use. In this case, a multifunctional 

ligand containing three unique functional domains is designed and shown schematically in 

Figure 2.2.1. A dihydrolipoic acid, (DHLA), group for robust QD capping via a chelative binding 

mechanism; a flexible oligo(ethylene glycol), (EG), linker for introducing water solubility, stability 

and resistance to non-specific adsorption as well as tuning the inter-glycan spacing on the QD 

surface; and a terminal functional sugar for specific protein binding. The production of the 

polyvalent saccharide-QD includes three key steps, synthesis of functional LA-EGn ligand and its 

glycosylation via strain promoted alkyne azide click chemistry, ligand reduction to its DHLA-

equivalent and finally cap-exchange with commercial hydrophobic QDs.  
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Figure 2.2.1: A schematic of a CdSe/ZnS core/shell QD capped with a DHLA-based multifunctional ligand containing 

three different functional domains: an anchor, hydrophilic segment and functional sugar terminal group. 

2.2.1 Ligand Synthesis 

The synthesis of lipoic acid (LA)-EGn-cyclooctyne, (where n=3 and 11) as shown in Scheme 2.2.1 

is based on the published protocol by Susumu et al.16 It has been replicated easily and used in 

other publications from the Zhou group, e.g. by Zhang et al.17 and Guo et al.15. The synthesis of 

these ligands are given in Chapter 5. 

 

Scheme 2.2.1: A reaction scheme showing the formation of special designed ligand, LA-EGn-Cyclooctyne (where n=3 

or 11). (A) DCC, DMAP, LA and dry DCM, (B) PPh3, H2O and dry THF and (C) DCC, DMAP, Cyclooct-1-yn-3-glycolic acid 

and dry DCM. 

 

Anchor 

Hydrophilic 

Segment 

Functional Group 
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2.2.2 Ligand Reduction and Exchange 

To chelate to the QD surface, LA must be reduced to its DHLA equivalent, as the literature 

suggests that efficient QD cap-exchange can only be achieved using DHLA-based ligand, and not 

the disulphide LA form.16 Moreover, the binding between the QD surface Zn2+ ions and 

deprotonated thiolate is much stronger than that with non-deprotonated thiol. Tris (2-

carboxyethyl) phosphine (TCEP) is used as the reducing agent. Scheme 2.2.2 below shows the 

outline of the reduction using TCEP. The resulting NMR spectra for both the starting material 

and the product is shown in Chapter 5.6.  

 

Scheme 2.2.2: The reduction of the LA-based ligand to its DHLA-equivalent using Tris (2-carboxyethyl) phosphine 

(TCEP) in H2O. 

After reduction, the LA-EGn-cyclooctyne, (where n=3 and 11) were purified by silica gel column 

chromatography, deprotonated with NaOH and then added to commercial hydrophobic 

CdSe/ZnS core/shell v5 ό˂em 560 nm) at a ligand:QD molar ratio of 800:1 in a homogenous 

solution (EtOH/CHCl3). Full experimental details can be found in Chapter 5. Figure 2.2.2 shows 

the schematic process of the ligand exchange. The commercial QDs are coated with 

trioctylphosphine oxide (TOPO) ligands, which are displaced by the hydrophilic sugar ligands. 

Addition of water is used to test if the cap-exchange reaction has occurred as the resulting QD-

saccharide conjugates are hydrophilic and so should form a stable solution in water with no 

aggregation. 

 

Figure 2.2.2: The schematic of ligand exchange reaction to prepare QD-saccharide conjugates from the commercial 

TOPO ligand coated CdSe/ZnS QD, where R= mannose or dimannose. 

 

After ligand exchange, the resulting water soluble QDs are purified by washing with water to 

remove any unbound ligands in a centrifugal filter as outlined in the experimental procedure. 

The stock QD concentration is calculated by the Beer-Lambert Law using the absorbance of the 

Where R = 

-OH 

-EGn-Saccharide 
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QD at its first excitation peak of 546 nm όŦƻǊ v5 ǿƛǘƘ ˂em = 560 nm) and an extinction coefficient, 

ʶΣ ƻŦ мΦо Ȅ мл5 M-1 cm-1 as provided by supplier. Figure 2.2.3 shows the absorption spectra of (A) 

QD-Mannose and (B) QD-DiMannose conjugates respectively. 

 

Figure 2.2.3: UV-Vis spectra of the (A) QD-Mannose and (B) QD-DiMannose conjugates used to determine the 

concentration of the particles after ligand exchange. 

 

2.1.1 QD-(EGn-Man)m Characterization 

2.1.1.1 Dynamic Light Scattering 
The hydrodynamic sizes, Dhs, of freshly prepared QD-saccharide conjugates are determined by 

dynamic light scattering, DLS. The resulting hydrodynamic diameter, Dh, (volume populations) in 

H2O for the QD-EG3-DiMan and QD-EG11-DiMan are shown in Figure 2.2.4. A single Dh size 

distribution of ca. 6 and 13 nm for QD-EG3-DiMan and QD-EG11-DiMan are obtained. Such Dh 

sizes are consistent with the expected values of the QD core plus the suagr ligand length, 

suggesting that the ligand exchange has occurred and the QDs are not aggregated. A summary 

of the Dh sizes and fitting parameters are seen in Table 2.2.1. 
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Figure 2.2.4: The hydrodynamic size histograms for (A) QD-EG3-DiMan and (B) QD-EG11-DiMan in H2O.  
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Table 2.2.1: Summary of the hydrodynamic sizes of the QD-saccharides after ligand exchange. 

Capping Ligand Hydrodynamic Size (nm) 
Full Width at half maximum 

(nm) 

LA-EG3-DiMan 7.5 ± 0.1 4.5 ± 0.2 

LA-EG11-DiMan 12.8 ± 0.2 9.8 ± 0.6 

 

2.1.1.2 Quantum Yields 
Quantum yield, QY, is a measurement of the number of defined events occurring per photon 

absorbed by the system used. In our ŎŀǎŜ ǘƘŜ v¸ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ v¸ όʊF) which 

measures the ratio of the number of photos emitted, to those absorbed. The QYs of the QDs are 

determined ŀƎŀƛƴǎǘ wƘƻŘŀƳƛƴŜ сD ƛƴ ŜǘƘŀƴƻƭ όv¸ Ґ фр҈Σ ˂ex= 480 nm), as the reference 

standard.16 The integrated fluorescence spectra of multiple concentrations against the 

absorbance for both the QD and reference materials are measured first and the QY is calculated 

by (Eq.9) based on the method first published by Williams et al..17  

 

ὗὈὗὣ 
Ȣ

ρππ (Eq. 9) 

 

Where QDQY is the QD quantum yield, GradientQD and GradientRhod6G are the linear fitting 

gradients of the integrated. The methodology used here is slightly different from that of Williams 

method although it is still a comparative model in which they directly compare the areas of the 

fluorescence emission spectra. This method calculates the gradients by performing absorption 

measurements on a range of different concentrations and noting the absorbance at 480 nm. 

This is then used as the excitation wavelength to collect a fluorescence spectrum at the same 

concentrations. The area of fluorescence curve is plotted against the maximum absorbance at 

480 nm for each of the QDs as well as the reference, rhodamine 6G. A linear plot is then fitted 

through and the gradient is calculated from that. The absorption spectra of the QDs and the 

reference are shown in Figure 2.2.5 and Figure 2.2.6 respectively. The fluorescence emission 

spectra of the QDs are given in the Appendix. The resulting integrated fluorescence intensity 

versus absorption plots are shown in Figure 2.2.7. 
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Figure 2.2.5: UV-Vis (background corrected) spectra of the QDs after ligand exchange with the functional ligands. 
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Figure 2.2.6: (A) UV-Vis spectra of a Rhodamine 6G sample in ethanol, (B) Fluorescence spectra of Rhodamine 6G at 

different concentrations (0.0313 - м ˃aύ ŜȄŎƛǘŜŘ ŀǘ ˂Ex = 480 nm, and (C) a plot of integrated fluorescence intensity 

ǾŜǊǎǳǎ ǘ ŀōǎƻǊōŀƴŎŜ ό˂ = 480) for Rhodamine 6G. 
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Figure 2.2.7: Integrated fluorescence intensity v.s. absorption plots for different QDs fitted by linear relationship. 

 

Table 2.2.2 summarises the results. A significantly lower QY for QD EG3-Man is seen in 

comparison to the literature (e.g. Guo et al.15 shows a 33% and 24% QY for QD-EG11-Man and 

QD-EG3-Man respectively). The difference may be caused by different batches of the QD which 

may have different original QYs.  

Table 2.2.2: A summary of the QYs for the QDs after ligand exchange with different DHLA-based sugar ligands. 

Surface Ligand Quantum Yield (%) 

DHLA-EG3-Man 7 

DHLA-EG3-DiMan 25 

DHLA- EG11-Man 28 

DHLA- EG11-DiMan 24 
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2.3 Protein Labelling 

After the successful production of both DC-SIGN and DC-SIGNR via the protocol outlined in 

Chapter 5.5.9 labelling was done at a site-specific introduced cysteine residue using a maleimide 

modified ATTO594 dye. The labelling process consists of a simple nucleophilic Michael addition 

reaction in which the lone pair on the cysteine residue of the protein attacks the double bond 

of the maleimide. Scheme 2.3.1 below outlines the process of the nucleophilic addition between 

the dye and the protein via the free cysteine. 

 

Scheme 2.3.1: A schematic to show the Michael addition reaction mechanism used for labelling a protein with the 

organic dye maleimide-atto-594. 

The concentration, c, of the labelled protein was then calculated using beer-lambert law. The 

dye absorption maxima is at A609 and the protein absorption is at A280, this can be seen clearly 

on the absorption spectra for a labelled protein sample Figure 2.3.1. The contribution of the dye 

absorbance at 280 nm is taken into consideration in calculating the concentration of the protein. 

The extinction coefficients for the proteins at 280 nm are 70400 L mol-1 cm-1 for DC-SIGN and 

60890 L mol-1 cm-1 for DC-SIGNR.  

300 400 500 600 700

0.0

0.1

0.2

0.3

0.4

0.5

A
b

s
o

rb
a

n
c

e

Wavelength (nm)  

Figure 2.3.1: A typical UV/Vis spectrum for labelled protein DC-SIGNR (36 µM) ǎƘƻǿƛƴƎ ƳŀƧƻǊ ŀōǎƻǊōŀƴŎŜΩǎ ŦǊƻƳ ǘƘŜ 

dye and protein at 280 and 609 nm respectively. 



  

 

57 

2.4 Differentiating QD-DiMan-DC-SIGN/R Binding Modes 

2.4.1 FRET Studies between QD-DiMan and DC-SIGN/R 

FRET can be used to calculate the changes in separation distance between two fluorophores. It 

is also a useful method to measure specific donor-acceptor binding interactions.  Since FRET 

occurs over a short separation distance (ca. < 10 nm), any unbound species will be too far away 

to contribute to the energy transfer process. Binding of the labelled DC-SIGN/R (acting as the 

acceptor) to the QD-saccharide (acting as the donor) should result in a quenching of the QD 

fluorescence and an increase in the dye fluorescence simultaneously. In the case of our 

experiment, a His6-Cys peptide is added to the solutions as previous group members have found 

that it can significantly enhance the QD fluorescence.17 The peptides can bind to the free Zn2+ 

ions on the QD surface and also help reduce the non-specific adsorption of the QDs onto the 

sample tubes. Figure 2.4.1 shows the resulting background corrected fluorescence spectra with 

a fixed amount of QD (40 nM) with varying amounts of DC-SIGN/R. The apparent binding affinity 

can then be calculated by plotting the fluorescence intensity ratio between the protein emission 

ƳŀȄƛƳŀ ό˂ Ґ снс ƴƳύ ŀƴŘ ǘƘŜ v5 ŜƳƛǎǎƛƻƴ ƳŀȄƛƳŀ ό˂ Ґ ррп ƴƳύΦ ²Ŝ ŜȄǇect to see that over 

increasing the protein concentration that the QD emission maxima decreases and the protein 

emission increases. The work done on the QD-EG11-DiMan was performed by Dr Yuan Guo, who 

also performed another experiment with the QD-EG3-DiMan using a difference batch of QDs, 

this can be found within the Appendix. The study has only been done with the QD-DiMans as 

previously the binding constant has already been determined for the QD-Mans with DC-SIGN. 

For DC-SIGNR, its binding affinity with QD-Man was too weak to measure at 40 nM QD.15 

 

Table 2.4.1: Fitting parameters summary for QD- DC-SIGNR binding curves fitted using the Hill Equation (Eq. 15) 

(Figure 2.4.1). 

QD + Protein Rmax K  n R2 

QD-EG3-DiMan + DC-SIGNR 2.5 ± 0 5.3 ± 0.8 1.9 ± 0.9 0.8957 

QD-EG11-DiMan + DC-SIGNR 2.6 ± 0.9 17.2 ± 6.1 1.5 ± 0.1 0.9984 
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Figure 2.4.1: Dye direct excitation background corrected fluorescence spectra of QD-DiMan  (12 ς 752 nM) after 

binding to labelled proteins, DC-SIGN/R, (40 nM) at varying protein: QD ratios where (A) QD-EG3-DiMan + DC-SIGN, 

(B) QD-EG3-DiMan + DC-SIGNR (C) QD-EG11-DiMan + DC-SIGN, (D) QD-EG11-DiMan + DC-SIGNR and the resulting FRET 

ratio versus protein: QD ratio for (E) QD-EG3-DiMan and (F) QD-EG11-DiMan. Table 2.4.1 above shows the fitting 

parameters for DC-SIGNR binding. 

Significant quenching of the QD fluorescence is observed after incubating the QD-DiMan 

samples with DC-SIGN, similar to that found previously within the group with QD-Man 

conjugates.15 On the other hand, using the QD-DiMan to replace QD-Man greatly enhances the 

FRET signals for binding to DC-SIGNR. The result contrasts significantly with that of the QD-Man 
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which showed weak and indistinguishable signals from the background. The FRET signal for DC-

SIGN binding is still higher than that of DC-SIGNR, suggesting that the two lectins may adopt 

different binding modes. This result is significant as it matches well to our proposed binding 

mechanisms for DC-SIGN and DC-SIGNR in that DC-SIGN binds to a singular QD and that DC-

SIGNR binds to multiple QDs. The binding curves for DC-SIGN show a linear increase to the 

maximum, then followed by a decrease. This result is also different from that observed 

previously with QD-Man15 which display typical binding curves toward maximum without 

decrease this is due to light effects coming from fluorimeter and quenching effects from the 

large concentrations of proteins.  In contrast, binding to DC-{LDbw ƎƛǾŜǎ ŀƴ ά{έ ǎƘŀǇŜŘ ǊŜǎǇƻƴǎŜ 

curve. Moreover, fitǘƛƴƎ ǘƘŜ ōƛƴŘƛƴƎ ŎǳǊǾŜǎ ǿƛǘƘ IƛƭƭΩǎ Ŝǉǳŀǘƛƻƴ ƎƛǾŜ ŀƴ Iƛƭƭ ŎƻŜŦŦƛŎƛŜƴǘǎ ƻŦ 1.9 ± 

0.9 and  2.4 ± 0.4 which are both > 1, indicating positive cooperativity in the QD-DiMan-DC-

SIGNR binding, possibility due to QD-DC-SIGNR cross-linking.  

2.4.2 Dilution of Surface Sugars 

As part of these experiments we want to control the QD surface sugar density to reduce FRET 

quenching observed at high protein/QD ratios for DC-SIGN. In order to achieve this, a certain 

amount of an inert spacer ligand, DHLA-zwitterion, (DHLA-ZW, Figure 2.4.2), is mixed with the 

DHLA-sugar ligands to perform cap-exchange. Given both ligands chelate to the QD via the same 

DHLA-units, we expect they display very similar binding affinities with the QD and hence the 

ligand ratio used in cap-exchange may be transferred to the QD surface ligand coating. The LA-

ZW ligand was reduced to DHLA-ZW using dithiothreitol, and deprotonated by 

tetramethylammonium hydroxide. Dilution of the QD surface sugar ligands with the DHLA-ZW 

would increase the inter-sugar distance, allowing us to probe how this affects their binding 

affinity with DC-SIGN/R. Two different QD surface sugar densities are used QDs, 73% and 25%, 

and the data are compared to those of the 100% sugar density above, Figure 2.4.1. Experimental 

details can be found within Chapter 5.  

 

Figure 2.4.2: A schematic show of changing inter-sugar distance, d, before (A) and after (B) diluting the QD surface 

sugar ligands with the inert LA-ZW ligand.  
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 FRET Analysis upon Surface Dilution 

The resulting fluorescence spectra are given in Figure 2.4.3 and the corresponding FRET 

efficiency-protein/QD ratio relationship curves are shown in Figure 2.4.4. The first major 

difference observed is a significantly reduced FRET ratio for QDs with diluted surface sugar 

density. Since the FRET ratio is linearly proportional to the amount of labelled protein bound to 

the QD at the same distance, this result suggests a reduced DC-SIGN binding capacity for the 

surface sugar diluted QDs. This result is consistent to that of the earlier results obtained with 

QD-Man.  
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Figure 2.4.3: Dye direct excitation background corrected fluorescence spectra of QD-DiMan at a reduced surface 

dilution after binding to labelled proteins, DC-SIGN/R, at varying protein: QD ratios where (A) QD-EG11-DiMan (40 nM, 

100 %) + DC-SIGN (12 ς 752 nM), (B) QD-EG11-DiMan (40 nM, 100 %) + DC-SIGNR (24 ς 752 nM) (C) QD-EG11-DiMan 

(40 nM, 73 %) + DC-SIGN (12 ς 500 nM), (D) QD-EG11-DiMan (40 nM, 73 %) + DC-SIGNR (24 ς 500 nM), (E) QD-EG11-

DiMan (40 nM, 25 %) + DC-SIGN (12 ς 500 nM) and (F) QD-EG11-DiMan (40 nM, 25 %) + DC-SIGNR (24 ς 500 nM). 
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Figure 2.4.4: The FRET ratio versus protein: QD ratio for QD-EG11-DiMan with (A) DC-SIGN and (B) DC-SIGNR with 100 

%, 73 % and 25 % sugar surface density. The binding curves ŀǊŜ ŦƛǘǘŜŘ ǘƻ ǘƘŜ IƛƭƭΩǎ 9ǉǳŀǘƛƻƴΦ 

 

Table 2.4.2: Fitting parameters summary for QD- DC-SIGNR binding curves fitted using the Hill Equation (Figure 2.4.4). 

QD + Protein Rmax K N R2 

QD-EG3-DiMan (100%) + DC-SIGN - - - - 

QD-EG11-DiMan (73%) + DC-SIGN 9.9 ± 0.0 1.1 ± 0.1 1.3 ± 0.2 0.9841 

QD-EG11-DiMan (25%) + DC-SIGN 2.0 ± 0.6 3.1 ± 2.2 1.1 ± 0.3 0.9902 

 

Dilution of the surface sugar has resulted in a change of binding curve with DC-SIGN with the 

decrease phase after saturation being removed. This could be due to the proteins bound to the 

QD surface being overcrowded with 100% density, causing the labelled dyes to be brought into 

close proximity to each other, resulting in quenching because of the flexible nature of the neck 

region of the protein.18 The quenching likely comes from crowding-induced reorganisation of 

the QD-DC-SIGN. This is supported further as when the surface sugar density is decreased, lower 

FRET ratios are observed, suggesting a reduced binding capacity for the diluted surface but with 

no observed quenching effects from dyes in proximity. To investigate this fully, a new ligand 

series with increasing sugar density will be created to reveal the whole picture on how QD 

surface sugar density affect the FRET readout signal upon DC-SIGN binding.  

2.5 FRET Analysis for QD-DC-SIGN/R binding Kd Determination 

In order to determine the binding dissociation constant, Kd, a fixed QD: protein ratio of 1:1 was 

used for DC-SIGN and 1:4 for DC-SIGNR meaning that throughout the experiment the 

concentrations are simultaneously increased in sample preparations. These ratios were chosen 

as they represent the proteins concentrations as which showed the maximum efficiency of FRET 

in earlier studies (Chapter 2. A larger ratio of DC-SIGNR was used to compensate the low FRET 
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ratio observed when the QD: protein ratio is 1. Fluorescence spectra can be seen for both QD-

EG3-DiMan (Figure 2.5.1 and Figure 2.5.2) with DC-SIGN/R and the spectra for QD-EG11-DiMan 

with DC-SIGN/R can be found within the Appendix. Dye direct excitation background corrected 

fluorescence spectra reveal clear emission peaks ŦƻǊ ǘƘŜ v5 ό˂em= 554 nm) and in some cases 

ǘƘŜ ƭŀōŜƭƭŜŘ ǇǊƻǘŜƛƴ ό˂em= 626 nm).  Due to the large difference of QD/protein concentrations 

used, different setting parameters have been used to avoid signal saturation of the fluorimeter. 

This only affects the absolute individual fluorescence intensity, the FRET intensity ratio, in which 

the Kd can be determined from, will not be affected, which is a significant advantage of 

ratiometric analysis.   
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Figure 2.5.1: Fluorescence spectra obtained for determination of the accurate KD for QD-EG3-Man + DC-SIGN using a 

standard protein molar ratio: QD ratio of 1:1. (A) Low concentrations of QDs and DC-SIGN (0.25 ς 0.75 nM) (; (B) 

intermediate concentrations of QDs and DC-SIGN (1 ς 5 nM) and (C) high concentrations of QDs and DC-SIGN (10 ς 

60 nM). 
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Figure 2.5.2: Fluorescence spectra obtained for determination of the accurate KD for QD-EG3-DiMan + DC-SIGNR 

(where n= 3 or 11) using a standard protein molar ratio: QD ratio of 10:1. (A) Low concentrations of QDs (5 ς 40 nM) 

and DC-SIGNR (0.05 ς 0.4 µM); (B) intermediate concentrations of QDs (60 ς 100 nM) and DC-SIGNR (0.6 ς 1 µM)  and 

(C) high concentrations of QDs (150 nM) and DC-SIGNR (1.5 µM). 

 

2.5.1 Ratiometric Quantification of QD-DC-SIGN/R Binding Affinity 

The apparent Kd is the equilibrium dissociation constant that measures the concentration that 

gives 50% binding. The smaller the Kd, the stronger the binding affinity and vice versa. The 

apparent FRET ratio, I626/I554, is linearly correlated to the number of proteins (acceptors) bound 

to the QDs (donors) hence it is reliable signal for quantifying the proportion of QD-protein 

complexes in the QD-DC-SIGN/R mixtures. This relationship can be given through combining (Eq. 

10 and Eq.11) both used to calculate the FRET efficiency, E, for a single QD donor which interacts 

through FRET with a number, N, of identical acceptors.15 

Ὁ  
 

  (Eq. 10) 
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Where R0 ƛǎ ǘƘŜ C ǊǎǘŜǊ ǊŀŘƛǳǎ ƻŦ ǘƘŜ v5-single dye FRET pair and r is the donor ςacceptor 

distance. Efficiency can also be measured through the enhanced acceptor emission using (Eq. 

11). 

Ὁ   
 

 (Eq. 11) 

²ƘŜǊŜ ʴ ƛǎ ŀ ŎƻǊǊŜŎǘƛƴƎ ŦŀŎǘƻǊ ŦƻǊ ǘƘŜ ŘƛŦŦŜǊŜƴǘ v¸ ŦǊƻƳ ǘƘŜ ŘȅŜ ŀƴŘ QD. Assuming the shape of 

both fluorescence spectra are independent of the intensity, then the integrated IQD/IDye ratio 

should be linearly proportional to the peak intensity ratio e.g. IQD/IDye Ґ ʰ L554/I626. A combination 

of both (Eq. 10) and (Eq. 11) gives the following: 

 
 

 
  (Eq. 12) 

Resulting in the following relationship (Eq. 13): 

‎ ‌    (Eq. 13) 

This can then be rearranged to give the following relationship (Eq.14) the linear relationship of 

the FRET ratio with the number of acceptors if all QD-protein interactions are the same distance: 

ὔ‎ ‌  (Eq. 14) 

Where ɹΣ ʰ ŀƴŘ R0 are all constant values. Figure 2.5.3, shows the typical titration curves where 

all the FRET ratios increase with concentration and finally reach saturation where the stronger 

the binding the sharper the FRET ratio increase. The resulting Kds are obtained from fitting the 

titration curves with a non-linear fitting plot based on the Hill equation, (Eq. 15) below.  

—  
 

   (Eq. 15) 

Where ̒  is the fraction of the receptor (protein) concentration that is bound by the ligand which 

is our case is the FRET ratio between the two emission maxima (I626/I554), [L] is the concentration 

of unbound ligand, Kd is the dissociation constant and n is the hill coefficient. The FRET ratio was 

then plotted against protein concentrations and fitted using the following form of the Hill 

equation (Eq. 16) (OriginPro, Origin Lab). 

ώ    (Eq. 16) 

Where Rmax is the maximum I626/I554 ratio, K is the apparent Kd, n is the Hill coefficient and x is 

the protein concentration. The resulting fitting parameters are summarised in Table 2.5.1.  
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Figure 2.5.3: FRET intensity ratio (I626/I554) curves shown as a function of the QD: protein molar ratio, 1:1 for DC-SIGN 

and 1:10 for DC-SIGNR. (A) QD-EG3-Man + DC-SIGN (B) QD-EG11-Man + DC-SIGN (C) QD-EG3-DiMan + DC-SIGN (D) QD-

EG11-DiMan + DC-SIGN (E) QD-EG3-DiMan + DC-SIGNR and (F) QD-EG3-DiMan + DC-{LDbwΦ CƛǘǘŜŘ ǳǎƛƴƎ ǘƘŜ IƛƭƭΩǎ 

equation. 

Table 2.5.1: Summary of the fitting parameters for calculating the apparent Kd using the Hill Equation to fit the QD-

EGn-Manm- DC-SIGN/R binding curves (Figure 2.5.3). 

QD + Protein Rmax Apparent Kd (nM) n R2 

QD- EG3-Man + DC-SIGN 3.3 ± 0.3 35 ± 7 0.76 ± 0.02 0.9999 

QD- EG11-Man + DC-SIGN 2.1 ± 0.1 714 ± 18 0.81 ± 0.03 0.9991 

QD- EG3-DiMan + DC-SIGN 0.41 ± 0.01 0.61 ± 0.07 0.45 ± 0.03 0.9982 

QD- EG11-DiMan + DC-SIGN 2.09 ± 0.09 2.1 ± 0.5 0.56 ± 0.03 0.9998 

QD- EG3-DiMan + DC-SIGNR 1.61 ± 0.06 62 ± 8 1.2 ± 0.3 0.9987 

QD- EG11-DiMan + DC-SIGNR 1.86 ± 0.31 780 ± 330 0.88 ± 0.16 0.9983 

 

Table 2.5.2: Key parameters calculated for the QD-EGn-Manm (where n= 3 or 11 and m=1 or 2) and their binding 

affinities with DC-SIGNR. 

QD-Surface Ligands 
Glycan 

Valency (N) 

Apparent Kd 

DC-SIGN (nM) 

Apparent Kd 

DC-SIGNR (nM) 

Enhancement 

CŀŎǘƻǊ ʲϝ 
ʲκb 

DHLA-EG3-Man 330 ± 70 35 ± 7 - 100, 000 ~ 300 

DHLA-EG11-Man 222 ± 62 715 ± 18 - 4, 900 ~ 22 

DHLA-EG11-DiMan 369 ± 38 0.61 ± 0.07 62 ± 8 1, 480, 000 ~ 4, 000 

DHLA-EG3-DiMan 281 ± 25 2.1 ± 0.5 780 ± 330 430, 000 ~ 1, 530 

*DC-SIGN/R affinity enhancement factor is calculated by: ‍
 

 where Kd CRD-Man
 = 3.5 mM and 

Kd CRD-DiMan
 = 0.9 mM. 21 
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Apparent Kd = 35±7 nM

Apparent Kd = 714±18 nM

Apparent Kd = 0.61±0.07 nM

Apparent Kd = 2.1±0.5 nM

Apparent Kd = 62±8 nM

Apparent Kd = 780±330 nM
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The binding affinities and other important parameters (e.g. glycan valency, overall binding 

ŀŦŦƛƴƛǘȅ ŜƴƘŀƴŎŜƳŜƴǘ ŦŀŎǘƻǊΣ ʲΣ ƻǾŜǊ ƳƻƴƻǾŀƭŜƴǘ /w5-Glycan binding) are shown above in Table 

2.5.2. The results give three notable findings. First, using a QD displayed with a polyvalent array 

of DiMan functional group greatly enhances the binding affinity with DC-SIGN, where a Kd as low 

as 610 pM is achieved with QD-EG3-DiMan, which translates into a huge affinity enhancement 

ŦŀŎǘƻǊΣ ʲΣ ƻŦ ŀōƻǳǘ мΦр Ƴƛƭƭƛƻƴ ƻǾŜǊ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƳƻƴƻǾŀƭŜƴǘ ōƛƴŘƛƴƎΣ Yd = 0.9 mM.21 

Second, the level of enhancement afforded by mannose is significantly lower than that of the 

DiMan, around 100 fold lower, even though the polyvalent binding significantly enhanced the 

binding affinity for both of them. The difference could be due to the extended binding site of 

the DC-SIGN CRD which is known to contain primary and secondary mannose binding sites. 22 

The QD-Man may only bind to the primary site however, being a disaccharide, QD-Diman may 

bind to both the primary and secondary sites, leading to a greater degree of affinity 

enhancement. This also highlights the importance of the protein binding surface for designing 

different multivalent inhibitors. Finally, the ethylene glycol, EG, linker length also plays an 

important role on the multivalent affinity, increasing the EG linear repeat length from 3 to 11 

results in a lower affinity. This is likely to be due to the flexibility of the EG polymer chain. The 

higher the flexibility the more disordered the terminal sugars will be, giving rise to a higher 

entropy penalty upon protein binding. As mentioned previously, a suitable length of 

oligo(ethylene glycol) groups is essential for QD stability and water solubility in buffers, which is 

also needed to minimise non-specific interactions. 

2.6 Competition Studies 

2.6.1 Protein Competition Studies 

To confirm that the FRET signals observed between the QD and labelled proteins are a true 

reflection of the native QD-protein interactions, a competitive binding using native proteins are 

also carried out by adding an increasing concentration of wild-type DC-SIGN or wild-type DC-

SIGNR to each QD-DC-SIGN (labelled) sample. We expect that competition of wild-type protein 

(unlabelled) should displace the labelled protein binding to the QD, resulting in a decrease in 

FRET effect. Figure 2.6.1 and Figure 2.6.2 show the fluorescence spectra of the QD and DC-SIGN 

(labelled) mixture after adding increasing concentrations of WT DC-SIGN and WT DC-SIGNR, 

respectively. We expect effective competition to happen with WT DC-SIGN and not with WT DC-

SIGNR because DC-SIGN binds to the QD-DiMan >100 fold stronger than DC-SIGNR does (Table 

2.5.1). The predicted results are confirmed by the fluorescence spectra, where addition of WT 

DC-SIGN results in a decrease of the FRET effect, while almost no change is observed with WT 
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DC-SIGNR, suggesting no competition happened. These results are also shown within the FRET 

ratio curves for this experiment seen below in Figure 2.6.6. Figure 2.6.3 shows the schematic of 

the results, showing the competition between (A) labelled DC-SIGN and WT DC-SIGN and (B) 

labelled DC-SIGN and WT DC-SIGNR.  
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Figure 2.6.1: Fluorescence spectra showing data for (A) labelled DC-SIGN competing with wild-type DC-SIGN using 

QD-EG11-man and (B) labelled DC-SIGN competing with WT DC-SIGN using QD-EG3-man. 
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Figure 2.6.2: Fluorescence spectra showing data for (A) labelled DC-SIGN competing with wild-type DC-SIGNR using 

QD-EG11-man and (B) labelled DC-SIGN competing with WT DC-SIGNR using QD-EG3-man. 
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Figure 2.6.3: Schematic showing the expected labelled/unlabelled protein competition upon QD surface using QD-

EG11-man with (A) DC-SIGN and (B) DC-SIGNR. 

2.1.1.3 Truncated DC-SIGN 
To investigate the basis of the different CRD orientation between DC-SIGN and DC-SIGNR, 

competition between a labelled DC-SIGN and unlabelled truncated DC-SIGN is carried out. 

Despite sharing 77 % amino acid sequence identity between DC-SIGN and DC-SIGNR, a careful 

analysis of the DC-SIGN sequence reveals an extra-segment at the CRD/neck interface which is 

absent in DC-SIGNR. We suspect that the extra segment may restrict the flexibility of the CRDs 

in DC-SIGN, contributing to the binding affinity. By removing this segment, this truncated DC-

SIGN may act more likely to wild-type DC-SIGNR because they are now structurally similar. This 

hypothesis is shown schematically in Figure 2.6.4. The resulting fluorescence spectra are shown 

in Figure 2.6.5 below. 

 

Figure 2.6.4: A schematic showing the expected results of the protein competition between the labelled DC-SIGN and 

the truncated DC-SIGNR. 
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Figure 2.6.5: Fluorescence spectra showing data for (A) labelled DC-SIGN competing with truncated DC-SIGNR using 

QD-EG11-man and (B) labelled DC-SIGN competing with truncated DC-SIGNR using QD-EG3-man. 

 

2.1.1.4 Ratiometric Analysis and Determination of Inhibition Constant 
A decrease in the FRET intensity ratio (I626/I554) is expected as the number of labelled receptors 

(acceptor fluorophores) bound to the QD is reduced. Figure 2.6.6 show the resulting FRET ratio 

as a function of unlabelled/labelled protein ratio for QD-EG3-DiMan and QD-EG11-DiMan 

respectively fitted by (Eq. 15) below.  

ώ     (Eq. 17) 
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Figure 2.6.6: Graph to show the comparison of normalized FRET ratios when investigating unlabelled protein 

competition using (A) QD-EG3-Man and (B) QD-EG11-Man when increasing the concentration of the competing 

protein. 

 

 

 

 

(A) (B) 

(A) (B) 



  

 

70 

Table 2.6.1: A table to show the summary of the Ki values for the unlabelled protein competition studies against 

labelled DC-SIGN. 

QD-Sample 
DC-SIGN DC-SIGNR Truncated DC-SIGN 

Ki R2 Ki R2 Ki R2 

QD-EG3-Man 0.43 0.994 - 1.71 0.973 

QD-EG11-Man 0.83 0.936 - 2.07 0.966 

 

The apparent FRET ratio decreases when both the WT and truncated DC-SIGN are introduced to 

compete for labelled DC-SIGN binding with both QDs, suggesting the labelled proteins have the 

same binding modality as wild-type protein with the QDs. On the other hand, this effect is not 

seen for WT DC-SIGNR suggesting that WT DC-SIGNR is too weak to displace bound DC-SIGN. 

This is not unexpected as its binding affinities are >100 fold weaker. Interestingly, the truncation 

of DC-SIGN also produces some degrees of competition, but its efficiency appears to be in 

between DC-SIGN and DC-SIGNR, suggesting a reduced binding affinity with the QDs. This result 

may suggest that its structure may lie in between DC-SIGN and DC-SIGNR. Table 2.6.1 shows a 

summary of the Ki values calculated from the curve fitting. Evaluation of the results was done in 

comparison to a simple competitive model, (Eq. 16). 

Ὂ  
 

   (Eq. 18) 

Where F is the normalized FRET ratio in the presence of WT protein, CWT  and CLP are the WT and 

labelled protein concentrations and IR50, Ki in this case, is the molar ratio of WT protein: labelled 

protein required to reduce F by 50 %. If the IR50 = 1 this indicates that both WT and labelled 

protein bind with equal affinity then if IR50 < 1 this indicates that the labelled protein binds more 

weakly then the WT.  Fitting the data gives us an IR50 value of 0.43 and 0.83 for QD-EGn-Man 

(where n= 3 and 11) with DC-SIGN respectively. This shows that the site-specific mutation and 

dye labelling has slightly weakened its affinity for QDs.  The results are similar to those find for 

the disaccharide ligands where the IR50 values are 0.37 and 0.88 for QD-EGn-DiMan (where n= 3 

and 11) with DC-SIGN respectively.23 
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2.7 Mannose Competition Studies 

To confirm that the FRET signal is due to specific QD surface sugar-protein binding, a further 

binding competition study with free mannose is also carried out using fixed concentrations of 

the QD and labelled protein (QD: protein ratio of 1:1 for DC-SIGN and a 1:10 for DC-SIGNR) with 

increasing concentrations of mannose. Table 2.7.1 shows the sample make up. If mannose 

competes with QD-saccharide binding to the labelled protein, then the FRET ratio will decrease.  

Table 2.7.1: A table to show the concentrations of the samples prepared for mannosŜ ŎƻƳǇŜǘƛǘƛƻƴ ǎǘǳŘƛŜǎΦ v5 όн ˃aύ 

to protein ratios of 1:1 and 1:10 was used for DC-{LDb όо ˃aύ ŀƴŘ 5/-{LDbw όмр ˃aύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 9ŀŎƘ ǎŀƳǇƭŜ ŀƭǎƻ 

contains 5 mg/mL of His6-Cys peptide (final concentration) in a final volume of 400 µL in HEPES buffer. 

Sample 
QD Volume 

(µL) 

DC-SIGN (3 µM) 

Volume (µL) 

DC-SIGNR (15 µM) 

Volume (µL) 

Mannose 

Conc (µM) 

1 8 0 0 0 

2 8 21.33 21.33 0 

3 8 21.33 21.33 0.25 

4 8 21.33 21.33 0.5 

5 8 21.33 21.33 1 

6 8 21.33 21.33 10 

7 8 21.33 21.33 100 

8 8 21.33 21.33 1 000 

9 8 21.33 21.33 10 000 

10 8 21.33 21.33 100 000 

11 8 21.33 21.33 1 000 000 

 

Figure 2.7.1 shows the fluorescence spectra of the samples competing against DC-SIGN (A, B) 

and for DC-SIGNR (C, DύΦ !ƴ ƛƴŎǊŜŀǎŜ ƻŦ v5 ŘƻƴƻǊ ƛƴǘŜƴǎƛǘȅ ό˂Ґ рсн ƴƳύ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜ ƻŦ ǘƘŜ 

acceptor fluorescence is observed with the increasing mannose concentration, confirming that  

free mannose effectively competes with DC-SIGN/R binding to the QD-saccharide, suggesting 

that the FRET signal observed above is indeed due to specific protein-sugar interaction. No 

competition could be recorded at higher mannose (<1 M) concentrations as problems occur to 

viscosity of the solution. 
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Figure 2.7.1: Background corrected fluorescence Spectra of (A) QD-EG3-Man + DC-SIGN, (B) QD-EG11-Man + DC-SIGN, 

(C) QD-EG3-DiMan + DC-SIGNR, (D) QD-EG11-DiMan + DC-SIGNR over the addition of an increasing concentration of 

Mannose. A standard concentration of QDs was used and also a fixed QD: Protein molar ratio of 1:1 for DC-SIGN and 

1:10 for DC-SIGNR. 

 

2.7.1 Ratiometric Determination of Mannose Competition 

Figure 2.7.2 shows the resulting FRET ratio as a function of mannose concentration for both QD-

EGn-Man (where n= 3 and 11) with DC-SIGN and QD-EGn-DiMan (where n= 3 and 11) with DC-

SIGNR. The data are fitted by (Eq. 15) to derive the inhibition constant, Ki, an indication of the 

potency of a potential inhibitor. It is also known as the concentration which produces 50% of 

the maximum inhibition. 

ώ     (Eq. 17) 
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Figure 2.7.2: FRET intensity ratio (I626/I562) curves shown as a function of mannose concentration. Mannose 

competition curves are shown for (A) QD-EGn-Man (where n= 3 or 11) + DC-SIGN and (B) QD-EGn-Man (where n= 3 or 

11) + DC-SIGNR and (C and D) are the log10 of mannose concentrations plots. Curve plotted in accordance to (Eq. 15) 

above. 

Table 2.7.2: Summary of the inhibition constant, Ki, obtained from Figure 2.7.2. 

QD 
Ki(DC-SIGN) 

(mM) 

Binding affinity 

enhancement factor* 

Ki(DC-SIGNR) 

(mM) 

Binding affinity 

enhancement factor* 

QD-EG3-Man 2.35 ± 0.8 58750 - - 

QD-EG11-Man 1.62 ± 0.7 40500 - - 

QD-EG3-DiMan - - 2.61 ± 1.2 65250 

QD-EG11-DiMan - - 4.32 ± 1.3 108000 

* DC-SIGN/R binding affinity enhancement factor is calculated by, Ki/CQD. 

As expected the apparent FRET ratio decreases when the mannose was introduced suggesting 

that the FRET signal observed are due to the specific DC-SIGN/R-sugar interactions. When the 

free mannose concentration equals that of the Ki the amount of DC-SIGN bound to the QD and 

free mannose are the same, where a much greater Ki then CQD confirms that DC-SIGN binds 

much more strongly to the QDs than free mannose, the enhancement factors further confirm 

 (D) (C) 
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this. The binding Kd are confirmed here as the lower the Kd the higher the Ki meaning a stronger 

binding requires more free mannose to compete for the binding. Kinetic studies of the mannose 

competition experiments using conventional fluorescence spectroscopy without stopped-flow 

attachment are also attempted, however, the competition reaction appears to occur too quickly 

to be able to measure accurately. The binding enhancement factor has been calculated to show 

the degree of competition, the higher the enhancement the easier the competition (Table 

2.7.2).  

2.8 Transmission Electron Microscopy 

Transmission electron microscopy, TEM, is used to confirm the structural model of DC-SIGN/R 

based on their distinct QD-mannose binding properties initially proposed by Guo et al.13 The 

hypothesis suggested that the CRD binding sites in DC-SIGN all face in the same direction, which 

is upwards. In comparison, the CRD binding sites in DC-SIGNR are facing outwards in opposite 

directions. These predicted geometries can be seen in Figure 2.8.1 below.   

 

 

Figure 2.8.1: Schematic showing the predicted tetrameric structure for the proteins DC-SIGN/R where (A and C) shows 

the predicted multilinking structure of DC-SIGN and (B and D) show the predicted crosslinking structure of DC-SIGNR 

in the assembled arrangement. 

The TEM images below, Figure 2.8.2, show the predicted sugar-CRD interactions proposed from 

the fluorescence data. Binding of the tetrameric DC-SIGN with the QD produces Figure 2.8.2(B), 

isolated QDs without any observable aggregation/clustering, this is similar to that seen for the 

(C) (D) 



  

 

75 

pure QD-sugar conjugate alone, Figure 2.8.2(A). This observation is fully consistent with the 

expectation that all four CRDs in DC-SIGN are bound to sugars present on the same QD surface. 

On the other hand, the QDs in the presence of DC-SIGNR appear in clusters in the TEM image 

Figure 2.8.2(C), suggesting that DC-SIGNR has cross-linked with the QDs. We believe this is down 

to two of the four CRDs binding to sugars on one QD while the other two bind to another QD. 

Besides, each QD can bind to two or more proteins. As a result of both QD and protein cross-

linking effect, the net result is the formation of clustered QDs. This is the first time that both the 

fluorescence properties and the high TEM contrast of QDs have been combined to create a novel 

multimodal readout strategy for multimeric sugar ς protein interactions. Dynamic light 

scattering measurements, done by Dr Yuan Guo, also confirm the distinct Dh sizes between the 

singular QD-EG11-DiMan-DC-SIGN binding, Dh = 41 ± 0.5 nm, and the clustering QD EG11-DiMan -

DC-SIGNR particles, Dh =  138 ± 2 and 217 ± 12 nm (Figure 2.8.3). 

 

Figure 2.8.2: TEM images of (A) QD-EG11-DiMan (B) QD-EG11-DiMan+DC-SIGN and (C) QD-EG11-DiMan+DC-SIGNR. 

Scale bar 42 nm. 

 

Figure 2.8.3: Hydrodynamic size (Dh) histograms of (A) QD-EG3-DiMan and (B) QD-EG11-DiMan in H2O and then the Dh 

histograms of QD-EG3-DiMan after binding with (C) DC-SIGN and (D) DC-SIGNR in binding buffer. All measurements 

performed by dynamic light scattering. 23 
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2.9 Inhibiting Ebola Virus Host Cell Entry 

Note: ¢ƘŜ ǿƻǊƪ ƛǎ ǇŜǊŦƻǊƳŜŘ ōȅ ƻǳǊ ŎƻƭƭŀōƻǊŀǘƻǊ tǊƻŦŜǎǎƻǊ {ǘŜŦŀƴ t ƘƭƳŀƴƴ ŀƴŘ Ƙƛǎ ŎƻƭƭŜŀƎǳŜǎ 

at the German Primate /ŜƴǘŜǊΣ D ǘǘƛƴƎŜƴΣ DŜǊƳŀƴȅΦ ¢ƘŜ ŀǳǘƘƻǊ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎ 9ƳƳŀ / tƻƻƭŜ Ƙŀǎ 

only interpreted the data and written her own account of the findings of the collaborators.  

The binding affinity between DC-SIGN and QD-EGn-DiMan is very strong, suggesting that the QDs 

may act as potential inhibitors for effectively blocking DC-SIGN mediated virus infections, e.g. 

HIV and Ebola. To investigate this potential, a murine leukemia virus, MLV, is used as a vector 

modified to express the Ebola virus glycoprotein, EBOV-GP, on the surface along with a modified 

genetic code which contains the luciferase gene. A model of the MLV used is shown below in 

Figure 2.9.1. Luciferase is an oxidative enzyme that produces bioluminescence in the presence 

of ATP, oxygen and a substrate.24 The virus particles can bind to the DC-SIGN/R expressed on the 

cell surface by the EBOV-GP and enter the target Human embryonic kidney cells, 293T. The 

luciferase gene can then be transfected into the cell and thus express luciferase. Luciferase 

activity is then monitored from the lysate of the 293T cells.  If the 293T cells are pre-treated with 

QDs then its surface DC-SIGN/R will be occupied by the QDs, preventing them binding to the 

virus particles and greatly reduce the uptake of viruses and the luciferase expression. A 

simplified version of the inhibitory action of the QDs within this assay is shown in Figure 2.9.1. 

To test that the inhibition is specific, a control viral glycoprotein is also used, the vesicular 

stomatitis virus glycoprotein, VSV-G which does not use DC-SIGN/R for cell entry. In addition, 

cells transfected using an empty plasmid, pcDNA, which does not express luciferase activity is 

also used as the background control as described in an earlier publication by Guo et al.15 

 

Figure 2.9.1: A schematic showing (A) the murine leukemia virus (MLV) used as a vector for viral inhibition assays 

bearing the Ebola glycoprotein (EBOV-GP) and (B) the inhibition of DC-SIGN using QD-EGn-Manm (where n=3 or 11 

and m= 1 or 2) and how the luciferase action occurs via cell endocytosis of the modified MLV to express 

bioluminescence. 
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The cells are pre-treated with the QDs twice, washed and then treated with the MLV and the 

control VSV-G virus particles and incubated for 72 hours. The resulting luciferase activities from 

the cell lysates are shown below for QD-EG3-DiMan, Figure 2.9.2 (A and B) and QD-EG11-DiMan, 

Figure 2.9.2 (C and D). These initial results show that the presence of the QDs greatly reduces 

the luciferase activity, confirming the high inhibitory potency of these materials. This inhibition 

is presumably due to the strong binding between the QD and DC-SIGN/R which can effectively 

block the EBOV-MLV entry. 

 

Figure 2.9.2: Human embryonic kidney cells (293 T) were transfected with the identified plasmids and pre incubated 

with (A and B) QD-EG11-DiMan and (C and D) QD-EG3-DiMan and inoculated with Murine Leukemia Virus (MLV) 

particles modified to contain the Ebola Virus Glycoprotein (EBOV-GP) or a control, vesicular stomatitis virus 

glycoprotein (VSV-G). The inhibitor concentrations were calculated after addition of particles. Luciferase activities in 

cell lysates were measured at 72 hrs post-transduction. 

Finally from these results gene transduction of the control cells (pcDNA) and the transduction 

driven by control of a vector bearing the VSV-G, which cannot bind to DC-SIGN/R for host cell 

ŜƴǘǊȅ ŀǊŜƴΩǘ ŀŦfected by QD-EGn-DiMan treatment. As the pcDNA does not express the gene for 

the luciferase production and so only shows low luciferase activity. These results confirm that 

the viral internalisation is blocked in the presence of the QDs. The normalised inhibition data 

are fitted using the standard inhibition model to calculate the IC50 values for each QD-conjugate 

and shown in Figure 2.9.3. The IC50 value is the QD concentration which gives 50% of original 

luciferase activity. The lower the value the more potent the inhibitor. The IC50 values for QD-

EG3-DiMan and QD-EG11-DiMan inhibiting DC-SIGN expression cells are calculated as 0.70 ± 0.20 
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and 1.42 ± 0.09 nM, respectively. Such IC50 values are comparable against some of the most 

potent glycoconjugate inhibitors reported in literature, e.g. 0.667 nM for multivalent 

glycofullerene molecules, Munoz et al.,25 and 0.9 nM for glcodendrinanoparticles, Ribeiro-Viana 

et al,6 against virus infection of target cells.  

 

Figure 2.9.3: Normalised luciferase activities of the DC-SIGN or DC-SIGNR expressing 293T cells measured as a function 

of the pre-treatment (A) QD-EG11-DiMan and (B) QD-EG3-DiMan concentrations. The data shown in open circles 

correlate to the virus particles containing the EBOV-GP and the triangles to the control glycoprotein (VSV-G). Data 

was fitted using a comparable competitive binding model.15  

An interesting observation is that the IC50 values are very similar to that of the binding constant, 

Kd, calculated previously using FRET. Table 2.9.1 below shows the values for each and the values 

are within the error of each other. These results suggest that the FRET based binding affinity 

method could be potentially used as a way to predict the viral inhibition potency (IC50) of the 

QDs and other glyconanoparticles.  

Table 2.9.1: A summary of both the apparent Kd values and the IC50 values for comparison of the inhibition potency 

of QD-EGn-DiMan (where n = 3 and 11) with DC-SIGN. 

QD Surface Ligands 
Apparent Kd 

DC-SIGN (nM) 

IC50 

DC-SIGN (nM) 

QD- EG3-DiMan + DC-SIGN 0.61 ± 0.07 0.70 ± 0.20 

QD- EG11-DiMan + DC-SIGN 2.10 ± 0.50 1.42 ± 0.09 
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2.10 Conclusion 

In conclusion, QDs displaying polyvalent DHLA-EGn-Saccharide (where n= 3 or 11 and Saccharide 

= a-Man and Man-a-1,2-Man) ligands are powerful probes for dissecting the multivalent protein 

ς glycan interactions using FRET techniques and TEM imaging. More significantly, we have 

revealed that the different CRD orientation of DC-SIGN and DC-SIGNR determines the way they 

bind to the QDs. DC-SIGN binds tetravalently to a single QD and DC-SIGNR binds divalently to 

two different QDs. A new FRET based binding affinity, Kd, method has been developed and 

revealed that DC-SIGN binds much stronger to the QDs than DC-SIGNR does, and is consistent 

with their binding multiplicity difference. In addition, three other significant results are 

obtained, first, displaying a manno-disaccharide polyvalently on QD greatly enhances the 

binding affinity with DC-SIGN, giving an apparent Kd of 610 pM which is ~1.5 million-fold stronger 

than the monovalent interaction, Kd(monovalent) = 0.9 mM. Second, a polyvalent display of DiMan 

on the QD gives a greater level of affinity enhancement than that of Man in binding to DC-SIGN 

and DC-SIGNR, possibly due to that both the primary and secondary binding sites of the CRD are 

involved in the former but only the primary binding site is involved in the latter. Finally, the 

length of flexible EG linker also plays a key role in determining the strength of the binding 

ŀŦŦƛƴƛǘȅΦ LƴŎǊŜŀǎƛƴƎ ƭƛƴƪŜǊ ƭŜƴƎǘƘ ŦǊƻƳ о ǘƻ мм 9D ǊŜǇŜŀǘƛƴƎ ǳƴƛǘΩǎ ǊŜǎǳƭǘǎ ƛƴ ǿŜŀƪŜǊ ŀŦŦƛƴƛǘȅΣ ŘǳŜ 

to the flexible nature of the linker which leads to higher levels of entropic penalty for binding to 

occur.  

More importantly, the QD-saccharides are found to exhibit very high potencies against Ebola 

glycoprotein driven viral infection of DC-SIGN expressing cells with an IC50 value as low as 0.7 

nM, placing them among the most potent glycoconjugate inhibitors. Interestingly, the IC50 values 

are comparable to their DC-SIGN binding affinity measured by our new FRET based method, 

suggesting that the sensitive ratiometric FRET based Kd measurement method developed in this 

study could be potentially used to predict the viral inhibition potency of glycan-nanoparticles. 

Further work investigating different EG chain lengths and different surface sugar densities is to 

be performed as diluting the density reduced the FRET readout. Also work on a more 

biocompatible nanomaterial will be considered as QDs are cytotoxic to cells due to the presence 

of cadmium within the core.  To still exploit fluorescence energy transfer mechanisms gold 

nanoparticles, AuNPs, are suitable to use.     
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2.11 Experimental Procedures 

2.11.1 Ligand Synthesis and Preparation of QDs 

All the relevant synthesis methods for the ligands and QDs used within this chapter can be found 

within Chapter 5. All the ligands have been fully characterised using NMR, LC-MS and TLC.  

2.11.2 Protein Production and Purification 

All the details to produce and purify the proteins (DC-SIGN/R) used within this chapter can be 

found within Chapter 5. 

2.11.3 Viral Inhibition Studies 23 

The experiments were performed using human embryonic kidney 293T cells. Target 293 T cells 

seeded in 96- well plates were transfected with plasmids encoding DC-SIGN, DC-SIGNR or control 

transfected with empty plasmid (pcDNA). The cells were washed at 16 h post transfection and 

further cultivated at 37 °C, 5 % CO2 ƛƴ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ ŜŀƎƭŜ ƳŜŘƛǳƳ ό5a9aύ Ŏƻƴǘŀƛƴing 10 

% fetal bovine serum (FBS). At 48 h post transfection, the cells were exposed to twice the final 

concentration of QD-EGn-Manm inhibitor in DMEM supplemented with 10 % FBS for 30 minutes 

in a total colume of 50 µL. Thereafter, the cells with inoculated with 50 µL of preparations of 

MLV vector particles encoding the luciferase gene and bearing either EBOV-GP or the VSV-G as 

control. Binding of QD-EGn-Manm to DC-SIGN/R on the surface of 293T cells can black the 

interaction of these lectins with the EBOV-GP on the particle surface, reducing the cellular 

uptake of vector particles and thus reducing transduction efficiency. At 6 h post inoculation, 100 

µL of fresh DMEM culture medium was added, and the cells were incubated for another 72 h. 

Thereafter, luciferase activities in cell lysates were determined using a commercially available 

kit (PJK), following the instructions as described by Guo et al.13 

2.12 References 

1. L. Wu and V. N. KewalRamani, Nat. Rev. Immunol., 2006, 6, 859-868. 

2. A. Bernardi, J. Jiménez-Barbero, A. Casnati, C. De Castro, T. Darbre, F. Fieschi, J. Finne, 

H. Funken, K.-E. Jaeger and M. Lahmann, Chem. Soc. Rev, 2013, 42, 4709-4727. 

3. S. Bhatia, L. C. Camacho and R. Haag, J. Am. Chem. Soc., 2016, 138, 8654-8666. 

4. T. B. Geijtenbeek, D. S. Kwon, R. Torensma, S. J. van Vliet, G. C. van Duijnhoven, J. Middel, 

I. L. Cornelissen, H. S. Nottet, V. N. KewalRamani and D. R. Littman, Cell, 2000, 100, 587-

597. 

5. S. Pöhlmann, E. J. Soilleux, F. Baribaud, G. J. Leslie, L. S. Morris, J. Trowsdale, B. Lee, N. 

Coleman and R. W. Doms, P. Natl. Acad. Sci. USA, 2001, 98, 2670-2675. 



  

 

81 

6. R. Ribeiro-Viana, M. Sánchez-Navarro, J. Luczkowiak, J. R. Koeppe, R. Delgado, J. Rojo 

and B. G. Davis, Nat. Commun., 2012, 3, 1303. 

7. A. Muñoz, D. Sigwalt, B. M. Illescas, J. Luczkowiak, L. Rodríguez-Pérez, I. Nierengarten, 

M. Holler, J.-S. Remy, K. Buffet and S. P. Vincent, Nat. Chem., 2016, 8, 50-57. 

8. M. Jesús and S. Penadés, Biochim. Biophys. Acta., 2006, 1760, 636-651. 

9. A. K. Adak, H.-J. Lin and C.-C. Lin, Org. Biomol. Chem., 2014, 12, 5563-5573. 

10. N. Hao, K. Neranon, O. Ramström and M. Yan, Biosens. Bioelectron., 2016, 76, 113-130. 

11. C. Diehl, O. Engstrǀm, T. Delaine, M. Håkansson, S. Genheden, K. Modig, H. Leffler, U. 

Ryde, U. J. Nilsson and M. Akke, J. Am. Chem. Soc., 2010, 132, 14577-14589. 

12. M. J. Linman, J. D. Taylor, H. Yu, X. Chen and Q. Cheng, Anal. Chem., 2008, 80, 4007-

4013. 

13. J. B. Delehanty, I. L. Medintz, T. Pons, F. M. Brunel, P. E. Dawson and H. Mattoussi, 

Bioconjug. Chem., 2006, 17, 920-927. 

14. K. Susumu, H. T. Uyeda, I. L. Medintz, T. Pons, J. B. Delehanty and H. Mattoussi, J. Am. 

Chem. Soc., 2007, 129, 13987-13996. 

15. Y. Guo, C. Sakonsinsiri, I. Nehlmeier, M. A. Fascione, H. Zhang, W. Wang, S. Pöhlmann, 

W. B. Turnbull and D. Zhou, Angew. Chem. Int. Ed., 2016, 55, 4738-4742. 

16. K. Susumu, B. C. Mei and H. Mattoussi, Nat. Protoc., 2009, 4, 424-436. 

17. H. Zhang, G. Feng, Y. Guo and D. Zhou, Nanoscale, 2013, 5, 10307-10315. 

18. T. Karstens and K. Kobs, J. Phys. Chem., 1980, 84, 1871-1872. 

19. A. T. R. Williams, S. A. Winfield and J. N. Miller, Analyst, 1983, 108, 1067-1071. 

20. S. Menon, K. Rosenberg, S. A. Graham, E. M. Ward, M. E. Taylor, K. Drickamer and D. E. 

Leckband, P. Natl. Acad. Sci. USA, 2009, 106, 11524-11529. 

21. A. Holla and A. Skerra, Protein Eng. Des. Sel., 2011, 24, 659-669. 

22. H. Feinberg, D. A. Mitchell, K. Drickamer and W. I. Weis, Science, 2001, 294, 2163-2166. 

23. Y. Guo, I. Nehlmeier, E. Poole, C. Sakonsinsiri, N. Hondow, A. Brown, Q. Li, S. Li, J. 

Whitworth and Z. Li, J. Am. Chem. Soc., 2017, 139, 11833-11844. 

24. S. J. Gould and S. Subramani, Anal. Biochem., 1988, 175, 5-13. 

25. A. Muñoz, D. Sigwalt, B. M. Illescas, J. Luczkowiak, L. Rodríguez-Pérez, I. Nierengarten, 

M. Holler, J.-S. Remy, K. Buffet and S. P. Vincent, Nat. Chem., 2016, 8, 50-57.  



  

 

82 

3                                                   Chapter 3 

Effect of Quantum Dot Surface Glycan Density upon DC-SIGN/R Binding 

3.1 Introduction 

Glycodendrimers or glycopolymers over the last few years have been synthesised to study the 

interactions between carbohydrates and proteins.1 These ligands are designed to increase the 

glycan concentration; as a dendron is a hyperbranched organic molecule connected to a central 

point.2 These usually have peptide linkages attaching multiple glycan moieties to a central 

chelation point, a simple glycodendrimer is shown below in Figure 3.1.1. These materials show 

unique recognition properties as they can be synthesised to have controlled lengths, specific 

compositions and architectures.3 Such molecules over recent times have provided solid 

foundations for constructing densely packed glycan arrays.4 Glycans play a crucial role in many 

biological interactions.5 Many papers have been published showing positive effects on 

improving binding affinity constants when the glycan density is increased through using a 

branched system.3, 5 However, their potentials have not been harnessed by displaying them on 

a nanoparticle scaffold they have instead been used on their own. Other potential scaffolds have 

been used such as fullerenes6, simple organic based amine frameworks7 and sugar molecules.8 

 

Figure 3.1.1Υ ! ǘƘƛǊŘ ƎŜƴŜǊŀǘƛƻƴ ƎƭȅŎƻŘŜƴŘǊƛƳŜǊ ōŜŀǊƛƴƎ ос πh█π ƳŀƴƴƻǇȅǊŀƴƻǎȅƭ ǊŜǎƛŘǳŜs by Turnbull et al. Taken 

from reference. 7  



  

 

83 

QDs, AuNPs and magnetic nanoparticles make good scaffolds for glycodendrimer ligands as they 

possess a unique set of properties. Such as size-tuneable emission spectra, high quantum yield, 

broad absorption spectra and great resistance to photo-bleaching9 that can be used to dissect 

further the binding modes between glycans and c-type lectins. These materials have been 

designed to have a greater contact surface area for measuring the key multivalency effects of 

lectin type proteins.1 The fluorescence properties of QDs will be combined using a fluorescently 

labelled protein in a FRET based assay to probe the multivalent interactions. A recent study by 

Lin et al. 10 shows the importance of glycan density for multivalent binding affinity between 

glycan and lectin. However a key point in relation to this type of ligand is that just because 

singular carbohydrate protein interactions are weak, changing to a high density of ligands may 

not correlate with an increase in binding affinity.11 Increasing glycan densities has already shown 

a positive impact on the interactions between the glycan (mannose) and the lectins (DC-SIGN/R). 

These are highlighted in a review by Johannssen et al.12  

 

Our previous work has shown diluting the QD surface sugar density that resulted in lower FRET 

ratio indicative of weaker binding.13 In order to compensate for the loss of signal the next step 

is to use a new series of glycodendrimer like ligands to increase surface glycan density on QDs 

by using branched multivalent glycans attached to one LA surface anchoring group.  The sugar 

ligand series designed would still contain the same functional segments as in Chapter 2, an 

anchor, hydrophilic segment and functional group. Copper click chemistry will be used to create 

the smaller triazole, less sterically hindered than the cyclooctyne; previously used for creating 

the more densely packed surfaces. An example of the branched ligand to increase sugar density 

has been done by Ribeiro-Viana et al.14 The QDs schematic design is outlined in Figure 3.1.2 

highlighting the different anchor to glycan ratios as well as the designs for the ligand series.  
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Figure 3.1.2: A schematic of the QDs used to investigate the effects of increasing glycan density on DC-SIGN/R binding 

by increasing the number of glycans conjugated to each LA anchor group using a lipoic acid, LA, to glycan ratio present 

in the specially designed ligand serious ranging from 1:1 to 1:3. The ligand series for the monosaccharide mannose is 

also shown to show how the number of glycans is increased. 
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3.2 Polyvalent Quantum Dot-Mannose Design 

3.2.1 Ligand Exchange with QDs 

The ligands were deprotonated for ligand exchange in the same way as before, using NaOH and 

added to commercially available hydrophobic gradient alloyed CdSe/ZnS core-ǎƘŜƭƭ v5ǎ ό˂em 560 

nm) using a ligand: QD molar ratio of 2000:1 in a homogenous solution of (CHC3/MeOH/H2O). 

Full experimental details are available in Chapter 5. Figure 3.2.1 below shows the chelation of 

the di-thiol functional group of the ligands to the QD surface. The commercial QDs have an 

octadecylamine (ODA) coated surface, making them only dispersible in non-polar organic 

solvent and not suitable for biomedical applications. The ligands are replaced to make the QDs 

water dispersible through ligand exchange.  

 

Figure 3.2.1: The ligand exchange reaction undertaken with octadecylamine (ODA) stabilized QDs by glycan ligands 

[LA-(EGn-Glycan)m (where n = 1 or 2, m= 1, 2 and 3 and Glycan = a-Man and Man-a-1,2-Man)].  

The concentration of the hydrophilic QDs dissolved in water can be calculated using UV-Vis 

absorption and the Beer-Lambert Law. The absorbance, A, was obtained using the QD 

ŀōǎƻǊǇǘƛƻƴ ǇŜŀƪ ƳŀȄƛƳŀ ŀǘ рос ƴƳ ŦƻǊ ǘƘŜ v5 ό˂em 560 nm) and an extinction ŎƻŜŦŦƛŎƛŜƴǘΣ ʶΣ ƻŦ 

1.2 x 105 M-1 cm-1 to calculate the concentration.  

3.3 QD-(EGn-Man)m Characterization 

3.3.1 Hydrodynamic Size Determination of QDs 

The hydrodynamic sizes, Dh, of freshly prepared QD-glcyan conjugates were determined by DLS. 

The resulting volume population versus hydrodynamic size graphs for each of the QDs before 

and after ligand exchange in H2O are given in Figure 3.3.1. A full summary of the of the Dh values 

for each of the QD conjugates and the relevant fitt ing parameters can be seen in Table 3.3.1. a 

small change in size is expected for the QDs after they have undergone ligand exchange. One 

key difference to be noted is that using these commercial QDs in comparison to those used in 

Chapter 2 their initial size is larger so even though LA-EG2-Mannose is smaller in length then LA-

EG3-Mannose the overall size is still larger due to the QDs core-shell size.   
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Figure 3.3.1: Histogram of the hydrodynamic diameters of (A) QDs before ligand exchange, (B) QD-PEG750-OMe, (C) 

QD-EG2-Man, (D) QD-(EG2-Man)2, (E) QD-(EG-Man)3, (F) QD-EG2-DiMan, (G) QD-(EG2-DiMan)2 and finally (H) QD-(EG-

DiMan)3. 



  

 

87 

Table 3.3.1: A table to show a summary of the hydrodynamic sizes of the QDs before and after ligand exchange as 

determined by Dynamic Light Scattering, DLS. 

Surface Ligand 
Hydrodynamic 

Diameter (nm) 

FWHM 

(nm) 

ODA 11.5 ± 0.3 8.1 ± 0.9 

DHLA-EG2-Man 12.3 ± 0.2 6.8 ± 0.5 

DHLA-(EG2-Man)2 15.0 ± 0.2 8.3 ± 0.7 

DHLA-(EG-Man)3 15.1 ± 0.3 9.1 ± 0.8 

DHLA-EG2-DiMan 21.9 ± 0.2 12.5 ± 0.6 

DHLA-(EG2-DiMan)2 18.2 ± 0.2 10.3 ± 0.4 

DHLA-(EG-DiMan)3 23.4 ± 0.4 18.3 ± 1.2 

DHLA-PEG750-OMe 43.0 ± 0.2 15.6 ± 0.4 

 

The change in size of the quantum dots suggests that ligand exchange has been carried out 

successfully along with the stability in water. A key observation is the difference in the size of 

the particles between the monosaccharide series and the disaccharide series, this may come 

from the fact that the disaccharide ligands are much bulkier, creating a larger hydrodynamic size 

in solution. The large size of the control QD suggests minor of aggregation or clustering of 

particles is occurring which may be due to the difference in ligand exchange methods. Although 

a larger hydrodynamic size is expected for the control QD due to the much longer polyethylene 

glycol units of the ligands and hence extra contributions from the Flory radius which calculates 

the size of the polymeric chain when its stretched out at its longest, (Eq.19).15  

Ὂ  ‌ὲ  (Eq. 19) 

²ƘŜǊŜ C ƛǎ ǘƘŜ CƭƻǊȅ ǊŀŘƛǳǎΣ ʰ ƛǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ƻƴŜ ƳƻƴƻƳŜǊ ƛƴ !ƴƎǎǘǊƻƳǎ όʰ Ґ оΦр ) ŦƻǊ t9Dύ ŀƴŘ 

n is the number of repeating units (~ 17 here). So it would have an extra contribution of 35.7 Å 

for PEG750.  

3.3.2 Quantum Yields 

QY, defined earlier, were calculated for the QD-(EGn-Mans)m against the same reference 

standard, Rhodamine 6G όv¸ Ґ фр҈Σ ˂ex= 480 nm). As before the integrated fluorescence spectra 

over multiple concentrations against absorbance for the QDs and the reference are measured. 

Initial UV/Vis measurements are done at a higher concentration to give more reliable results 

due to the linear relationship between absorbance and concentration. The absorption spectra 

of the QDs and reference are shown in Figure 3.3.2 and Figure 3.3.3 respectively. Fluorescence 
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emission spectra can be found within the Appendix. The QY is then calculated using (Eq. 9), 

defined previously, Chapter 2, for each QD in this chapter. The resulting integrated fluorescence 

intensity versus absorption plots are shown in Figure 3.3.4. 
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Figure 3.3.2: UV-Vis (background corrected) spectra of the QDs before ligand (black) exchange and after ligand 

exchange with the functional ligands. 

(A) 

400 500 600 700

0.0

0.2

0.4

0.6

0.8

1.0 UV-Vis Spectra for Rhodamine 6G

F
lu

o
re

s
c
e
n

t 
In

te
n

s
it

y

Wavelength (nm)
 

(B) 

500 550 600 650 700

0

100

200

300

400

500

600

700

800

Rhodamine 6G Flourescence

 2 uM

 1 uM

 0.5 uM

 0.25 uM

 0.125 uM

F
lu

o
re

s
c

e
n

t 
In

te
n

s
it

y

Wavelength (nm)
 

                                               (C) 

0.00 0.01 0.02 0.03 0.04 0.05

0

5000

10000

15000

20000

25000

30000

Quantum Yield Determination for Rhodamine 6G

A
re

a
 o

f 
F

lo
u

re
s

c
e

n
c

e

A
480 

(Background Corrected)

Equation y = a + b*x

Weight No Weighting

Residual 
Sum of 
Squares

2.10138E
7

Pearson's r 0.9837

Adj. R-Squar 0.95688

Value Standard Err

C
Intercept 1342.32153 1791.77162

Slope 770841.651 81355.6664

 

Figure 3.3.3: (A) UV-Vis spectra for Rhodamine 6G sample, (B) Fluorescence spectra for a range of concentrations 

between 0.125 - н ˃a ŀǘ ˂Ex = 480 nm and (C) a graph to show the plot of fluorescence area intensity against the 

ōŀŎƪƎǊƻǳƴŘ ŎƻǊǊŜŎǘŜŘ !ōǎƻǊōŀƴŎŜ ό˂ = 480). The absorbance is calculated using the Beer-Lambert Law using an 

ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ʶΣ ƻŦ мтΣ мнф ŎƳ-1 M-1.  
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Figure 3.3.4: Fluorescence area verses absorption linear plots to determine the quantum yield for the QDs. 
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Table 3.3.2 shows a summary of the results. The new alloyed commercial QDs used in this work 

were already brighter in comparison to ones used previously before ligand exchange (Chapter 

2), it is therefore expected that the quantum yield would be higher for these ligands exchanged 

QDs. This is shown in all the cases as the QY is either maintained or slightly weakened by the 

ligand exchange reaction. Usually the longer the reaction time the weaker the QY becomes. As 

the maximum QY recorded for the QD-saccharides in Chapter 2 was 28% in comparison to the 

maximum of 68% in this case. This new batch of commercial QDs was actually purchased for 

their higher QY values for more efficient results for the FRET measurements.  

Table 3.3.2: A table summarising the Quantum Yields for the Quantum Dots before and after ligand exchange. 

Surface Ligand Quantum Yield (%) 

ODA 66.0 ± 2.0 

DHLA-EG2-Man 21.2 ± 7.0 

DHLA-(EG2-Man)2 22.9 ± 3.4 

DHLA-(EG-Man)3 68.5 ± 1.8 

DHLA-EG2-DiMan 63.7 ± 5.7 

DHLA-(EG2-DiMan)2 32.8 ± 0.8 

DHLA-(EG-DiMan)3 34.0 ± 2.1 

DHLA-PEG750-OMe 49.1 ± 2.5 

  

3.3.3 Transmission Electron Microscopy and Scanning Transmission Electron 
Microscopy 

Scanning transmission electron microscopy, STEM, was used to confirm the core size of the QDs 

to be 3.5 nm with further confirmation of the stability of singular particles. Figure 3.3.5 shows 

the STEM images of the QDs that have been cap-exchanged with the LA-EG2-Man. Energy-

dispersive x-ray spectroscopy, EDX was used to determine particle composition and the resulting 

spectra show the presence of the Cadmium, Selenium, Zinc and Sulphur, confirming that they 

are indeed the QDs and then the Copper and Silica of the sample grid. Carbon and Oxygen are 

also present from the surface ligands as well as the grid. Further TEM images of the QDs after 

cap-exchange with LA-EG3-DiMan show that they exist as individual particles despite a much 

bigger hydrodynamic size. The QD core shell size remains about the same, 3.5 nm. Figure 3.3.6 

below shows the image of the cluster of QDs. 
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Figure 3.3.5: (A) Transmission Electron Microscopy image showing a cluster of QD-EG2-Man with (B) showing a 

Scanning Transmission Electron Microscopy (STEM) image of the same area. (C) An Energy Disperse X-Ray (EDX) 

spectra taken of the cluster of QD-EG2-Man confirming ǘƘŜ ŜƭŜƳŜƴǘŀƭ ŎƻƳǇƻǎƛǘƛƻƴ ǘƻ ōŜ ŀǎ ŦƻǊ ǘƘŜ ǘȅǇŜ ƻŦ v5Ωǎ ǳǎŜŘΦ 

 

Figure 3.3.6: Transmission Electron Microscopy image showing a cluster of QD-EG2-DiMan. Scale bar 10 nm. 
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3.4 FRET Analysis for QD-Glycan-DC-SIGN Binding 

To determine the apparent binding affinity, Kd, for the multivalent interactions between the QD-

glycans and DC-SIGN, fluorescence spectra have been recorded across a range of concentrations 

using a fixed ratio of 1: 1 for QD: DC-SIGN. The QD and DC-SIGN concentrations were increased 

simultaneously, as described in Chapter 2, in order to maintain the fixed ratio. The samples were 

made up as before in binding buffer containing 1 mg/ mL bovine serum albumin, BSA, to reduce 

QD and Protein surface absorption as well as the addition of the short cysteine- histidine6. Dye 

direct excitation background corrected fluorescence spectra reveal clear emission peaks for the 

v5 ό˂em Ґ ррм ƴƳύ ŀƴŘ ǘƘŜ ƭŀōŜƭƭŜŘ ǇǊƻǘŜƛƴ ό˂em = 626 nm) as seen in previous work. Fluorescence 

spectra have been shown for both QD-EG2-Man (Figure 3.4.1) and QD-EG2-DiMan (Figure 3.4.2) 

with the rest of the QDs data in the Appendix. 
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Figure 3.4.1: Background corrected fluorescence spectra QD-EG2-Man + DC-SIGN at different protein concentrations 

using a QD molar ratio of 1:1. (A) Low concentrations of QDs (1 ς 10 nM) and DC-SIGN (1 ς 10 nM) (B) Intermediate 

concentrations of QDs (20 ς 80 nM) and DC-SIGN (20 ς 80 nM) and (C) High concentrations of QDs (100 ς 200 nM) 

and DC-SIGN (100 ς 200 nM). 
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Figure 3.4.2: Background corrected fluorescence spectra obtained for determination of the apparent KD for QD-EG2-

Man + DC-SIGN using a protein QD molar ratio of 1:1. (A) Low concentrations of QDs (1 ς 20 nM) and DC-SIGN (1 ς 20 

nM) and (C) High concentrations of QDs (40 ς 60 nM) and DC-SIGN (40 ς 60 nM). 

 

A control QD sample was then made to show that any energy transfer that was exhibited was 

coming from the binding interaction between the sugar and the protein. This was done by 

performing the ligand exchange with an inert ligand that is not known to bind to DC-SIGN. The 

ligand used was a PEGylated ligand, LA-PEG750-OMe, as these should not bind to the protein. In 

this case if the proteins are not bound to the QD they will be not in close enough proximity to 

the QD for energy transfer to occur resulting in the spectra only showing one emission maxima 

from the QD (˂ em = 551 nm). The resulting spectra for QD-PEG750-OMe with the labelled DC-SIGN 

is shown, Figure 3.4.3. The samples were prepared in exactly the same way as that for the sugar 

QDs. The resulting direct excitation background corrected fluorescence spectra only shows one 

emission maxima so this suggests highly that the labelled protein dye emission comes from the 

energy transfer as a results of the sugar protein interaction. 
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Figure 3.4.3: Background corrected fluorescence spectra for QD-PEG750-OMe + DC-SIGN mixture (A) Low 

concentrations of QDs (1 ς 2 nM) and DC-SIGN (1 ς 2 nM), intermediate concentrations of QDs (5 ς 10 nM) and DC-

SIGN (5 ς 10 nM)  (C) High concentrations of QDs (20 ς 200 nM) and DC-SIGN (20 ς 200 nM). No apparent dye FRET 

signal is observed. 

 

3.4.1 Ratiometric Quantification of QD-DC-SIGN Binding Affinity 

The apparent Kd values have then been calculated from the apparent FRET ratio of the two 

inteƴǎƛǘȅ ƳŀȄƛƳŀΩǎΣ L626/I551. The resulting titration curves for each of the QDs bound to DC-SIGN 

can be seen in Figure 3.4.4. The curves are fitted by a non-linear Hill equation function as done 

for the QD-Protein accurate Kd determination in the last chapter. The calculated binding affinity 

constants are summarised in Table 3.4.1 along with the different fitting parameters for both the 

glycan-QDs and the control. 
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Figure 3.4.4: FRET intensity ratio (I626/I551) curves as a function of the DC-SIGN concentrations. (A) and (D) QD-EG2-

Mans + DC-SIGN, (B) and (E) QD-(EG2-Mans)2 + DC-SIGN and (C) and (F) QD-(EG-Mans)3 + DC-SIGN (where s = 1 and 2). 

Fitted using the Hill Equation. 
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Table 3.4.1: Summary of the fitting parameters for calculating the apparent Kd using the Hill Equation to fit QD-(EGn-

Man)m-DC-SIGN binding curves (where n= 1 or 2 and m= 1, 2 and 3) (Figure 3.4.4). 

QD + Protein Rmax Apparent Kd (nM) n R2 

QD-EG2-Man + DC-SIGN 1.9 ± 0.2 15 ± 7 0.70 ± 0.08 0.9956 

QD-(EG2-Man)2 + DC-SIGN 1.6 ± 0.2 78 ± 34 0.56 ± 0.03 0.9993 

QD-(EG-Man)3 + DC-SIGN 1.5 ± 0.0 273 ± 28 0.47 ± 0.02 1 

QD-EG2-DiMan + DC-SIGN 0.5 ± 0.0 1.7 ± 0.1 0.77 ± 0.07 0.9999 

QD-(EG2-DiMan)2 + DC-SIGN 0.6 ± 0.0 3.9 ± 0.5 0.34 ± 0.03 0.9994 

QD-(EG-DiMan)3 + DC-SIGN 0.8 ± 0.0 4.3 ± 0.2 0.44 ± 0.01 1 

 

The results give two notable findings. First using dendritic style ligands to increase glycan to LA 

ratio decreases the binding affinity with DC-SIGN. This may suggest that the use of dendritic 

ligands may not increase the overall glycan density due to steric hindrance caused by the packing 

of glycan moieties around the diameter of the QD. Secondly, we see further confirmation of the 

stronger binding affinity that DC-SIGN has for the dimannose. 

3.5 FRET Analysis for QD-Glycan-DC-SIGNR Binding 

As carried out previously, fluorescence spectra were recorded across a range of concentrations 

using a fixed ratio of 1: 10 for QD: DC-SIGNR, as used previously in Chapter 2. The samples were 

prepared in the same way as above for the QD-DC-SIGN investigations. Figure 3.5.1 and Figure 

3.5.2 shows the fluorescence spectra for QD-EG2-Man and QD-EG2-DiMan receptively. The rest 

of the data can be found in the Appendix. As high ratios of mannose are required for binding 

with DC-SIGNR a reduced amount of points are shown here due to the low concentration level 

as ideally no binding should be seen. 
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Figure 3.5.1: Background corrected fluorescence spectra for QD-EG2-Man + DC-SIGNR mixture at a fixed protein: QD 

ratio of 10:1. (A) Low concentrations of QDs (1 ς 5 nM) and DC-SIGNR (10 ς 50 nM) and (B) High of QDs (20 ς 60 nM) 

and DC-SIGNR (200 ς 600 nM). 
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Figure 3.5.2: Background corrected fluorescence spectra for QD-EG2-DiMan + DC-SIGNR mixture at a fixed protein: 

QD ratio of 10:1. (A) Low concentrations of QDs (1 ς 40 nM) and DC-SIGNR (10 ς 400 nM) and (B) High concentrations 

of QDs (60 ς 80 nM) and DC-SIGNR (600 ς 800 nM). 

 

The same control sample run as before with labelled DC-SIGN was run with labelled DC-SIGNR 

again using the same parameters as the QD-glycan experiments. As before we only see one 

emission peak suggesting the same that the dye emission is a results of the specific sugar-DC-

SIGNR interaction. The resulting dye direct excitation background corrected fluorescence 

spectra for QD-PEG750-OMe with DC-SIGNR is shown in Figure 3.5.3. 
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Figure 3.5.3: Background corrected fluorescence spectra for QD-PEG750-OMe + DC-SIGNR mixture at a fixed protein: 

QD ratio of 10:1. (A) Low concentrations of QDs (1 ς 10 nM) and DC-SIGNR (10 ς 100 nM) and (B) High concentrations 

of QDs (20 ς 80 nM) and DC-SIGNR (200 ς 800 nM) 
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3.5.1 Ratiometric Quantification of QD-DC-SIGNR Binding Affinity 

The resulting titration curves for each of the QDs bound to DC-SIGNR can be seen in Figure 3.5.4. 

The binding affinity constants are summarised in Table 3.5.1 along with the fitting parameters. 

This was done using the same methods as that seen previously in this chapter as well as in the 

last chapter.  
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Figure 3.5.4: FRET intensity ratio (I626/I554) a function of the QD: Protein molar ratio 1:4 for DC-SIGNR. (A) and (C) QD-

EG2-Mans + DC-SIGNR, (B) and (D) QD-(EG2-Mans)2 + DC-SIGNR and (F) QD-(EG-Mans)3 + DC-SIGNR (where s = 1 and 

2). Fitted using the Hill Equation. 
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The results show an opposite trend to that found for the QD-DC-SIGN for the disaccharide series 

in that when you use the trimeric glycan ligand you get an increase in binding affinity over the 

monomeric ligand. This could be due to the orientations of the CRDs found within DC-SIGNR 

fitting around the dendritic style of glycan layout of the ligands. There is also a significant 

enhancement (around 40 times) of the binding affinity with this ligand series compared to that 

of the synthesised using strain promoted click chemistry as the Kd decreases from 62 ± 8 to 1.59 

± 0.6 nM for QD-EG3-DiMan and QD-EG2-DiMan, respectively. Unfortunately issues were also 

found with the less hydrophilic nature of the cap- exchanged QD-(EG-Man)3 which often resulted 

in aggregation in water so some experiments could not be performed. The cap-exchange was 

attempted with various QD: ligand ratios and also performed removing the TCEP after reduction 

without significant improvement. The resulting QDs were also found to be aggregated after 

increasing the time used for the ligand exchange reaction. The results show the importance of 

the EG linker length on the water solubility of the cap-exchanged QDs. In contrast, QD-(EG-

DiMan)3 was easily formed as the more hydrophilic nature of the disaccharide can compensate 

the loss of the EG linker group. Further optimisation of cap-exchange conditions are necessary 

to make it robust for QD-(EG-Man)3. 

Table 3.5.1: Summary of the fitting parameters for calculating the apparent Kd using the Hill Equation to fit QD-(EGn-

Mans)m-DC-SIGNR binding curves (where n= 1 or 2 and m= 1, 2 and 3) (Figure 3.5.4). 

QD + Protein Rmax Apparent Kd (nM) n R2 

QD-EG2-Man + DC-SIGNR 0.45 ± 0 74 ± 10 0.6 ± 0.04 0.9954 

QD-(EG2-Man)2 + DC-SIGNR 0.3 ± 0 120 ± 8 0.6 ± 0.04 0.9991 

QD-(EG-Man)3 + DC-SIGNR - - - - 

QD-EG2-DiMan + DC-SIGNR 0.52 ± 0.01 1.59 ± 0.19 2.2 ± 0.8 0.9991 

QD-(EG2-DiMan)2 + DC-SIGNR 0.67 ± 0.01 0.88 ± 0.24 2.7 ± 5.1 0.9981 

QD-(EG-DiMan)3 + DC-SIGNR 0.80 ± 0.01 0.49 ± 0.62 1.3 ± 0.8 0.9990 

 

3.6 Mannose Competition Studies 

To further confirm the proteins affinity for the QD-Glycans and the FRET signal was due to 

specific protein-glycan interactions, a competition study with free mannose was carried out. This 

is similar to the experimental procedure in Chapter 2.6.2, using fixed concentrations of QD and 

labelled protein (QD: protein ratio 1:1 for DC-SIGN and 1:10 for DC-SIGNR). As before if we see 

the mannose competing with the QD-glycan binding to the labelled protein then the FRET ratio 

will decrease. Figure 3.6.1 shows the fluorescence spectra of the QD-Man competing against 
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DC-SIGN and Figure 3.6.2 for QD-DiMan competing against DC-SIGNR. An increase of the QD 

ŦƭǳƻǊŜǎŎŜƴŎŜ ό˂ Ґ ррм ƴƳύ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜ ƻŦ ƛƴǘŜƴǎƛǘȅ ƻŦ Cw9¢ ǎƛƎƴŀƭ ό˂ Ґ снс ƴƳύ ƛǎ ǎŜŜƴ upon 

increasing mannose concentration, confirming effective competition of mannose with QD-DC-

SIGN/R binding. This confirms that the FRET signal observed is due to the specific protein-sugar 

interaction. The results also suggest that the QD-DC-SIGN/R binding is much stronger than that 

of the mannose-DC-SIGN/R as major changes in FRET ratio are observed at high concentrations 

of mannose (> 1 mM). This is further confirmed by the high values of the Ki, Figure 3.6.3. This 

data were fitted using Eq. 15. These reactions were due to be carried out with the QD-(EG-Man)3 

+ DC-SIGN but unfortunately these materials were aggregated when dissolved in water after 

ligand exchange and a new batch of the same QDs was no longer available commercially. As 

seen above in Chapter 3.4.4.  
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Figure 3.6.1: Background corrected fluorescence spectra of QD-EG2-Man (40 nM), (A), and QD-(EG2-Man)2 (40 nM), 

(B), + DC-SIGN (40 nM) respectively over the addition of increasing the concentration of Mannose (0.25 ς 10000 µM). 

(C) Normalized FRET ratio curve as a function of the logarithm to the base 10 of mannose concentration for each of 

the QDs with DC-SIGN. 
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Figure 3.6.2: (A-C) Background corrected fluorescence spectra of QD-EG2-DiMan (40 nM), QD-(EG2-DiMan)2 (40 nM) 

and QD-(EG-DiMan)3 + DC-SIGNR (400 nM) respectively with the increasing concentration of free Mannose (0.25 ς 

10000 µM). (D) Normalized FRET ratio as a function of the logarithm to the base 10 of mannose concentration for 

each of the QDs. 
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Figure 3.6.3: Normalized FRET intensity ratio (I626/I562) as a function of added mannose concentration. (A) QD-(EG2-

Man)m (where m= 1 or 2) + DC-SIGN and (B) QD-(EGn-DIMan)m (where n= 1 or 2 and m = 1, 2 and 3) + DC-SIGNR.  
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Table 3.6.1: Summary of the inhibition constant, Ki, obtained from Figure 3.6.3. 

QD 
Ki(DC-SIGN) 

(mM) 

Binding affinity 

enhancement factor* 

Ki(DC-SIGNR) 

(mM) 

Binding affinity 

enhancement 

factor* 

QD-EG2-Man 0.76 ± 0.17 19000 - - 

QD-(EG2-Man)2 0.66 ± 0.01 16500 - - 

QD-EG2-DiMan - - 6.2 ± 0.41 155000 

QD-(EG2-DiMan)2 - - 0.01 ± 0.001 250 

QD-(EG-DiMan)3 - - 4.7 ± 0.95 117500 

* DC-SIGN/R binding affinity enhancement factor is calculated by, Ki/CQD. 

The results follow the prediction in that when the mannose sugar is introduced the FRET ratio 

decreases. This shows that DC-SIGN/R has a higher affinity for mannose than the QD-glycans. 

Significantly the monosaccharide-QDs have a Ki <1 mM which shows that the QDs bind more 

strongly to DC-SIGN over mannose. This shows that these materials may be useful as inhibitors. 

This is in agreement with the binding constants for these materials as the Ki is an inverse 

measurement of the Kd, so the higher the value the less competition. However, the result for 

QD-(EG2-DiMan)2 appears to be anomalous and not fit the pattern predicted, by increasing 

number of glycans the binding affinity increases for DC-SIGNR based on the results of the Kd also 

the fit looks out of place on this data so it will need to be repeated. These results will need to be 

repeated to see if they are a true representation of what is occurring. The binding enhancement 

factor has been calculated to show the degree of competition, the higher the enhancement the 

easier the mannose can compete for the binding site (Table 3.6.1). 

3.7 Conclusion 

In conclusion, we have successfully developed a new ligand series which changes the LA: glycan 

ratio for both the monosaccharide and disaccharide mannose. We have then capped these 

ligands to QDs and used FRET technology to determine the binding dissociation constant of the 

QD-DC-SIGN/R interactions for each QD. Further confirmation for mannose affinity for DC-SIGN 

over DC-SIGNR has been shown using this ligand series. The trend of a decreasing binding affinity 

with DC-SIGN from the monomeric to the trimeric glycan ligand series was not expected as the 

aim was to increase surface glycan density. One possible reason is that we may not be seeing an 

increase in glycan density on the QD surface. However, for the QD-DiMan- DC-SIGNR interaction 

we do see that increasing the glycan number on each LA ligand the affinity becomes stronger 

(>3 x). Moreover, this strategy has significantly improved the binding affinities of glycan-DC-
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SIGNR interactions over our previous glycan-QDs (Chapter 3) from 62 ± 8 to 1.7 ± 0.1 nM. Further 

work to be done should investigate the cause of the improved binding affinity, if it is due to the 

shortening of EG linker or the change of type of click chemistry which gives the smaller less 

sterically hindered triazole linker. As such positive effects have been seen for the binding 

affinities with DC-SIGN/R, these ligands could be used with gold nanoparticles, AuNPs. This is 

because the QDs are highly cytotoxic, and so the use of much less cytotoxic AuNPs could make 

the resulting glycan nanoparticles more biocompatible, allowing them to be used in potential in 

vivo applications.  

3.8 Experimental Procedures 

All the relevant experimental procedures for this chapter can be found with Chapter 5. 
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4                                                    Chapter 4 

Effect of Gold Nanoparticle Surface Glycan Density on DC-SIGN/R 

Binding. 

4.1 Introduction 

Gold nanoparticles (AuNPs) have many advantageous features for use as inhibitory materials. 

They are non-toxic, good fluorescence quenchers and can offer a large surface area to volume 

ratio to display a large array of glycans upon their surface.1 AuNPs quenching potential allows 

them to be used in an energy transfer based system over a much larger separation distance 

compared to that of donor to acceptor with QDs.2 Figure 4.1.1 shows the schematic process of 

fluorescence quenching by exciting the fluorescence donor, the ATTO 594 label on the protein, 

where the energy is transferred to a glycan-AuNP in close proximity bound through multivalent 

glycan-protein interactions.   

 

Figure 4.1.1: A schematic showing the probing of multivalent glycan-protein binding via a fluorescence quenching 

mechanism ligand using AuNPs capped with glycans.  

The aim of the project is to look to further build a knowledge of the multivalent viral receptor 

proteins DC-SIGN3 and DC-SIGNR4 as currently there is no crystal structure available for these 

tetrameric proteins. These proteins are found to be key in many important biological roles and 

processes including innate immunity and serum glycoprotein clearance5 as well as viral 

infections (e.g. Human Immunodeficiency Virus, HIV, Ebola Virus and West Nile Virus).4, 6 7 These 

two proteins share the same primary structure, and 77% amino acid identity and until recently 

they were proposed to have the same binding modes.8 However,  recent work has found that 
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the way they interact with glycan-QDs are very different, Chapter 2.9 DC-SIGN possess a 

tetrameric binding with a single QD, giving isolated QDs, whereas DC-SIGNR binds bis - divalently 

to two different QDs, leading to protein QD and inter-crosslinking. This binding mode is 

confirmed by scanning electron transmission microscopy, STEM, imaging of the resulting QD-

DC-SIGN/R assemblies (Figure 4.1.2). 

 

 

Figure 4.1.2: STEM images of the QD-glycan bioconjugates after binding with DC-SIGN/R showing significantly 

different binding modes. Taken from reference.9  

The focus of this part of the project is to develop a new biophysical method for the quantification 

of multivalent lectin-glycan binding by exploiting the unique fluorescence quenching property 

of AuNPs. This is another fluorescence readout strategy that can be developed as a fast, sensitive 

way to gather binding information using a small amount of material while using a less cytotoxic 

material. A series of AuNPs particles will be produced with increasing surface glycan densities 

using a monosaccharide and disaccharide mannose glycans. This will be achieved by producing 

DHLA-based ligands each appending multiple (e.g. 1, 2, or 3) glycan units as described in Chapter 

3 to produce similar AuNP conjugates as shown schematically in Figure 4.1.3. The apparent 

binding equilibrium dissociation constant, Kd, will then be calculated for the resulting quenching 

efficiency-concentration relationship. These glycan-AuNPs will then be further exploited as 

novel inhibition agents against viral infections by binding to the cell surface DC-SIGN/R to block 

virus binding.9 The correlation between the IC50 values and binding Kds will be investigated in a 

similar way as the earlier QD work. By using AuNPs as scaffolds instead of QDs, the toxic 

cadmium metal will be eliminated. The resulting AuNP-glycans may allow potential applications 

in vivo.10 Similar work done has been previously in this field by Martinez-Avila et al.11  

Individual QDs Assembled QDs 
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Figure 4.1.3: A schematic of the AuNPs that will be used to investigate the effects of increasing glycan surface density 

using a lipoic acid, LA, modified with different glycan ratio ranging from 1:1 to 1:3. 

The sugar ligands, DHLA-(EGn-glycan)m (where n = 1 or 2, m = 1, 2 or 3, and glycan = a-Man or 

Man-a-1,2-Man), as used in Chapter 3, are synthesised by copper-catalysed click chemistry. 

Ligand design is shown above in Figure 4.1.1 and mannose based glycans will be used as they 

possess a high affinity for DC-SIGN/R. The linker length will not change across the series as the 

focus is on changing the glycan density rather than the linker length. Moreover, a short EG chain 

length (EG3) has shown to have high binding affinities in previous studies.9 The specificity and 

affinity of mannose-protein interactions will be investigated and then compared using a range 

of control ligands, with no functional mannose present, to check for non-specific interactions. 

In addition, calcium dependency studies will be performed. 

One of the reasons to increase glycan density came from the fact that we found the QD-glycan 

binding with DC-SIGN/R was significantly weakened upon diluting the QD-surface sugar density 

using an inert DHLA-zwitterion spacer ligand9 as described in Chapter 2. We hypothesised that 

a further increase in nanoparticle surface glycan density would further enhance its binding 

affinity to DC-SIGN/R. The glycoprotein 120, gp120, on the surface of HIV is densely covered in 

clusters of N-linked mannose glycans, the virus has evolved to use these clusters as a way of 

infecting humans via binding to the c-type lectins DC-SIGN/R.11 Recent advances have shown 

that mimicking these mannose clusters is valid a way of developing potent carbohydrate-based 

antiviral materials.12 So far many approaches to create multivalent mannose clusters as 

inhibitory materials for HIV using a range of different scaffolds have been successful. Moreover, 

we also hope to use the glycan-nanoparticles to mimic the HIV surface gp120. In fact, it is gp120-

DC-SIGN/R interaction that mediates HIV virus infection of host cells.13-15 The sizes of the glycan-

NPs used here are also comparable to that of the gp120 (Figure 4.1.4). Martinez-Avila et al.12 

has shown that AuNPs covered with multiple copies of high-mannose clusters effectively mimic 

the behaviour of the gp120 and the internalisation pathway. Thus they show great promise for 

AuNP AuNP AuNP 

AuNP-EG2-Glycan AuNP-(EG2-Glycan)2 AuNP-(EG-Glycan)3 
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development of HIV microbicides and vaccines. Increasing the glycan density has shown positive 

effects with improving the binding using AuNPs as a scaffold. The hypothesis is that we may find 

similar effect on the inhibition of the Ebola virus as that of HIV.  

 

Figure 4.1.4: A schematic of a HIV virus including NP bioconjugates to show the size matches and in comparison, to 

the full virus size. 

4.2 Polyvalent AuNP-Mannose Design 

4.2.1 Ligand Exchange with AuNPs 
The ligands were added straight into the commercially available AuNPs along with the TCEP 

reduction agent using a ligand: AuNP molar ratio of 2000:1 in H2O. This is possible as there is no 

need for deprotection as there is with the QDs. Full experimental details are available in Chapter 

5. Figure 4.2.1 below shows the chelation of the di-thiol functional group of the ligand to the 

AuNPs surface. The commercially available AuNPs have a citrate ligand coated surface. The 

AuNPs are soluble in water before and after ligand exchange reaction. If any aggregation has 

occurred, indicating an unsuccessful ligand exchange, the solution colour will change from red 

to purple.  

AuNP
AuNP

 

Figure 4.2.1: The ligand exchange reaction undertaken with citrate stabilised AuNPs coated and stabilised with by 

glycan ligands [LA-(EGn-Man)m (where n = 1 or 2 and m= 1, 2 and 3)]. 

The concentration of the AuNPs was calculated using UV-Vis absorption and the Beer-Lambert 

Law. The absorbance, A, was obtained from the AuNP absorption peak maxima at 515 nm and  

ŀƴ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ʶΣ ƻŦ мΦм Ȅ мл7 M-1 cm-1 was used to calculate the concentration.16 Figure 

4.2.2 below shows the UV-Vis spectra for each of the successfully capped AuNPs with all the 
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ligand series (LA-(EGn-Man)m, LA-(EGn-DiMan)m, and LA-(PEG750-OMe)m, where n=1 or 2 and m= 

1, 2 and 3). For later results we used some AuNPs synthesised by Dr. Akshath Uchangi 

Satyaprasad, a postdoc within the group, based on a procedure by Piella et al.17 these were 

citrate stabilised particles with a similar core size to that of the commercial AuNPs. 
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Figure 4.2.2: UV-vis spectra of (A) the commercial AuNPs and the synthesised AuNPs before ligand exchnage that are 

used throughout this chapter  (B) the different AuNP-(EGn-Man)m and AuNP-(EGn-DiMan)m  conjugates(where n= 1 or 

2 and m= 1, 2 and 3) as well as AuNP-(PEG750-OMe)n (where n= 1, 2 and 3) conjugates. 

4.2.2 AuNP-(EGn-Man)m Characterisation 

 Hydrodynamic Size Determination of AuNP 

The stability and the hydrodynamic sizes of freshly prepared AuNP-glycan conjugates were 

determined by DLS. The resulting volume population versus hydrodynamic size graphs for each 

of the AuNPs before and after ligand exchange in water are given in Figure 4.2.3. Data was also 

collected after the particles were left for a week in order to test stability. In order to determine 

the stability of particles in biological relevant media the same tests were performed in buffer 

solution (20 mM HEPES pH 7.8, 100 nM NaCl and 10 mM CaCl2). 
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Figure 4.2.3: Histograms of the hydrodynamic sizes for the AuNPs (50 nM) in water solution (A) AuNP-EG2-Man, (B) 

AuNP-(EG2-Man)2, (C) AuNP-(EG-Man)3, (D) AuNP-PEG750-OMe, (E) for AuNP-(PEG750-OMe)2, (F)  AuNP-( PEG750-

OMe)3, (G) AuNP-EG2-DiMan, (H) AuNP-(EG2-DiMan)2 , (I) AuNP-(EG-DiMan)3 and (J) AuNPs before ligand exchange. 

All samples run using 50 nM AuNPs. 
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Table 4.2.1: A table to show the summary of the hydrodynamic sizes of the AuNPs (50 nM) after ligand exchange as 

determined by DLS both initially after and then after a week.  

Ligand + Media 
Hydrodynamic 

Size Initial (d.nm) 

FWHM 

(d.nm) 

Hydrodynamic Size 

after 1 week (d.nm) 

FWHM after 1 

week (d.nm) 

Citrate 12.0 ± 0.2 6.7 ± 0.4 13.1 ± 0.1 6.3 ± 0.3 

LA-EG2-Man + H20 9.2 ± 0.1 5.6 ± 0.3 9.2 ± 0.1 5.6 ± 0.3 

LA-(EG2-Man)2 + H20 8.6 ± 0.1 5.4 ± 0.4 8.8 ± 0.1 5.3 ± 0.3 

LA-(EG-Man)3 + H20 9.9 ± 0.1 4.9 ± 0.3 10.1 ± 0.1 4.1 ± 0.1 

LA-PEG750-OMe + H2O 10.5 ± 0.1 5.6 ± 0.3 10.5 ± 0.1 5.8 ± 0.3 

LA-(PEG750-OMe)2 + H2O 10.5 ± 0.2 6.3 ± 0.6 10.8 ± 0.2 6.1 ± 0.6 

LA-(PEG750-OMe)3 + H2O 15.0 ± 0.3 10.3 ± 0.7 16.3 ± 0.3 14.1 ± 0.8 

LA-EG2-DiMan + H2O 10.4 ± 0.1 5.3 ± 0.2 11.6 ± 0.1 5.9 ± 0.3 

LA-(EG2-DiMan)2 + H2O 10.3 ± 0.1 5.5 ± 0.2 10.4 ± 0.1 5.4 ± 0.2 

LA-(EG-DiMan)3 + H2O 11.0 ± 0.1 5.8 ± 0.3 10.8 ± 0.1 5.7 ± 0.3 

LA-EG2-Man + Buffer 10.3 ± 0.1 5.3 ± 0.3 9.4 ± 0.1 5.5 ± 0.3 

LA-(EG2-Man)2 + Buffer 9.4 ± 0.1 5.4 ± 0.3 9.6 ± 0.1 4.7 ± 0.2 

LA-(EG-Man)3 + Buffer 11.6 ± 0.2 6.1 ± 0.5 10.1 ± 0.1 5.3 ± 0.2 

LA-PEG750-OMe + Buffer 11.3 ± 0.1 5.1 ± 0.2 11.4 ± 0.1 ± 0.3 

LA-(PEG750-OMe)2 + Buffer 10.8 ± 0.1 5.3 ± 0.2 11.1 ± 0.1 5.3 ± 0.4 

LA-(PEG750-OMe)3 + Buffer 14.9 ± 0.3 10.5 ± 0.7 12.7 ± 0.2 9.1 ± 0.6 

LA-EG2-DiMan + Buffer 12.5 ± 0.3 8.1 ± 0.7 11.3 ± 0.2 7.1 ± 0.5 

LA-(EG2-DiMan)2 + Buffer 11.4 ± 0.2 7.1 ± 0.4 11.4 ± 0.1 6.2 ± 0.3 

LA-(EG-DiMan)3 + Buffer 11.3 ± 0.2 6.8 ± 0.4 11.5 ± 0.2 6.5 ± 0.4 

 

A small change in particle size was observed after ligand exchange with the range of different 

ligands indicating that ligand exchange has happened, although this does not fully confirm ligand 

exchange has occured. This can ōŜ ǎƘƻǿƴ ōȅ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǎǘŀōƛƭƛǘȅ ƛƴ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴΦ !ǎ ǘƘŜƛǊ 

stability is not affected by changing water to buffer solution as little changes in hydrodynamic 

size is observed. This confirms that ligand exchange has occurred as the citrate stabilised AuNPs 

readily aggregate in buffer. Furthermore, the particles show no sign of aggregation after storage 

for one week and retain their initial sizes. A full summary of the results are given in Table 4.2.1 

and the full Dh histograms can be found in Appendix. 
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 Transmission Electron Microscopy and Scanning Transmission Electron 
Microscopy 

TEM was used to confirm the core size of the AuNPs, 2 nm, with further confirmation of the 

stability of the singular particles. Figure 4.2.4 (A-C) shows the TEM images of the AuNPs that 

have been coated with the LA-EG2-Man. Scanning transition electron microscopy, STEM, was 

used upon the cluster of particles shown in Figure 4.2.4 (D) and EDX Figure 4.2.4 (H) was used 

to determine particle composition the results can be seen in below. It shows the presence of 

Gold, confirming AuNPs, and then Copper and Silica found in the TEM grid. Carbon and Oxygen 

are from the surface ligands and the TEM grid.  
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Figure 4.2.4: (A-C) TEM images of AuNP-EG2-Man. Scale bar 10 nm. (D-G) STEM images of the same AuNP-EG2-Man 

as in (A) characterised using EDX to show that they are the AuNPs with (H) showing EDX spectrum of the scanned 

region confirmed presence of gold as indicated by the red.  
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