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Abstract 

Multivalent lectin-glycan interactions (MLGIs) are pivotal for viral infections and immune regulation. 

Their structural and biophysical data are thus highly valuable, not only for the understanding of basic 

mechanisms but also for designing potent glycoconjugate therapeutics against target MLGIs. However, 

such information for some important MGLIs remain poorly understood, which has greatly limited the 

research progress in this area. We have recently developed densely glycosylated nanoparticles (e.g., 

~4 nm quantum dot (QD) or ~5 nm gold nanoparticle (GNP)) as new mechanistic probes for MLGIs. 

Using two important tetrameric viral receptors, DC-SIGN and DC-SIGNR as model lectins, we have 

shown these probes not only can offer sensitive fluorescence readouts for MLGI affinity quantification, 

but also reveal key structural information (e.g., binding site orientation and binding mode) that are 

very useful for MLGI targeting. However, the relatively small sizes of scaffolds may not be optimal 

for maximizing MLGI affinity and targeting specificity. Herein, using -manno--1,2-biose (DiMan) 

functionalized GNPs (GNP-DiMan) probes, we have systematically studied how GNP scaffold size 

(e.g., 5, 13, and 27 nm) and glycan density (e.g., 100, 75, 50 and 25%) determine their MLGI affinities, 

thermodynamics, and antiviral properties. We have developed a new GNP fluorescence quenching 

assay format for quantifying MLGI affinity to minimize the potential interference from GNP’s strong 
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inner filter effect, revealing that increasing GNP size is highly beneficial to enhance MLGI affinity. 

We have further determined the MLGI thermodynamics by combining temperature-dependent affinity 

measurement and Van’t Hoff analysis, revealing that GNP-DiMan-DC-SIGN/R binding is enthalpy 

driven. Finally, we find that increasing GNP size significantly enhances the antiviral potency. Notably, 

the DiMan functionalised 27 nm GNP (G27-DiMan) potently and robustly blocks both DC-SIGN and 

DC-SIGNR mediated pseudo-Ebola virus cellular entry with an EC50 of ~23 and ~49 pM, respectively, 

placing it the most potent glycoconjugate entry inhibitor against DC-SIGN/R mediated Ebola cellular 

infections.  

 

Introduction 

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

immune regulation.1-5 As monovalent lectin-glycan interactions are often too weak to be bio-active, 

lectins mostly form multimeric structures with clustered carbohydrate-binding-domains (CRDs), 

allowing them to bind multivalently with multivalent glycan ligands to enhance affinity and define 

specificity via spatial matching. The overall MLGI affinity is not only defined by the monovalent 

affinity, but also the binding mode and glycan valency.3 In general, a pair of spatially matched MLGI 

partners may bind simultaneously with each other to form small individual lectin-ligand complexes, 

giving rise to a great MLGI affinity enhancement due to both favourable binding enthalpy and entropy 

terms.6-8 While those without the perfect spatial- and orientational- matches may crosslink each other 

to maximize the binding enthalpies, but this often forms large-scale protein-ligand assemblies with 

relatively low MLGI affinity enhancement due to large entropic penalties.9 Therefore, understanding 

the structural and molecular mechanisms of target MLGIs is of great importance, allowing us to design 

spatial-matched glycoconjugates to target specific MLGIs potently for therapeutical interventions. 

Notably, the development of glycoconjugates as potent entry inhibitors to block virus binding and 

infecting host cells can be advantageous over other anti-viral strategies because this can effectively 

prevent virus mutation and develop resistance.4, 10-11 This can be particularly beneficial for controlling 

infections induced by unstable RNA viruses, including SARS-CoV-2, where rapid mutations and 

variations can lead to effective evasion of host antibody responses induced by past infections and/or 

vaccines. 

A large number of glycoconjugates, built upon various scaffolds, have been widely employed as 

probes to study MLGI properties and also exploited as potential therapeutics.3-5, 7, 11-21 Some of these 

have exhibited potent anti-pathogenic infection properties.6-7, 11, 15-16, 18-20 In most cases, their MLGI 
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biophysical data were measured by conventional techniques, such as surface plasmon resonance 

(SPR),4, 22 isothermal titration calorimetry (ITC),4, 23 and/or fluorescence competition assays.24-25 

While ITC and SPR are widely used biophysical techniques which can provide quantitative binding 

affinity, thermodynamics, and/or kinetics data, they cannot provide key structural information, such as 

lectin binding site orientation, inter-binding site distance, and binding mode, which are very useful for 

designing potent, specific glycoconjugate inhibitors. Moreover, these methods can also suffer from 

limitations, such as low sensitivity (requiring large sample amounts), and unreliable binding affinity 

measurement for very strong interactions (with equilibrium dissociation constants, Kds, of low nM or 

below) for ITC,23, 26 while the affinities measured by SPR can be strongly affected by the density and 

orientation of the immobilised binding partners.22 Furthermore, most previous MLGI studies have been 

based on the “passive” scaffolds, where nanomaterials are used as scaffolds only to create a polyvalent 

display of glycans to enhance their MLGI affinity, specificity, and/or therapeutic potency. The unique 

size-dependent optical/electrical properties of nano-scaffolds, the cornerstones of many nanomaterials, 

have not been explored as readouts for probing MLGI biophysical and structural data. 

Recently, we have developed the “active” nano-scaffold strategy for MLGI research, where we have 

not only exploited the nano-scaffolds’ unique optical properties as new MLGI affinity assays but also 

their nanoscale size and high TEM contrast to reveal key MLGI structural information.11, 19, 27-29 We 

have employed the dendritic cell tetrameric lectin, DC-SIGN,30-31 and a closely-related endothelial cell 

lectin, DC-SIGNR,32 (collectively abbreviated as DC-SIGN/R here after) as model lectins. These 

lectins play a key role in mediating or facilitating the infection of many viruses, e.g., HIV, HCV, Ebola, 

Zika, and SARS-CoV-2.20-21, 30, 32-33 Despite displaying identical CRD-mannose monovalent binding 

motifs,34 and almost identical tetrameric architectures,31, 35 DC-SIGN/R in fact exhibit distinct virus 

transmitting properties. For example, DC-SIGN is more effective than DC-SIGNR in transmitting the 

HIV infection,36 while only DC-SIGNR, but not DC-SIGN, is able to transmit the West Nile virus 

infection.37 The structural mechanisms underlying such differences in DC-SIGN/R remain not fully 

understood. By displaying glycans polyvalently onto a CdSe/ZnS quantum dot (QD)19, 27-28 or a small 

gold nanoparticle (GNP) scaffold11 as multifunctional probes, we have developed a new ratiometric 

QD-FRET (Förster resonance energy transfer)19, 27-28 or GNP-fluorescence quenching affinity assay 

for MLGIs.11 We have found that glycan-nanoparticles exhibit greatly enhanced MLGI affinities than 

the corresponding monovalent binding (up to 1.8 million folds)29 and the enhancement with DC-SIGN 

is significantly greater than that with DC-SIGNR (by ~20-200 folds), arising from their distinct binding 

modes: DC-SIGN binds tetravalently with all 4 CRDs to one glycan-nanoparticle, while DC-SIGNR 

crosslinks with multiple glycan-nanoparticles.11, 19, 28 These glycan-nanoparticles was found to potently 
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block DC-SIGN-, but not DC-SIGNR-, mediated pseudo-Ebola virus infections with sub-nM levels of 

EC50 values (EC50: the concentration giving 50% inhibition).11, 19 Despite success, our previous studies 

are built upon small nanoparticle scaffolds (e.g., ~4 nm QD or 5 nm GNP), which may not optimal for 

maximising the MLGI affinity, specificity, and antiviral potency.  

In this paper, we have systematically varied the GNP scaffold size (e.g., ~5, ~13 and ~27 nm) and 

their surface glycan densities (e.g., 100, 75, 50 and 25%, by diluting the active glycan ligand, lipoic 

acid-tetra(ethylene glycol)-α-manno-α-1,2-biose (LA-EG4-DiMan) using an inert spacer ligand, LA-

EG4-OH) to investigate how these factors control their MLGI properties with DC-SIGN/R (Fig. 1). 

Moreover, we have developed a new format of GNP-fluorescence quenching assay to minimize the 

interference arising from GNP’s strong inner filter effect, allowing us to robustly quantify MLGI 

affinities for both small and large GNP-glycans. We find that the MLGI affinities between DC-SIGN/R 

and GNP-glycans are enhanced significantly with the increasing GNP size, while reducing glycan 

density from 100% to 50% does not markedly affect their affinity, although reducing the glycan density 

further to 25% weakens their affinity. By quantifying temperature-dependent MLGI affinities via GNP 

fluorescence quenching and applying Van’t Hoff analysis, we have quantified their MLGI biophysical 

parameters, revealing that DC-SIGN/R bindings with GNP-glycans are enthalpy driven, and the 

negative binding enthalpy changes (Hs) for DC-SIGN are ~4 times that of the monovalent binding, 

while that for DC-SIGNR is about twice that of the monovalent binding, under our assay conditions. 

Finally, we report that the glycan-GNPs potently block DC-SIGN/R mediated pseudo-Ebola viral 

infection of host cells, with potencies being enhanced with the increasing GNP size. In particular, a 27 

nm GNP capped with the pure LA-EG4-DiMan ligand (G27-DiMan) potently and robustly blocks both 

DC-SIGN and DC-SIGNR mediated virus infections with an EC50 value of ~23 and ~49 pM, 

respectively, making it the most potent glycoconjugate inhibitor against DC-SIGN/R mediated Ebola 

cellular infection. Together, our results have revealed the critical important role of GNP scaffold size 

in controlling their MLGI biophysical parameters and blocking DC-SIGN/R-mediated virus entry.   

 

Results and Discussion 

 

Ligand Design and Synthesis. A lipoic acid-tetra(ethylene glycol)-α-manno-α-1,2-biose (LA-EG4-

DiMan) based multifunctional ligand was synthesised via our established procedures (see Fig. 1 for its 

chemical structure).11 Each ligand was designed to contain three unique functional domains:19, 38 a LA 

anchoring domain to chelate strongly on the GNP surface by forming two strong Au-S bonds;11, 38 a 

hydrophilic flexible EG4 linker domain to offer high water solubility, excellent biocompatibility and 
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resistance against non-specific interactions;39-42 and a terminal DiMan domain to promote strong and 

specific binding with DC-SIGN/R.14, 19 A hydroxyl group (OH) terminating ligand having the same 

anchoring and EG4 linker domains, LA-EG4-OH, (see Fig. 1 for its chemical structure) was also 

synthesized and employed as a spacer ligand to tune the GNP surface glycan density. It also served as 

a negative control to correct the fluorescence quenching background (in the absence of specific 

MLGIs) caused by GNP’s inner filter effect. We showed previously that displaying LA-EGn-DiMan 

based glycan ligands polyvalently onto QDs (n = 3, 11)19, 28 or G5 (n = 2)11 yielded strong MLGI 

affinities with DC-SIGN,11, 19 while those coated with the equivalent OH terminating ligands (with no 

terminal DiMan group) gave no measurable binding,28 suggesting that LA-EG4-OH is a suitable 

negative control ligand here. 

The synthetic route to the LA-EG4-DiMan and LA-EG4-OH spacer ligands was shown in Scheme 1. 

First, a LA-EG4-acetylene linker was synthesised by using the standard dicyclohexyl-carbodiimide 

/N,N-dimethyl aminopyridine (DCC/DMAP) mediated amide coupling between lipoic acid and H2N-

EG4-acetylene.11 Then, α-1-manno-α-1,2-biose appending an EG2-azide linker (N3-EG2-DiMan, to 

offer some flexibility to the terminal DiMan group) was synthesised using our established route as 

described previously.19 Finally, the LA-EG4-acetylene linker was efficiently coupled to N3-EG2-DiMan 

or N3-EG2-OH (commercial) via the Cu-catalyzed click chemistry to give the desired LA-EG4-DiMan 

or LA-EG4-OH ligand in good yields, respectively.11, 43 Their chemical structures were confirmed by 

1H/13C NMR and LC-MS spectra (see SI for the details). 

Scheme 1. The Synthetic Route to the LA-EG4-DiMan and LA-EG4-OH spacer ligands.  
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GNP Synthesis and Characterisation. Three different-sized GNPs with an average diameter of ~5, 

~13 and ~27 nm (see SI, Figs. S1 and S2 for their TEM images), denoted as G5, G13 and G27, 

respectively, were employed in this study. Our motivation here was that tuning the GNP scaffold size 

may lead to an optimal glycan-GNP with excellent spatial and topological match to DC-SIGN/R, 

thereby greatly enhancing their MLGI affinity and selectivity with the target lectins.5 The GNPs were 

either purchased commercially (for G5)11 or synthesized in house (for G13 and G27) via the literature 

protocols with minor modifications as described in the experimental section.44-45 Interestingly, the LA-

EG4-DiMan ligand coated G5 particle (denoted as G5-DiMan) has a similar size and mannose coating 

to a gp160 trimer, the HIV surface densely glycosylated spike protein, which is responsible for 

mediating HIV-DC-SIGN interaction and viral infection.46-47 Thus, G5-DiMan may serve as a good 

mimic of gp160 for probing its interaction with DC-SIGN. The larger G13 and G27 were employed to 

investigate how GNP scaffold size impacts their MLGIs with DC-SIGN/R. The citrate stabilized G13 

and G27 as prepared gave a single plasmonic absorption band at ~520 nm and ~522 nm, respectively, 

and displayed a single distribution species with a hydrodynamic diameter (Dh, volume population) of 

∼16 and ∼29 nm for G13 and G27, respectively, consistent to that expected for isolated single G13 

and G27 particles coated with a thin layer of citrate ligands (SI, Figs. S1 and S2). 

 

Figure 1. (A) Schematic showing the NSET quenching of DC-SIGN/R (labeled with Atto-643) fluorescence 

upon binding to a GNP-glycan. (B) Schematic representation of GNPs covered with 100% LA-based glycan 

ligands and LA-based glycan ligands with diluted to a surface glycan density of 75%, 50% and 25% using LA-
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EG4-OH ligands. (C) Schematic showing the different sizes of GNPs (Gx; x= 5, 13, and 27 nm) used in this 

study. (D) The chemical structures of LA-EG4-DiMan and LA-EG4-OH ligands. 

 

Preparation of GNP-glycan conjugates. Gx-glycan conjugates (Gx capped with the corresponding 

LA-EG4-DiMan and/or LA-EG4-OH ligands) were prepared by incubation of citrate-stabilized GNPs 

overnight with the pure LA-EG4-DiMan or mixed LA-EG4-DiMan/LA-EG4-OH ligands (glycan ligand 

content varied from 100%, 75%, 50%, 25% to 0% to tune the GNP surface glycan ligand density) in 

water under a fixed total ligand: GNP molar ratio of 1000:1 for G5, 3000 for G13, or 10000 for G27. 

We have found previously that GNP-glycans prepared using the LA-glycan ligands and their reduced 

DHLA-forms have identical Dh value and stability.11 Therefore, the air-stable LA-glycan ligands were 

directly used to make the GNP-glycans without reduction. Since the LA-EG4-DiMan and LA-EG4-OH 

spacer ligands have the same GNP anchoring and EG4-linker groups, they should have the same GNP 

binding properties. Therefore, the GNP surface ligand contents should be the same as those used in 

GNP conjugation and can be readily tuned by varying the solution glycan and spacer ligands ratio. The 

resulting G5-glycan conjugates were purified by ultra-filtration using 30K MWCO filter tubes and 

washing with pure water as described previously.11 The G13- and G27- glycan conjugates were purified 

by centrifugation and washing with pure water. The unbound free ligands in the supernatant and 

washing were collected and used to determine the Gx surface glycan valency.11 The Gx-glycan 

conjugates were found to completely resist NaCl (250 mM) induced aggregation, suggesting their 

surfaces were successfully functionalized with the desired ligands (the citrate stabilized GNPs readily 

aggregate in moderate NaCl content, due to effective screening their electrostatic repulsion). The Gx-

glycans were uniform and monodisperse in both water and a binding buffer (20 mM HEPES, 100 mM 

NaCl, 10 mM CaCl2, pH 7.8) with Dhs of ∼13, ∼22, and ∼32 nm for G5-, G13- and G27- DiMan, 

respectively (SI, Figs. S5-S7). These Dhs were a few nm larger than their corresponding citrate 

stabilized Gxs, as expected. The Gx-glycan solutions were highly stable; no changes of physical 

appearance or precipitation were observed after prolonged storage (>12 months) in a fridge at 4 oC. 

The numbers of glycan ligands on each GNP (i.e., glycan valency) were estimated from the ligand 

amount difference between that added and that remained unbound in the supernatant after GNP 

conjugation via a phenol-sulphuric acid carbohydrate quantification method as described previously 

11, 19, 48 (see SI, Table S1). The average inter-glycan distance (d) was estimated from their Dh value and 

glycan valency using the method reported previously,11, 49 giving d values of ∼0.95, ∼0.93 and ∼0.80 

nm for G5-, G13- and G27- DiMan100%, respectively (SI, Table S2). These d values match well to 

the majority of inter-glycan sequon spaces (e.g. 0.7−1.3 nm) found on the HIV surface glycoprotein 
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gp160 trimer.46 Therefore, our Gx-glycans are good mimics for probing the gp160-DC-SIGN 

interactions which are responsible for mediating the HIV infections.  

Quantifying GNP-glycan-DC-SIGN/R binding affinity. GNPs are well-known for their strong and 

universal quenching property for a range of different fluorophores.50 Moreover, its quenching 

efficiency (QE) - distance dependence has been shown to follow the nano-surface energy transfer 

(NSET, where QE is proportional to the inverse 4th power dependence on distance),51-53 rather than the 

Förster resonance energy transfer (FRET, where QE is proportional to the inverse 6th power 

dependence on distance) mechanism experienced by organic quenchers. As a result, its quenching is 

far more efficient and able to cover a longer distance range than those relying on the FRET 

mechanism.50-51 Indeed, the GNP’s superior quenching ability has been widely exploited for 

biosensing, bioimaging and biodiagnostic applications.54-55 Recently, we have demonstrated that 

GNP’s outstanding fluorescence quenching can be harnessed as a new readout method for quantifying 

MLGI affinities using a small G5-glycan (Fig. 1A).11 In that case, we first introduced a site-specific 

cysteine mutation on the CRD of the DC-SIGN/R extracellular segment. The mutation site lies at close 

to, but outside of, its glycan binding pocket, and therefore does not affect its glycan binding property. 

The mutant proteins have been shown to retain faithfully the tetrameric structure and glycan-binding 

properties of full-length lectins.11, 19, 27 We then labeled the lectins using a maleimide-modified Atto-

643 dye with a labeling efficiency of > 80% per monomer (SI, Fig. S11). Then, we measured the 

fluorescence spectra of the labeled lectins alone and their 1:1 molar mixtures with G5-glycans over a 

range of concentrations and fitted the obtained fluorescence quenching efficiency (QE) -concentration 

relationships using the Hill’s equation to derive their apparent Kds.11 While this method worked well 

with the small G5-glycans, due to its relatively low absorption extinction coefficient ( = 1.10 × 107 

M-1cm-1), unfortunately, it cannot work for the larger GNP-glycans. This is because the GNP’s  

roughly increases linearly with volume,11, 56 where the very strong absorption (hence inner filter effect) 

of the large GNPs (e.g.,  = 1.10 × 107, 2.32 × 108 and 2.39 × 109 M-1cm-1 for G5, G13, and G27, 

respectively) can severely interfere with the fluorescence quenching measurement, especially at high 

concentrations (e.g. >10 nM).  

To overcome this problem, a fixed concentration of 10, 4, or 0.5 nM for G5, G13, or G27, respectively, 

was employed while the lectin concentration was varied in this study. In this case, all lectin-Gx-DiMan 

binding samples had the same background absorption, which can be easily corrected by using the 

respective Gx-OH (Gx coated with purely LA-EG4-OH ligand) negative control at that concentration. 

The fluorescence spectra of the lectins (varying concentrations) without and with a fixed concentration 

of Gx-glycans were recorded under an excitation wavelength, λex, of 630 nm, where Gxs have minimal 
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absorption, to reduce any possible interference. All binding studies were carried out in a binding buffer 

containing 1 mg/mL of bovine serum albumin (BSA) as described earlier,11 to make the binding 

conditions more closely resemble real biological situations. Moreover, this also greatly reduced any 

non-specific interactions and adsorption of proteins and GNPs to surfaces, which can be a major source 

of experiments errors at low concentrations, e.g. < 10 nM.57  

The fluorescence spectra showing the binding between DC-SIGN/R and Gx-DiMan were given in SI, 

Figs. S12-S17. In the absence of Gx-DiMan, DC-SIGN/R’s fluorescence increased linearly with 

concentration, but their fluorescence was greatly reduced in the presence of Gx-DiMan, consistent 

with binding-induced fluorescence quenching by the GNPs in proximity.11, 50-51, 55 Moreover, free 

mannose effectively competed with Gx-DiMan binding with DC-SIGN/R, giving rise to a significant, 

dose-dependent recovery of DC-SIGN/R fluorescence (SI, Figs. S19-20). Further, mixing DC-SIGN/R 

with the control Gx-OH produced negligible quenching, confirming that the fluorescence quenching 

observed with Gx-DiMan was due to specific MLGIs between Gx-DiMan and DC-SIGN/R (SI, Fig. 

S21). 

To analyse the binding data quantitatively, we first calculated the quenching efficiency (QE) for each 

(Gx-DiMan + lectin) sample at each protein concentration via Eq. 1:11 

 

QE = (IF0 − IF)/IF0  (Eq. 1) 

 

Where IF0 and IF are the integrated protein fluorescence signals in the absence and presence of Gx-

DiMan, respectively. 

Given that a GNP has been shown to quench fluorophores in close proximity by up to 99.97%,50 it is 

safe to assume that the observed QE represents the fraction of the added lectins that have bound to Gx-

DiMan.11 Previously, we measured the QEs for 1:1 mixed lectin + G5-glycan samples at varied 

concentrations, and then fitted the QE - concentration relationships by the Hill equation to derive their 

apparent Kds.11 While this worked well for the small G5-glycans (due to relatively low its ), it did not 

work for the large G13- and G27- glycans, owing to their much stronger inner filter effect (e.g.,  for 

G13 and G27 being ~21 and ~220 fold that of G5, respectively).11 

Interestingly, we found that the QE stayed almost constant for a fixed amount of Gx-DiMan after 

mixing with DC-SIGN over a certain lectin: Gx molar ratio, although the QE was found to decrease 

as the lectin: Gx molar ratio was further increased, possibly due to surface saturation (see SI, Fig. S12). 
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This result suggests that, before surface saturation, Gx-DiMan surface-bound DC-SIGN molecules do 

not hinder further binding of other DC-SIGN molecules on the same Gx-DiMan; and Gx-DiMan with 

a few bound DC-SIGN molecules can still produce the same level of QE as free Gx-DiMan. Therefore, 

the equilibrium for multiple DC-SIGN molecules binding to one Gx-DiMan can be approximated as 

multiple copies of one-to-one DC-SIGN-Gx-DiMan binding interactions as Eq. 2 below.  

 

m (DC-SIGN) + Gx-DiMan ≈ m (DC-SIGN + Gx-DiMan) ↔ m (DC-SIGN-Gx-DiMan)     (Eq. 2) 

 

Note here that each Gx-DiMan has been cycled m times in binding to m DC-SIGN molecules (m < 

lectin saturation number on each Gx-DiMan). As a result, the calculation of Kd can be greatly 

simplified by using the 1:1 binding equilibrium:  

DC-SIGN + Gx-DiMan ↔ DC-SIGN-Gx-DiMan     (Eq. 3) 

Kd = [DC-SIGN] [Gx-DiMan]/[DC-SIGN-Gx-DiMan]    (Eq. 4) 

 

Where [DC-SIGN], [Gx-DiMan], and [DC-SIGN-Gx-DiMan] are equilibrium concentrations for free 

DC-SIGN, free Gx-DiMan, and bound DC-SIGN-Gx-DiMan complex, respectively.  

For a 1:1 interaction with equal starting concentration for both components, where [DC-SIGN]0 = [Gx-

DiMan]0 = C0. Since the QE represents the portion of lectin bound to Gx-DiMan, thus [DC-SIGN-Gx-

DiMan] = C0 × QE, thus the equilibrium free [DC-SIGN] = [Gx-DiMan] = C0 × (1 - QE). Taking these 

numbers into equation (4) allows us to calculate the binding Kd via Eq. 5:  

Kd = [C0 × (1-QE)]2/(C0 × QE) = C0 × (1 - QE)2/QE    (Eq. 5) 

 

To measure QE more accurately, a plot of (QE × C) vs. C (C = lectin concentration) over a lectin 

concentration range below Gx-DiMan surface saturation was employed to determine the average QE 

from linear fitting, where the slope obtained from the fit represents the average QE (see SI, Figs. S12E 

& S18). The fitting parameters and calculated Kds using Eq. 5 for DC-SIGN/R binding with Gx-DiMan 

at various glycan densities were summarised in Table 1. 
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Table 1. Summary of the average QEs and apparent Kds for Gx-DiMan (x = 5, 13, and 27) binding 

with DC-SIGN/R (after correction of the QE background obtained from the Gx-OH control). 

Gx-DiMan DC-SIGN DC-SIGNR 

QE Kd (nM) QE Kd (nM) 

G5-DiMan100% 0.473 ± 0.012 5.8 nM 0.314 ± 0.006 14.9 nM 

G13-DiMan100% 0.603 ± 0.003 1.0 nM 0.445 ± 0.001 2.7 nM 

G13-DiMan75% 0.535 ± 0.004 1.6 nM 0.397 ± 0.008 3.6 nM 

G13-DiMan50% 0.462 ± 0.008 2.5 nM 0.349 ± 0.006 4.8 nM 

G13-DiMan25% 0.391 ± 0.014 3.8 nM 0.348 ± 0.004 4.9 nM 

G27-DiMan100% 0.523 ± 0.025 0.2 nM 0.367 ± 0.006 0.54 nM 

G27-DiMan75% 0.468 ± 0.017 0.3 nM 0.313 ± 0.011 0.75 nM 

G27-DiMan50% 0.490 ± 0.016 0.26 nM 0.314 ± 0.011 0.75 nM 

G27-DiMan25% 0.400 ± 0.025 0.45 nM 0.296 ± 0.017 0.83 nM 

 

Based on the calculated Kds (Table 1), four notable conclusions can be drawn: (1) DC-SIGN bound 

more strongly to all Gx-DiMans than DC-SIGNR did, irrespective of the GNP size and glycan density. 

As G5-DiMan here presents a good mimic for the HIV’s trimeric gp120 spike, its stronger affinity with 

DC-SIGN over DC-SIGNR thus may help explain why DC-SIGN is more effective than DC-SIGNR 

in transmitting HIV infections.36 This result agreed well with our earlier results obtained with QD-

DiMan19 and G5-DiMan conjugates.11 Given that the CRDs in DC-SIGN/R have the same mannose-

binding motifs,34 the different affinities here may indicate that the DC-SIGN/R might adopt different 

modes in binding to Gx-DiMan, similar to those observed previously with QD-DiMan19 and G5-

DiMan.11 (2) The MLGI affinity between Gx-DiMan and DC-SIGN/R increased significantly with the 

increasing GNP scaffold size. For example, the Kds for Gx-DiMan (x = 5, 13, and 27 nm) were found 

to be ~5.8, ~1.0, and ~0.2 nM for DC-SIGN, and ~14.9, ~2.7, and ~0.54 nM for DC-SIGNR, 

respectively, suggesting that a larger GNP scaffold provided a more favourable glycan display to 

enhance DC-SIGN/R binding. This is likely due to the lower surface curvature of larger GNP scaffolds 

which improves their surface glycan access to DC-SIGN/R CRDs for multivalent binding.29 (3) 

Decreasing the Gx surface glycan density gradually weakened their MLGI affinities for both lectins. 

This result was also consistent with the literature that glycoconjugates of larger sizes and higher glycan 

valency generally offered higher viral inhibition potencies.4-5, 58 (4) G27-DiMan (100%) exhibited the 

strongest DC-SIGN affinity among all Gx-DiMan conjugates studied here, with an apparent Kd of ~0.2 

nM, its affinity was ~29 and ~5 folds stronger than its G5- and G13- DiMan(100%) counterparts. 

Interestingly, the same trend was also observed for DC-SIGNR binding with Gx-DiMan. This result 

indicates that increasing GNP scaffold size is strongly beneficial for enhancing their MLGI affinities 
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with DC-SIGN/R, likely due to the reduced surface curvature in G27 which affords the glycan ligands 

a more suitable spatial topology for forming strong MLGIs with both lectins.29 

 

Probing DC-SIGN/R-Gx-DiMan Binding Mode by Dynamic Light Scattering 

G13-DiMan (100%) and G27-DiMan (100%) were employed to investigate their binding modes with 

unlabeled wild-type (WT)-DC-SIGN/R (no cysteine mutation) by dynamic light scattering (DLS).11, 

29 First, we monitored the Dhs of binding induced Gx-DiMan-lectin assemblies under a variety of 

protein: GNP molar ratios (PGRs) using a fixed concentration of 5 nM for G13-DiMan or 1 nM for 

G27-DiMan. Both WT-DC-SIGN and DC-SIGNR alone displayed a single Dh species of ∼12 nm with 

a narrow size distribution with a full width at half-maximum, FWHM, of ∼3.7 nm from Gaussian 

fitting (see SI, Fig. S10). The resulting Dh histograms (volume population) of Gx-DiMan-DC-SIGN/R 

complexes under a variety of PGRs were shown in SI, Figs. S22-25. Their Dh – PGR relationships 

were shown in Fig. 3A. In general, the average Dh of the Gx-DiMan-DC-SIGN complexes increased 

gradually with the increasing PGR before reaching saturation, where the Dh remained roughly constant. 

However, the trend of Dh - PGR relationship for DC-SIGN was found to be significantly different from 

that of DC-SIGNR; the latter consistently yielded larger Dhs than the former. The saturated Dhs for 

DC-SIGN binding with G13-DiMan and G27-DiMan were found to be ∼60 and ∼75 nm, respectively, 

which roughly match those expected for a single Gx-DiMan particle coated with a single layer of DC-

SIGN molecules.31, 34 In contrast, the Dhs of the Gx-DiMan-DC-SIGNR complexes (e.g., ∼200 and 

∼500 nm for x = 13 and 27, respectively) were found to be too big to be isolated single particles, and 

thus indicating the formation of aggregation or cluster induced by DC-SIGNR and G13/G27-DiMan 

crosslinking. This result is comparable to that observed with G5-DiMan previously.11 Using a surface 

binding footprint of ~35 nm2 per DC-SIGN molecule,19 and the glycan surface areas of Gx-DiMan 

calculated from their Dhs, a PGR of ~42 or ~92 with DC-SIGN was estimated to be able to fully 

saturate the surface of G13-DiMan or G27-DiMan, respectively. 
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Figure 2. (A) hydrodynamic diameter (Dh, volume population) - PGR relationship for G13/27-DiMan 

binding with DC-SIGN/R, and (B) Dh-Time relationship for G13/27-DiMan binding with DC-SIGN/R 

under a fixed PGR of 32 or 80 for G13-DiMan or G27-DiMan, respectively. Dh values (volume 

population) are displayed as Mean Dh ± ½ FWHM. For distributions containing two different Dh 

species, mean Dh = (xc1.A1%) + (xc2.A2%); and mean FWHM = (w1.A1%) + (w2.A2%). (C) Optical 

photographs of representative DLS samples at 5 h after mixing Gx-DiMan and lectins: (1) G27-DiMan 

+ DC-SIGN (PGR: 80); (2) G27-DiMan + DC-SIGNR (PGR: 80); (3) G13-DiMan + DC-SIGN (PGR: 

32); (4) G13-DiMan + DC-SIGNR (PGR: 32). (D, E) TEM images of cryo-prepared G27-DiMan + 

DC-SIGN (D) or G27-DiMan + DC-SIGNR (E) samples after 40 min incubation (PGR = 80) in a 

binding buffer. Scale bar = 500 nm. 

 

The Dh - time evolution of binding-induced Gx-DiMan-DC-SIGN/R complexes was also monitored 

by DLS and shown in Fig. 2B. The corresponding time-dependent Dh distribution (volume population) 

histograms were given in SI, Figs. S26-S29. The binding of DC-SIGN with G13/27-DiMan gave only 

a single gaussian species with a Dh of ∼60 nm and ∼77 nm, respectively. Such species formed very 

rapidly (< 20 min) and showed no further changes in Dh over the next 320 mins. These results are 

consistent with DC-SIGN binding simultaneously to one Gx-DiMan via all four of its CRDs, thereby 

forming a single layer of DC-SIGN molecules on each Gx-DiMan particle to give isolated single Gx-
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DiMan particles.11, 19 In contrast, binding of DC-SIGNR gave considerably larger Dhs at 20 mins (e.g., 

>200 and > 400 nm for G13-/G27-DiMan, respectively), which also showed significant increases with 

time (e.g., >600 and 900 nm for G13-/G27-DiMan at 160 min) and finally stayed at ∼700 nm at 320 

min. Such Dh values were far too large to be individual Gx-DiMan coated with a monolayer of proteins, 

a strong indication of DC-SIGNR and G13/G27-DiMan crosslinking to form large GNP-lectin 

assemblies. Such crosslinking reactions happened over a relatively long period, leading to gradually 

increased assemblies over time and eventually precipitated out of the solution after 5 h (Fig. 2C). In 

contrast, DC-SIGN-Gx-DiMan assemblies were highly stable and showed no signs of precipitation 

after 5 h (Fig. 2C). Overall, these results indicated that the mode of G13/27-DiMan binding with DC-

SIGN and DC-SIGNR were clearly different: DC-SIGN binds simultaneously with all four CRDs to a 

single Gx-DiMan and forms small, isolated single particles, whereas DC-SIGNR and Gx-DiMan 

crosslink each other to form large scale assemblies. 

 

The different binding modes of Gx-DiMan with DC-SIGN/R were further verified by “cryo-snapshot” 

TEM imaging, which has been shown to be able to capture nanoparticle in their native dispersion states 

in solution.59 This was achieved by rapid plunge-freezing of the sample into liquid ethane, followed 

by drying under vacuum and finally loading on the TEM grids for TEM imaging.11, 59 Here, G27-

DiMan was employed in the investigation. G27-DiMan was first mixed with DC-SIGN or DC-SIGNR 

at a PGR of 80 and incubated for 40 mins, then they were plunge-frozen for sample preparation and 

finally applied for TEM imaging. The resulting TEM images (Figs. 2D, E) clearly revealed that binding 

of DC-SIGN with G27-DiMan gave completely isolated single particles, whereas binding of DC-

SIGNR produced large-scale clustered GNPs. These results fully agreed with their Dh sizes described 

in the previous section. The combined TEM and DLS data thus reaffirmed the distinct modes for DC-

SIGN/R in binding to G27-DiMan, where DC-SIGN binds simultaneously with all four binding sites 

to one G27-DiMan to form small, isolated GNP/protein core/shell particles, while DC-SIGNR cross-

links with different G27-DiMan particles to form large scale GNP-protein assemblies. These results 

completely agree with those observed previously between DC-SIGN/R and G5-DiMan or (4 nm) QD-

DiMan.11, 19 Therefore, increasing the Gx-DiMan scaffold size from 5 to 27 nm did not alter their 

binding mode with DC-SIGN/R in the solution, although it did significantly enhance their MLGI 

affinities. 

 

Probing Gx-DiMan Binding Thermodynamics with DC-SIGN/R 

The binding thermodynamics between Gx-DiMan and DC-SIGN/R were derived by measuring their 

apparent Kds via GNP fluorescence quenching at three different temperatures (e.g., 25, 30, and 35 oC). 
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The temperature was controlled by a dry bath for samples, and the cuvette temperature was maintained 

by using a temperature-controlled water pump system.28 The resulting fluorescence spectra and the 

(QE x C) versus C plots were given in SI, Figs. S30-S34. The apparent Kds and fitting parameters were 

summarized in SI, Table S4. The calculated Kds at different temperatures were then combined with 

Van't Hoff analysis to derive the binding thermodynamic data. By integrating the two Gibbs free energy 

equations (Eqs. 6 and 7), the resulting changes in the MLGI enthalpy (ΔH) and entropy (ΔS) terms can 

be obtained from the linear fits of the In(Kd) vs. (1/T) plots using Eq. 8.28  

∆𝐺 = −𝑅𝑇𝑙𝑛(𝐾𝑎) = 𝑅𝑇𝑙𝑛(𝐾𝑑)        (Eq. 6) 

∆𝐺 = ∆𝐻 −  𝑇∆𝑆                               (Eq. 7) 

𝑙𝑛𝐾𝑑 = ∆𝐻
𝑅⁄ ( 1 𝑇 ⁄ ) −  ∆𝑆

𝑅⁄           (Eq. 8) 

Where ΔG is the change of the binding Gibbs free energy, Ka is the equilibrium association constant, 

Kd is the equilibrium dissociation constant (where Ka = 1/Kd), T is the absolute temperature in degrees 

Kelvin, and R is the ideal gas constant.  

Figs. 3A and 3B showed the Van’t Hoff plots and linear fits of the Gx-DiMan - DC-SIGN/R binding 

data. The slope and intercept obtained from the linear fits correspond to the (ΔH/R) and (-ΔS/R), 

respectively. The resulting MLGI thermodynamic parameters for Gx-DiMan binding DC-SIGN/R 

were shown schematically in Fig. 3C, and the detailed thermodynamic parameters were summarized 

in Table 2. 

 

Figure 3. Van’t Hoff analyses of the ln(Kd) − 1/T relationships for Gx-DiMan binding with (A) DC-

SIGN and (B) DC-SIGNR. All data have been corrected for Gx’s inner filter effects obtained with 

their respective Gx-OH negative control. (C) Comparison of the standard (T = 298 K) binding ΔH 

(red), T.ΔS (blue), and ΔG (green) for Gx-DiMan binding with DC-SIGN/R. Error bars represent the 

fitting errors.  
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Table 2. Summary of the MLGI thermodynamic parameters for Gx-DiMan binding with DC-SIGN/R 

under standard conditions (T = 298K). Error bars represent the fitting errors. 

Gx-DiMan – Lectin ΔH0 

(kJ mol−1) 

ΔS0 

(J mol−1 K-1) 

-TΔS0 

(kJ mol−1) 

ΔG0 

(kJ mol−1) 

G5-DiMan - DC-SIGN -132 ± 32 -288 ± 105 86 ± 31 -47 ± 44 

G13-DiMan – DC-SIGN -111 ± 10 -207 ± 33 62 ± 9 -50 ± 14 

G27-DiMan – DC-SIGN -100 ± 14 -138 ± 46 41 ± 14 -59 ± 19 

G5- DiMan – DC-SIGNR -38.2 ± 2.0 17.6 ± 6.0 -5.2 ± 2.0 -43.5 ± 3.0 

G13-DiMan – DC-SIGNR -45.5 ± 4.0 14.3 ± 11.0 -4.2 ± 4.0 -49.7 ± 5.0 

G27-DiMan – DC-SIGNR -43.8 ± 2.0 34.9 ± 7.0 -10.4 ± 2.0 -54.2 ± 3.0 

 

Two notable conclusions can be drawn from the results shown in Table 2. (1) DC-SIGN binding 

interactions with all three Gx-DiMan (x = 5, 13 and 27) are enthalpy-driven with strong negative ΔH 

terms. Their binding ΔH0 values were found to be similar (after accounting for the experimental errors) 

at -132 ± 32, -111 ± 10 and -100 ± 14 kJ mol−1, for x = 5, 13, and 27, respectively. These ΔH0 values 

are roughly 4 times that of the monovalent DC-SIGN CRD-DiMan measured with ITC (-25.8 kJ 

mol−1),60 suggesting that all four CRDs in each DC-SIGN have participated in binding to Gx-DiMan. 

This result further supports our conclusion of the tetravalent binding mode for DC-SIGN described in 

the previous section. The good agreement of ΔH0 values obtained here with those measured in ITC 

suggests that our GNP fluorescence quenching can act as a reliable new method for probing DC-SIGN 

MLGI thermodynamics. (2) The ΔS0 values for Gx-DiMan-DC-SIGN binding were found to reduce 

gradually with the increasing GNP scaffold size. The total MLGI entropy changes reflect the net 

contributions of the binding induced changes in translational, rotational, and conformational entropies 

of lectins and Gx-DiMan ligands as well as their surrounding media (e.g. binding buffer).28 Therefore, 

a likely reason for the reduced entropic penalty for the bigger GNPs observed here could be due to the 

presence of more free, unbound DiMan ligands on their surfaces (measurements performed at PGRs 

below surface saturation) which are flexible (anchored to the GNP surface via hydrophilic, flexible 

EG4 linkers), and thus they have largely retained their conformational and rotational degrees of 

freedom. Taking together, the thermodynamic data of DC-SIGN-Gx-DiMan binding obtained here are 

consistent to that expected for DC-SIGN based on its simultaneous tetravalent binding mode described 

in the earlier sections.  
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In contrast, the binding thermodynamics of DC-SIGNR were found to differ significantly from those 

of DC-SIGN. The highly favourable ΔH0 values obtained in DC-SIGN were significantly reduced for 

DC-SIGNR binding with all three Gx-DiMans. The ΔH0s of DC-SIGNR binding with all three Gx-

DiMans were similar, and at ∼half those obtained with DC-SIGN. This result may indicate that only 

the binding/or unbinding of two CRDs in DC-SIGNR-Gx-DiMan interactions were captured under our 

experimental conditions. This result is consistent with the Dh studies where DC-SIGNR cross-links 

with different Gx-DiMans, presumably first using 2 CRDs to form partially bound Gx-DiMan-DC-

SIGNR structural units, which then crosslink each other to form large assemblies.28 The later step may 

happen over a relatively long period and hence may not be captured in the current measurement. 

Interestingly, the large entropic penalties observed in DC-SIGN binding appeared to have diminished 

and replaced with a small favourable entropic term. Overall, these results indicate that DC-SIGNR 

binding exhibits a smaller favourable enthalpy term than that observed for DC-SIGN, although this 

has been partially compensated by a small favourable entropic term,61 leading to only slightly smaller 

binding ΔG0s than those of DC-SIGN. 

Inhibition of DC-SIGN/R-promoted EBOVpp entry into cells. 

Given the strong affinities (low apparent Kds) of Gx-DiMan in binding to DC-SIGN/R, we anticipated 

that they should be strong inhibitors in blocking DC-SIGN/R-mediated viral infections, exemplified 

using the pseudo-Ebola virus. Therefore, Gx-DiMans were tested for their ability to inhibit cell surface 

DC-SIGN/R promoted entry of the pseudo-Ebola virus using a model cellular infection assay.11, 19 

Here, single cycle murine leukaemia virus (MLV) particles pseudotyped with the Ebola virus 

glycoprotein (EBOV-GP) and encoding the luciferase gene were used (EBOVpp).
11, 19 As target cells, 

we employed human embryonic kidney cells, 293T, transfected to express DC-SIGN and DC-SIGNR, 

as described previously.11, 19 This well-established cellular assay provides a robust readout (luciferase 

activity indicating infectious entry) for evaluating antiviral properties of glycoconjugates targeting 

DC-SIGN/R.11, 19 Binding of Gx-DiMan to cell surface DC-SIGN/R will block these lectin receptors 

from binding to EBOV-GP spikes on the virus surface, reducing virus cellular entry and hence 

luciferase production as shown in SI, Fig. S35 schematically. MLV particles bearing the vesicular 

stomatitis virus glycoprotein (VSV-G) that does not employ DC-SIGN/R for cell entry were employed 

as specificity control, while MLV particles encoding luciferase but bearing no viral glycoprotein were 

used as negative control.11 All experiments assessing antiviral activity of Gx-DiMan (positive controls) 

and Gx-OH (negative controls) were performed in DMEM cell culture medium supplemented with 

10% fetal bovine serum (FBS) at 37 oC as described previously.11 The unprocessed luciferase activities 

of 293T cells treated with Gx-DiMan and Gx-OH controls were given in SI, Figs. S36-S37. After Gx-
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DiMan treatment, luciferase activity upon EBOVpp infection were significantly and dose-dependently 

reduced, while those measured upon VSV-G-driven infections were almost unaffected. Moreover, 

treatment with the Gx-OH control lacking the terminal DiMan showed no apparent inhibition (SI, Fig. 

S37). These results clearly indicated that the observed inhibitions were specific, due to specific binding 

of Gx-DiMan to cell surface DC-SIGN/R receptors, precluding subsequent binding to EBOV-GP and 

augmentation of infection. The normalized viral inhibition data were fitted by a modified inhibition 

model described in Eq. 9:11, 43  

𝑁𝐴 = 1

[1 +  (𝐶
𝐸𝐶50

⁄ )
𝑛

]
⁄                             (Eq. 9) 

Where NA, EC50, C, and n are the normalized luciferase activity, Gx-DiMan concentration giving 50% 

apparent inhibition, Gx-DiMan concentration, and inhibition coefficient, respectively. Here, the n 

value indicates how quickly an inhibitor can achieve complete inhibition by increasing concentration, 

with n < 1, = 1, or > 1 indicating an inhibition being negatively-, non- or positively- cooperative, 

respectively.43 In general, any viable viral inhibitors should have n ≥ 1 (with n = 1 being the most 

widely observed), so that they can achieve completely inhibit virus infection under a reasonable 

concentration.43 The normalised luciferase activities (infections) for samples after each treatment were 

plotted against the dose of Gx-DiMan and fitted by Eq. 9 and the results were shown in Fig. 4. The 

detailed fitting parameters were summarized in Table 3. 

 

 

Figure 4. Plots of normalised luciferase activity (NA) as a function of Gx-DiMan concentration for 

the 293T cells after treatment with varying doses of Gx-DiMan and the data were fitted by Eq. 9. The 

luciferase activities for all treatment samples were subtracted by their corresponding pcDNA control 

backgrounds and then normalized by corresponding values obtained in the absence of Gx-DiMan.  
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It was exciting that all three Gx-DiMan (x = 5, 13, and 27) conjugates potently and non-cooperatively 

blocked DC-SIGN promoted EBOVpp entry into 293T cells, with impressively low EC50 values of 0.45 

± 0.002, 0.073 ± 0.007, and 0.023 ± 0.001 nM, respectively. Thus, their antiviral potency was found 

to be enhanced with the increasing GNP scaffold size. This was fully consistent with their enhanced 

DC-SIGN affinity measured by the GNP fluorescence quenching assay (Table 1). Moreover, all three 

Gx-DiMan inhibitors were found to act in a non-cooperative fashion (n = 1), indicating that Gx-DiMan 

could serve as viable, potent inhibitor of DC-SIGN mediated viral infections. Notably, G27-DiMan, 

with an impressively low EC50 of 23±1 pM, is considerably more potent than some of the most potent 

glycoconjugate inhibitors reported in literature (e.g., the giant globular multivalent glycofullerenes, 

EC50: ~0.67 nM,15 the virus-like glycodendrinanoparticles, EC50: ~0.91 nM,18 and our previous QD-

EG3-DiMan, EC50: ~0.70 nM,19 and G5-EG2-DiMan, EC50: ~0.095 nM11). Interestingly, compared to 

G5-EG2-DiMan (G5 coated by an identical LA-EGm-DiMan ligand except for the linker being two EG 

unit shorter), G5-DiMan here was found to be potent (EC50: ~0.45 nM vs. ~0.095 nM11), consistent to 

its weaker DC-SIGN binding affinity (Kd: ~5.8 nM vs. ~3.8 nM11). Thus, increasing the EGm linker 

length weakened the DC-SIGN binding affinity and antiviral potency of GNP-glycans, similar to that 

observed previously with QD-DiMan conjugates.19 Nonetheless, a suitable EG linker length is required 

for glycan-nanoparticles to promote high stability and resisting non-specific interactions,41 which are 

essential for potential applications under the challenging in vivo conditions. 

 

Table 3: Summary of inhibition data obtained for Gx-DiMan (x = 5, 13 and 27) against cell surface 

DC-SIGN/R receptors mediated pseudo-Ebola virus infection of 293T cells. 

Gx-DiMan Lectin receptor n EC50 (nM) R2 

G5-DiMan DC-SIGN 1 0.45 ± 0.02 0.959 

G13-DiMan DC-SIGN 1 0.073 ± 0.007 0.948 

G27-DiMan DC-SIGN 1 0.023 ± 0.001 0.980 

G5-DiMan DC-SIGNR 0.50 ± 0.06 1.49 ± 0.23 0.942 

G13-DiMan DC-SIGNR 1.59 ± 0.25 1.19 ± 0.10 0.987 

G27-DiMan DC-SIGNR 1 0.049 ± 0.002 0.976 

 

 

The inhibition of DC-SIGNR-promoted EBOVpp entry by Gx-DiMan was also enhanced with the 

increasing GNP scaffold size (i.e., with EC50 values of 1.5 ± 0.2, 1.2 ± 0.1, and 0.049 ± 0.002 nM for 

G5-, G13-, and G27- DiMan, respectively), similar to that observed against DC-SIGN mediated 

infections. However, their inhibition cooperativity showed a clear scaffold size dependence: it changed 
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from negative (n = ~0.5) to positive (n = ~1.6) and finally non-cooperative (n = 1) as GNP scaffold 

size increased from 5 to 27 nm. This may indicate a change of binding behaviour (or mode) for Gx-

DiMan with cell surface DC-SIGNR receptors as scaffold size changes. While the smallest G5-DiMan 

may retain its crosslinking mode in binding to DC-SIGNR on the cell surface which makes it difficult 

to achieve complete inhibition (n < 1) due to cell membrane restrictions, the largest G27-DiMan may 

be able to bind simultaneously to a single DC-SIGNR receptor and completely block its binding to 

EBOV-GP, similar to that occurring with DC-SIGN on cell membrane, giving rise to non-cooperative 

inhibition (n = 1). Together with an impressively low EC50 of ~49 pM, these results indicate that G27-

DiMan can serve as a potent, viable inhibitor against DC-SIGNR mediate viral infection. Given that 

both DC-SIGN and DC-SIGNR have shown to play an important role in facilitating SARS-CoV-2 

infections,33 the excellent potency and non-cooperative inhibition behaviour observed with G27-

DiMan may make it a highly promising, viable entry inhibitor against SARS-CoV-2 infections. 

 

Interestingly, a ∼2.2-fold higher potency for G27-DiMan against DC-SIGN- over DC-SIGNR- 

mediated viral infections also agreed well with their relative MLGI affinity differences measured by 

fluorescence quenching (i.e., Kd: ~0.20 vs. ~0.54 nM). A comparison of the MLGI affinities measured 

by fluorescence quenching with viral inhibition data revealed that the Kd and EC50 values do not match 

directly, possibly due to the different binding environments used in these studies (e.g., solution vs. cell 

membrane).11 However, there appeared to have a clear positive correlation between the Kd and EC50 

values (i.e., the lower the Kd, the lower the EC50, signifying more potent inhibition). This result 

suggests that our GNP quenching method developed here could act as a rapid method for estimating 

relative antiviral potentials for GNP-glycan based entry inhibitors. 

 

Conclusion 

In summary, we have developed a new GNP fluorescence quenching assay format which has 

successfully addressed the potential interference arising from GNP’s strong inner filter effect, making 

it suitable for measuring the MLGI affinities and thermodynamics for both small and large GNP-

glycans. Using this assay, we have revealed that both DC-SIGN/R MLGI affinities are strongly 

dependent and enhanced significantly (by ~30 fold) as the GNP scaffold size increases from 5 to 27 

nm. DC-SIGN binding with Gx-DiMan is enthalpy driven, with strong negative MLGI H values of 

~ 4 times that of the corresponding monovalent binding, suggesting all four of its CRDs are engaged 

in binding. This matches well with its simultaneous tetravalent binding mode observed from the 

hydrodynamic size and TEM analyses of binding-induced lectin-GNP assemblies. Finally, we have 
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demonstrated that Gx-DiMans are potent entry inhibitors against DC-SIGN/R mediated pseudo-Ebola 

virus cellular infection, and their antiviral potencies are enhanced significantly with the increasing 

GNP size. In particular, G27-DiMan potently and robustly (n = 1) blocks both DC-SIGN and DC-

SIGNR mediated virus infection with impressively low EC50s of ~23 and ~49 pM, respectively, making 

it the most potent glycoconjugate inhibitor against DC-SIGN/R- mediated Ebola cellular infections. 

Our work thus demonstrates the great potential of G27-DiMan as a highly potent entry inhibitor against 

a wide range of DC-SIGN/R-promoted viral infections.   

 

Experimental Section 

 

Materials. Gold (III) chloride trihydrate, sodium hydroxide, trisodium citrate, copper sulphate, sodium 

sulphate, calcium chloride, HEPES, lipoic acid (LA), sodium ascorbate, Tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl] amine (TBTA), methanol, ethanol, chloroform, phenol, bovine serum albumin, 

tetrahydrofuran, tris-(hydroxymethyl)aminomethane (Tris base), hydrochloric acid, sodium chloride, 

ethylenediamine tetraacetic acid (EDTA), guanidine hydrochloride were purchased from Sigma-

Aldrich, Alfa Aesar, Fluorochem, and Thermo Scientific with >99% impurity and used as-received 

without further purification unless specified elsewhere. 2-2-(2-Azido-ethoxy) ethoxyethanol and 5 

nm citrate-stabilized GNPs were purchased from Sigma-Aldrich. NH2-EG4-C≡CH was purchased 

PurePEG LLC. Maleimide modified Atto-643 dye was commercially purchased from ATTO-Tech 

GmbH. Ultrapure water (resistance >18.2 MΩ.cm) purified by an ELGA Purelab classic UVF system 

was used for all experiments and making all buffers. 

Synthesis of 13 nm Gold Nanoparticles (G13s).45, 62 Freshly prepared aqueous solution of gold (III) 

chloride trihydrate (1 mM, 400 mL) was placed in a 500 mL three-necked round-bottomed flask, and 

the solution was then heated to reflux in an oil bath (130 °C) under stirring. When the solution began 

to reflux, trisodium citrate solution (38 mM, 40 mL) was quickly added. The solution colour quickly 

turned from yellow to wine red in ∼1 min, indicating the formation of GNPs. The reaction was further 

refluxed under magnetic stirring for another 1 hr to ensure the reaction was complete. The GNP 

solution was then removed from the oil bath and was allowed to cool down to room temperature (RT) 

naturally under stirring. This produced citrate-stabilized GNPs with a core diameter of ∼13 nm as 

confirmed by TEM imaging (SI, Fig. S1). The resulting G13 stock was transferred to a clean glass 

container and stored at RT till use. 
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Synthesis of 27 nm Gold Nanoparticles (G27s).45, 62 Freshly prepared aqueous solution of gold (III) 

chloride trihydrate (0.25 mM, 400 mL) was placed in a 500 mL two-necked round-bottomed flask, and 

NaOH (1 mM, 50 mL) was then added directly into the solution. The mixture was stirred for 30 mins 

and then heated to reflux in a 130 °C oil bath under magnetic stirring. After the solution started to 

reflux, trisodium citrate solution (166 mM, 6 mL) was then quickly added. The solution colour 

gradually changed from yellow to light red in 15 mins. The reaction was refluxed for another 1 hr to 

complete the synthesis. The solution was then taken out of the oil bath and kept stirring for 1 hr till it 

was cooled down to RT. This produced citrate stabilized GNPs with a mean diameter of ∼27 nm (G27) 

as confirmed by TEM images (see SI, Fig. S2). The G27 stock was transferred to a clean glass container 

and stored at RT till use. 

Synthesis of LA-EG4-DiMan.11 LA-EG4-C≡CH was synthesized amide coupling between lipoic acid 

(LA) and commercial NH2-EG4-C≡CH as described previously.43 1-Azido-3,6-dioxaoct-8-yl--D-

mannopyranosyl-(1→2)--D-manno-pyraside (N3-EG2-DiMan) was synthesized via our established 

protocols as descried previously.19 LA-EG4-C≡CH (50 mg, 0.120 mmol), N3-EG2-DiMan (66 mg, 

0.132 mmol), CuSO4.5H2O (1.07 mg, 0.0043 mmol), TBTA (4.01 mg, 0.0075 mmol), and sodium 

ascorbate (3.21 mg, 0.0162 mmol) were dissolved in 2 mL of THF/H2O (1:1, vol/vol) to allow for 

efficient click reaction between LA-EG4-C≡CH and N3-EG2-DiMan.11 The resulting solution was 

stirred overnight at RT in darkness. The next day, the consumption of all starting compounds was 

confirmed by TLC. The solvent was then evaporated, and the desired ligand was purified by size 

exclusion chromatography using Biogel P2 column using ammonium formate as an eluent to afford 

the desired product, LA-EG4-DiMan, in 77% yield.11 TLC: (CHCl3/MeOH 3:1) Rf 0.57; 1H NMR (400 

MHz, D2O) δ (ppm): 8.10 (s, 1H), 5.12 (s, 1H), 5.03 (s, 1H), 4.73 – 4.60 (m, 3H), 4.08 (s, 1H), 3.99 

(dd, 3H, J=10.2, 5.1 Hz), 3.94 – 3.82 (m, 5H), 3.69 (dt, 31H, J=12.8, 7.1, 6.7 Hz), 3.45 – 3.30 (m, 2H), 

3.30 – 2.33 (m, 2H), 2.26 (t, 2H, J=7.3 Hz), 1.99 (dt, 1H, J=12.9, 6.9 Hz), 1.78 – 1.54 (m, 4H), 1.42 

(q, 1H, J=7.6 Hz); 13C NMR (100 MHz, D2O) δ (ppm): 176.7, 144.1, 125.5, 102.2, 98.3, 78.6, 73.2, 

72.7, 70.2, 70.1, 69.9, 69.6, 69.6, 69.5, 69.5, 69.4, 69.2, 68.9, 68.8, 68.7, 66.9, 66.8, 66.5, 66.5, 63.2, 

63.1, 61.4, 61.1, 60.8, 59.3, 56.5, 50.1, 50.0, 46.6, 40.2, 38.9, 38.1; LC-MS: calculated m/z for 

C37H66N4O18S2 (M+H)+ 919.38, found 919.78 (see SI, Fig. S3). 

Synthesis of LA-EG4-OH.11 LA-EG4-C≡CH (50 mg, 0.120 mmol), 2-2-(2-Azido-ethoxy) ethoxy 

ethanol, N3-EG2-OH (23.1 mg, 0.132 mmol), CuSO4.5H2O (1.07 mg, 0.0043 mmol), TBTA (4.01 mg, 

0.0075 mmol), and sodium ascorbate (3.21 mg, 0.0162 mmol) were dissolved in 2 mL of THF/H2O 

(1:1, vol/vol) to allow for efficient click reaction between LA-EG4-C≡CH and N3-EG2-OH. The 

resulting solution was stirred overnight at RT in darkness. The next day, the consumption of all starting 
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compounds was confirmed by TLC. The solvent was then evaporated, and the desired ligand was 

purified by size exclusion chromatography using Biogel P2 column using ammonium formate as an 

eluent to obtain the desired product in 75% yield.11 TLC: (CHCl3/MeOH 10:1) Rf 0.45; 1H NMR (500 

MHz, D2O) δ (ppm): 8.01 (s, 1H), 3.93 – 3.87 (m, 2H), 3.66 – 3.59 (m, 17H), 3.58 – 3.56 (m, 4H), 

3.55 – 3.51 (m, 5H), 3.48 – 3.45 (m, 2H), 3.29 (t, 2H, J=5.2 Hz), 3.15 – 3.07 (m, 1H), 2.39 (dq, 1H, 

J=12.4, 6.1 Hz), 2.16 (t, 2H, J=7.3 Hz), 1.88 (dq, 1H, J=13.8, 6.9 Hz), 1.70 – 1.60 (m, 1H), 1.53 (ddd, 

3H, J=14.9, 7.6, 5.3 Hz), 1.31 (p, 2H, J=7.6 Hz); 13C NMR (125 MHz, D2O) δ (ppm): 183.1, 142.9, 

125.4, 71.6, 69.6, 69.4, 68.9, 68.7, 65.9, 61.5, 60.3, 56.4, 49.9, 48.4, 43.9, 43.7, 43.2, 41.7, 38.0, 36.3, 

33.6, 33.4, 24.9, 17.3; LC-MS: calculated m/z for C25H46N4O8S2 (M+H)+ 595.28, found 595.57 (see 

SI, Fig. S4). 

Preparation of Gx-DiMan/OH Conjugates. G5-DiMans were prepared by mixing G5 and LA-EG4-

DiMan ligand via self-assembly in an aqueous solution.11 Commercially G5s (6 mL, 91 nM) suspended 

in citrate solution were concentrated to 250 μL using a 30 K MWCO spin column and washed with 

H2O (3 × 250 μL) to remove any unbound impurities. The resulting concentrated G5 solution was then 

directly mixed with LA-EG4-DiMan ligand at a G5: ligand molar ratio of 1: 1 000. The resulting 

mixture was left stirring at RT in darkness overnight to form G5-DiMan conjugates. After that, the 

mixture was transferred to a 30 K MWCO centrifugal filter and centrifuged at 4 000 rpm for 20 mins, 

and the G5-DiMan residues was washed with H2O (3 × 250 μL) to remove any unbound free ligands, 

and then dispersed in pure water to make the G5-DiMan stock. Its concentration was determined by 

the Beer−Lambert law from the plasmon peak absorbance at ∼515 nm and molar extinction coefficient 

of 1.10 × 107 M-1cm-1 for G5 (see SI, Fig. S5 for Dh histogram and UV-vis spectrum).  

For the preparation of G13/27-DiMan, 20 mL each of the citrate stabilized G13 or G27 stock solution 

was directly added with the required amount of LA-EG4-DiMan ligand stock solution in water at a 

GNP: ligand molar ratio of 1:3 000 for G13 or 1:10 000 for G27. The resulting solution was stirred at 

RT in the dark overnight to make the Gx-DiMan conjugates via gold-thiol self-assembly. After that, 

the resulting mixtures were divided into 1.5 mL portions into eppendorf tubes and centrifuged at 17 

000 x g for 30 mins for G13-DiMan or 6 000 × g for 15 mins for G27-DiMan conjugates to remove 

any unbound free ligands. After careful withdrawal of supernatant, the Gx-DiMan residues were 

washed with pure water (3 × 500 μL), followed by centrifugation three times to remove any unbound 

free ligands. For G27, the eppendorf tubes were pre-washed with 0.025% Tween-20 aqueous solution 

before being used in Gx-DiMan purification to prevent nanoparticle sticking to the eppendorf walls.  

https://doi.org/10.26434/chemrxiv-2024-bnwh1 ORCID: https://orcid.org/0000-0003-3314-9242 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-bnwh1
https://orcid.org/0000-0003-3314-9242
https://creativecommons.org/licenses/by/4.0/


24 
 

To prepare Gx-DiMan conjugates with different surface glycan densities (e.g., 75%, 50% and 25%), 

LA-EG4-OH and LA-EG4-DiMan were mixed in the desired percentages first before being used in 

GNP conjugation under the same total ligand: Gx molar ratios and purified using the same method as 

Gx-DiMan. The Dh histograms and UV-vis spectra for G13/27-DiMan/-OH were given in Fig. S6 and 

S7 (SI). The concentrations of Gx-DiMan/OH conjugates were determined by the Beer−Lambert law 

using their peak absorbance at ∼520 nm and molar extinction coefficient of 2.32 × 108 M-1cm-1 for 

G13, and 2.39 × 109 M-1cm-1 for G27, respectively (see SI, Fig. S8).  

All the filtrate and washing-through liquids were collected, combined, freeze-dried, and re-dissolved 

in 1.40 mL pure water to determine the amount of unbound LA-EG4-DiMan ligand using the phenol-

sulphuric acid method described previously.11, 19 25 μL of each solution was diluted with water to a 

final volume of 125 μL. This solution was then mixed with 125 μL of 5% phenol and 625 μL of H2SO4, 

and then allowed to incubate at RT for 30 mins. The absorbance of the solution was recorded at 490 

nm, and the dilution factors were then corrected to calculate the total amount of unconjugated glycan 

ligand against a standard calibration curve obtained with pure LA-EG4-DiMan ligand. The difference 

in LA-EG4-DiMan ligand amount between that added and that remained in the supernatant was 

conserved to have conjugated onto the GNP surface.11   

Protein Production and Labeling.11, 19 The soluble extracellular segments of DC-SIGN and DC-

SIGNR, which faithfully replicated the tetrameric structure and glycan binding properties of full length 

lectins,11, 19 were expressed as inclusion bodies in E. coli and purified by mannose-Sepharose affinity 

column followed by Superdex size exclusion column as reported previously.27 The mutant proteins, 

DC-SIGN Q-274C and DC-SIGNR R278C, were constructed by site-directed mutagenesis and labeled 

with Atto-643 maleimide as described previously.19, 28 The labeled proteins were purified by mannose-

Sepharose affinity columns. All the proteins were characterized by high-resolution mass spectroscopy 

(HRMS, see SI, Figs. S9 and S11). The dye labeling efficiency (per protein monomer) was determined 

to be ∼82% and ∼90% for DC-SIGN and DC-SIGNR, respectively, based on the relative peak areas 

of the labeled and unlabeled protein peaks measured by HR-MS (see SI, Fig. S11). 

Fluorescence Spectra.11 All fluorescence spectra were recorded on a Horiba FluoroMax-4 Spectro-

fluorometer using a 0.70 mL quartz cuvette under a fixed excitation wavelength (λex) of 630 nm. 

Emission spectra over 650-800 nm were collected with excitation and emission slit widths of 5 nm 

under a slow scan speed. All measurements were carried out in a binding buffer (20 mM HEPES, pH 

7.8, 100 mM NaCl, 10 mM CaCl2) containing 1 mg/mL BSA to reduce any non-specific interactions 

and absorption to cuvette walls. The required amounts of Gx-DiMan and DC-SIGN/R were mixed and 
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then incubated at RT for 20 mins before recording their fluorescence spectra. The fluorescence spectra 

from 650 to 800 nm were integrated and used to calculate the quenching efficiency (QE). 

Dynamic Light Scattering (DLS).11 All DLS measurements were performed on a Malvern Zetasizer 

NanoZS DLS system using a sample volume of 400 μL in 1 cm disposable polystyrene cuvettes. The 

hydrodynamic diameters (Dh, all volume populations) of wild-type DC-SIGN/R, Gx-DiMan and Gx-

DiMan + DC-SIGN or DC-SIGNR samples were measured in a binding buffer (20 mM HEPES, 100 

mM NaCl, 10 mM CaCl2, pH 7.8) at RT with ten consecutive runs, and each lasting 120 seconds, and 

the averages of the ten runs were used to determine size distributions. Each sample was analyzed in 

triplicate to obtain their average Dh and standard deviations (SDs).  

Data Analysis and Fitting.11 All fluorescence and DLS data were analyzed using the Origin software 

(version 2022b). The fluorescence spectra of lectins alone and lectin + Gx-DiMan samples were 

integrated and used to calculate the QEs and presented as mean ± standard errors (SEs). The (QE × C) 

vs. C plots were fitted by linear function, accounting for the SEs of each data point, to give the best 

fits (highest R2 values). The DLS histograms were fitted by the standard Gaussian function (single or 

multiple, depending on the data) to obtain the Dh (shown as Xc in the fitting parameters), full-width at 

half-maximum (FWHM, shown as W), and area abundance (shown as A) and depicted in each DLS 

graph. For samples containing two species, a linear average of the two based on their volume 

abundances were used, e.g., mean Dh = Dh1 × A1/(A1+A2) + Dh2 × A2/(A1+A2); mean FWHM = 

FWHM1 × A1/(A1+A2) + FWHM2 × A2/(A1+A2).
11 The results obtained from the best fits were listed 

in the relevant tables with the standard fitting errors. 
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