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Abstract: Carbohydrate-protein interactions are of prime importance in cell-cell communication, signal 17 

transduction, cancer, bacterial or viral infection. Chemists have designed multivalent systems to 18 

mimick these recognition phenomena and provide potent ligands of these proteins with foreseen 19 

therapeutic applications. Dynamic combinatorial chemistry provides access to a library of chemical 20 

species in equilibrium through reversible covalent bonds. This strategy can be readily applied to the 21 

rapid and efficient identification of multivalent glycoclusters by introducing a protein into the 22 

equilibrating library for the selection of the fittest glycocluster for this protein. 1,4-Dithiophenols 23 

conjugated to monosaccharides were equilibrated into dynamic combinatorial libraries providing a 24 

diverse mixture of glycoclusters. Selection of the best ligand for different lectins (ConA, LecA and LecB 25 

from Pseudomonas aeruginosa) could increase the concentration of glyco-dyn[3]arenes and glyco-26 

dyn[4]arenes. A key aspect of this strategy is that multiplexing can be readily achieved by using two 27 

building blocks (galactosylated and fucosylated 1,4-dithiophenols) to interrogate several lectins at 28 

once in a single experiment. These macrocyclic glycoclusters could be synthesized, isolated, then 29 

evaluated as ligands of the lectins and displayed nanomolar dissociation constants. Furthermore, while 30 

no toxicity could be detected against human cells or bacteria, their evaluation as anti-adhesive agents 31 

could be confirmed through a virulence assay on human A549 lung epithelial cells. 32 

 33 

Introduction 34 

Carbohydrates are present at the cell surface and are taking part to the cell’s communication with 35 

other healthy cells.1-4 But they are also involved in the recognition by pathogens (bacteria, viruses) for 36 

the very first step of infection, i.e. adhesion to the host cell.5-7 Bacteria will take advantage of a series 37 

of proteins (lectins or adhesins) present at their membrane, at the tip of their flagellum or pili to 38 

recognize specific oligosaccharidic structures at the host cell surface. When adhesion is secured, the 39 

bacteria will be internalized and deliver their cytotoxins or will reach a density that will trigger an 40 

mailto:sebastien.vidal@cnrs.fr


2 
 

accumulation of quorum sensing molecules (e.g. homoserinelactones), then hasten their cell division, 41 

generate a biofilm, release toxins and become problematic or fatal to the host cells. The carbohydrate-42 

lectin interactions are usually quite weak in terms of affinity, typically in the millimolar range.8-9 Such 43 

interactions in nature are governed by multivalent interactions through lectin clustering at the cell 44 

surface, most of lectins being multimeric as the assembly of four and up to six monomeric units. Such 45 

multivalent interactions can provide a stronger carbohydrate-lectin interaction through multivalency. 46 

Chemists have designed a series of biomimetic strategies to tackle bacterial infections through two 47 

approaches.10-12 The first one resides on a “medicinal chemistry” strategy in which the structure of the 48 

lectin and its natural ligand are known. The chemist and biochemist would then team up to generate 49 

a series of carbohydrate analogues of the natural ligand, largely termed as glycomimetics, and identify 50 

the most potent ligand of the lectin through intensive structure-activity relationship studies. This 51 

approach has been successfully applied for the design of potent FimH ligands against Escherichia coli 52 

urinary tract infections,13-19 or targeting Galectin-3 in pulmonary fibrosis.20-24 Another competitive 53 

strategy for the design of high affinity ligands of lectins is based on multivalency, meaning the design 54 

of multivalent glycoconjugates displaying multiple copies of the same and simple monosaccharide on 55 

a central core. The multivalent glycoconjugates can be based on small organic molecules (e.g. 56 

calixarene, pillararene, fullerene, porphyrin, peptide) and will be called a glycocluster.11-12, 25 Several 57 

glycoclusters have been demonstrated as protective against bacterial infection up to the animal model 58 

and are very promising approaches.26-28 While antibiotics are killing the bacteria and create a selection 59 

of the most resistant bacterial strains during a medical treatment, multivalent glycoconjugates are 60 

limiting the bacterial infection through anti-adhesion of the bacteria to the host cell, thus avoiding 61 

selective pressures on the bacterial strain and the emergence of resistance phenotypes.29-32 For these 62 

reasons, glycoscientists have designed a large series of multivalent systems for interfering with 63 

bacterial adhesion. Nevertheless, like in every drug design process, the synthesis of each candidate 64 

with subtle structural variations can be time consuming prior a production of the additional datasets 65 

required to progress from a “hit” to a “lead” candidate. 66 

This is where dynamic combinatorial chemistry (DCC) comes into play, offering the possibility to 67 

reversibly assemble simple building blocks into multivalent architectures under mild conditions.33 In 68 

dynamic combinatorial libraries (DCLs), thermodynamic control implies that altering experimental 69 

conditions can induce changes in library composition. In theory, DCLs are sensitive to many external 70 

influences, such as temperature, pressure or light.34 In practice, the response of libraries to a template 71 

target has been the most studied. Introducing a template (e.g., a protein) within a thermodynamically-72 

controlled library of multivalent ligands was shown to shift the equilibrium towards the best binder(s), 73 

in an amplification process that is, after all, the way in which biomolecules have evolved their 74 

sophisticated functions.35-36 If amplification is selective for the compound(s) that binds most strongly 75 

to the template, then DCC conveniently enables both the detection and the isolation of hit 76 

candidate(s). 77 

A scarce number of examples of dynamic combinatorial chemistry applied for the identification of 78 

lectin ligands have been reported (Figure 1). The very first study by Ramström and Lehn used glycoside 79 

appended with a thiol-functionalized linker arm.37 The disulfide exchange DCL was analyzed by reverse 80 

phase HPLC through UV absorption of the aromatic aglycon. Selection of the bis-mannoside ligand was 81 

observed when adding a sepharose-bound Concanavalin A (ConA), a lectin binding to mannose 82 

epitopes. While a valency of only two carbohydrate epitopes could be reached in the latter study, a 83 

follow-up investigation by the same group took advantage of acyl-hydrazone reversible covalent bond 84 

formation to explore higher valencies based on benzaldehyde aglycons and mono- di- or tri-hydrazide 85 

core scaffolds.38 DCLs of up to 474 constituents were generated and the identification of the best ligand 86 

for ConA was performed through a novel assay involving an enzyme-linked lectin assay (ELLA). This 87 
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assay was implemented in a 96-well plate and dynamic deconvolution was applied based on the 88 

removal of a single building block from the complete library. A trivalent ligand with micromolar affinity 89 

towards ConA was finally identified through this strategy. A few years later, Reeh and de Mendoza 90 

designed a DCL library of glycoclusters based on Fe(II)-bipyridine complexes providing valencies of six 91 

carbohydrate epitopes.39 Analysis of the DCL was readily performed by reverse phase HPLC through 92 

UV absorption of the bipyridine moiety. Sepharose-bound ConA was incorporated into the 93 

equilibrating DCLs and a hexa-mannoside glycocluster was clearly identified as the best ligand for 94 

ConA. Fulton et al. have used a polyacrylamide appended with benzaldehyde groups for the reversible 95 

covalent condensation with hydrazide-functionalized carbohydrates.40 DCLs were studied by 1H NMR 96 

and the incorporation of galactose or mannose moieties was analyzed in the presence of either ConA 97 

(for mannose) or Escherichia coli heat labile toxin (LTB, for galactose). The best binding polymers could 98 

be isolated and their association constants with lectins evaluated. 99 

 100 

Figure 1. Pioneering studies on dynamic combinatorial chemistry with glycosylated architectures and 101 

their conditions and results 102 

These precedents have paved the way to further studies in the context of dynamic combinatorial 103 

chemistry applied to the rapid and efficient identification of glycoclusters as high affinity ligands of 104 

lectins. Nevertheless, they suffer from a few drawbacks such as the use of sepharose-bound lectins 105 

which does not allow for an easy analysis of a large array of lectins since these are not always 106 

commercially available either as pure biomaterials or as polymer-supported. The best ligands 107 

identified were not always assayed against the lectin to clearly demonstrate their improved binding 108 

properties. The only lectin studied was thus the model lectin ConA which is typically used as a proof of 109 

concept but has no therapeutic implications, and a rather tedious ELLA assay was required to fully 110 

deconvolute the properties of the glycoclusters in the DCLs.38 Acyl-hydrazone exchange is typically 111 

performed at pH 4.0-4.5 and is not always perfectly compatible with the stability of the lectin.38, 40. 112 

Spontaneous disulfide bond formation and exchange take place in aqueous solutions within pH range 113 

7 to 9, and can be halted by reducing the pH below the pKa of the thiols involved. This inherent 114 
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thermodynamic sensitivity has been harnessed by researchers such as Prof Jeremy K. M. Sanders41-43 115 

and others44-45 to create intricate molecular architectures and receptors in aqueous media. In this 116 

world of disulfide exchange-based DCC,46 some also explored and developed over the last decade a 117 

new family of dynamic cyclophanes named dyn[n]arenes, which are based on mono- to tetra-118 

functionalized 1,4-dithiophenol units linked by disulfide bridges.47 We have recently demonstrated 119 

that a set of driving forces such as templating, folding and stacking lead to the selection and 120 

amplification of dyn[n]arenes of different composition, size and stereochemistry.48-51 Furthermore, the 121 

unraveling of interactions involved in the dyn[n]arenes assembly processes not only led to the 122 

identification of novel physicochemical phenomena like the hydrophilic effect,52 but also to innovative 123 

applications such as chiroptical sensing of biomolecules.53 124 

Here, we describe an innovative approach for the design of high affinity lectin ligands through dynamic 125 

combinatorial chemistry which will address drawbacks reported before (Figure 2). The reversible 126 

covalent bond is a disulfide exchange of 1,4-dithiophenols that can equilibrate in buffer solution 127 

compatible with lectins stability and at neutral pH. Our approach reconsidered several aspects of the 128 

experimental setup developed so far to provide improved DCL conditions and generate novel outputs 129 

for glycoscience applications (Figure 1). The lectins used in the assays were not bound to sepharose or 130 

other polymer, nor conjugated to a horse radish peroxidase (HRP) for ELLA assay, but rather used in 131 

their native form in buffer solutions. Multiple lectins were readily used in the present study with a 132 

possibility for multiplexing several lectins with a single reference DCL for a rapid identification of the 133 

best glycoclusters in a single experimental process. Lectins of therapeutic interest from Pseudomonas 134 

aeruginosa have been studied and very high affinity glycoclusters could be identified, isolated and 135 

assayed against the lectin by ITC for a confirmation of their nanomolar affinities and also in a cellular 136 

assay to monitor their anti-adhesive properties. 137 

 138 

Figure 2. Schematic representation of the 1,4-dithiophenol equilibration of dynamic combinatorial 139 

libraries of glycosylated dyn[n]arenes and influence of a lectin on the composition of the library 140 

 141 

Results and Discussion 142 

Synthesis of 1,4-dithiophenol building blocks 143 

The glycosylated 1,4-dithiophenol building blocks were obtained through amide bond formation 144 

between an amino-functionalized glycoside and a protected dicarboxylic acid (Scheme 1). 1,4-145 

dithiophenol-2,5-dicarboxylic acid 154 required a protection of the thiols with 2-cyanoethyl to the bis-146 

carboxylic acid 2 to provide a robust and reproducible amidation. Previous attempts of amidation with 147 

the bis-thiocarbamates protected thiols afforded only low yields for the desired amides. Then, the 148 
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azido-functionalized glycoside precursor was initially conjugated with the bis-acid 2 under Staudinger-149 

Villarasa conditions but with only low yields (20-30%) and concomitant formation of partially 150 

deacetylated byproducts. The azido moiety was then reduced into the amine but further amidation 151 

again produced up to 15% of deacetylated byproducts very difficult to separate from the desired 152 

amine. To avoid deacetylation, an ammonium tosylate intermediate 4 was obtained by reduction of 153 

the azido-carbohydrates 3 under hydrogenation conditions with a stoichiometric amount of p-154 

toluenesulfonic acid (TsOH).55 The subsequent amidation using the diacid 2 afforded the desired 155 

glycosylated 1,4-dithiophenol intermediates 5 in good yields and high purity. The simultaneous 156 

deprotection of acetate esters on the carbohydrate moiety and the 2-cyanoethyl groups at the 157 

thiophenol was performed in a single step using cesium hydroxide56 to afford the desired fully 158 

deprotected glycosylated 1,4-dithiophenol building blocks 6. 159 

 160 

Scheme 1. Synthesis of the glycosylated 1,4-dithiophenol building blocks 161 

 162 

Equilibration and study of dynamic combinatorial libraries (DCLs) 163 

Disulfides are prone to oligomerization under neutral pH in solution, and oxidation can occur with the 164 

assistance of oxygen dissolved in the solvent. 1,4-Dithiophenols will similarly generate linear oligomers 165 

in solution with two residual thiophenols which can trigger cyclization for trimers, tetramers, or 166 

pentamers and so on (Figure 3). One reason is that dihedral angle around the S-S bond is typically close 167 

to 90° creating a helicoidal-type conformation bringing the residual thiophenols in close vicinity thus 168 

favoring the ring closing of such oligomers. Equilibration is in general considered as complete when 169 

the composition of the DCL is not evolving anymore and can be analyzed by reverse phase UHPLC using 170 

the UV absorbance of the aromatic 1,4-dithiophenol core. 171 
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 172 

Figure 3. Schematic representation of the oligomerization process for 1,4-dithiophenols in the DCLs 173 

The DCL equilibration was studied using the fucosylated 1,4-dithiophenol building block F alone in 174 

solution with a particular attention for the determination of the operating conditions (Figure 4). 175 

Stirring rate of the solution did not influence the equilibration of the F-DCL (Figure 4a), nor did the 176 

addition of NaCl and CaCl2 since most lectins require exogenous Ca2+ for proper binding (Figure 4b) or 177 

the type of buffer used (Figure 4c, Tris or PBS). Concentration of F in solution had a strong influence 178 

on the DCL equilibration since at low concentration (0.4 mM) a large proportion of the F building block 179 

was oxidized to sulfenic (RSOH) or sulfinic acids (RSO2H) with characteristic mass spectrometry m/z 180 

values of M+16 or M+32 (Figure 4d). The oxidation into two sulfenic acids on both thiols or one thiol 181 

remaining with a sulfinic acid could not be distinguished. This is problematic since oxidized F species 182 

cannot participate to the DCL equilibration as they are not thiols anymore and hence their presence 183 

must be reduced to the lowest proportion as possible. This was readily achieved by using higher 184 

concentration (4 mM) of 1,4-dithiophenol F in the DCL solution. Thus, the amount of oxygen dissolved 185 

in the solvent was much less important in comparison to the concentration of the equilibrating F 186 

building block and the oxidized species were limited to less than 5% in relative quantity. Finally, 187 

temperature of equilibration of the DCL did not have a major impact other than extending the time 188 

required for equilibration (3 h at 22°C, 72 h at 4°C) but the low temperature conditions allowed the 189 

complete removal of oxidized species (Figure 4e). A typical DCL equilibration was finally performed at 190 

room temperature in a few hours, using the required buffer solution for the lectin and at 4 mM 191 

concentration of 1,4-dithiophenol the building block with stirring. 192 
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 193 

Figure 4. Influence of several parameters on an equilibrated DCL of F after > 7 h. (a) stirring ([F] = 4 194 

mM, 200 mM PBS, 22°C), (b) addition of Na+ or Ca2+ ([F] = 4 mM, 200 mM Tris, 22°C, 100 mM NaCl, 100 195 

µM CaCl2), (c) type of buffer ([F] = 4 mM 200 mM PBS or 200 mM Tris, 22°C), (d) concentration ([F] = 196 

0.4 or 4 mM, 200 mM Tris, 22°C), or (e) temperature ([F] = 4 mM, 200 mM Tris, 4°C or 22°C). 197 

The kinetic analysis of the DCL equilibration was performed with the mannosylated 1,4-dithiophenol 198 

M (Figure 5). At t=0, the monomer M can be observed at ca. 7 min retention time (RT) with a very tiny 199 

amount of oligomerized species (ca. 10 min at RT). Equilibration then takes place in a few hours to 200 

reach the disappearance of the monomer M after 3.5 h. After 0.5 h, a portion of oxidized M species 201 

appeared and stayed constant over the course of the equilibration. Oligomeric species are growing 202 

over the course of the equilibration of the DCL and appear at ca. 10 min at RT and are mainly composed 203 

of macrocyclic M3 and M4. The retention times had enough difference to clearly identify these species 204 

and their mass spectrometry data were matching their molecular formula and composition. Therefore, 205 

DCLs can be readily equilibrated at room temperature in a buffer solution and the equilibrium can be 206 

reached within 3 to 4 hours. The DCL composition can be determined from UHPLC-MS data and a series 207 

of macrocyclic oligomers are typically observed. 208 



8 
 

 209 

Figure 5. UHPLC-MS analysis of the DCL using the M building block (RT, [M] = 4 mM, 200 mM Tris 210 

buffer) 211 

 212 

Study of DCL composed of M and F building blocks in the presence of ConA 213 

DCLs containing two different 1,4-dithiophenol building blocks have been studied. Their equilibration 214 

with and without lectin will provide information about the identification of the best ligand for that 215 

lectin in solution if the proportion of one of these species is increased. A (M+F)-DCL containing 216 

equimolar amounts of each building block at a total concentration of 4 mM (2 mM each) was 217 

equilibrated to reach equilibrium within a few hours. The resulting DCL composition was determined 218 

by UHPLC-MS analysis (Figure 6). The first important observation is that all possible heteroglycoclusters 219 

based on trimers and tetramers can be observed and characterized in the UHPLC-MS data. They all 220 

appeared at different retention times from 5 to 15 minutes, due to the difference in polarity between 221 

the mannose and fucose moieties: fucose building block F being more apolar than the mannosylated 222 

one M, the retention time increased with the increasing number of F in the macrocycles. 223 
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 224 

Figure 6. Equilibration of DCLs composed of M and F building blocks and influence of ConA on the 225 

composition. M:F (1:1, 4 mM), ConA (4 mM) in buffer Tris 200 mM, NaCl 100 mM, CaCl2 100 µM, at RT 226 

The same (M+F)-DCL equilibration was performed in the presence of ConA in the solution. A reference 227 

(M+F)-DCL was equilibrated during 3.5 h at room temperature and with a concentration of 4 mM (to 228 

minimize oxidation of the thiols). After that, this reference DCL was aliquoted into a new DCL and 229 

diluted 10x with buffer to reach 0.4 mM concentration of M+F. The lectin (ConA, 0.4 mM) was then 230 

added and the DCL equilibrated for an additional 2.5 h and a precipitate appeared in the solution. The 231 

precipitate was recovered by centrifugation and the supernatant separated. The precipitate contained 232 

the macrocycles with high affinity to the lectin that created a large three-dimensional network of 233 

aggregated proteins and glycoclusters that crushed out of the solution. This precipitate was treated 234 

with 1M HCl to unfold the protein and release the glycoclusters in solution that could be analyzed by 235 

UHPLC-MS. This precipitate was composed mainly of M3 and M4 glycoclusters. As a consequence, the 236 

supernatant contained mostly the fucosylated species that could not bind to the mannose-specific 237 

ConA lectin. 238 

The relative proportions of each macrocycle can be obtained through the area under the curve (AUC) 239 

of the UHPLC chromatograms and allow the monitoring of the increase/decrease of each macrocycle 240 

in the (M+F)-DCL with or without the ConA lectin (Figure 7). The increase of the M3 can be clearly 241 

identified along with an increase in M4 while the proportion of most of the heteroglycoclusters 242 

composed of M and F building blocks decrease in the DCL. The increased proportion of M3 and M4 can 243 

be attributed to the selection of these high affinity ligands by the ConA lectin. This will be later 244 

confirmed by ITC studies of these glycoclusters with ConA. Hence, ConA triggered the re-organization 245 

of the (M+F)-DCL to favor the organization of the M building blocks into homoglycoclusters M3 and M4 246 

by decreasing the amount of heteroglycoclusters which displayed a poorer affinity for the lectin. As a 247 

consequence, the increased proportion of fucosylated species (F3 and F4) could be attributed to the 248 
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fact that if the M building blocks are brought together by ConA, then the remaining F building blocks 249 

do not have any other outcome than to assemble together into macrocyclic oligomers F3 and F4. ITC 250 

binding studies of the fucosylated macrocycles F3 and F4 were performed to demonstrate that these 251 

compounds have no affinity for the ConA lectin and therefore could not be selected by the lectin in 252 

the equilibrating (M+F)-DCL. 253 

 254 

Figure 7. Comparison of the reference DCL to the ConA amplified DCL combining materials from the 255 
supernatant and precipitate fractions. Measurements were performed in triplicate and did not differ 256 
by more than 5%. 257 

 258 

Purification of the macrocyclic glycoclusters X3/X4 259 

The trimeric and tetrameric macrocycles X3/X4 had to be purified from the equilibrated DCLs. For that 260 

purpose, DCLs of M, G or F building blocks were equilibrated at low temperature (4°C) during 72 h to 261 

limit oxidation, and the resulting DCL composed mostly of X3/X4 was purified by preparative HPLC to 262 

collect the macrocycles (Figure 8). It is worth pointing out that the macrocycles X3 and X4 were obtained 263 

pure after preparative HPLC, but rearrangements were always observed during evaporation of solvents 264 

from the collected fractions and also after a few hours in solution, preventing ITC studies with lectins. 265 

Two sets of peaks were typically observed in the UHPLC chromatogram for each species (X3 or X4) and 266 

were due to the intrinsic chirality of the S-S bond which provides diastereoisomers for each disulfide 267 

linkage.48 Due to these limitations in reaching pure macrocycles, the mixture of X3/X4 was analyzed by 268 

ITC and the exact composition of the solution was determined for each individual measurement. The 269 

molecular weight of X3/X4 was calculated as the ratio of each macrocycle and according to the AUC 270 

proportion in the UHPLC chromatogram. 271 
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 272 

Figure 8. UHPLC chromatograms of glycosylated dyn[n]arenes after typical equilibration and 273 
purification by preparative HPLC. (a,b) M3/M4, (c,d) F3/F4 and (e,f) G3/G4 in buffer Tris 200 mM, NaCl 274 
100 mM, CaCl2 100 µM, at RT. 275 

ITC binding studies of M3/M4 with ConA 276 

The affinity of the mannosylated glycoclusters M3/M4 was verified by isothermal titration 277 

microcalorimetry (ITC) to quantify the multivalent interactions between ConA and the ligands. Titration 278 

provided a sigmoidal curve which is representative of a strong affinity of the ligands for ConA with a 279 

60-fold improvement of affinity () in comparison to the monovalent reference ligand methyl -D-280 

mannopyranoside (-D-ManOMe) (Figure 9).  281 
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 282 

Figure 9. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward ConA 283 

(0.12 mM) for α-D-ManOMe (1.8 mM, left panel) and the association titration curve obtained with a 284 

1:1 binding model (lower left panel). ITC data obtained for injections of M3/M4 (0.2 mM, 1:1) into a 285 

solution of ConA (0.12 mM) and the associated titration curve (lower right panel). 286 

Analysis of the ITC data (Table 1) also provided information about the stoichiometry of the 287 

glycoclusters’ complexes with ConA, and the n value of 0.09 indicates that, theoretically, up to 11 lectin 288 

monomers can be involved in binding events simultaneously with the glycoclusters. Since the valency 289 

of M3 is of 6 mannose units and 8 for the M4 macrocycle, this n value indicates that nearly all 290 

mannosides are involved in an interaction with ConA, and thus a multivalent interaction is responsible 291 

for the improvement of affinity (). This result indicates that the higher multivalency (6 to 8 valency) 292 

reached with the oligomerized M3/M4 is indeed responsible for the sharp increase in affinity ( = 61) 293 

towards ConA reaching nanomolar affinity. For comparative purposes, it is to be noted that the affinity 294 

of a calixarene-based tetravalent ligand (Calix-Man4, Figure S1) of ConA was reported in the nanomolar 295 

range,26 similar to the macrocycles M3/M4, meaning that both are high affinity ligands for this lectin. 296 

Table 1. ITC data for the binding properties of glycosylated dyn[n]arenes M3/M4 and tetravalent Calix-297 
Man4 towards ConA 298 

Ligand n -∆H (kJ.mol-1) -T∆S (kJ.mol-1) Kd (nM) βa 

α-D-ManOMe 0.67 ± 0.02 8.53 ± 0.06 18.6 ± 0.4 18 000 1 

M3/M4
b 0.09 ± 0.02 106.6 ± 24.7 5.8 ± 2.1 294 61 

Calix-Man4 0.25 ± 0.02 104.6 ± 4.2 68.7 ± 3.9 540 33.3 
a β is the binding potency calculated as the ratio of the monovalent α-D-ManOMe reference Kd value to the Kd 299 
value of the multivalent compound. b Values obtained from four independent measurements. 300 

 301 

Multiplexing of DCLs for the simultaneous rapid identification of high affinity ligands of three lectins 302 

(LecA, LecB and AFL) 303 

Having demonstrated that 1,4-dithiophenol building blocks could oligomerize in solution and that the 304 

resulting DCL could be influenced by the addition of an external stimulus (lectin) to generate the best 305 

fit ligands of that protein, the concept was then pushed one step further by designing a multiplexed 306 

M3/M4 
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experiment in which several lectins were used as external stimuli for the identification of their best 307 

ligands, in a single experiment. First, a selection of three lectins from pathogens has been selected. 308 

Pseudomonas aeruginosa is a bacterium responsible for lung infections and is highly resistant to 309 

antimicrobials. Two lectins have been reported as virulence factors in this species, namely LecA which 310 

has a strong affinity for galactose ligands, and LecB for fucose. Aspergillus fumigatus, a fungus, 311 

responsible for lung infections, was also found to bind host cells through an AFL lectin which has affinity 312 

for fucose. Both pathogens are significant infectious agents that can benefit from the design of 313 

innovative therapeutic approaches. By using the galactosylated and fucosylated building blocks G and 314 

F, respectively, a multiplexed system of DCL can be readily setup for the identification in a single 315 

experiment of each high affinity ligand for all three lectins (Figure 10 and Figure S7). 316 

 317 

 318 

Figure 10. Simultaneous analysis of the DCL equilibration for three different lectins (LecA, LecB and 319 
AFL) and comparison to a reference DCL in buffer Tris 200 mM, NaCl 100 mM, CaCl2 100 µM, at RT. V1 320 
= 500 µL ; V2 = 0 µL ; V3 = 1000 µL; (a) Dilution ×10 - Stirring, RT; (b) Centrifugation; (c) Dilution with HCl 321 
1M; (d) Dilution with HCl 1M, Dilution ×2 Buffer. For complete information, please see supporting 322 
information. 323 

A (G+F)-DCL was equilibrated at 4 mM and the progress of equilibration of monitored by UHPLC. When 324 

the amount of G and F monomers reached less than 15% of the DCL composition, the reference (G+F)-325 

DCL was diluted 10x then separated into four different 0.4 mM DCLs and each of them were exposed 326 

to 0.4 mM of the lectin to be studied (LecA, LecB and AFL) or a reference DCL buffer. The reactions 327 

were monitored by UHPLC, and when the G and F monomers were totally consumed, DCLs were 328 

centrifuged to separate the precipitate containing the lectins and the high affinity ligands from the 329 

supernatant (containing the non-specific macrocycles). UHPLC-MS analyses were used to quantify the 330 

amount of each macrocycle in the respective DCL reactions. 331 

UHPLC-MS analyses of the reference DCL revealed that galactosylated macrocycles could not be 332 

detected, but several heteroglycoclusters could be identified clearly as well as homoglycoclusters 333 

(Figure 11). Some compounds could not be assigned to any structure (e.g. t = 2.6 min, m/z = 661, 334 

representing 1.6% in the mixture), and oxidized building block G could be observed at a retention time 335 

of ca. 4.3 min which represented less than 5% in the DCL constituents. 336 
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 337 

Figure 11. Equilibration of the reference DCL composed of G/F building blocks (1:1, 4 mM) in buffer 338 
Tris 200 mM, NaCl 100 mM, CaCl2 100 µM, at RT during 36 h 339 

The LecA-(G+F)-DCL was analyzed by UHPLC from its precipitate and supernatant samples (Figure 12). 340 

The overall composition of the DCL was changed in comparison to the reference DCL. The first 341 

observation was an emergence of G3 and G4 macrocycles in the precipitate sample. The addition of the 342 

LecA lectin therefore modified the distribution of the hetero- and homoglycoclusters with the hetero-343 

species decreasing drastically in proportion and the homoglycoclusters becoming the major species in 344 

the DCL. Some changes are important such as the heteroglycocluster G2F2 which decreased by ca. 80% 345 

in the presence of LecA, but also G1F2 (74% decrease) and G1F3 (50% decrease) while homoglycoclusters 346 

such as F3 and F4 have increased by 69% and 174%, respectively (Figure 13). As previously observed in 347 

the ConA-DCLs, the addition of the galactose-specific LecA lectin triggered the scrambling of the (G+F)-348 

DCL favoring the formation of G3 and G4 glycoclusters, along with the corresponding F3 and F4 349 

macrocycles that would rearrange together. A peak at t = 4.8 min could not be assigned to a compound 350 

and displayed a molecular weight of 1159 g.mol-1 that represented 20% in the precipitate sample 351 

(Figure 12a). In the supernatant, an unknown compound at t = 2.5 min was also observed with a 352 

molecular weight of 648 g.mol-1 (Figure 12b). 353 



15 
 

 354 

 355 

Figure 12. UHPLC analysis of the G/F (1:1, 0.4 mM) DCL after incubation with LecA (0.4 mM) with the 356 
(a) precipitate and (b) supernatant 357 
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 358 

Figure 13. Comparison of the reference G/F DCL to the LecA (top) and LecB (bottom) amplified DCL 359 
combining materials from the supernatant and precipitate fractions. Measurements were performed 360 
in triplicate and did not differ by more than 5%. 361 

The LecB-(G+F)-DCL was then analyzed similarly by UHPLC-MS (Figure S2) using precipitate and 362 

supernatant samples. A modification of the reference DCL composition was clearly observed with the 363 

appearance of G3 and G4 species in the supernatant as non specific LecB ligands (Figure S2b). 364 

Heteroglycoclusters G2F, G3F, G2F2 and GF2 decreased quite drastically in the DCL mixture (52%, 79%, 365 

82% and 55% respectively) while the homoglycoclusters F3 and F4 increased by 73% 272% respectively 366 

(Figure 13). The same unknown compounds at t = 2.6 min (4%) and t = 4.8 minutes (5%) observed with 367 

LecA could be detected but at a very limited proportion in the whole DCL (Figure S2b). 368 

Finally, the AFL-(G+F)-DCL was setup and processed as the other DCLs. Nevertheless, after equilibration 369 

and centrifugation, the supernatant tended to further precipitate and lead to suspended matters 370 

(Figure S3). A filtration through Amicon filters provided a filtrate but their UHPLC-MS analyses could 371 

not provide exploitable data. AFL displayed low nanomolar affinities for the multivalent ligands 372 

designed here (see ITC studies, vide infra). Therefore, the precipitation of AFL with the multivalent 373 

ligands in the DCL library might occur at much lower concentrations in comparison to LecA or LecB 374 

rendering the processing of the DCL analysis more complex and unsuccessful so far. The same DCL 375 

could have been performed with lower amounts of lectin but a minimum amount of 0.2 mM in lectin 376 

was necessary for the proper analysis of the DCLs to reach a reliable signal-to-noise ratio in the UHPLC-377 

MS analyses (data not shown). 378 

 379 

ITC binding studies of G3/G4 and F3/F4 with LecA, LecB and AFL 380 

The G3/G4 macrocycles could be purified by preparative UHPLC and then assayed by ITC to determine 381 

their binding properties towards LecA, the galactose-specific lectin from Pseudomonas aeruginosa 382 

(Figure S4, Table 2). The stoichiometry of the G3/G4 to LecA complexes was measured as n = 0.10. This 383 

value indicates that up to ten lectin monomers can interact simultaneously with the glycoclusters. The 384 

maximum valency of the G4 glycocluster was 8 which would suggest a stoichiometry of n = 0.125. This 385 

n value suggested that nearly all galactose ligands were interacting with a lectin. This slight difference 386 

could be explained by the low precipitation observed in the ITC titration experiment within the last 387 
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injections of the titration (Figure S4). A dissociation constant of 185 nM was measured which 388 

represented an increase in affinity () of 378 in comparison to the monovalent LecA ligand reference 389 

methyl β-D-galactopyranoside (β-D-GalOMe). This high affinity was very much comparable to the Calix-390 

Gal4 (Figure S1) that displayed nanomolar affinity for LecA. A negative control was measured with the 391 

F3/F4 glycoclusters that did not display any binding to LecA with a titration curve that was totally flat 392 

(Figure S4). The strong binding to LecA observed for the G3/G4 glycoclusters was indeed due to the 393 

specific binding of galactoside epitopes since the core framework of the glycocluster of F3/F4 394 

glycoclusters did not interact with the lectin. 395 

Table 2. ITC data for the binding properties of glycosylated dyn[n]arenes G3/G4 towards LecA 396 

Ligand n -∆H (kJ.mol-1) -T∆S (kJ.mol-1) Kd (nM) βa 

β-D-GalOMeb 0.80 39.0 15.0 70 000 1 

G3/G4
c 0.10 ± 0.01 158.3 ± 8.3 119.7 185 378 

Calix-Gal4
d 0.24 ± 0.01 104 ± 1 65.0 176 398 

a β is the binding potency calculated as the ratio of the monovalent β-D-GalOMe reference Kd value to the Kd 397 
value of the multivalent compound. b Values obtained from the literature.57 c Values obtained from duplicate 398 
measurements. d Values obtained from the literature.26 399 

The similar ITC study was then performed with the F3/F4 glycoclusters towards LecB (Figure S5, Table 400 

3). The affinity measured was in the low nanomolar range (Kd = 90 nM) and does compare very 401 

favorably with the previously reported high affinity ligands for LecB such as the Calix-Fuc4 glycocluster 402 

(Figure S1). The increase in affinity observed was more moderate for LecB than for LecA since the  403 

value was of only 6 for the F3/F4 glycoclusters. This was already the case for the Calix-Fuc4 glycocluster 404 

and was explained by the LecB organization which harbors distant multimeric binding sites too far 405 

apart to interact simultaneously with two fucoside epitopes in a chelate binding mode.12 Similarly, the 406 

negative control measurement was performed with the G3/G4 glycocluster which did not display any 407 

affinity towards LecB (Figure S5). 408 

 409 

Table 3. ITC data for the binding properties of glycosylated dyn[n]arenes F3/F4 towards LecB 410 

Ligand n -∆H (kJ.mol-1) -T∆S (kJ.mol-1) Kd (nM) βa 

α-L-FucOMeb 1.00 ± 0.07 31.5 ± 0.8 -6.2 555 1 

F3/F4
c 0.10 ± 0.01 225.8 ± 6.3 184.1 90 6 

Calix-Fuc4
b 0.32 ± 0.02 89.6 ± 2.1 47.8 48 11.6 

a β is the binding potency calculated as the ratio of the monovalent α-L-FucOMe reference Kd value to the Kd 411 
value of the multivalent compound. b Values obtained from the literature.26 c Values obtained from triplicate 412 
measurements. 413 

 414 

The F3/F4 glycoclusters were then assayed against AFL, another fucose-specific lectin from the 415 

Aspergillus fumigatus fungal pathogen.58 This lectin is a hexamer displaying six fucose binding sites in 416 

a propeller-like spatial arrangement. The cooperativity in binding to several binding sites 417 

simultaneously has been demonstrated by the group of Renaudet using a cyclic peptide scaffold with 418 

six fucoside epitopes (Figure S6).59 The affinity towards LecB was in the low nanomolar range (Table 4) 419 

and these ligands displayed the highest affinity ligands for AFL reported to date. A similar approach 420 

was reported by Gouin et al. with octavalent glycoclusters displaying fucoside epitopes on a 421 

silsesquioxane core scaffold (Figure S6).60 Again, the Kd value of 40 nM (Table 4) ranked this type of 422 

glycocluster in the highest affinity for AFL. 423 
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The F3/F4 glycoclusters displayed a Kd value of 38 nM (Figure S7, Table 4) which is in line with the 424 

multivalent glycoclusters previously reported. The negative control with G3/G4 glycoclusters confirmed 425 

that no non-specific binding could be attributed to the macrocyclic core scaffolds. 426 

 427 

Table 4. ITC data for the binding properties of glycosylated dyn[n]arenes F3/F4 towards AFL 428 

Ligand n -∆H (kJ.mol-1) -T∆S (kJ.mol-1) Kd (nM) βa 

α-L-FucOMeb 2.98 32.8 7.7 40 300 1 

F3/F4
b 0.11 ± 0.03 335.0 ± 0.0 292.5 ± 0.5 38 1060 

Cyclodecapeptidec 0.77 ± 0.01 154.5 ± 3.5 109.5 18.5 2178 

Silsesquioxaned 0.71 ± 0.04 -247.2 ± 16.0 205.0 ± 16.2 40 1007 
a β is the binding potency calculated as the ratio of the monovalent α-L-FucOMe reference Kd value to the Kd 429 
value of the multivalent compound. b Values obtained from duplicate measurements. c Values obtained from the 430 
literature.59 d Values obtained from the literature.60  431 

 432 

As a conclusion for these ITC binding studies, the X3/X4 glycoclusters identified after lectin-selection in 433 

the equilibrating DCLs could be purified and their binding properties studied by ITC. All these dynarene 434 

glycoclusters displayed high affinity for their respective lectins and can be considered as candidates to 435 

prevent or reduce bacterial interactions with epithelial cells. They were found to have binding affinities 436 

similar to those of the calixarene-based glycoclusters that were demonstrated as efficient bio-mimetics 437 

reducing mouse lung infection by Pseudomonas aeruginosa.26 Similarly, the fucosylated glycoclusters 438 

F3/F4 appeared as valuable candidates to reduce the outcome of Aspergillus fumigatus lung infections 439 

(in immuno-compromised patients), based on their high affinity for the AFL lectin. Given the potential 440 

of these compounds for biological applications, their toxicity and anti-adhesive properties against 441 

Pseudomonas aeruginosa were evaluated on A549 lung epithelial cells. 442 

 443 

Incidence of dynarenes on Pseudomonas aeruginosa PAO1 cells and lung epithelial cells 444 

The toxicity of the designed X3/X4 glycoclusters was evaluated against P. aeruginosa strain PAO1 (the 445 
main strain model used in virulence studies) using two different assays. The growth of PAO1 was not 446 
inhibited by the exposure to the X3/X4 dynarenes (up to 10 mM) on Muller-Hinton agar plates. In 447 
parallel, a Live-Dead assay monitoring dead cells (through their permeability to propidium iodide) 448 
indicated that no toxicity could be observed against PAO1 for the X3/X4 dynarenes used up to 10 mM, 449 
over incubation times of 4 hours. 450 
 451 
Aggregation bacterial cell assays 452 
The absence of toxicity on P. aeruginosa allowed to test the abilities of X3/X4 dynarenes to induce the 453 
formation of PAO1 cell aggregates. The presence of LecA, LecB or other adhesins at the surface of the 454 
bacterial cells can trigger their aggregation in the presence of the multivalent X3/X4 dynarenes acting 455 
as cross-linking agents between cells through carbohydrate-lectin interactions. Our previously 456 
reported procedure61 was used to test the formation of cellular aggregates induced by multivalent 457 
X3/X4 dynarenes ligands. This procedure was slightly modified by performing an analysis of the relative 458 
numbers of aggregates through a Malvern mastersizer 3000 diffraction laser system (Figure 14) rather 459 
than flow cytometry. A shoulder is observed at 6 µm suggesting the presence of aggregates of about 3 460 
cells in the control experiment with PBS. The blue and green curves showed the impact of adding 461 
mannosylated dynarenes M3/M4 (100 or 250 µM) generating larger aggregates of a few tens of microns 462 
with nearly no influence of the concentration used. 463 
 464 
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 465 
Figure 14. Illustration of aggregate size distribution patterns observed in a P. aeruginosa PAO1 cell 466 
broth exposed to two concentrations (100 µM, 250 µM) of mannosylated dynarenes. Two cell 467 
categories can be defined through the analysis of the cell size distribution patterns: (1) planktonic 468 
PAO1 cells (< 3 µm), and (2) aggregated PAO1 cells (> 3 µm). 469 
 470 
The aggregation assays clearly showed the ability of multivalent X3/X4 dynarenes at inducing the 471 
formation of PAO1 cell aggregates (Figure 15). The glycosylated dynarene aggregation potential was 472 
compared with those of glycosylated calixarenes which have been reported as highly efficient 473 
multivalent ligands for inducing the formation of PAO1 cell aggregates.26 Interestingly, these 474 
aggregation levels were correlated to an anti-adhesive effect reducing the formation of aggregates 475 
when PAO1 cells are exposed to glyco-conjugate concentrations above 1 mM.26 This anti-adhesive 476 
effect was considered to result from a saturation of adhesins at the bacterial cell surface preventing 477 
interactions with the neighboring cells. Mannosylated (M3/M4) and galactosylated (G3/G4) dynarenes 478 
were found to generate as much aggregates than the calixarene-based glycoclusters (Figure S1, cFUC, 479 
cGAL, cMAN) but not the fucosylated (F3/F4) dynarenes (Figure 15). 480 
 481 

 482 
Figure 15. Boxplot of P. aeruginosa PAO1 cells aggregation levels induced through interactions with 483 

100 µM of methyl glycosides (monovalent ligands – mFUC = methyl -L-fucopyranoside, mGAL = 484 

methyl -D-galactopyranoside, mMAN = methyl -D-mannopyranoside), tetravalent calixarene-based 485 
glycoclusters (cFUC, cGAL, cMAN) and the multivalent X3/X4 dynarene glycoclusters. Size of the 486 
aggregates were estimated using a Malvern MasterSizer. Boxplots were used to show the minimum, 487 
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first quartile (Q1), median, third quartile (Q3), and maximum relative abundances for PAO1 aggregates 488 
with a size > 3 µm among a cell population. 100 µM of all compounds were used per assay. Boxplots 489 
with distinct letter codes showed significant differences (p-values < 0.05 using Kruskal-Wallis (KW) 490 
Dunn tests). Aggregates observed among control PAO1 cells in PBS were subtracted from the results; 491 
PBS values were thus transformed into zero. At least three independent aggregation assays were 492 
performed per assay, and more than five technical Mastersizer readings were performed per replicate. 493 
 494 
Similar results were obtained with the bpoe6656 strain61-62 which belongs to the PA14 clade of P. 495 
aeruginosa expressing ExoU-based virulence behaviors rather than ExoS-based ones of the PAO1 clade 496 
(Figure 16). Aggregation of these PA14 bpoe6656 cells was found higher with the galactosylated G3/G4 497 
dynarene (Figure 16B) than the mannosylated M3/M4 dynarenes (Figure 16A). Interestingly, a positive 498 
linear response between the number of aggregates and the concentrations of M3/M4 dynarenes could 499 
be observed with these two strains but was less significant with the G3/G4 dynarenes. This confirmed 500 
the trends reported on Figure 15 where mannosylated M3/M4 dynarenes induced the formation of a 501 
greater number of aggregates. 502 
 503 

 504 

Figure 16. Linear regression analysis of the effect of M3/M4 and G3/G4 dynarene concentrations (µM) 505 
on the relative number of aggregates > 3µm in cell populations of PAO1 and PA14-like strain bpoe6656. 506 
(A) Mannosylated dynarene M3/M4 and (B) galactosylated dynarene G3/G4. The linear model fitting the 507 
observed relation is indicated on the curve with its R2 value of goodness-of-fit. R2 indicates the 508 
percentage of the response variable explained by the model. Three independent aggregation assays 509 
were performed per dynarene concentration (matching the coloured square or circles), and more than 510 
five technical Mastersizer readings were performed per replicate. 511 
 512 
P. aeruginosa virulence cell assays using A549 lung epithelial cells 513 
In our previous study,26 calixarene-based glycoclusters were found to inhibit PAO1 adhesion on A549 514 

epithelial cells after 3 hours of co-culture. We have now optimized these virulence assays to evaluate 515 

the protective effects of multivalent X3/X4 dynarene glycoclusters against PAO1 virulence. xCELLigence 516 

monitorings, using E96-microtiter plates harboring gold electrodes (Acea Biosciences, San Diego, USA) 517 

were implemented to test the changes in PAO1 virulence properties triggered by X3/X4 dynarenes. 518 

These monitorings implied real-time analyses (RTCA) of impedance changes over time for epithelial 519 

cell monolayers, which are expressed as cell index (CI) arbitrary units. These cell index values are 520 

reflecting changes in A549 epithelial cell adhesion forces over the electrodes which are triggered by 521 

morphological and A549 cell number changes over time. Cell indexes were normalized at time of 522 

treatments (i.e. presented as delta cell indexes). 523 

To perform these RTCA, the toxicity of X3/X4 dynarene glycoclusters on A549 epithelial cells was first 524 

investigated. No toxicity effect on the A549 was observed using dynarenes (data not shown). 525 
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Experiments testing the incidence of X3/X4 dynarenes on the PAO1 infection of A549 cells monitored 526 

by the xCELLigence system were then undertaken. PAO1 cells were grown as reported above, washed 527 

with PBS, and pre-incubated for 15 min with the X3/X4 dynarene glycocclusters (1 mM) as performed 528 

in our previous study.26 These PAO1 cells were then diluted to obtain a multiplicity of infection (MOI) 529 

of 10 according to the number of A549 cells prepared for the RTCA in the culture media without 530 

antibiotics. 531 

The impact of X3/X4 dynarene glycoclusters on P. aeruginosa virulence was tested on A549 cell 532 

monolayers after 2 hours of co-cultures. Since dynarenes did not exert any significant toxicity on PAO1 533 

cells, their high proliferation rate (approx. 40 min.) could interfere with pre-treated bacteria. In order 534 

to avoid excess PAO1 proliferation, remaining PAO1 cells in suspension were removed after 2 hours of 535 

co-culture and replaced by fresh cell culture media in order to amplify the effect of adherent bacteria 536 

(Figure 17A). 537 

In comparison to control A549 cells, PAO1 adhesion to epithelial cells induced a drastic reduction of 538 

cell index according to time with respect of high alteration of A549 cell number, adhesion force and/or 539 

morphology (Figure 17A). This effect was significantly counterbalanced in co-cultures with PAO1 pre-540 

exposed to either three X3/X4 dynarenes, suggesting that PAO1 adherence and/or virulence was 541 

altered by X3/X4 dynarene glycoclusters. In order to test whether PAO1 adhesion to epithelial cells was 542 

involved in alteration of epithelial cell index, a second approach was used to monitor A549 cell 543 

adhesion rate by RTCA of cells in suspension loaded onto the E-Plate. During this adhesion phase, the 544 

cell index (normalized to media alone) increases according to cell adhesion at the bottom of plate 545 

wells, which occurs within a few hours.63 Since at MOI10, X3/X4 dynarenes are present in the co-culture 546 

media at 4.13 M, their toxicity was checked on A549 cells in suspension and they did not alter cell 547 

adhesion rate and/or force (Figure 17B). Pre-incubation of A549 cells in suspension with PAO1 (MOI10) 548 

was found to drastically affect epithelial cell adhesion (Figure 17C). Pre-incubation of PAO1 with X3/X4 549 

dynarenes (1 mM on MOI100) was found to exert a protective effect against this alteration of epithelial 550 

cell adhesion. In order to analyze the mechanisms involved in PAO1 virulence, at the end of experiment 551 

(3-4 hours), A549 cells were fixed in a 5% PBS formalin solution and kept at least 1 hour at 4°C. Then 552 

they were labeled with PBS 0.1% Triton containing Phalloïdin-Atto488 for cytoskeleton labeling, DAPI 553 

for cell nuclei counts and dihydroxyrhodamine (DHR) to evaluate stress induced reactive oxygen 554 

species (ROS) during five minutes then washed twice in PBS and analyzed through automated image 555 

analyses (×4) (Figure 17D). PAO1 adhesion/infection was found to affect A549 cell adhesion by 556 

reducing the number of adherent cells and induction of oxidative stress (i.e. increased intracellular 557 

ROS). Image acquisitions at higher magnification (×20) with identical parameters highlight 558 

morphological changes such as reduction of adhesion surfaces (spheric cells) and loss of phalloïdin 559 

fluorescence intensity reflecting destabilization of actin polymerization (Figure 17E). These data are in 560 

accordance with the effect of PAO1 adhesion on oxidative stress and consequent alteration of cell 561 

adhesion.64 All X3/X4 dynarene glycoclusters protect at least partially (G3/G4) or to a large extent (F3/F4) 562 

A549 cells from the anti-adhesive activity of PAO1 in RTCA experiments confirmed by the 563 

counterbalancing effect on cell number adhesion, ROS induction and morphological alterations. 564 

In conclusion, X3/X4 dynarene glycoclusters could be demonstrated to exert a protective effect against 565 

PAO1 virulence on lung epithelial cells. The exact mechanism of protection is still to be further 566 

investigated but it is probably through inhibition of their adhesion on epithelial cells by inducing 567 

bacterial aggregation. 568 

 569 
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 570 
Figure 17. Pseudomonas aeruginosa PAO1 anti-adhesive assays using X3/X4 dynarene glycoclusters and 571 

A549 epithelial cells. (A) Real-time monitoring of A549 cell monolayer in co-culture with PAO1 pre-572 

treated with X3/X4 dynarenes (1 mM). Co-cultures were washed out after 2 hours and replaced by fresh 573 

culture media then monitored during 2 hours. Data were obtained with 8 replicates of 3 independent 574 

preparations of each PAO1-X3/X4 dynarenes. (B) Real-time monitoring of A549 cell adhesion after pre-575 

incubation with X3/X4 dynarenes (4.13 µM) and (C) with PAO1 pre-treated with X3/X4 dynarene (1 mM) 576 

(n= 8 replicates). (D-E) After PAO1 exposure, A549 cells were fixed and labeled with either DAPI (blue 577 

color) for nuclei counts, phalloidin-Atto488 (green color) for cytoskeleton and dihydroxyrhodamine 578 

(DHR, red color) for reactive oxygen species (ROS). (D) Cell number (i.e. DAPI counts) and mean ROS 579 

content per cell (i.e. DHR intensity normalized to DAPI counts) were obtained by automated analysis 580 

of at least 16 images (magnification ×4). (E) Phase contrast and merged fluorescence images at 581 

objective ×20. Data are presented as mean values +/-SEM, different letters represent significant 582 

differences according to Kruskal Wallis followed by Mann Whitney (Wilcoxon) tests (p<0.05). 583 
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 584 

Conclusion 585 

Carbohydrates are decorated at the surface of cells and play a major role in biological processes more 586 

specifically in several diseases. The very first step of bacterial or viral infection is the attachment of the 587 

pathogen to the cell surface through carbohydrate-lectin interactions, carbohydrates being present at 588 

the host cell surface in the glycocalyx and proteins being used by pathogens for infection. The design 589 

of multivalent glycoconjugates to lure pathogens and prevent adhesion to host cells is a general 590 

strategy that has found several illustrations over the past decades. The design and synthesis of 591 

multivalent glycoconjugates as potent ligands of such proteins has required intensive research work 592 

from chemists and biochemists to identify drug candidates. One main drawback is the synthesis of a 593 

large panel of analogues in a family of compounds for the structure-activity relationship study and to 594 

reach the best candidate after testing all compounds separately in a time and material consuming 595 

process. Dynamic combinatorial chemistry can provide a rapid and efficient access to a large variety of 596 

multivalent glycoconjugates and speed up drastically the process of drug discovery in this context. One 597 

major advantage is to setup an equilibrating dynamic combinatorial library of glycoclusters and then 598 

introduce a lectin for the in situ selection of the fittest ligand of the protein. Glycosylated 1,4-599 

dithiophenols were equilibrated through disulfide exchange to reach a library of glycoclusters. A model 600 

study was performed with concanavalin A (ConA) to demonstrate the selection of the best ligands in 601 

this dynamic combinatorial library. More importantly, this strategy allowed the identification of the 602 

best ligands for more than one lectin in a single experimental setup by using two simple 1,4-603 

dithiophenols building blocks. High affinity glycoclusters could be amplified in the equilibrating 604 

mixtures using LecA or LecB, leading to glyco-dyn[3]arenes and glyco-dyn[4]arenes. The glycoclusters 605 

could then be synthesized, isolated for their evaluation as lectin ligands and anti-adhesive agents 606 

against Pseudomonas aeruginosa. Dissociation constants in the nanomolar range could be measured 607 

by ITC which places these compounds in the same range of “classical” calixarene-based glycoclusters 608 

which among the best ligands for these pathogenic lectins. These glyco-dynarenes did not display any 609 

toxicity towards neither human cells, nor Pseudomonas aeruginosa. Their evaluation as anti-adhesive 610 

agents could be validated in a virulence assay on human A549 lung epithelial cells which indicated that 611 

glyco-dynarenes could perform similarly to our previous calixarene-based glycoclusters model. 612 
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Figure S1. Structure of the tetravalent calixarene-based glycoclusters Calix-Man4, Calix-Gal4 and 

Calix-Fuc4 
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Figure S2. UHPLC analysis of the G/F (1:1, 0.4 mM) DCL after incubation with LecB (0.4 mM) with the 
(a) precipitate and (b) supernatant 
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Figure S3. Picture of the precipitate and supernatant samples obtained for the AFL-(G+F)-DCL 

 

 

 
Figure S4. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward LecA 
(0.1 mM) for β-D-GalOMe (1.8 mM, left panel) and the association titration curve obtained with a 1:1 
binding model (lower left panel). ITC data obtained for injections of G3/G4 (0.2 mM, 1:1) into a solution 
of LecA (0.1 mM) and the associated titration curve (center panel). ITC data obtained for injections of 
F3/F4 (0.575 mM, 1:1) into a solution of LecA (0.05 mM) and the associated titration curve (right panel). 
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Figure S5. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward LecB 

(0.112 mM) for α-L-FucOMe (1.67 mM, left panel) and the association titration curve obtained with a 

1:1 binding model (lower left panel). ITC data obtained for injections of F3/F4 (0.072 mM, 1:1) into a 

solution of LecB (0.112 mM) and the associated titration curve (center panel). ITC data obtained for 

injections of G3/G4 (0.209 mM, 1:1) into a solution of LecB (0.112 mM) and the associated titration 

curve (right panel). 

 

 

Figure S6. Hexavalent cyclodecapeptide-based and silsesquioxane-based glycoclusters used as a 
comparison with the F3/F4 fucosylated dyn[n]arenes. 
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Figure S7. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward AFL 

(0.05 mM) for α-L-FucOMe (3 mM, left panel) and the association titration curve obtained with a 1:1 

binding model (lower left panel). ITC data obtained for injections of F3/F4 (0.012 mM, 1:1) into a 

solution of AFL (0.05 mM) and the associated titration curve (center panel). ITC data obtained for 

injections of G3/G4 (0.012 mM, 1:1) into a solution of AFL (0.01 mM) and the associated titration curve 

(right panel). 
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Materials and methods 
 

Commercial reagents were used without further purification. Solvents were dried using standard 

methods. All reactions were carried out under argon. Column chromatography was performed using 

silica gel (40–63 µm). Reactions were monitored via TLC on a silica gel aluminum plate and visualized 

under UV light (254 nm). 
 
1H, 13C, DEPT, COSY, HSQC, HMBC experiments were performed on Bruker spectrometers: AV 300, AVL 

300, AV 400 and AV 500 at 298K at the CCRMN of the University of Lyon. The chemical shifts are 

indicated in ppm (parts per million) in reference to the residual solvent peak (J. Org. Chem., 1997, 62, 

7512-7515). Coupling constants (J) are indicated in Hz (Hertz). The abbreviations used for the 

multiplicity are: s (singlet), b (broad), d (doublet), dd (doublet of doublet), t (triplet), td (triplet of 

doublet), q (quadruplet), m (multiplet). 
 

Low resolution mass spectrometry was performed on a LCQ advantage (50-20 000 m/z) apparatus from 

Thermofinnigan. High resolution mass spectrometry was performed on a MicrOTOFQ II (50-20 000 

m/z) apparatus from Bruker. Electrospray ionization was used in all cases. 
 

Lyophilization was carried out in a CHRIST Alpha 2-4 LDPlus apparatus or on a CHRIST Alpha 3-4 LSC 

Basic system. 
 

C18 Chromatography was performed on automated systems such as CombiFlash Companion system 

from Serlabo Technologies, Puriflash 5.020 apparatus from Interchim or Pure C-805 from Buchi using 

C18 Reversed-Phase column cartridges. 
 

Preparative high-performance liquid chromatographies were performed on a Shimadzu LC20 semi-

preparative system equipped with a binary pump, a manual injection manifold, dual wavelength UV 

detector. The chromatographic separation was performed at RT on various columns. The 

chromatograms were recorded at 210 and 250 nm. 
 

Filtration with membrane could be performed on hydrophilic (0.45 µm pore size, hydrophilic 

polyethersulfone, 47 mm diameter, ref: HPWP04700) or hydrophobic (Membrane Durapore, PVDF 

hydrophobic, 0.22 µm pore size, 47 mm diameter, ref: GVHP04700) membranes purchased from Merck 

Millipore 
 

HPLC analyses were performed on a UHPLC Thermo Scientific Dionex UltiMate 3000 system equipped 

with a binary pump, an auto-sampler, a variable wavelength UV detector. The chromatographic 

separation was performed at 30°C on various columns. The chromatograms were recorded at 210 and 

254 nm. High resolution mass spectrometry was performed on a QTOF Impact II (50-20 000 m/z) 

apparatus from Bruker. Column: Thermo Scientific Accucore C8 80 Å, 2.1×50 mm, 2.6 μm and Gradient 

in Table S1 below. 
 

Table S1. Gradient for HPLC analyses 

Time (min) Flow (mL/min) H2O + 0.1% TFA MeCN + 0.1% TFA 

0 0.800 100 0 

15 0.800 70 30 

18 0.800 0 100 

19 0.800 0 100 

19.5 0.800 100 0 

22 0.800 100 0 
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Synthesis and characterization of new molecules 

 
Diethyl 2,5-bis(dimethylthiocarbamoyloxy)terephthalate (S2) 

To a solution of S1 diethyl 2,5-dihydroxyterephthalate (10 g, 39 mmol, 1 eq.) in dry 

DMA (100 mL) was added dropwise at 0°C a solution of dimethylthiocarbamoyl 

chloride (19 g, 157 mmol, 4 eq.) and DABCO (18 g, 157 mmol, 4 eq.) in dry DMA (50 

mL). The mixture was stirred under nitrogen at room temperature for 24 h. The 

precipitate was filtrated and washed extensively with water (4×250 mL). The solid was 

dried under vacuum to give compound S2 as a white powder (17 g, 38 mmol, >95%). 

1H NMR (300 MHz, CDCl3) δ ppm = 7.74 (s, 2H, Ar), 4.31 (q, J = 7.2 Hz, 4H, CH2), 3.47 (s, 6H, NCH3), 3.41 

(s, 6H, NCH3), 1.34 (t, J = 7.2 Hz, 6H, CH3) 

The data were in agreement with the literature reference. J. Am. Chem. Soc., 2006, 128, 10253-10257 
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Diethyl 2,5-bis(dimethylcarbamoylsulfanyl)terephthalate (S3) 
Diethyl 2,5-bis(dimethylthiocarbamoyloxy)terephthalate S2 (3,6 g, 8.21 mmol) was 
heated under neat conditions at 210°C for 2 h. The solid was cooled at 90°C. Then, 
ethanol was added (120 mL) and the mixture was cooled at 0°C overnight. The 
precipitate was washed with cooled ethanol (2×45 mL) and dried under vacuum to 
give compound S3 as a beige powder (3.3 g, 7.62 mmol, 93%). 
 
1H NMR (300 MHz, CDCl3) δ ppm = 8.09 (s, 2H, Ar), 4.32 (q, J = 7.2 Hz, 4H, CH2), 3.10 

(brs, 6H, NCH3), 2.99 (br s, 6H, NCH3), 1.34 (t, J = 7.2 Hz, 6H, CH3) 

The data were in agreement with the literature reference. J. Am. Chem. Soc., 2006, 128, 10253-10257  
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2,5-Dimercaptoterephthalic acid (1) 
A solution of diethyl diethyl 2,5-bis(dimethylcarbamoylsulfanyl)terephthalate S3 (2.9 

g, 6.7 mmol, 1 eq.) in degassed 1.3 M KOH (7.3 g, 130.3 mmol, 17 eq.) in EtOH/H2O 

(1:1, 100 mL) was heated under reflux under an inert atmosphere for 3 h. The reaction 

mixture was cooled in an ice-bath, and concentrated HCl (30 mL) was added until pH 

1. A bright yellow precipitate was formed, filtered, and washed extensively with water, yielding 

compound 1 as a yellow solid (1.5 g, 6.6 mmol, >95%). 

1H NMR (300 MHz, CD3OD) δ = 8.06 (s, 2H, Ar)  

The data were in agreement with the literature reference. J. Am. Chem. Soc., 2006, 128, 10253-10257 

  



S11 
 

2,5-Di[(2-cyanoethyl)thio]terephthalic acid (2) 

2,5-Dimercaptoterephthalic acid 1 (0.965 g, 4.2 mmol, 1 eq.) was dissolved 

in degassed THF (20 mL) and heated to 70°C. Then, resulting mixture was 

added on a suspension of NaH (60% in mineral oil, 1.047 g, 26.2 mmol, 6.2 

eq.) in degassed anhydrous THF (10 mL). The suspension was stirred at r.t. 

during 1 h then 3-bromopropionitrile (4 mL, 48.2 mmol, 12 eq.) was added 

dropwise at r.t. The mixture was heated at 70°C for 16 h. The solvent was 

evaporated and the yellow solid crude residue was suspended in CHCl3 (50 mL) then filtered off using 

a hydrophobic membrane (5 µm). The solid was dried under vacuum then poured into 1 M HCl (40 mL). 

The precipitate was filtered off using a hydrophilic membrane (5 µm) and washed with water (5×20 

mL). The solid was dried under vacuum to afford 2,5-di[(2-cyanoethyl)thio]terephthalic acid 2 (1.417 

g, 4.2 mmol, >95%) as a bright yellow amorphous solid. 

1H NMR (300 MHz, DMSO-d6): 13.62 (bs, 2H, CO2H), 7.80 (s, 2H, Har), 3.26 (t, J = 6.8 Hz, 4H, SCH2), 2.87 

(t, J = 6.8 Hz, 4H, CH2CN) 

13C NMR (75 MHz, DMSO-d6): 166.7 (CO2H), 134.1 (CS), 132.9 (CCO2H), 128.5 (CHar), 119.2 (CH2CN), 

27.1 (SCH2), 16.5 (CH2CN) 

HR-ESI-MS (positive mode) m/z : calcd. for C14H12N2NaO4S2 [M+Na]+ 359.0131, found 359.0145 
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1-Ammonium-3,6-dioxaoct-8-yl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside p-toluenesulfonate 

(4-Man) 

A solution of azide 3-Man (13.56 g, 26.83 mmol, 1 eq.) and pTsOH 

(4.77 g, 27.70 mmol, 1 eq.) in dry MeOH (500 mL) with Pd/C 10% 

(1.4 g, 10%w) was placed under H2 atmosphere (1 bar). The 

reaction was monitored by TLC and stirred until completion. 

After 45 min, the mixture was filtered on a pad of celite and 

washed with MeOH and the solvent was evaporated to afford the desired product ammonium 4-Man 

pTsOH salt (16.15 g, 24.78 mmol, 92%) as a green amorphous solid. 

1H NMR (300 MHz, CD3OD): 7.67 (d, J = 8.1 Hz, 2H, CHAr), 7.20 (d, J = 7.8 Hz, 2H, CHAr), 5.23 (dd, J = 7.8, 

2.1 Hz, 3H, H2, H3, H4), 4.86 (d, J = 1.2 Hz, 1H, H1), 4.19 (m, 1H, H5), 4.08 (m, 2H, H6), 3.87-3.78 (m, 2H, 

CH2OMan), 3.70-3.63 (m, 8H, 4xCH2O), 3.14 (br, 2H, CH2N), 2.33 (s, 3H, CArCH3), 2.10, 2.04, 1.99, 1.92 

(s, 4x3H, COCH3). 

13C NMR (300 MHz, CD3OD): 171.0, 172.3, 171.9, 170.1 (4xCOCH3), 142.2 (CArCH3), 140.3 (CArSO3), 128.4 

(2xC, CAr), 125.6 (2xC, CAr), 97.5 (C1), 70.22, 69.8, 69.7 (3xCH2O), 69.4 (C2), 69.3 (C3), 68.5 (C5), 67.0 

(CH2O), 66.8 (CH2OMan), 65.9 (C4), 62.2 (C6), 39.5 (CH2N), 19.9, 19.30, 19.26, 19.2 (4xCOCH3). 

HR-ESI-MS (positive mode) m/z: calcd. for C20H34NO12: [M]+ = 480.2076, found 480.2074. 
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1-Ammonium-3,6-dioxaoct-8-yl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside p-toluenesulfonate 

(4-Gal) 

A solution of azide 3-Gal (777 mg, 1.31 mmol, 1 eq.) and 

pTsOH (250 mg, 1.32 mmol, 1 eq.) in dry MeOH (65 mL) with 

Pd/C 10% (99 mg, 10%w) was placed under H2 atmosphere 

(1 bar). The reaction was monitored by TLC and stirred until 

completion. After 20 min, the mixture was filtered on a pad of celite and washed with MeOH and the 

solvent was evaporated to afford the desired product ammonium 4-Gal and pTsOH salt (850 mg, 1.3 

mmol, >95%) as a green amorphous solid. 

1H NMR (400 MHz, CD3OD): 7.71 (d, J = 8.2 Hz, 2H, CHAr), 7.25 (d, J = 8.2 Hz, 2H, CHAr), 5.39 (dd, J = 3.1, 

1.0 Hz, 1H, H4) 5.15-5.07 (m, 2H, H2 + H3), 4.69 (d, J = 7.3 Hz, 1H, H1), 4.22-4.07 (m, 3H, H6 + CH2OGal), 

4.01-3.91 (m, 1H, H5), 3.78-3.63 (m, 9H, 4xCH2O + CH2OGal), 3.13 (bs, 2H, CH2N), 2.37 (s, 3H, CArCH3), 

2.14, 2.05, 2.03, 1.95 (s, 4xCOCH3) 

13C NMR (100 MHz, CD3OD): 172.1, 171.9, 171.5, 171.4 (4xC, COCH3), 143.6 (CCH3), 141.7 (CSO3), 129.8 

(2xC, CAr), 126.9 (2xC, CAr), 102.3 (C1), 72.3, 71.8, 71.5, 71.3, 70.2 (5xC, CH2O + CH2OGal), 71.2 (C5), 70.4, 

68.8 (C2 + C3), 67.9 (C4), 62.5 (C6), 40.7 (CH2N), 21.3, 20.8, 20.6, 20.5 (5xC, COCH3 + CCH3). 

HR-ESI-MS (positive mode) m/z : calcd. for C20H34NO12
 : [M]+ = 480.2076, found 480.2073. 
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1-Ammonium-3,6-dioxaoct-8-yl 2,3,4-tri-O-acetyl-α-L-fucopyranoside p-toluenesulfonate (4-Fuc) 

A solution of azide 3-Fuc (1.014 g, 2.27 mmol, 1 eq.) and pTsOH 

(0.433 g, 2.28 mmol, 1 eq.) in dry MeOH (100 mL) with Pd/C 10% 

(79 mg, 10%w) was placed under H2 atmosphere (1 bar). The 

reaction was monitored by TLC and stirred until completion. After 

25 min, the mixture was filtered on a pad of celite and washed with MeOH and the solvent was 

evaporated to afford the desired product ammonium 4-Fuc pTsOH salt (1.279 g, 2.15 mmol, 95%) as a 

green amorphous solid. 

1H NMR (400 MHz, CD3OD): 7.71 (d, J = 8.2 Hz, 2H, CHAr), 7.24 (d, J = 8.2 Hz, 2H, CHAr), 5.35 (dd, J = 10.7, 

3.4 Hz, 1H, H3) 5.27 (dd, J = 3.5, 1.4 Hz, 1H, H2), 5.11-5.04 (m, 2H, H1 + H2) 4.27 (qd, J = 6.5, 1.4 Hz, 1H, 

H5), 3.84-3.80 (m, 1H, CH2OFuc), 3.72-3.66 (m, 9H, 4xCH2O + CH2OFuc), 3.14 (bs, 2H, CH2N), 2.37 (s, 3H, 

CArCH3), 2.15, 2.05, 1.96 (s, 4xCOCH3) 

13C NMR (100 MHz, CD3OD): 172.3, 172.0, 171.8 (3xC, COCH3), 143.6 (CArCH3), 141.7 (CArSO3), 129.8 

(2xCAr), 127.0 (2xCAr), 97.5 (C1), 72.6 (C4), 71.6, 71.4, 71.3 (3xCH2), 69.5 (C3), 69.4 (C2), 68.2 

(FucOCH2CH2), 67.9 (FucOCH2CH2), 65.7 (C5), 40.7 (CH2N), 21.3 (CArCH3), 20.7, 20.6, 20.5 (3xCOCH3), 

16.2 (C6). 

HR-ESI-MS (positive mode) m/z : calcd. for C18H32NO10 : [M]+ = 422.2021, found 422.2014. 
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General procedure for the formation of amides 

2,5-Di[(2-cyanoethyl)thio]terephthalic acid 2 (1 eq.), HOBt•H2O (2.6 eq.) and EDCI•HCl or EDCI (2.6 eq.) 

were suspended under inert atmosphere (Ar) in dry CH2Cl2 affording a heterogeneous yellow solution. 

Amine 4 (2.6 eq.) dissolved in dry CH2Cl2 was added dropwise, iPr2NEt (2.6 eq.) was then added and 

the stirring was continued during 18 h. The solvent was evaporated off and the crude residue was 

purified by flash silica gel column chromatography (CH2Cl2/MeOH 97:3) to afford the desired amide 5. 

 

2,5-Di[(2-cyanoethyl)thio]-N,N-di[3,6-dioxa-8-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyloxy)-oct-

1-yl]terephthalamide (5-Gal) 

Prepared according to the general 

procedure from diacid 2 (614 mg, 1.827 

mmol, 1 eq.), HOBt•H2O (728 mg, 4.727 

mmol, 2.6 eq.), EDCI (840 µL, 4.727 mmol, 

2.6 eq.) in CH2Cl2 (100 mL), iPr2NEt (840 µL, 

4.822 mmol, 2.7 eq.) and amine 4-Gal 

(3.100 g, 4.757 mmol, 2.6 eq.) in CH2Cl2 (50 mL) affording compound 5-Gal (1.244 g, 54%) as a brown 

oil. 

Rf = 0.5 (CHCl3/MeOH, 19:1) 

1H NMR (400 MHz, CDCl3): 7.69 (s, 2H, Har), 7.16 (t, J = 5.2 Hz, 2H, NH), 5.37 (d, J = 3.4 Hz, 2H, H4), 5.17 

(dd, J = 7.9; 10.5 Hz, 2H, H2), 5.00 (dd, J = 3.4; 10.5 Hz, 2H, H3), 4.51 (d, J= 7.9 Hz, 2H, H1), 4.18-4.05 (m, 

4H, H6 + H6’), 3.98-3.88 (m, 4H, CH2OGal + H5), 3.75-3.60 (m, 22H, CH2OGal + 4×OCH2 + NHCH2), 3.19 (t, 

J = 7.0 Hz, 4H, SCH2), 2.68 (t, J = 7.0 Hz, 4H, CH2CN), 2.14; 2.05; 2.04; 1.98 (4×6H, COCH3) 

13C NMR (100 MHz, CDCl3): 170.6; 170.4; 170.3; 169.7 (4×COCH3), 166.7 (CONH), 140.3 (CCONH), 132.3 

(CHar), 131.9 (CS), 118.1 (CN), 101.4 (C1), 70.9 (C3), 70.80; 70.4; 70.3; 69.7 (4×C, OCH2), 70.79 (C5), 69.2 

(CH2OGal), 68.9 (C2), 67.1 (C4), 61.3 (C6), 40.1 (NHCH2), 30.4 (SCH2), 21.0; 20.85; 20.84; 20.7 (4×COCH3), 

18.3 (CH2CN) 

HR-ESI-MS (positive mode) m/z: calcd. for C54H74N4Na2O26S2 [M+2Na]2+ = 652.1909, found 652.1909. 
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2,5-Di[(2-cyanoethyl)thio]-N,N-di[3,6-dioxa-8-(2,3,4-tri-O-acetyl-α-L-fucopyranosyloxy)-oct-1-

yl]terephthalamide (5-Fuc) 

Prepared according to the general 

procedure from diacid 2 (312 mg, 0.926 

mmol, 1 eq.), HOBt•H20 (370 mg, 2.42 

mmol, 2.6 eq.), EDCI (430 µL, 2.42 mmol, 

2.6 eq.) in CH2Cl2 (25 mL), iPr2Net (420 µL, 

2.42 mmol, 2.6 eq.) and amine 4-Fuc (1.405 g, 2.36 mmol, 2.5 eq.) in CH2Cl2 (25 mL) affording the 

desired product 5-Fuc (584 mg, 55%) as a brown oil. 

Rf =  0.5 (CHCl3/MeOH, 19:1) 

1H NMR (300 MHz, CDCl3): 7.62 (s, 2H, Har), 7.25 (br, 2H, NH), 5.33-5.26 (m, 2H), 5.22 (m, 2H), 5.09-5.00 

(m, 4H), 4.17 (q, J = 6.6 Hz, 2H, H5), 3.75-3.67 (m, 2H, CH2OFuc), 3.67-3.55 (m, 22H, CH2OFuc + 4×OCH2 

+ NHCH2), 3.14 (t, J = 7.0 Hz, 4H, SCH2), 2.64 (t, J = 7.0 Hz, 4H, CH2CN), 2.12; 2.01; 1.92 (3×6H, COCH3), 

1.08 (d, J = 6.6 Hz, H6). 

13C NMR (75 MHz, CDCl3): 170.7; 170.5; 170.3 (3×COCH3), 166.7 (CONH), 140.3 (CCONH), 132.0 (CHar), 

131.7 (CS), 118.1 (CN), 96.2 (C1), 71.2 (C4), 70.7; 70.4; 70.1; 69.6 (4×OCH2), 68.2 (C2 or C3), 68.0 (C2 or 

C3), 67.3 (CH2OFuc), 64.4 (C5), 40.0 (NHCH2), 30.2 (SCH2), 20.9; 20.76; 20.70 (3×COCH3), 18.2 (CH2CN), 

15.9 (C6). 

HR-ESI-MS (positive mode) m/z : calcd. for C50H71N4O22S2 [M+H]+ = 785.2835, found 785.2831. 
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2,5-Di[(2-cyanoethyl)thio]-N,N-di[3,6-dioxa-8-(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyloxy)-oct-

1-yl]terephthalamide (5-Man) 

Prepared according to the general 

procedure from diacid 2 (291 mg, 0.87 

mmol, 1 eq.), HOBt monohydrate (354 

mg, 2.31 mmol, 2.6 eq.), EDCI•HCl 

(400 µL, 2.26 mmol, 2.6 eq.) in CH2Cl2 

(40 mL) , iPr2NEt (350 µL, 2.01, 2.3 eq.) 

and amine 4-Man (1.398 g, 2.35 mmol, 2.7 eq.) in CH2Cl2 (35 mL) affording the desired product 5-Man 

(598 mg, 55%) as a brown oil. 

Rf = 0.5 (CHCl3/MeOH, 19:1) 

1H NMR (300 MHz, CDCl3): 7.67 (s, 2H, CHar), 7.14 (br, 2H, NH), 5.33-5.25 (m, 4H, H3 + H4), 5.22 (dd, J = 

1.6; 3.0 Hz, 2H, H2), 4.85 (d, J = 1.6 Hz, 2H, H1), 4.25 (dd, J = 4.9; 12.1 Hz, 2H, H6), 4.10-3.95 (m, 4H, H5 

+ H6’), 3.83-3.73 (m, 2H, CH2OMan), 3.73-3.59 (m, 22H, CH2OMan + 4×OCH2 + NHCH2), 3.17 (t, J= 7.0 

Hz, 4H, SCH2), 2.66 (t, J = 7.0 Hz, 4H, CH2CN), 2.13; 2.07; 2.02; 1.96 (4×6H, COCH3).  

13C NMR (75 MHz, CDCl3): 170.8; 170.3; 170.2; 169.8 (4×C, COCH3), 166.8 (CONH), 140.4 (CCONH), 

132.2 (CHar), 131.7 (CS), 118.1 (CN), 97.7 (C1), 70.7; 70.4; 70.0; 69.7 (4×C, OCH2), 69.6 (C2), 69.2 (C3 or 

C4), 68.5 (C5), 67.3 (CH2OMan), 66.1 (C3 or C4), 62.5 (C6), 40.0 (NHCH2), 30.4 (SCH2), 21.0; 20.88; 20.84; 

20.82 (4×C, COCH3), 18.3 (CH2CN). 

HR-ESI-MS (positive mode) m/z: calcd. for C54H74N4NaO26S2 [M+Na]+ = 1281.3925, found 1281.3927. 
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General procedure for deprotection of 2-cyanoethyl and acetate 

Protected 1,4-dithiophenol 5 (1 eq.) and CsOH•H2O (20 eq.) were dissolved in degassed THF/MeOH 

(1:1, 10 mL) under inert atmosphere. The mixture was stirred at r.t. for 3 h then HCl 2 N was carefully 

added until pH 4. Solvent was evaporated. The residue was purified by a 4 g C18 silica gel column 

chromatography (Gradient: 4 CV 100% H2O + 0.25 % TFA, 10 CV 100 % MeOH + 0.25 % TFA, 4 CV 100 

% MeOH + 0.25 % TFA, 4 CV 100 % H2O + 0.25% TFA). Methanol was removed via a rotary evaporator 

and the remaining water was removed using a freeze-dryer affording the desired unprotected product 

6.  

 

2,5-Mercapto-N,N-di[3,6-dioxa-8-(β-D-galactopyranosyloxy)-oct-1-yl]terephthalamide (6-Gal) 

Prepared according to the general 

procedure from compound 5-Gal (360 

mg, 0.286 mmol, 1 eq.) and CsOH•H2O 

(868 mg, 2.47 mmol, 8.6 eq.) in 

THF/MeOH (1:1, 30 mL) affording the 

desired 1,4-dithiophenol 6-Gal (189 mg, 80%) as a white foam.  

1H NMR (400 MHz, D2O + εTFA): 7.50 (s, 2H, CHar), 4.33 (d, J =7.8 Hz, 2H, H1), 4.05-3.97 (m, 2H, CH2OGal), 

3.87 (d, J = 3.5 Hz, 2H, H4), 3.80-3.64 (m, 22 H), 3.63-3.55 (m, 8H), 3.47 (dd, J = 7.8; 9.9 Hz, 2H, H2). 

13C NMR (100 MHz, D2O + εTFA): 169.7 (CONH), 135.7 (CCONH), 130.0 (CHar), 128.0 (CS), 102.8 (C1), 

75.0; 72.6; 70.7; 68.5 (4×C, C2 or C3 or C4 or C5), 69.69; 69.60; 69.3; 68.6; 68.5 (5×C, CH2), 60.8 (C6), 39.3 

(NHCH2).  

HR-ESI-MS (positive mode) m/z : calcd. for C32H52N2NaO18S2 [M+Na]+ = 839.2549, found 839.2552. 
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2,5-Mercapto-N,N-di[3,6-dioxa-8-(α-L-fucopyranosyloxy)-oct-1-yl]terephthalamide (6-Fuc) 

Prepared according to the general 

procedure from compound 5-Fuc (115 

mg, 0.1 mmo, 1 eq.) and CsOH•H2O 

(311 mg, 1.85 mmol, 18.5 eq.) in 

THF/MeOH (1:1, 9 mL) affording the desired 1,4-dithiophenol 6-Fuc (54 mg, 68%). 

1H NMR (400 MHz, D2O + εTFA): 7.50 (s, 2H, CHar), 4.84 (d, J = 3.9 Hz, 2H, H1), 4.0.2 (q, J = 6.6 Hz, 2H, 

H5), 3.82-3.64 (m, 24 H, H2 + H3 + H4 + CH2OFuc + 4×CH2O), 3.64-3.53 (m, 6H, CH2OFuc + NHCH2), 1.16 

(d, J = 6.6 Hz, 6H, H6). 

13C NMR (100 MHz, D2O + εTFA): 169.7 (CONH), 135.7 (CCONH), 130.1 (CHar), 128.2 (CS), 98.6 (C1), 71.8; 

69.5; 68.0 (C2 or C3 or C4), 69.7; 69.6; 69.4; 68.7 (4×CH2O), 66.8 (CH2OFuc), 66.6 (C5), 39.3 (NHCH2), 15.3 

(C6). 

HR-ESI-MS (positive mode) m/z: calcd. for C32H53N2O16S2 [M+H]+ = 785.2831, found 785.2835. 
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2,5-Mercapto-N,N-di[3,6-dioxa-8-(α-D-mannopyranosyloxy)-oct-1-yl]terephthalamide (6-Man) 

Prepared according to the general 
procedure from compound 5-Man (58 
mg, 0.046 mmol, 1 eq.) and CsOH•H2O 
(157 mg, 0.935 mmol, 18.5 eq.) in 
THF/MeOH (1:1, 6 mL) affording the 
desired 1,4-dithiophenol 6-Man (25 mg, 

67%) as a white foam. 

1H NMR (400 MHz, D2O + εTFA): 7.94 (s, 2H, CHar), 4.82 (d, J = 1.7 Hz, 2H, H1), 3.90 (dd, J = 1.7 Hz, 2H, 

H2), 3.87-3.53 (m, 34 H). 

13C NMR (100 MHz, D2O + εTFA): 169.7 (CONH), 135.6 (CCONH), 130.0 (CHar), 128.0 (CS), 99.8 (C1), 72.6; 

70.4; 69.9; 66.6 (4×C, C1 or C2 or C3 or C4), 69.6; 69.47; 69.44; 68.6; 66.2 (5×C, OCH2), 60.8 (C6), 39.4 

(CH2NH). 

HR-ESI-MS (positive mode) m/z : calcd. for C32H52N2NaO18S2 [M+Na]+ = 839.2549, found 839.2552. 
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Equilibration and purification of glycosylated dyn[3,4]arenes 
M3/M4, G3/G4 and F3/F4 

1,4-Dithiophenol 6 (100 mg, 4 mM) was dissolved in Tris buffer (Tris 200 mM, NaCl2 100 mM, CaCl2 100 

µM) and was equilibrated at RT with stirring in a closed vial during 48 to 72 h. Progress of the reaction 

was monitored by UHPLC. The equilibrated DCL was then freeze-dried and the crude product was 

purified by reversed phase silica gel column chromatography (40-g C18 cartridge, Gradient: 4 CV 100% 

H2O + 0.1% TFA, 15 CV to increase from 0 to 100% MeOH + 0.1% TFA, 4 CV 100% MeOH + 0.1% TFA). 

The fractions of the column were analysed one-by-one by UHPLC and combined accordingly. Methanol 

was evaporated off with the heating bath set at a maximum of 25°C. The remaining water was removed 

using a freeze-dryer affording the desired glycosylated dyn[3,4]arenes. 

 

Preparation of M3/M4 

Prepared according the general procedure from 6-Man (151 mg, 4 mM) and affording M3/M4 (63 mg, 

42%) as a slightly yellow powder. 

 

Preparation of G3/G4 

Prepared according the general procedure from 6-Gal (236 mg, 4 mM) and affording G3/G4 (70 mg, 

30%) as a slightly yellow powder. 

 

Preparation of F3/F4 

Prepared according the general procedure from 6-Fuc (316 mg, 4 mM) and affording F3/F4 (238 mg, 

75%) as a very slightly yellow powder. 
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Dynamic combinatorial libraries 
 

General procedure for the preparation of DCLs without lectin 

In a typical experiment, the 1,4-dithiophenols (4 mM overall) were dissolved in TRIS buffer (200 mM, 

NaCl 100 mM, CaCl2 100 µM, pH 7.4). The mixture was allowed to equilibrate by stirring (400 rpm) in 

an open vial at r.t. The reaction was monitored by HPLC by injection of 4 μL of the DCL solution. UV 

absorbance was recorded at 210 and 254 nm. 

 

General procedure for the preparation of DCLs without multiple lectins: 

In a typical experiment, 1,4-dithiophenols 6 (4 mM overall) were suspended in TRIS buffer (200 mM, 

NaCl 100 mM, CaCl2 100 µM, pH 7.4). The mixture was equilibrated by stirring in an open vial at room 

temperature (Figure S8). After 24 h, four DCLs were prepared in open vials. In the first one (Ref), the 

original DCL was diluted 10 times with buffer solution affording a library composed of 1,4-thiophenols 

(0.4 mM overall). The other ones were diluted ten times with buffer and lectin (LecA, LecB or AFL) was 

added resulting in a library composed of 1,4-dithiophenols 6 (0.4 mM overall) and lectin (0.4 mM). 

After 24 h, the Ref DCL was diluted 2× with 1M HCl and analyzed by UHPLC (Sample 1) by injection of 

25 μL of the sample. Meanwhile, the DCLs were centrifuged (2 min, 10 000 rpm). The supernatants 

were collected and diluted 2× with 1M HCl and analyzed by HPLC (Sample 2, Sample 4 and Sample 6) 

by injection of 25 μL of the sample. The precipitates were diluted in buffer and 1M HCl (1:1 v/v) to 

afford the same volume as the Ref DCL and analyzed by HPLC (Sample 3, Sample 5 and Sample 7) by 

injection of 25 μL of the sample. 
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Figure S8. Protocol for DCL of G/F with and without lectin: reference (orange), LecA (green), LecB (blue) and AFL 
(yellow) 
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Isothermal Titration Calorimetry (raw data) 
 

ITC experiments were performed with a microcal calorimeter Malvern ITC200. Temperature was set 

to 298 K. In every experiment, the host solution is at concentration [Host] in a Tris buffer (200 mM, 

NaCl 100 mM, CaCl2 100 µM, pH 7.4) and placed in the cell (200 μL), while the guest at the 

concentration [Guest] and is placed in the syringe (40 μL). Then, successive aliquots of guest solution 

were added thanks to a computer-automated injector with 2 min intervals. Heat changes were 

recorded after each addition. The first injection was discarded from each dataset to remove effect of 

guest diffusion across the syringe tip during the equilibration process. For the following tables, 

thermodynamic parameters were obtained from binding model of the MicroCal ITC Origin software. n 

is for stoichiometry. Raw data are converted from kcal to kJ applying a factor of 4.184. 

 

ConA vs M3/M4 

Table S2. ITC data for the binding properties of M3/M4 towards ConA 

 [ConA] 
mM 

[M3/M4] 
mM 

n Kd (nM) 
ΔH -TΔS ΔG 

(kj/mol) (kJ/mol) (kJ/mol) 

ConA vs 
M3/M4 #1 

0.12 0.2 0.09 250 -123 7.2 -37.6 

ConA vs 
M3/M4 #2 

0.12 0.2 
0.06

6 
279 -70.6 2.8 -37.4 

ConA vs 
M3/M4 #3 

0.12 0.2 
0.11

2 
250 -110 6.1 -37.6 

ConA vs 
M3/M4 #4 

0.12 0.2 
0.11

2 
397 -122.6 7.2 -36.5 

Average   0.09 294 -106.6 5.8 -37.3 

 

 

Figure S9. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward ConA 

(0.12 mM) for M3/M4 (0.2 mM, top panels) and the association titration curve obtained with a 1:1 

binding model (bottom panels).  
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LecA vs G3/G4 

Table S3. ITC data for the binding properties of G3/G4 towards LecA 

 [LecA] mM 
[G3/G4] 

mM 
n Kd (nM) 

ΔH -TΔS ΔG 

(kj/mol) (kJ/mol) (kJ/mol) 

LecA vs 
G3/G4 #1 

0.049 0.4 0.12 214 -167 129 -38.1 

LecA vs 
G3/G4 #2 

0.049 0.4 0.08 174 -150 111 -38.6 

LecA vs 
G3/G4 #3 

0.049 0.4 0.10 168 -158 119 -38.7 

Average   0.10 185 -158.3 119.7 -38.5 

 

 

Figure S10. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward LecA 

(0.049 mM) for G3/G4 (0.4 mM, top panels) and the association titration curve obtained with a 1:1 

binding model (bottom panels). 
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LecB vs F3/F4 

Table S4. ITC data for the binding properties of F3/F4 towards LecB 

 [LecB] mM 
[F3/F4] 

mM 
n Kd (nM) 

ΔH -TΔS ΔG 

(kj/mol) (kJ/mol) (kJ/mol) 

LecB vs 
F3/F4 #1 

0.0829 0.145 0.12 8 -218.6 -172.0 -46.3 

LecB vs 
F3/F4 #2 

0.0829 0.145 0.10 155 -230.8 -192.0 -38.8 

LecB vs 
F3/F4 #3 

0.0829 0.145 0.08 108 -227.8 -188.3 -39.7 

Average   0.10 90 -225.8 -184.1 -41.6 

 

 

Figure S11. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward LecB 

(0.0829 mM) for F3/F4 (0.145 mM, top panels) and the association titration curve obtained with a 1:1 

binding model (bottom panels). 
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AFL vs αFucOMe 

Table S5. ITC data for the binding properties of αFucOMe towards AFL 

 [AFL] mM 
[αFucOMe] 

mM 
n Kd (nM) 

ΔH -TΔS ΔG 

(kj/mol) (kJ/mol) (kJ/mol) 

AFL vs 
αFucOMe 

0.05 3.00 2.98 40300 -32.8 7.7 -25.1 

 

Figure S12. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward AFL 

(0.05 mM) for αFucOMe (3 mM, top panel) and the association titration curve obtained with a 1:1 

binding model (bottom panel). 
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AFL vs F3/F4 

Table S6. ITC data for the binding properties of F3/F4 towards AFL 

 [AFL] mM 
[F3/F4] 

mM 
n Kd (nM) 

ΔH -TΔS ΔG 

(kj/mol) (kJ/mol) (kJ/mol) 

AFL vs 
F3/F4 #1 

0.01 0.023 0.08 30 -335.0 292 -43.0 

AFL vs 
F3/F4 #2 

0.02 0.076 0.14 46 -335.0 293 -41.9 

Average   0.11 38 -335.0 292.5 -42.4 

 

 

Figure S13. Isothermal titration microcalorimetry (ITC) analysis of the binding properties toward AFL 

(0.01 mM) for F3/F4 (0.023 and 0.076 mM, top panels) and the association titration curve obtained with 

a 1:1 binding model (bottom panels). 
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Toxicity assays on PAO1 
 
P. aeruginosa strain PAO1 (the main strain model used in virulence analyses) was grown in Luria-

Bertani Broth overnight at 37°C with an orbital shaker. Growing cells at OD600 of 0.3 – 0.6 (beginning of 

the exponential growth phase) were washed three times with a PBS solution (pH 7.3), and used in the 

following assays. 

These P. aeruginosa cells were swabbed over the surface of Muller-Hinton II agar plates and exposed 

to dynarene concentrations ranging from 100 µM to 10 mM (using 10 µL solutions spotted over the 

growing cells). These plated cells did not show any inhibition zones due to exposure to these dynarene 

spotted concentrations. 

Live-Dead assays monitoring dead cells (permeable to propidium iodide - PI) in PBS: P. aeruginosa cells 

exposed to the dynarene glycoclusters generated in this study further confirmed this absence of 

toxicity over more than 4 h incubation time. 

 

 

Figure S14. Boxplot analysis of the relation between the relative viability of P. aeruginosa PAO1 cell 

suspensions exposed to mannosylated glycoconjugates (BAC = PAO1 alone, MAN = methyl -D-

mannopyranoside, cMAN = mannosylated calixarene-based glycoclusters, see Figure S1). The G/R 

ratios obtained from TECAN fluorescence microplate monitoring after 15 min, 1 h, 4 h and 24 h. 

Samples were prepared and stained as indicated in the LIVE/DEAD® BacLight™ Bacterial Viability Kits. 

The integrated intensities of the green (535 ± 25 nm) and red (620 ± 10 nm) emission of suspensions 

excited at 485 ± 20 nm were acquired, and the green/red fluorescence ratios (RatioG/R) were 

calculated for each proportion of live/dead P. aeruginosa cells. Each point represents the mean of 

twelve measurements replicated three times using independent bacterial broths. Boxplots with 

distinct letter codes showed significant differences (p-values < 0.05 using Kruskal-Wallis (KW) Dunn 

tests)  
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Toxicity on A549 epithelial cells 
 

A549 Cell lines (ATCC, Massanas, VA, USA) used in the assays were grown in flasks with a culture media 

Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose (HG), 10% (v/v) fetal calf serum 

(FCS) (DMEM-calf high glucose) and a 1% penicillin/streptomycin mixture (Sigma Aldrich, Saint-Quentin 

Fallavier, France). These flasks were incubated at 37°C with 5% (v/v) CO2. The cell culture growth media 

was changed every 2-3 days. A549 cells were treated with 0.05% (m/v) trypsin-EDTA (Thermo Fisher 

Scientific, New Hampshire, USA) and cells in suspension were counted using a Scepter cell counter 

(Merk Millipore), diluted in culture media then seeded into E96-microtiter plates. 

Realtime cell analyses (RTCA) on A549 cell monolayers were performed after 48-72 h cell growth until 

at least 80% confluency. These cells were then exposed to PAO1 cells pre-treated during 15 min with 

1 mM of X3/X4 dynarene glycoclusters and diluted 10% in cell culture media without antibiotics 

(Multiplicity of infection MOI 10). 

RTCA of A549 cell adhesion were performed with epithelial cells in suspension in culture media without 

antibiotics pre-incubated with 4.13 µM X3/X4 dynarene glycoclusters or with PAO1 cells pre-treated 

during 15 min with 1 mM of X3/X4 dynarene glycoclusters (MOI10) before loading onto microtiter 

plates. 

RTCA were performed onto an xCELLigence SP station (ACEA Biosciences, San Diego, USA) using RTCA 

software 2.1. Data are expressed as Delta Cell Indexes (DCI). For each well the DCI at a given time is 

the difference between a reference DCI value (time of treatment t0) and the Cell index at Delta time 

(DCI ti = CI + (1- DCI ti-t0). At the end of experiments, A549 cells were fixed with formalin 5% for cell 

imaging. Experiments were performed in Ibidi glass dishes (Cliniscience, Nanterre, France) for Nanolive 

(Nanolive SA, Lausanne, Switzerland) 3D-cell imaging and 96-wells plates for x4 imaging and 

automated cell counts using a Cytation 3 platform (BioteK Instruments Winooski, VT, USA). A549 cells 

were labeled with Dapi (10 ng/mL, Sigma Aldrich), Phalloïdin-TRITC 7.5 M, (Sigma Aldrich) and/or 

Dihydrorhodamine-123 2.5 g/mL (DHR, Applied Bioprobes, ThermoFisher Scientific) in PBS 0.1% 

Triton and washed twice in PBS before cell imaging. 

 

Aggregation bacterial cell assays 
 
Multivalent X3/X4 dynarenes (galactose, fucose et mannose) were dissolved in a PBS solution (25 mM 

stock solutions). PBS has an osmolarity of 315 mOs, and is physiologically compatible with living cells 

and proteins. P. aeruginosa cells and ligands were mixed (short vortexing and spinning) in order to 

obtain 100 µM to 1 mM final concentrations of X3/X4 dynarenes at OD600 of 1 (using exponential phase 

cells OD600 0.4-0.6 cell cultures) in 1 mL of final reaction volume of PBS. These reaction mixtures were 

kept at room temperature (22-23°C) for 15 minutes at slow agitation (30 rpm), and then analysed in a 

small size Malvern glass support containing 6 mL PBS. 

 


