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 33 

Abstract 34 

Both polysialosides and polysulfates are known to interact with the receptor binding domain 35 

(RBD) of the SARS-CoV-2 spike protein. However, a comprehensive site by site analysis of 36 
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their binding affinities and potential synergistic antiviral effects have not been performed. Here, 37 

we report on the synthesis of polysialosides with nanomolar binding affinities to spike proteins 38 

of SARS-CoV-2 in solution using microscale thermophoresis (MST). The dendritic polyglycerol 39 

based polysialosides dPG500(SA)0.55 and dPG500(SA)0.25, with a dissociation constant Kd of 4.78 40 

nM and 10.85 nM, respectively, bind ~500 times stronger than the high density polysulfated 41 

analog dPG500(OSO3Na)0.55, to intact SARS-CoV-2 virus particles or isolated spike protein. In 42 

fact, the presence of sulfate groups in a heteromultivalent compound 43 

dPG500(SA)0.20(OSO3Na)0.20 weakens the binding to spike proteins. A polycarboxylated analog 44 

does not bind to SARS-CoV-2, ruling out that the interaction of polysialoside is simply driven 45 

by electrostatic interactions. Furthermore, we found potent nanomolar binding of 46 

dPG500(SA)0.55 to SARS-CoV-2 variant B.1.617 (Delta) and B.1.1.529 (Omicron) RBD. Using 47 

explicit-solvent all-atom molecular dynamics (MD) simulations and docking studies, we obtain 48 

atomistic details on the interaction of different functional groups with the SARS-CoV-2 RBD 49 

and their binding affinities. Our data support the conclusion that sialosides interact stronger 50 

with RBD than sulfates. Notably, our most affine binder dPG500(SA)0.55 inhibits SARS-CoV-2 51 

(WT, D614G) replication up to 98.6% at low nanomolar concentrations. 52 

 53 

Introduction 54 

The coronavirus disease COVID-19, caused by the severe acute respiratory syndrome 55 

coronavirus 2 (SARS-CoV-2), which was first reported in Wuhan (China) in 2019, led to an 56 

acute global pandemic, with more than 776 million confirmed cases and over 7.0 million deaths 57 

(as of September 2024).[1] Since the rise of SARS-CoV-2 there has been a great interest in 58 

understanding SARS-CoV-2 virus attachment and entry into host cells. SARS-CoV-2 is 59 

roughly globular with a diameter in the range of 80-120 nm, resulting in a surface area of 20-60 

45 µm2.[2] The viral membrane contains viral spike (S)-glycoproteins, which are homotrimers 61 

consisting of S1 and S2 subunits. The S1 subunit of the (S)-protein carries the receptor binding 62 

domains (RBD) that binds to the human angiotensin converting enzyme 2 (hACE2) on the 63 

surface of hosts cells, which mediates viral uptake.[3] 64 

Many viruses exploit sialylated or sulfated glycans on cell membranes as a primary attachment 65 

factor before binding to specific membrane-protein receptors needed for cell entry. During 66 

evolution of SARS-CoV-2 especially the role of polysulfates, such as glycosaminoglycans 67 

(GAG) became more important for viral attachment. This can be observed by an increased 68 

abundance of cationic amino acids on the RBD.[4, 5] The RBD has a binding site for heparan 69 

sulfate lateral to the ACE2 binding site.[6] Blocking of one or the other site of RBD with decoy 70 

structures has been demonstrated to be effective for virus inhibition.[6][8] Interestingly, 71 
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besides the relevance of sulfates, sialylated glycans were found to act as co-receptors for the 72 

virus attachment. Saso and coworkers reported on the reduction of infection by SARS-CoV-2 73 

after enzymatic removal of cell surface sialic acids or using lipidated 2,6-sialyllactose linked to 74 

polyglutamic acid as a competitor for SARS-CoV-2 attachment to the host cell.[9] Further, 75 

Nguyen et al. screened defined glycan libraries for binding with SARS-CoV-2 RBD and spike 76 

proteins using a catch and release ESI-MS technique. They observed micromolar affinities of 77 

SARS-CoV-2 RBD interacting with sialylated glycolipids, thereby facilitating viral entry.[10] 78 

Baker and coworkers even achieved apparent Kd values of 1 nM using surface plasmon 79 

resonance studies when highly sialylated glyconanoparticles were titrated against SARS-CoV-80 

2.[11] Another group around Petitjean observed a significant decrease in the infection of A549 81 

cells by SARS-CoV-2 pseudoviruses at 10 µM using porphyrin-based 9-O-acetyl sialoside 82 

oligomers.[12]  83 

These observations on the interaction of SARS-CoV-2 RBD with sialosides and sulfates 84 

inspired us to explore different variants of polysialosides, polysulfates or hybrid materials 85 

displaying both functional entities. Using such defined nanostructures would not only have 86 

implications on virus inhibition, but also on the virus binding capability and preference towards 87 

sialosides or sulfates. As the receptor binding site for a sialoside has not been identified yet, 88 

one could identify from binding studies whether the binding sites overlap or are spatially 89 

separated. Thus, both functional groups could compete with each other or act synergistically.  90 

Therefore, the study in hand investigates their role in SARS-CoV-2 binding using dendritic 91 

polyglycerol (dPG) as carrier systems with similar sizes, geometry, and varying ligand 92 

densities (high and low). Also, both sialic acid and sulfate covalently linked to the same 93 

polymer has been explored. These polymer nanoparticles were then analyzed biophysically 94 

by means of MST with regard to their binding affinities towards different domains, namely the 95 

RBD or S1 subunit of SARS-CoV-2 S-protein. For this purpose, multivalent sulfated and 96 

sialylated dendritic polyglycerols [dPG(OSO3Na) and dPGSA], as well as heteromultivalent 97 

dPGs presenting both sialosides and sulfates [dPGSA(OSO3Na)] were tested to bind to 98 

SARS-CoV-2 (WT, D614G). To investigate whether the aromatic group at the anomeric 99 

position of sialic acid contributes to its interaction with RBD, a polyglycerol-based multivalent 100 

nanoparticle bearing aromatically modified sialosides [dPG(SAaryl)] was synthesized. Because 101 

each sialoside has one carboxylic acid group, a carboxylated PG analog [dPG(COOH)] was 102 

also explored to examine the role of isolated carboxylic acid groups for the SA-RBD 103 

interactions and to identify the importance of the electrostatic interaction. This was followed 104 

by MD simulations and docking studies to not only rationalize these binding behaviors but also 105 

to understand competition mechanisms of carboxylates, sulfates, and sialosides for their 106 

binding to RBD. We then conducted affinity measurements using MST of polymer 107 
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nanoparticles against wild-type SARS-CoV-2. Those nanoparticles with a detectable 108 

dissociation constant (Kd) were further studied for their antiviral efficacy using entry inhibition 109 

assays on Calu-3 cells. Virus titers were assessed 24 and 48 h post infection (hpi) using qPCR. 110 

In the presence of the highly sialylated polyglycerol dPG500SA0.55, SARS-CoV-2 infection was 111 

inhibited up to 98.6%. The interaction of polyglycerol sialosides with SARS-CoV-2 particles 112 

was further investigated and visualized by cryo-electron tomography (cryo-ET). Overall, our 113 

study identified highly sialylated polyglycerols as potential antivirals for inhibition of infection 114 

at early as well as later stages of SARS-CoV-2 infection. Additionally, our nanoparticles also 115 

provide evidence for the competition among sulfate and sialoside when they are presented 116 

together on dendritic polyglycerol for their binding with SARS-CoV-2 spike proteins. 117 

 118 

Results and Discussions 119 

Design, synthesis and characterization of polyglycerol-based nanoparticles 120 

The SARS-CoV-2 spike (S)-protein is a homotrimeric membrane protein with a globular head 121 

domain, being S1, and the stem region S2, which is required for fusion with the host cell 122 

membrane. The head domain S1 can be further divided into the N-terminal domain (NTD) and 123 

the RBD, which interacts with ACE2 and attachment factors such as sulfates or sialosides. 124 

The RBD interacts with ACE2 via the receptor binding motif (RBM, see also Figure 1). From 125 

the crystal structure of complete S-proteins an intra-trimeric distance between the center of 126 

RBDs of 4 and 8.9 nm could be determined when the RBD on the trimer is in down (PDB 127 

7DF3) or up-right (PDB 7CAK) conformation, respectively (Figure 1). In order to increase the 128 

functional valency, i.e. the successful bridging of more than one RBD- whether in upright or 129 

down conformation, we selected a 500 kDa dendritic polyglycerol (dPG500) with a 130 

hydrodynamic diameter (Dh) of 13.21 nm. The high density of surface hydroxy groups, ~21 -131 

OH groups per nm2, allows further functionalization. The dPG500 was sialylated in three steps, 132 

according to a previously reported procedure, using a copper-catalyzed Sharpless-Huisgen 133 

click reaction [12] to yield dPG500SA0.25 and dPG500SA0.55. For comparison, polysulfated 134 

analogs dPG500(OSO3Na)0.25 and dPG500(OSO3Na)0.55 were obtained with similar densities of 135 

functionalities according to a known sulfation protocol (see Supporting Information). 136 

Polysulfates were reported to bind with the lateral cationic patch on the RBD of SARS-CoV-2 137 

spike proteins [8]. Also, a recent study showed that self-assembled polycarboxylated double 138 

layered sheets (up to >400 nm) could interact with S-proteins via electrostatics [14]. Therefore, 139 

to investigate the role of carboxylic acid groups of sialic acids in dPGSAs for SARS-CoV-2 140 

binding, a polycarboxylated analog dPG500COOH0.20 with similar size and ζ-potential as 141 

dPG500SA0.25 was synthesized, serving as control. We found previously that heteromultivalent 142 
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polyglycoside systems that target both hemagglutinin (HA) and neuraminidase (NA) of 143 

influenza A virus (IAV) are superior to homomultivalent compounds that target only HA or 144 

NA,[15] we wanted to transfer the concept of heteromultivalency on SARS-CoV-2. However, 145 

in this case we want to target only one viral protein, but with different ligands, and synthesized 146 

the nanosystem dPG500SA0.20(OSO3Na)0.20 having both sialoside and sulfate groups on one 147 

dPG scaffold. 148 

All polymer conjugates based on dPG100 or dPG500 showed hydrodynamic diameters between 149 

10 - 14 nm. Important to note is that the polysulfated and polysialylated analogs were similar 150 

in size, ligand density, and ζ-potentials. For dPG500(OSO3Na)0.25 and dPG500SA0.25 151 

hydrodynamic diameters of Dh 13.3 and 14.6 nm, and ζ-potentials of -26.2 and -28.2 mV 152 

respectively, were determined. For dPG500(OSO3Na)0.55 and dPG500SA0.55 diameters of Dh 11.8 153 

and 13.9 nm, and ζ-potentials -36.3 and -45.9 mV respectively, were assessed.  154 

In another aspect, sialic acids bearing aromatic groups at C-2 position were found to be 8 - 64 155 

times stronger inhibitors of influenza virus induced hemagglutination than α-156 

methylsialoside.[16] To test whether an aromatic group at C-2 position of the sialoside could 157 

further enhance virus binding to SARS-CoV-2, a polysialoside with an aromatic modification 158 

at the C-2 position of sialic acid named dPG100(SAaryl)0.20, similar to the compound 159 

dPG100(SA)0.20, was synthesized (Scheme 1). All compounds were thoroughly characterized 160 

by spectroscopic techniques. Successful conjugation of sialosides or sulfates were 161 

determined by 1HNMR and elemental analysis. The ζ-potentials and hydrodynamic diameters 162 

(Dh) of the polymers were determined in phosphate buffer (10 mM, pH 7.4) (Table 1, Figure 163 

S15 und S16, see Supporting Information for synthesis and characterization). Further 164 

physicochemical properties of additional polymer systems are given in Table 1.  165 
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 181 

Figure 1: Deposited cryo-electron microscopy structures (see PDB entries) of the spike (S) 182 
protein trimer with all three RBDs in the down or up conformation shown in the left and right 183 
column, respectively. The S-protein is shown in grey, and the RBD in green except its receptor 184 
binding motif (RBM) that forms direct contacts with ACE2 is highlighted in red. The N-terminal 185 
domain (NTD) of one monomer of the S-protein is shown in orange only in the left column. 186 
The center-of-mass distance between two RBMs, dRBM, is mentioned for each conformation. 187 

 188 
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Scheme 1: Overview of synthesized multivalent nanoparticles carrying either sialosides, 191 
sulfates, carboxylates, or combinations thereof. (Synthesis details are provided in the 192 
Supporting Information) 193 

 194 

 195 
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Characterization 197 

Table 1: Characterization of un-/functionalized dPG500 and dPG100. 198 

Compounda  
(PGMWSADF) 

SA or 
OSO3Na/NPb 

DFc 
(%) 

Dh
d (nm) PDId SA or 

OSO3Na
/nm2e 

ζ-potential ± 
SDf [mV] 

dPG500OH  - - 13.21 ± 0.41 0.35 - -6.91 ± 1.67 
dPG500SA0.25 1824 27 14.61 ± 0.18 0.17 2.72 -28.2 ± 1.44 
dPG500SA0.55 3648 54 13.89 ± 0.21 0.43 6.10 -45.9 ± 2.76 
dPG500COONa0.20 1300 20 14.02 ± 0.39  0.56 2.11 -22.1 ± 6.94 
dPG500(OSO3Na)0.25 1625 25 13.33 ± 0.25 0.39 2.88 -26.2 ± 6.47 
dPG500(OSO3Na)0.55 3575 55 11.40 ± 0.17 0.59 8.76 -36.3 ± 9.67 
dPG500SA0.20(OSO3Na)0.20 2600 40 12.83 ± 0.17 0.53 2.52 -48.7 ± 7.64 
dPG100OH - - 10.18 ± 0.64 0.41 - -6.68 ± 0.18 
dPG100SA0.20 297 22   9.60 ± 1.12 0.59 1.02 -38.8 ± 0.95 
dPG100(SAaryl)0.20 297 22 10.29 ± 0.62 0.57 1.02 -14.6 ± 2.78 

apolymer structure is indicated by the molecular weight (MW) of the dendritic polyglycerol (dPG) backbone and the 199 
degree of functionalization (DF) of either sialic acid (SA), sulfate (OSO3Na) or carboxylic acid groups (COOH). 200 
bNumber of SA units per polymer, calculated from DF as determined by 1HNMR. DF is the percentage of total OH 201 
groups on dPG that were functionalized with the respective ligands. cDetermined by 1HNMR analysis. d Determined 202 
with DLS, measured in aqueous buffer solution (PB, pH 7.4), mean values of triplicates ± standard deviation of the 203 
volume distribution profile. eAverage SA densities, on the surface of an assumed spherical dPG particle, calculated 204 
by the determined number of SA. f Determined surface potential by measuring triplicates of the zeta potential in 205 
aqueous buffer solution (PB, 10 mM, pH 7.4) together with standard deviation 206 

 207 

Affinity characterization of polymer nanoparticles against SARS-CoV-2 spike proteins 208 
or whole virus particles 209 

In order to determine the affinities of the synthesized nanoparticles, we conducted MST 210 

measurements. We demonstrated earlier that such binding measurements can also be 211 

performed with whole virus particles.[12] By this way, also multivalent binding events in 212 

equilibrium can be quantified by introducing an apparent dissociation constant (Kd,app). We first 213 

measured binding of the different polymers against whole SARS-CoV-2 B.1 (WT, D614G) 214 

particles. We found that polymers functionalized with SA i.e. dPG500SA0.25 or 0.55, dPG100SA0.20 215 

or its aromatic variant dPG100(SA-aryl)0.20 with nM Kd values had much stronger (~up to 1000 216 

times) binding compared to the high-density sulfated versions dPG500(OSO3Na)0.55 with Kd of 217 

2.46 µM (Figure 2A, Table 1). The µM Kd values observed for polysulfates are in agreement 218 

with an earlier investigation reported by Nie et al., in which high-density dendritic sulfated 219 

polyglycerol exhibited Kd of 144 µM against the RBD of wild-type SARS-CoV-2.[8] 220 

Interestingly, the heteromultivalent dPG500SA0.20(OSO3Na)0.20 showed with a Kd of 24.92 nM a 221 

similar binding affinity compared to the homomultivalent sialoside dPG500(SA)0.20 with only 2-222 

fold lower Kd (10.85 nM) (Table 1). This indicates that statistically distributed sulfates in 223 

addition to sialosides on the dPG backbone did not strongly enhance binding to SARS-CoV-2 224 

particles. Furthermore, the polycarboxylated analog dPG500COONa0.20 did not show binding 225 

with the SARS-CoV-2 B.1 (WT, D614G) indicating that sialic acid interactions with the SARS-226 

CoV-2 are not merely electrostatic. Notably, introducing aromaticity on SA at the anomeric C2 227 

position improved binding by a factor of about five, as demonstrated by dPG100(SAaryl)0.20 228 
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having a lower dissociation constant (Kd 14.22 nM) compared to dPG100SA0.20 (Kd 69.14 nM) 229 

(Figure 2C). All obtained values are listed in Table 2.  230 

Based on these findings, we further probed the binding of the nanoparticles to defined domains 231 

of the S-protein of wild-type SARS-CoV-2. First, we characterized the recombinant RBD of the 232 

wild-type variant [SARS-CoV-2 (2019-nCoV)] which is known to interact with ACE2, heparan 233 

sulfate (HS) and a potential SA binding site. By testing polysialosides with significantly different 234 

SA densities, we found that dPG500SA0.55 enhanced the binding affinity to RBD [SARS-CoV-2 235 

(2019-nCoV)] by approximately 11-fold more than scaffolds with lower SA density 236 

dPG500SA0.25 (Kd 7.15 nM and 80.11 nM), respectively. No significant binding was observed to 237 

the recombinant NTD protein of the wild-type variant SARS-CoV-2 (2019-nCoV) (Figure 2B, 238 

Table 2). This result indicates the absence of other binding sides for the sialosides outside of 239 

the RBD. Finally, multivalent dPG500SA0.55 bound equally effectively to the RBD protein of the 240 

Omicron variant (B.1.1.529) and had even an improved binding affinity to the full virus Delta 241 

variant (B.1.617) (Figure 2D-E, Table 2).  242 

 243 

 244 

Figure 2: Affinity measurements using microscale thermophoresis with A) SARS-CoV-2 wild-245 

type variant B.1 (WT, D614G) (full virus) against dPG-conjugates; B) Domains of the Spike 246 

protein from the wild-type variant against dPG500(SA)0.55; C) RBD protein from wild-type variant 247 

against dPG500(SA)0.25 with a 500 kDa backbone, dPG100(SA)0.25 with a 100 kDa backbone and 248 

dPG100(SAaryl)0.20; D) SARS-CoV-2 variant B.1.617 (Delta) (full virus) against dPG500(SA)0.55; 249 

E) dPG500(SA)0.55 against RBD proteins from B.1.617 (Delta) and B.1.1.529 (Omicron) 250 

variants; F) SARS-CoV-2 wild-type variant B.1 against dPG500(OSO3Na)0.55 at higher 251 

nanoparticle concentrations. In A-F each data point represents biological repeats of N = 3. 252 

Data points were fitted with one sided fit assuming a 1:1 ligand to receptor ratio. 253 
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Table 2: Summary of dissociation constants (Kd, app, NP) using microscale thermophoresis 254 
(MST). The number of biological repeats for each binding interaction is N≥3. The error bar 255 
indicated the standard error. n.d. not detectable until 10 µM nanoparticles 256 

 257 

Compounda 
(PGMWSADF) 

Kd,app (nM) 

Wild-type (full 
virus) 
B.1 (WT, 
D614G) 

S1 
(WT) 

RBD (WT) NTD 
(WT) 

Delta 
(full virus) 
B.1.617 

RBD Delta 
B.1.617 

RBD 
Omicron 
B.1.1.529 

dPG500(SA)0.55 4.78 ± 1.19 
 

3.14 ± 2.89  
 

7.15 ± 7.31 n.d. 0.42 ± 0.16  5.70 ± 1.82  3.98 ± 1.45  

dPG500(SA)0.25  
 

10.85 ± 2.65  
 

 80.11 ± 47.67    63.04 ± 51.2  

dPG100(SA)0.20  
 

61.80 ± 26.64 
 

 69.14 ± 32.57     

dPG100(SAaryl)0.20  
 

9.01 ± 13.97  
 

 14.22 ± 32.57     

dPG500(OSO3Na)0.55  
 

2466 ± 
250.34* 

      

dPG500(SA)0.20(OSO3
Na)0.20  

24.92 ± 5.75  
 

      

dPG500(COOH)0.20  
 

n.d.       

dPG500(OSO3Na)0.25  
 

n.d.       

6’ - sialyllactose   n.d.     
*Kd values are given in terms of the nanoparticle (NP) concentration. WT is wild-type 258 

 259 

Theoretical analysis: MD simulation and molecular docking 260 

To understand the relevance of different functional groups of dPGs, we have performed 261 

explicit-solvent all-atom MD simulations of the SARS-CoV-2 spike protein RBD in solutions of 262 

different ligands. We have considered only the RBD in the simulations, as it is inferred from 263 

the MST measurements that sialylated dPGs predominantly interact with the RBD (Table 2). 264 

Though earlier experimental and simulation studies have suggested that SAs bind both to the 265 

NTD[16-19] and the RBD[20-22], SAs grafted to dPGs can form multivalent interaction with 266 

the RBD because of its larger solvent-accessible surface area, especially in the up-267 

conformation. In addition, the NTD surface compared to the RBD, is highly shielded by 268 

glycans,[24] restricting its multivalent interaction with sialylated dPGs. For the functionalization 269 

with sulfate groups, our earlier studies have revealed that polysulfates interact mostly with the 270 

cationic patch on the RBD.[9, 24]  271 

The simulation unit cell is shown in Figure 3A and details of the simulation method and data 272 

analysis are presented in the supporting information (SI). We observe that the monomer of 273 

sialic acid, i.e., N-acetylneuraminic acid (NANA), binds to the RBD via multiple binding modes, 274 

snapshots for the top five binding poses are shown in Figure 3D. The number of close contacts 275 

plot reveals that despite SA binding to different types of surface residues of RBD, it forms a 276 

greater number of contacts with cationic amino acids (Figure 3B). The number density plot, 277 
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however, shows that not only the anionic carboxylate group but also charge-neutral hydroxyl 278 

and carbonyl groups of SA have similar propensities towards the RBD (Figure 3C). Because 279 

of the additional interactions formed by SA, multivalent binding of polysialosides with one RBD 280 

can be formed. This could be rationalized based on the decrease in Kd values with increasing 281 

the degree of sialylation (see Table 2), which cannot be explained by a 1:1 SA:RBD ratio. 282 

To understand whether the experimentally determined enhanced binding affinity of sialylated 283 

dPGs to the RBD, compared to sulfated ones, is due to only the carboxylate of SA or its 284 

additional functional groups as well, we check the competitive binding between carboxylate 285 

and sulfate groups by performing MD simulation of the RBD in a solution of BGLC (a derivative 286 

β-D-Glucose, taken from a Heparin monomer, with both carboxylate and sulfate groups) 287 

ligands. Number distributions of these two groups around RBD show a slightly greater number 288 

of carboxylates present near RBD, compared to sulfates (Figure 3E). Analysis of the residence 289 

time, i.e. the average duration for which a ligand stays within a close proximity to the RBD, for 290 

the carboxylate and sulfate group indicates a rather similar timescale for both functional 291 

groups: 12 ns for COO– and 22 ns for SO4
– (see Figure S21 and the discussion in the SI). 292 

Since the residence time is inversely proportional to the exponential of the binding free energy 293 

∆𝐺𝐺b (∆𝐺𝐺b ≤ 0), the above finding suggests that both functional groups bind to the RBD protein 294 

with approximately equal strength. Thus, other functional groups of SA apart from the 295 

carboxylate, as shown in Figure 3C, contributes significantly to strengthening the binding of 296 

SA to RBD. This finding further supports the hypothesis that the RBD contains binding sites 297 

for SA. 298 

The MST measurements indicated that the linking groups at the anomeric position of SA 299 

(Scheme 1) influenced sialylated dPGs’ dissociation constant, 𝐾𝐾d, values and hence their 300 

binding free energy, ∆𝐺𝐺b, values since both are related as ∆𝐺𝐺b = 𝑅𝑅𝑅𝑅ln(𝐾𝐾d/𝑐𝑐0), where 𝑅𝑅 is the 301 

ideal gas constant, 𝑇𝑇  represents temperature, and the standard-state concentration 302 

𝑐𝑐0 =  1 mol/L. In particular, including an aryl group in the anomeric position of SA leads to a 303 

decrease in 𝐾𝐾d and thus an increase in the binding affinity. To understand whether this arises 304 

from direct, favourable interactions of the aryl group with RBD or some other subtle effects, 305 

we have performed molecular docking studies (details provided in the SI) for SA, the -S-306 

triazolyl and -O-aryl substituted SAs used in experiments. We found that the magnitude of the 307 

docking interaction energy of aryl substituted SA (Ar-SA) is higher than the thio-triazolyl 308 

functionalized SA (Thio-SA) for the top nine docking poses (Figure 3F). Compared to SA, both 309 

Ar-SA and Thio-SA interact more strongly with RBD because of their additional functional 310 

groups. Interestingly, all three variants of SA bind to the receptor binding motif (RBM), the part 311 

of RBD that forms direct contact with the ACE2 receptor protein on the host cell, as seen from 312 
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the best docking poses in Figure 3G. The SA binding sites obtained from the docking studies 313 

match with “top 4” and “top 5” binding poses of SA obtained from the MD simulation (Figure 314 

3D). This signifies that the docking scoring function used here accurately models inter and 315 

intra-molecular interactions. A detailed discussion of ligand binding sites on RBD for the 316 

different types of SAs is provided in the SI, and the RBD residues involved in the binding are 317 

given in Tables S4 and S5 in the SI. 318 

Figure 3: A) Simulation unit cell containing a single RBD (in green except the receptor binding 319 

motif, RBM, in red) and sialic acid, SA, monomers (in gray). The chemical structure of SA is 320 

shown below the simulation box. Water and ions are present in the simulation box but not 321 

shown for clarity. B) Number of close contacts Nc between SA ligands and different amino 322 

acid residues of RBD (averaged over simulation time of 1000 ns). Residues having Nc > 5 are 323 

labeled, cationic residues in red and charge neutral residues in black. C) Number density 324 

distribution of different functional groups (-CO, -COO–, -OH) of SA ligands around RBD as a 325 

function of the distance r from the RBD surface. D) Snapshots of binding poses of SA obtained 326 

from the top five longest residing ligands near the RBD surface in the MD simulation (for the 327 
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details on the residue-level interactions, see Figure S19 in the SI). SA ligands shown in black, 328 

blue, or violet. RBD is shown in green except RBM (amino acid residues 438–506) in red. E) 329 

Number density distribution of different functional groups (-COO–, -SO4
–) of BGLC ligands 330 

around RBD as a function of r. The chemical structure of BGLC is shown in the inset. F) 331 

Docking interaction energies of different functionalized sialic acids (SA, Thio-SA, Ar-SA) with 332 

RBD for the top nine docking poses. Each data point and the bar represent the average value 333 

and the standard error of nine different ligand-docking studies taking different RBD 334 

conformations selected from the simulation of RBD and SA ligands. G) Snapshots of the best 335 

docking poses (with the RBD structure extracted from the simulation in the water-only solution 336 

after 400 ns) for the different functionalized SAs (chemical structures given on the top). RBD 337 

representation is the same as in the panel D. For the details on the residue-level interactions, 338 

see Figure S20 in the SI. 339 

SARS-CoV-2 replication and entry inhibition in Calu-3 cells 340 

After finding dPG500(SA)0.55 as the high affinity ligand for the SARS-Cov-2, we next tested the 341 

potential of synthesized sialylated compounds for SARS-CoV-2 B.1 (WT, D614G) infection 342 

inhibition of human lung derived Calu-3 cells.  343 

We first investigated whether dPG500(SA)0.55 can also block entry of authentic SARS-CoV-2 344 

virions. To determine entry efficiency, Calu-3 cells were infected with SARS-CoV-2 at 4°C to 345 

allow synchronized entry, while cells were pre- and post-treated with increasing amounts of 346 

compounds. Nucleocapsid-specific subgenomic RNA is produced during coronavirus infection 347 

early after entry in high quantities [26] and was applied to compare the entry efficiency of 348 

SARS-CoV-2 upon compound treatment. Only dPG500(SA)0.55 inhibited SARS-CoV-2 entry 349 

significantly to 18.6% at 0.5mg/ml and of 54% at 1 mg/ml, when compared to dPG500OH 350 

control treated Calu-3 cells (Figure 4A).  351 

In the next step, the biological assay was set up to determine if these compounds inhibit 352 

authentic SARS-CoV-2 replication. Calu-3 cells were infected with SARS-CoV-2 isolate in 353 

presence of increasing inhibitor concentrations, which were supplied before infection and for 354 

the entire duration of the experiment. In presence of dPG500(SA)0.55 SARS-CoV-2 replication 355 

was inhibited up to 83.8% at 24 hours post-infection and to 98.9% at 48 hours post-infection 356 

at the maximum applied compound concentration of 1 mg/ml which is equivalent to 5 nM, 357 

when compared to untreated Calu-3 cells (Fig. 3 B and C). The low-density sialylated 358 

dPG500SA0.25 and aromatically modified sialylated dPG500(SAaryl)0.20 analogs showed only very 359 

weak inhibition at 24 hpi at the highest concentrations applied. A high density of SA seems to 360 
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be important for virus infection inhibition. The control compound without any SA, dPG500OH 361 

did not show any inhibition.   362 

A cell viability assay was conducted to exclude the possibility that the compounds were 363 

cytotoxic. The number of viable cells remained at a constant level with increasing compound 364 

concentration at the highest dose of 1 mg/ml after 24h and 48h post treatment (Fig. S23). This 365 

confirms the specific action of the compounds. 366 

In summary, dPG500(SA)0.55 was identified as a SARS-CoV-2 entry inhibitor in Calu-3 cells, 367 

which presumably blocks the attachment of virions to cells before specific interaction with 368 

cellular receptors occurs. 369 

 370 

Figure 4: SARS-CoV-2 replication and entry in Calu-3 cells is inhibited by dPG500(SA)0.55. A) 371 
Calu-3 cells were pre- and post-treated with 0.25, 0.5, or 1 mg/ml of the indicated compounds 372 
before cells were infected with SARS-CoV-2 (MOI 2) at 4 °C to allow synchronized entry. Entry 373 
efficiency was determined from cell lysates at 4 hpi with a highly sensitive quantitative RT-374 
PCR for nucleocapsid-specific subgenomic RNA. Entry efficiency was calculated by the delta 375 
ct method and by using the expression of cellular TATA-binding protein (TBP) as a reference. 376 
Upper dotted line represents the mean virus entry efficiency at 4 hpi and the lower dotted line 377 
represents the mean virus entry efficiency at 1 hpi. Data show means of three independently 378 
conducted experiments each performed in triplicates. B - C) Calu-3 cells were infected with 379 
SARS-CoV-2 (MOI 0.001) and pre- and post-treated with 0.25, 0.5 or 1 mg/ml of the indicated 380 
compounds. Virus replication was determined with an envelope-specific quantitative RT-PCR 381 
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at 24 hpi; A) and 48 hpi; B) from the supernatant of infected cells. Dotted lines represent % 382 
virus replication in untreated samples. Data shows mean values of three technical repeats 383 
together with the SD. GE: SARS-CoV-2 genome equivalents; Conc.: concentration; hpi: hours 384 
post infection; w/o: without  385 

Cryo-TEM analysis 386 

To visualize the binding of sialylated dPG compounds to the S-proteins of SARS-CoV-2, we 387 

cryo-prepared the ligand with the highest affinity (dPG500(SA)0.55) together with the virus 388 

particles by plunge freezing into liquid ethane to obtain a snapshot of the conditions under 389 

hydrated conditions and to analyze subsequently the viruses embedded in the amorphous ice 390 

using cryo-electron transmission microscopy (cryo-TEM). However, to ensure that the TEM 391 

projection images did not simply show overlays of virions and dPG500(SA)0.55, cryo-electron 392 

tomography (cryo-ET) combined with machine learning-based segmentation was used (Figure 393 

5). 394 

Fig. 5A shows the 3D reconstruction obtained from a recorded cryo tilt series. To distinguish 395 

between the S head domains (S1) of the spike proteins (the flexible and thin S2 stem is mostly 396 

not visible in the 3D reconstruction due to limited resolution) and the sialylated dPG cores, we 397 

used the machine learning algorithms of the trainable Weka (Waikato Environment for 398 

Knowledge Analysis) segmentation (more details in SI 1.13). The Segmentation was done in 399 

Fiji [25,26]. Figure 5B shows the resulting overlay of cryo-ET 3D and classified structures 400 

(green: dPG500(SA)0.55, red: spike proteins, blue: virus core).  401 

 402 

Figure 5: Cryo-ET visualization and machine learning-based segmentation of dPG500(SA)0.55 403 
nanoparticles binding to SARS-CoV-2 spike protein RBDs. The top panels show a 2D 404 
projection of the 3D tomogram and the bottom panels show a zoom of one in-plane slice of 405 
the 3D tomogram. A) 3D reconstruction obtained from a recorded cryo tilt series. B) 406 
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Segmented 3D volume: To distinguish between the S head domains (S1) of the spike proteins 407 
(the flexible and thin S2 stem is mostly not visible in the 3D reconstruction due to limited 408 
resolution) and the sialylated dPG cores, the trainable Weka (Waikato Environment for 409 
Knowledge Analysis) segmentation classifier was applied. (dPG nanoparticles (green), spike 410 
proteins (red), and virus body (blue) highlighted). C) Overlay of the original image with the 411 
segmented representation. Top scale bars: 100 nm. Bottom scale bars: 25 nm. 412 

The segmented image (panel C) reveals a clustering of nanoparticles (green) around the virus 413 

particle, particularly in areas rich with spike proteins (red). The yellow regions, indicating an 414 

overlap between red and green signals, suggest direct interaction between nanoparticles and 415 

spike proteins. This distribution pattern visualizes that the sialoside-functionalized dPG 416 

nanoparticles specifically bind to SARS-CoV-2 spike proteins. 417 

 418 

Conclusions 419 

This study demonstrates that a synthetic polysialoside can inhibit SARS-CoV-2 infection by 420 

direct binding with RBD on the S1 spike protein. The MD simulation, docking, and MST studies 421 

show that the direct binding of SA with RBD is not merely electrostatic but SA as a whole 422 

sugar molecule has a role in the binding interactions. The synthetic polysialoside binds at low 423 

nM concentrations (Kd = 4.78 nM) in contrast to a polysulfated analog that binds at µM 424 

concentrations (Kd = 2.46 µM). The study also outlines that high density of SA on the dendritic 425 

polymer is crucial for the SARS-CoV-2 post-infection inhibition. Infection inhibition tests 426 

performed at different time points indicate that SARS-CoV-2 infection drops dramatically by 427 

inhibiting the virus entry into Calu-3 cells in the presence of polysialoside. Overall, these 428 

findings demonstrate that high-density polysialoside represents a promising therapeutic 429 

strategy against SARS-CoV-2 infection through its nanomolar binding affinity to the RBD and 430 

effective inhibition of viral entry. 431 

 432 

Supporting Information 433 

Supporting Information is available free of charge. Materials and methods, detailed synthetic 434 

protocols and reaction schemes, protocols for the biological assays, MST and cryo-TEM 435 

analysis, molecular docking images, MD simulation data-analysis details, plots and tables, 436 

NMR figures, DLS plots, and cytotoxicity analysis. 437 
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