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Abstract 31 

 32 

Exacerbations of respiratory viral infections significantly contribute to morbidity and 33 

healthcare burden. Among these viruses, Human Rhinoviruses (HRVs) are the most 34 

frequent causative agents of upper respiratory tract infections. To date, over 150 HRV 35 

serotypes have been identified, classified into three species: HRV-A, HRV-B, and HRV-C. 36 

No antiviral therapies are currently available against this viral family, largely due to the high 37 

serotype diversity and limited cross-protection. The major group of HRVs relies on the 38 

Intercellular Adhesion Molecule-1 (ICAM-1) receptor to infect airway epithelial cells, making 39 

ICAM-1 an attractive target for broad-spectrum therapeutic interventions. Here, we report 40 

the development of nucleic acid-based aptamers designed to disrupt ICAM-1–HRV binding 41 

and thereby prevent viral infection. Aptamers are single-stranded DNA molecules that fold 42 

into precise three-dimensional structures, enabling highly specific protein recognition. Using 43 

a Systematic Evolution of Ligands by EXponential Enrichment (SELEX) approach guided by 44 

a minimal peptide mimicking the ICAM-1 viral binding interface, a library of >1024 random 45 

single-stranded DNA sequences was screened. Through iterative rounds of selection, we 46 

identified eight candidate 77-nt DNA aptamers, which were subsequently evaluated for their 47 

potential using in silico and in vitro assays, as well as functional assays in human epithelial 48 

cells.  From this strategy, two lead aptamers were selected that effectively inhibited HRV-49 

A16 replication in a concentration-dependent manner, as measured by viral titers (TCID₅₀ 50 

assay) and viral RNA quantification by RT-PCR. These findings demonstrate the potential 51 

of ICAM-1-targeting aptamers as antiviral agents capable of preventing HRV entry. By 52 

targeting a host receptor and creating a protective barrier at the cell surface, this approach 53 

may offer a broadly applicable strategy against multiple HRV serotypes, paving the way for 54 

the development of novel antiviral interventions. 55 

 56 

 57 

 58 

 59 

 60 

 61 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 21, 2026. ; https://doi.org/10.64898/2026.04.20.717810doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.20.717810


Graphical abstract  62 
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Introduction 77 

Rhinoviruses (HRVs) are among the most common respiratory viruses in humans and 78 

represent the primary cause of upper respiratory tract infections such as the common cold 79 

[1,2]. HRV infections are highly prevalent across all age groups, with children experiencing 80 

an average of 6-10 infections per year and acting as a major reservoir for viral transmission 81 

within the community [3–5]. Although they are typically self-limiting and resolve without 82 

medical intervention, HRVs can cause severe disease in vulnerable populations, including 83 

infants and individuals with underlying chronic respiratory conditions such as asthma or 84 

chronic obstructive pulmonary disease (COPD) [4,6,7]. In these patients, rhinoviral infection 85 

is a frequent driver of acute exacerbations often leading to complications such as secondary 86 

pneumonia and hospitalization [8,9]. Notably, HRVs have been detected in up to 60% of 87 

asthma exacerbations [10], underscoring their critical role in disease morbidity. In addition 88 

to their clinical impact, HRVs contribute substantially to healthcare utilization and 89 

socioeconomic burden worldwide [11]. Despite this impact, no approved antiviral treatments 90 

or vaccines are currently available. The development of effective therapeutics has been 91 

consistently hampered by the extensive genetic diversity of HRVs, which comprise over 150 92 

serotypes, classified into three species (A, B and C) [12]. This diversity results in limited 93 

cross-protective immunity and renders traditional vaccine strategies largely ineffective [13]. 94 

An alternative promising strategy to circumvent viral variability is targeting host factors 95 

essential for viral entry.  HRVs enter host cells by engaging specific receptors: while minor 96 

group viruses utilize cadherin-related family member 3 (CDHR3) or member of the low-97 

density lipoprotein receptor (LDLR) family, the majority of serotypes belonging to species A 98 

and B (the “major group”) utilize Intercellular Adhesion Molecule-1 (ICAM-1) [14,15]. While 99 

this approach has been validated by the clinical success of agents like the CCR5 antagonist 100 

maraviroc [16] and the anti-CD4 monoclonal antibody ibalizumab [17], previous attempts to 101 

target ICAM-1 using monoclonal antibodies or soluble receptor decoys have faced 102 

significant hurdles, including high production costs, potential immunogenicity, and limited 103 

stability in the respiratory environment [13,18]. To overcome these limitations, nucleic acid 104 

aptamers have emerged as a promising alternative [19]. Building on our previous work 105 

where we successfully developed a DNA aptamer targeting the ACE2 receptor to block 106 

SARS-CoV-2 infection [20], we hypothesized that a similar host-directed approach could be 107 

applied to the HRV-ICAM-1 interaction. Aptamers are short, single-stranded DNA or RNA 108 

oligonucleotides that fold into defined three-dimensional structures, enabling them to bind 109 

targets with high affinity and specificity [21,22]. Identified through the in vitro process known 110 
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as SELEX (Systematic Evolution of Ligands by EXponential enrichment), this strategy allows 111 

precise control over selection conditions and enables the enrichment of ligands targeting 112 

specific functional epitopes, representing a key advantage over conventional approaches. 113 

In this study, we employed SELEX to identify DNA aptamers specifically targeting the distal 114 

extracellular domains of ICAM-1 critical for viral attachment. By shifting the focus to the 115 

conserved host receptors rather than the rapidly mutating viral capsid, this strategy aims to 116 

achieve broad-spectrum inhibition of major-group of HRVs. Here, we characterized the 117 

binding affinities and structural features of these aptamers and demonstrated their efficacy 118 

in inhibiting HRV infection and reducing the production of infectious virus in a cell-based 119 

model. This approach highlights the potential of host-directed aptamers as a versatile 120 

platform for the development of next-generation antiviral therapeutics.   121 

 122 

Results 123 

Identification of a minimal ICAM-1 peptide for the SELEX procedure 124 

To identify a peptide suitable as a bait for SELEX procedure and capable of mimicking the 125 

viral interaction region, a structure-guided analysis of HRV-ICAM-1 complex was performed 126 

using the available PDB crystal structure [23]. Residue-level interaction energy 127 

decomposition revealed specific segments contributing most significantly to complex 128 

stabilization. In agreement with previous studies [23,24], the analysis highlighted the HRV 129 

binding interface surrounding the critical residue Lysine 29 (K29) (Fig. 1A). To enable the 130 

selection of aptamers targeting this interface, short peptide fragments were designed to 131 

mimic the ICAM-1 regions directly involved in HRV interaction. Two initial candidates 132 

(peptide 1 and 2) were identified based on favourable interaction energies (Fig. 1B).  133 

However, peptide 2 was excluded due to low binding efficiency and unfavourable net charge 134 

(-1), while peptide 1, although energetically favourable, was considered too long for SELEX 135 

applications. Therefore, shorter overlapping segments (~20 amino acids) derived from 136 

peptide 1 were further evaluated. This approach led to the identification of eight additional 137 

peptides (Fig. 1B). Candidate selection was guided by the following criteria: (i) total 138 

interaction energy, (ii) binding efficiency (energy per residue), (iii) number of positively 139 

charged residues, and (iv) inclusion of the key residue K29 within the sequence. Although 140 

peptide 3 displayed the highest binding efficiency, peptide 4 (from now named ICAM-1 29–141 

50) was prioritized due to its enriched content of positively charged residues, anticipated to 142 
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improve electrostatic complementarity with nucleic acids. To assess whether ICAM-1 29-50 143 

preserves features of full-length ICAM-1, molecular dynamics simulations were performed 144 

(Fig. S1 and Table S1). The peptide displayed a dynamic conformational profile in solution, 145 

indicative of structural flexibility, yet it recurrently sampled conformations resembling the 146 

crystallographic state, indicating that native-like structures remain accessible. Overall, 147 

ICAM-1 29-50 retains key structural and physiochemical features of the ICAM-1 binding 148 

interface, supporting its use as a conformational mimic of the HRV-ICAM-1 binding interface 149 

and was therefore chosen as bait for the SELEX process.  150 

 151 

Aptamer selection through SELEX procedure 152 

Aptamers recognizing the ICAM-1 29-50 peptide were isolated through an iterative SELEX 153 

procedure following standard protocols [25,26]. Briefly, the peptide was synthesized and 154 

purified by high-performance liquid chromatography–mass spectrometry (HPLC-MS) and 155 

functionalized with a N-terminal biotin to enable immobilization on streptavidin-coated 156 

beads, which served as the binding substrate during selection. A library of >10²⁴ random 157 

single-stranded DNA sequences was used as the starting material. The selection consisted 158 

of an initial round of positive selection against ICAM-1 29-50, followed by a counter-selection 159 

(negative selection) step using uncoated beads to eliminate non-specific binders, and 160 

subsequently nine additional rounds of positive selection. A total of 10 positive selection 161 

cycles were performed (Fig. 2A), and amplified pools were subjected to next-generation 162 

sequencing at rounds 4, 6, 8, 9 and 10, leading to the identification of eight enriched 163 

sequence named I1-I8 (Fig. 2A). To evaluate their binding specificity, each sequence was 164 

chemically synthesized and tested for binding to ICAM-1 29–50-coated beads, using 165 

uncoated beads (empty) as a negative control (Fig. 2B). Sequences I5 and I8 showed a 166 

statistically significant preference for peptide-coated beads compared to empty beads, 167 

followed by I4 and I7, whereas the other sequences did not exhibit specific ICAM-1 29-50 168 

binding.   169 

 170 

In silico and in vitro validation 171 

To further validate the binding properties of the identified aptamers, both in silico and in vitro 172 

analyses were performed. First, to gain structural insight, three-dimensional models of the 173 

aptamers were generated and subjected to molecular docking [25] against the full-length 174 
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ICAM-1 protein. The resulting complexes displayed variability in predicted binding energies, 175 

buried surface areas (BSA), and energetic contributions including desolvation energy and 176 

internal energy, indicating distinct binding modes among the different sequences (Table 1). 177 

Interaction efficiency, defined as binding energy normalized by BSA, ranged from −0.0978 178 

to −0.1740 (a.u./Å²), with I1 showing the highest value (−0.1740), followed by I4 (−0.1532), 179 

I8 (−0.1458), and I5 (−0.1316). A combined scoring function integrating binding energy, 180 

internal energies, desolvation energy and BSA was then applied to rank the complexes. 181 

Based on this final score, sequences I1, I5, I8 and I4 emerged as the most favourable 182 

binders, with scores of -0.075, -0.072, -0.065 and -0.062, respectively. I1 showed the highest 183 

interaction efficiency, consistent with a highly optimized local interface, although associated 184 

with relatively small BSA. In contrast, I5 and I8 displayed more balanced energetic profiles, 185 

combining favourable binding energies with low desolvation penalties and moderate energy 186 

differences between free and bound states. I4 exhibited the most favourable binding energy 187 

(-276 a.u.), although associated with a larger difference between internal energy terms, 188 

suggesting a higher energetic cost upon binding. The remaining sequences (I2, I3, I6 and 189 

I7) showed weaker binding energies and less favourable overall scoring, resulting in lower 190 

ranking.  191 

Next, surface plasmon resonance (SPR) spectroscopy [26] was employed to quantify 192 

aptamer–peptide interactions for the most promising candidates (I1, I4, I5, I8). Increasing 193 

concentrations of chemically synthesized aptamers were injected over a Biacore sensor chip 194 

functionalized with the ICAM-1 29-50 peptide, and dissociation constants (KD) were 195 

determined (Fig. 3). Consistent with preliminary binding screening (Fig. 2B), sequence I1 196 

exhibited weak binding, as indicated by markedly higher KD value, confirming its limited 197 

interaction with ICAM-1 peptide. In contrast, I5 and I8 displayed significantly lower KD values, 198 

indicative of high-affinity binding and supporting their selection as lead candidates, while I4 199 

showed intermediate affinity. 200 

 201 

ICAM-1 targeting aptamers inhibit HRV-A16 infection 202 

Having established I4, I5 and I8 as the strongest ICAM-1 binders, we next investigated 203 

whether these aptamers could effectively inhibit HRV infection. To this end, H1-HeLa cells 204 

were infected with a commercial HRV-A16 strain at a MOI of 0.1 and after  72 hours 205 

incubation antiviral efficacy was determined by measuring both viral titers (TCID50 assay) 206 

and viral RNA levels (HRV-specific qPCR). (Fig. 4A). To validate the experimental setup, 207 
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the capsid-binding inhibitor pleconaril was used as a positive control; as expected, it yielded 208 

a dose-dependent reduction in viral replication, confirming the robustness of the infection 209 

model (Fig. S2) and the dose of 1 µM used as a standard. The antiviral potential of ICAM-1 210 

targeting aptamers was assessed by pre-incubating cells with two different concentration (1 211 

and 0.1 µM) prior to HRV-A16 infection. As shown in Fig. 4, I5 and I8 significantly inhibited 212 

HRV-A16 replication at the concentrations tested. In particular, I5 reduced infectious viral 213 

titers to ~10–20% of control levels at 1 μM, with a consistent decrease in viral RNA (~30%), 214 

indicating concordant inhibition across both readouts. Notably, a measurable antiviral effect 215 

of I5 was already observed at 0.1 μM, with a partial reduction in both infectious titers and 216 

viral RNA levels, suggesting dose-dependent activity. Similarly, I8 induced a strong 217 

reduction in both parameters at 0.1 and 1 μM, supporting a comparable inhibitory profile. In 218 

contrast, I4 exhibited negligible antiviral activity, with values comparable to vehicle-treated 219 

controls. Overall, these findings demonstrate that ICAM-1-targeting aptamers can effectively 220 

block HRV-A16 infection, supporting a host-directed antiviral mechanism. 221 

 222 

Discussion 223 

In post-pandemic era, it has become increasingly evident that influenza-like respiratory 224 

illnesses are caused by a heterogeneous group of viruses belonging to distinct families, 225 

each with unique replication strategies and antiviral susceptibilities [27–29]. Despite this 226 

complexity, currently available antiviral treatments remain largely virus-specific, limiting their 227 

effectiveness and offering little in terms of broad-spectrum protection and pandemic 228 

preparedness. Although HRVs have been long considered agents of mild disease, their 229 

involvement in severe clinical outcomes, including exacerbations of asthma and COPD 230 

[8,30] underscore the need for innovative therapeutic strategies. In this context, we explored 231 

a host-directed approach based on DNA aptamers targeting ICAM-1, the primary entry 232 

receptor for the major group of rhinoviruses. By focusing on a conserved host factor rather 233 

than rapidly mutating viral proteins, this strategy is expected to provide a higher genetic 234 

barrier to resistance and potentially broader activity across multiple serotypes. Previous 235 

attempts to inhibit ICAM-1-mediated entry have been previously attempted with monoclonal 236 

antibodies or decoy receptors [31,32]. However, aptamers offer superior advantages, 237 

including high target specificity, lower production costs, and reduced immunogenicity 238 

[21,33]. In present work, applying a SELEX procedure we identified potential ICAM-1 binders 239 

that were characterized using a combination of computational and experimental 240 
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approaches. While in silico analyses highlighted multiple candidate binders, integration of 241 

energetic parameters and interface properties proved essential to discriminate between 242 

compact, high-efficiency interactions and more biologically relevant binding modes. In 243 

particular, sequences I5 and I8 emerged as the most promising candidates, displaying 244 

balanced energetic profiles and consistent binding in vitro. Notably, the discrepancy 245 

observed for I1, which exhibited high interaction efficiency in docking but weak experimental 246 

binding, further emphasizes the limitations of structure-based scoring alone and the 247 

importance of experimental validation. Functionally, I5 and I8 significantly inhibited HRV-248 

A16 infection, supporting the feasibility of blocking viral entry through ICAM-1 targeting DNA 249 

aptamers. However, several challenges must be addressed to translate these results into 250 

clinical applications. A primary limitation of the current study is the use of unmodified DNA 251 

aptamers in a simplified cell-based model. Translation to in vivo application will require 252 

chemical modifications to enhance nuclease resistance and stability [34,35]. Furthermore, 253 

given the physiological role of ICAM-1 in leukocyte adhesion and immune cell trafficking, 254 

careful evaluation of potential off-target effects and dosing strategies will be necessary to 255 

avoid interference with normal immune functions [31]. In conclusion, this work, alongside 256 

our previous success in targeting the ACE2 receptor for SARS-CoV-2 [20], reinforces the 257 

validity of host-receptor targeting as a versatile antiviral platform through DNA aptamers. 258 

Future efforts will focus on evaluating these optimized aptamers against a wider panel of 259 

HRV serotypes and in a more physiologically relevant models, such as three-dimensional 260 

human airway epithelia. More broadly, this approach may be extended to other viral 261 

pathogens that rely on conserved host entry factors, contributing to the development of next-262 

generation, resistance-resilient antiviral therapeutics. 263 

 264 

Materials and methods 265 

Structure-guided peptide design and molecular dynamics simulations 266 

The crystal structure of the HRV-ICAM-1 complex (PDB 1D3E) was used as the starting 267 

model for structural analysis. Missing hydrogen atoms were added using VEGA ZZ [36]. The 268 

structure was subsequently optimized using NAMD3 [37] with the CHARMM36m force field 269 

[38]. Interaction energies between HRV and ICAM-1 were calculated using non-bonded 270 

terms of the force field and decomposed at the residue level to identify key binding regions. 271 

Based on this analysis, peptide candidates were selected according to interaction energy, 272 
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binding efficiency, charge and inclusion of residue K29. Molecular dynamics simulations of 273 

the best candidate were performed using NAMD3. The peptide was solvated in an explicit 274 

water box, energy-minimized and subjected to equilibration and production runs under 275 

standard conditions. Trajectory analysis included calculation of Cα-RMSD, RMSF, and 276 

solvent-accessible polar surface area (PSA) to evaluate conformational stability and 277 

physicochemical properties. Detailed description of simulation parameters is provided in the 278 

Supplementary Materials.  279 

Synthesis of ICAM-1 peptide and chemical characterization 280 

The ICAM-1 29-50 peptide and its biotinylated analogue were synthesized by microwave-281 

assisted solid-phase peptide synthesis (SPSS) using a Liberty Blue CEM peptide 282 

synthesizer. The biotinylated derivative was obtained through on-resin functionalization of 283 

the fully assembled peptide. Briefly, an amino hexanoic acid linker was coupled to the N-284 

terminus, followed by conjugation of biotin. This modification was introduced to enable 285 

immobilization and facilitate its use in the SELEX procedure. Both peptides were purified by 286 

semi-preparative RP-HPLC. Analytical RP-HPLC and mass spectrometry were employed to 287 

assess purity and confirm molecular identity. Purified peptides were subjected to multiple 288 

lyophilization cycles to remove residual counterions potentially introduced during 289 

purification. 290 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) procedure 291 

The SELEX procedure was performed using XELEX DNA Core Kit (EURx, Poland, cat. n°: 292 

E3650) according to the manufacturer’s instructions and as previously described [20]. The 293 

selected ICAM-1 peptide (ICAM-1 29-50) was synthesized with an N-terminal biotin tag and 294 

dissolved in nuclease-free water at a final concentration of 3 mg/mL. A total of 80 µg of 295 

peptide was immobilized on 2 mg of pre-washed Dynabeads™ MyOne™ Streptavidin C1 296 

(Invitrogen, USA, cat. n°: 65001) by incubating on a rotating shaker for 30 min at room 297 

temperature, followed by four washes with PBS pH 7.4. Unoccupied streptavidin binding 298 

sites were subsequently blocked with 1 µM free biotin for 5 min. After washing with PBS pH 299 

7.4, ICAM-1-loaded beads were resuspended in SELEX buffer (NaCl 140 mM, KCl 2 mM, 300 

MgCl2 5 mM, CaCl2 2 mM, Tris pH 7.4, Tween 20 0.05%) and used for incubation with the 301 

ssDNA random library, provided in the kit. The ssDNA library consisted of a 40-nucleotide 302 

randomized central region, flanked by two constant 18-bp sequences, required for primer 303 

annealing during PCR amplification, as follows: 5'-TGACACCGTACCTGCTCT- 40nt 304 

randomized sequence -AAGCACGCCAGGGACTAT-3’, corresponding to a theoretical 305 
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diversity of approximately 1024 unique sequences. For the first round of selection, 100 μg of 306 

the ssDNA library were resuspended in 500 μL SELEX buffer and incubated with 2 mg of 307 

ICAM-1-coated beads at 37 °C on a rotating shaker for 60 min. Afterwards, the beads were 308 

washed with 0.3 mL of SELEX buffer prewarmed to 37 °C and bound aptamers were 309 

immediately eluted through denaturation at 94 °C for 3 min in nuclease free water. Half of 310 

the solution was used for emulsion PCR (ePCR), a technique designed to amplify and enrich 311 

individual DNA sequences within a reaction, prepared by mixing aqueous PCR components 312 

with the oil emulsion system supplied in the kit under controlled temperature. PCR reactions 313 

were prepared in a final volume of 50 μL containing 1× PCR buffer, 1.5 mM MgCl₂, 0.01 314 

mg/mL acetylated bovine serum albumin (BSA; EURx, Poland, cat. n°: E4020), 400 μM of 315 

each dNTP, and 4 μM of each forward and reverse primer. Thermostable DNA polymerase 316 

(EURx Taq DNA polymerase, 5 U/µL; cat. n°: E2500) was added at a final amount of 1.25 317 

U per reaction. Amplification was carried out using an Applied Biosystems 96-well thermal 318 

cycler (Fisher Scientific, USA, cat. n°: 12333653) under the following conditions: initial 319 

denaturation at 95 °C for 2 min, 20 cycles of 95 °C for 30 s, 55 °C for 60 s and 72 °C for 3 320 

min, followed by a final extension at 72 °C for 5 min. After amplification, emulsions were 321 

broken and DNA was purified using spin columns. Final elution was performed by heating 322 

at 94 °C for 3 min. Amplification efficiency was verified by electrophoresis on a 3% agarose 323 

gel. DNA concentration was further quantified fluorometrically using the Quantifluor ONE ds 324 

DNA kit (Promega, USA, cat. n°: E4871) on a QuantusTM Fluorometer (Promega, USA, cat. 325 

n°: E6150). A negative selection step was introduced after the first round to remove non-326 

specifically binding sequences. Briefly, 50 pmol of enriched ssDNA from the first round were 327 

incubated with 0.2 mg of unloaded (empty) streptavidin-coated beads in SELEX buffer for 328 

30 min at 37 °C on a rotating shaker. After incubation, bead-bound sequences were 329 

discarded, and the supernatant containing unbound DNA was recovered and subsequently 330 

incubated with 1 mg of ICAM-1-coated beads for the positive selection step. Positive 331 

selection cycles were repeated for a total of 10 rounds. Selection stringency was 332 

progressively increased by reducing incubation time (from 60 to 30 min), increasing wash 333 

volume (from 300 to 750 µL), and increasing the number of wash steps (from 1 to 3 washes 334 

per cycle), in order to enrich for high-affinity and high-specificity aptamers (Table S2). From 335 

the 4th round onward, a fraction of the amplified DNA was set aside for Next-Generation 336 

Sequencing (NGS) using the Illumina MiSeq platform. Sequencing data were analysed using 337 

FastQC software for quality control and assessment of sequence enrichment 338 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 339 
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Single cycle SELEX assay 340 

The binding ability of each aptamer identified to the ICAM-1 29-50 peptide was evaluated 341 

with a single cycle of the SELEX process. To this end, each synthesized aptamer (Merck 342 

Oligo, UK) was diluted in SELEX buffer at the final concentration of 0.2 µM, subjected to the 343 

denaturation-renaturation procedure in a final volume of 250 μL; 0.1 mg beads coated with 344 

the ICAM-1 peptide or, alternatively, the same amount of uncoated beads (empty), were 345 

added to the denatured-renatured aptamers. The mixture was incubated for 30 min at 37 °C 346 

with gentle agitation. After incubation, beads were washed twice with 1 mL SELEX buffer 347 

prewarmed to 37 °C to remove unbound sequences. The binder sequences were finally 348 

eluted from the beads through denaturation at 94 °C for 3 min in 100 μL of nuclease free 349 

water. To quantitatively evaluate the amount of bound material, 5 μL of the solution was 350 

assayed in a RT-PCR reaction in triplicate using SYBR green and GoTaq qPCR Master Mix 351 

(Promega, USA, cat. n°: A6001) according to the manufacturer's protocol. The reaction was 352 

carried out in a 7500 Real-Time PCR System (Applied Biosystems, USA) with the following 353 

thermal profile: 2 min at 95 °C, then 40 cycles of 15 s at 95 °C, 1 min at 60 °C using the 354 

same primers used for the ePCR. Data were normalized based on Ct values, comparing for 355 

each aptamer the level of peptide-coated beads vs empty beads.  356 

Surface plasmon resonance (SPR) binding analysis 357 

Binding of selected aptamers (I1-I8) to the ICAM-1 29-50 peptide was evaluated by surface 358 

plasmon resonance (SPR) using a Biacore 1K instrument (Cytiva) as previously described 359 

[39]. The biotinylated peptide was immobilized on a streptavidin-coated sensor chip 360 

according to the manufacturer’s instructions. Aptamers were injected at increasing 361 

concentrations (10, 30, and 100 nM) in PBS buffer at a flow rate of 10 μL/min at 25 °C. 362 

Binding responses were recorded, and equilibrium values were used to generate binding 363 

curves. Apparent dissociation constants (KD) were determined by fitting the data with a 364 

sigmoidal model.  365 

Aptamer structure prediction and molecular docking 366 

To predict the most probable three-dimensional (3D) conformations of SELEX-enriched 367 

DNA sequences, the 3dDNA software (Xiao Lab) was used [40]. This tool employs libraries 368 

of DNA and RNA structural templates to model DNA 3D conformations based on secondary 369 

structure information. For each predicted secondary structure, up to five 3D models were 370 

generated by 3dDNA and ranked according to their free energy. The lowest-energy model 371 
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was selected for subsequent docking analysis. Molecular docking was performed using the 372 

HADDOCK 2.4 web server [25]. The input structures consisted of the predicted aptamer 373 

models and the ICAM-1 chain extracted from the ICAM-1–HRV-A16 complex (PDB: 1D3E). 374 

Based on previous structural data [23], lysine at position 29 (K29) of ICAM-1 was defined 375 

as the active residue, while surrounding residues were automatically assigned as passive 376 

residues. Docking was carried out using the standard HADDOCK protocol, including rigid-377 

body docking followed by semi-flexible refinement, generating an initial ensemble of 378 

thousands of poses that were subsequently refined and clustered. 379 

Cell culture 380 

H1-HeLa cell line represents the standard for studying the biology of HRVs [41]. Cells were 381 

obtained from ATCC (LGC, Italy, cat. n°: CRL-1958) and maintained in Dulbecco’s Modified 382 

Eagle Medium (DMEM) High Glucose (Gibco™, Thermo Fisher Scientific, USA, cat. n°: 383 

11965092) supplemented with 10% fetal bovine serum (FBS) and incubated at 37 °C in a 384 

humidified atmosphere containing 5% CO2. Cells were subcultured every 2-3 days.  385 

Viral strain 386 

HRV-A16 (Human Rhinovirus A 16) strain 11757 was purchased from ATCC (LGC, Italy, 387 

cat. n°: VR-283). Virus was propagated in H1-HeLa cells in DMEM with 2% FBS at 33 °C 388 

and 5% CO2. Cells were infected at 33 °C because this temperature mimics the conditions 389 

of the human upper respiratory tract, the primary site of infection [42]. Following propagation, 390 

viral titres were determined using TCID50 assay and expressed as TCID50/ml. Aliquots of 391 

virus were prepared and stored at -80 °C to prevent repeated freeze-thaw cycles. All 392 

procedures involving viruses were handled in accordance with Biosafety level 2 (BSL-2) 393 

guidelines.  394 

Cell infection and antiviral assay of aptamers 395 

H1-HeLa cells were seeded in 24-well plates at a density of 1 x 105 cells per well one day 396 

prior to infection. On the day of infection, cells were washed with PBS, and medium was 397 

replaced with treatments or vehicle. Aptamers I4, I5 and I8 (Merck, UK) were prepared as 398 

previously described through a denaturation (94 °C 3 min) followed by renaturation on ice 399 

for 5 min to ensure proper folding. The process was performed in SELEX buffer 1X 400 

formulated without Tween-20 to ensure cell compatibility. Following renaturation, aptamers 401 

or vehicle were immediately added to the cells and incubated for 7 min at 37 °C. Pleconaril 402 
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(Merck, USA, cat. n°: SML0307) was included as a positive control for antiviral activity [43]. 403 

Cells were pretreated with aptamers/pleconaril prior to viral exposure to allow binding to cell 404 

surface targets. Following pretreatment, cells were infected with HRV-A16 at a multiplicity 405 

of infection (MOI) of 0.1. Mock-infected controls were treated with medium only and 406 

processed in parallel. Cells were incubated at 33 °C for 1 hour on a rotating shaker to favor 407 

viral binding. Subsequently, cells were washed to remove unbound viruses and 408 

supplemented with fresh medium to support viral replication. Infection was allowed to 409 

proceed for 72 hours at 33 °C. At the end of the incubation period, culture supernatants were 410 

collected for viral RNA quantification and viral titer determination by TCID50 assay.  411 

TCID50 assay 412 

Viral titers were determined by TCID50 assay. Serial ten-fold dilutions of viral stock or 413 

infection samples were added to confluent H1-HeLa cell monolayers in 96-well plates (six 414 

replicates per dilution) and incubated at 33 °C, 5% CO2 for 72 hours. Infection was assessed 415 

by virus-induced cytopathic effect (CPE) after crystal violet staining, and TCID₅₀/mL was 416 

calculated using the Reed and Muench method [44]. All procedures were performed under 417 

BSL-2 conditions. 418 

Viral RNA extraction  419 

Viral RNA was extracted from media collected 72 hours post-infection (p.i.) using the QiAmp 420 

Viral RNA Mini Kit (Qiagen, Germany, cat. n°: 52904), according to the manufacturer’s 421 

instructions. Briefly, following clarification by centrifugation, samples were lysed under BSL-422 

2 conditions using AVL buffer supplemented with carrier RNA, to ensure complete disruption 423 

of viral particles and enhance RNA recovery. Viral RNA selectively bound to the QiAmp silica 424 

membrane, followed by two washing steps (AW1 and AW2 buffers). Viral RNA was eluted 425 

in 50 µL of nuclease-free water and stored at -80 °C until use. 426 

Real-Time PCR 427 

For viral RNA quantification, a commercial multiplex PCR assay (Fast Track Diagnostics 428 

respiratory pathogen 21, FTD) (Siemens Healthiness Company, Luxembourg), was used 429 

following the manufacturer’s protocol. Reactions were performed on a CFX96 Real-Time 430 

PCR Detection System (Bio-Rad, USA). The thermal profile consisted of an initial reverse 431 

transcription step at 50 °C for 15 min, followed by a denaturation step at 94 °C for 1 min. 432 

Amplification was carried out over 39 cycles of denaturation (94 °C for 1 min), annealing (94 433 
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°C for 8 s), and extension (60 °C for 1 min), with fluorescence signals collected during the 434 

annealing phase for real-time monitoring. 435 
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 631 

Fig. 1. Structure-based selection of ICAM-1-derived peptides targeting the HRV 632 

binding interface. A. Representative model of rhinovirus capsid protein VP1 (yellow) and 633 

VP2 (green) in complex with human ICAM-1 (blue), obtained from Protein Data Bank 634 

database (1D3E). Interacting residues at the interface are shown in pink, highlighting ICAM-635 

1 K29 as a key residue mediating the interaction. B. Peptides identified from PDB:1D3E 636 

following energy minimization and interaction energy decomposition at the residue level. For 637 

each peptide, the start and end positions within the ICAM-1 sequence, peptide length, total 638 

interaction energy (Total, kcal/mol), binding efficiency (Efficiency, kcal/mol/residue), and net 639 

charge are reported. 640 

 641 

 642 

 643 

ID Start End Length 
Energy 

Charge 
Total Efficiency 

1 21 54 34 -76.23 -2.242 2 

2 59 80 22 -14.34 -0.652 -1 

3 29 41 13 -64.59 -4.969 2 

4 29 50 22 -66.66 -3.030 4 

5 39 53 15 -4.21 -0.281 3 

6 35 57 23 -3.70 -0.161 3 

7 30 51 22 -29.07 -1.322 3 

8 31 52 22 -22.45 -1.020 3 

9 32 53 22 -22.05 -1.002 2 

10 33 54 22 -21.88 -0.995 2 

B 

A 
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 644 

 645 

 646 

Fig 2. Identification of aptamers with high affinity for ICAM-1 peptide A. Scheme of 647 

aptamer selection using the ICAM-1 29–50 peptide. Enriched sequences identified by next-648 

generation sequencing  at each round are indicated (I1-I8). No enriched sequences were 649 

detected at round 4 (n.a., not applicable). B. Evaluation of the specific ICAM-1 29-50 peptide 650 

binding ability for each aptamer. Aptamer recovery after the binding assay was quantified 651 

by RT-PCR. Bars indicate relative aptamer levels eluted from beads without the peptide 652 

(empty) or peptide-coated beads (ICAM-1) calculated using the 2-ΔCT method. Mean ± SEM, 653 

n = 3 replicates. Statistical analysis was performed using 2way ANOVA, followed by Sidak's 654 

multiple comparisons test vs empty beads. 655 
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 668 

 669 

 670 

 671 

Fig. 3. Surface plasmon resonance (SPR) binding curves of aptamer sequences on 672 

ICAM-1 peptide. The plot shows binding curves measure by Biacore 1K (Cytiva) for 673 

aptamers I1, I4, I5 and I8 as indicated in the panel titles, against the ICAM-1 29-50 peptide. 674 

The biotinylated peptide was immobilized on a streptavidin-coated SPR channel. Aptamers 675 

were injected at increasing concentrations at a flow rate of 10 µL/min in PBS buffer at 25°C. 676 

Binding responses at equilibrium (orange dots) were fitted with sigmoidal curves (black 677 

lines). The apparent dissociation constants (KD) are indicated by vertical blue lines and 678 

summarized in the table.  679 
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 680 

Fig. 4. Inhibition of HRV-A16 infection in H1-HeLa cells by selected aptamers. A. 681 

Schematic representation of the infection experiment to assess the ability of aptamers to 682 

block rhinovirus infection. Aptamers (I4, I5 and I8) were tested at doses of 1 and 0.1 µM. As 683 

positive control, for assessing viral inhibition, a VP1 inhibitor (Pleconaril, pleco) was also 684 

included. H1-HeLa cells were pre-treated with aptamers for 7 minutes and next  the infection 685 

with HRV-A16 (MOI 0.1) was performed. After 1 hours, the inoculum was removed and 686 

infection was allowed to proceed for 72 hours at 33°C. Infectious virus released into the 687 

supernatant was quantified by TCID₅₀ assay (B), and viral RNA levels were measured (C). 688 

B. Normalized viral titers (%), expressed relative to vehicle (100%) and mock (0%) (mean ± 689 

SEM). C. Viral RNA levels assessed by RT-PCR using HRV-specific primers. Data are 690 

shown as 2-ΔCt. Statistical significance was determined by ordinary one-way ANOVA 691 

followed by Bonferroni’s multiple comparison correction vs vehicle. 692 

 693 
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Tables 697 

 698 

Complex 
Binding 
Energy 
(a.u.) 

Desolvation 
Energy 
(a.u.) 

Internal 
Energy 
(Free) 
(a.u.) 

Internal 
Energy 

(Complex) 
(a.u.) 

Buried 
Surface 

Area (Å2) 
Efficiency 

Final 
score 

I1_ICAM1 -200.59 19.21 -4272.15 -4178.15 1152.32 -0.1740 -0.075 

I5_ICAM1 -207.16 13.49 -2882.73 -2803.18 1573.61 -0.1316 -0.072 

I8_ICAM1 -213.14 22.22 -4403.10 -4307.40 1461.47 -0.1458 -0.065 

I4_ICAM1 -275.63 22.69 -5549.20 -5409.26 1798.57 -0.1532 -0.062 

I6_ICAM1 -254.05 23.78 -1889.54 -1768.25 2316.32 -0.1096 -0.047 

I2_ICAM1 -177.11 26.42 -6912.17 -6783.49 1701.80 -0.1040 -0.012 

I7_ICAM1 -133.33 22.26 -7156.49 -7047.41 1363.23 -0.0978 -0.001 

I3_ICAM1 -198.47 36.27 -8544.10 -8331.70 1797.43 -0.1102  0.028 

 699 

Table 1. HADDOCK docking analysis of aptamer–ICAM-1 complexes. Predicted 700 

interaction parameters for aptamer–ICAM-1 complexes generated by HADDOCK 2.4 are 701 

reported, including binding energy, desolvation energy, internal energy (free and complex 702 

states), and buried surface area (BSA). Energies are expressed in arbitrary units (a.u.). 703 

Efficiency is calculated as binding energy normalized to interface size, while the final score 704 

integrates energetic contributions relative to BSA. Complexes are presented in order from 705 

the best to the worst final score. 706 

 707 

 708 

 709 

 710 

 711 
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 713 

 714 

 715 
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 720 
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Supplementary methods 724 

Supplementary structural and molecular dynamics analysis: a detailed structure-725 
guided analysis of the HRV–ICAM-1 interaction was performed starting from the crystal 726 
structure (PDB: 1D3E). Missing hydrogen atoms were added using VEGA ZZ and the 727 

system was energy-minimized in two steps with NAMD3 (CHARMM36m force field, 728 
dielectric constant = 20): 30,000 steps with backbone restraints followed by 10,000 steps 729 
without constraints. The optimize complex was analysed by calculating non-bonded 730 
interaction energies (Lennard-Jones and distance-dependent Coulomb terms), which were 731 
decomposed at the residue level to identify ICAM-1 regions contributing to binding. This 732 

analysis, together with previous structural data, guided the selection of peptide candidates 733 
spanning the HRV-binding interface centered on Lys29. Among the candidates, peptide 4 734 
(ICAM-1 residues 29–50) was selected based on a combination of favourable interaction 735 
energy, binding efficiency, and enrichment in positively charged residues, supporting its 736 

potential compatibility with nucleic acid ligands. To further assess its conformational 737 
behaviour, peptide 4 was subjected to molecular dynamics simulations in explicit solvent 738 
using NAMD3. The system was neutralized, solvated in a 45 Å cubic water box, and 739 

minimized (20,000 steps), followed by heating (0–300 K, 100 ps), equilibration (NPT, 5 ns), 740 
pre-production (NVT, 1 ns), and a 200 ns production run (NVT, 1 fs timestep). The time 741 
evolution of Cα-RMSD (Fig. S1) showed a fluctuating profile (average 12.1 Å), indicating 742 
conformational flexibility with recurrent sampling of native-like states. Residue-wise Cα-743 

RMSF analysis (Table S1) revealed higher flexibility at the termini (including Lys29) and a 744 
more stable central region corresponding to the HRV-binding interface. The solvent-745 

accessible polar surface area remained relatively stable throughout the simulation (~4% 746 
variation), indicating preservation of key physicochemical features relevant for nucleic acid 747 
interaction. Overall, peptide 4 (ICAM-1 29-50) samples a dynamic conformational ensemble 748 

while retaining bioactive-like structural and physicochemical properties, supporting its use 749 
as a mimic of the ICAM-1 binding interface in SELEX experiments. 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 
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Supplementary Figures 763 

 764 

 765 

Fig. S1. Time evolution of the Cα-RMSD of ICAM-1 29-50 peptide during the 200 ns 766 

molecular dynamics simulation. RMSD values (Å) were calculated with respect to the 767 

crystallographic conformation extracted from the HRV–ICAM-1 complex (PDB:1D3E) after 768 

structural alignment. The trajectory shows a broad distribution of RMSD values (4.6–16.9 Å; 769 

average 12.1 Å), indicative of significant conformational flexibility in solution. Recurrent 770 

decreases toward lower RMSD values are observed throughout the simulation, highlighting 771 

the ability of the peptide to repeatedly sample conformations resembling the native bound 772 

state. 773 

 774 
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 790 

Fig. S2. Dose-response effect of Pleconaril. The VP1-inhibitor Pleconaril was used as a 791 

positive control for infection inhibition. H1-HeLa cells were infected with HRV-A16 (MOI 0.1) 792 

and treated with increasing concentration of Pleconaril (0, 0.1, 1 and 10 µM). Viral RNA 793 

levels in culture supernatants were quantified 72 hours post infection by RT-PCR.  794 
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Supplementary tables 810 

 811 

Residue Number RMSF 

LYS 29 7.89 

LEU 30 5.88 

LEU 31 4.58 

GLY 32 4.18 

ILE 33 4.17 

GLU 34 3.42 

THR 35 4.03 

PRO 36 4.44 

LEU 37 3.59 

PRO 38 3.83 

LYS 39 3.48 

LYS 40 3.27 

GLU 41 3.16 

LEU 42 3.68 

LEU 43 3.81 

LEU 44 3.68 

PRO 45 4.09 

GLY 46 4.02 

ASN 47 4.31 

ASN 48 4.86 

ARG 49 6.08 

LYS 50 7.82 

 812 

Table S1. Residue-wise Cα root mean square fluctuation (RMSF) of peptide 4 (residues 29–813 

50) calculated over the 200 ns molecular dynamics simulation. RMSF values (Å) were 814 

obtained after alignment of the trajectory and reflect the flexibility of individual residues 815 

around their average positions. The analysis reveals a heterogeneous flexibility profile, with 816 

higher fluctuations at the N- and C-terminal regions (notably Lys29, Arg49, and Lys50, in 817 

red) and comparatively lower fluctuations in the central segment of the peptide (minimum at 818 

Glu41, in blue), indicating the presence of a relatively more stable core corresponding to the 819 

HRV-binding interface. 820 
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ICAM1 Input Reaction parameters 

Round Input 

DNA 

[µg] 

Beads + target 

peptide 

[µg]|[pmol] 

Binding 

incubation 

time [min] 

Washing 

step 

(mL) 

Number 

of PCR 

cycles 

1 100 2000 |800 60 0.3 20 

Negative selection 

2 0.6 1100|440 60 1 x 0.38 20 

3 0.45 1000|400 60 1 x 0.45 20 

4 0.50 1000|400 50 2 x 0.30 20 

5 0.80 1000|400 50 2 x 0.38 20 

6 0.45 1000|400 50 3 x 0.40 20 

7 0.45 1000|400 40 3 x 0.50 20 

8 0.39 1000|400 40 3 x 0.60 20 

9 0.40 1000|400 30 3 x 0.70 20 

10 0.3 800|320 30 3 x 0.75 20 
 827 

Table S2. SELEX protocol applied. The table summarizes the conditions applied for each 828 

SELEX round. The protocol progressively increases selection stringency by stepwise 829 

adjustment of binding and washing parameters: starting with relaxed conditions in Round 1 830 

(longer incubation, minimal washing) to favor initial binding and gradually introducing shorter 831 

incubation times and multiple wash steps in later rounds to enrich higher-affinity binders.  832 

 833 
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