
www.advmatinterfaces.de

2101925  (1 of 9) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

Research Article

Plastic Antibodies Mimicking the ACE2 Receptor for 
Selective Binding of SARS-CoV-2 Spike

Alex D. Batista,* Soumya Rajpal, Benedikt Keitel, Sandra Dietl, Beatriz Fresco-Cala,* 
Mehmet Dinc, Rüdiger Groß, Harald Sobek, Jan Münch, and Boris Mizaikoff

DOI: 10.1002/admi.202101925

present remarkable advantages compared 
to natural antibodies such as resistance to 
variations on temperature, pH, and pres-
sure, better mechanical performance, and 
simpler and cheaper synthesis.[3] Although 
MIPs are nowadays well established for 
small molecules, imprinting of macro-
molecules such as proteins is still particu-
larly challenging due to their structural 
complexity, large molecular size, and con-
formational instability.[4–6] The polymer 
synthesis conditions (i.e., pH, solvents, 
temperature, stirring, etc.) affect pro-
tein conformation during the imprinting 
process, thereby resulting in low-affinity 
binding sites. The large number of func-
tional groups of proteins also contributes 
to the formation of non-specific binding 
moieties, which limit MIP selectivity. 
Additionally, the need for high-purity pro-
teins makes their use as templates costly. 
Considering the utility of MIPs for protein 
recognition acting as synthetic receptors, 

the need for novel approaches to overcome the present limita-
tions is evident.

Epitope imprinting has emerged as a suitable alternative to 
improve protein recognition.[7–9] An epitope is a small fragment 
(i.e., up to twenty amino acids) of the protein structure that acts 
as an active binding site, which implies that the epitope is located 
at the surface of the protein and may potentially interact with the 
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1. Introduction

Molecular imprinting strategies have been extensively applied 
for the synthesis of selective polymeric materials, especially 
for low-molecular-weight molecules.[1] The ability to selectively 
bind to a target species led to molecularly imprinted polymers 
(MIPs) also termed “plastic” or “artificial” antibodies.[2] They 
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corresponding receptors.[10] Epitope imprinting requires identifying 
those active protein sites, synthesizing the epitope peptide, and 
using it as a template for molecular imprinting.[9] The resulting 
MIP may then recognize the entire target protein via binding of 
the selected epitope region to the imprinted moieties at the sur-
face of the MIP. This approach overcomes the drawbacks of using 
entire proteins as templates, as the epitope structure is simpler, 
more resistant to the synthesis conditions, and can be more easily 
removed from the resulting polymer matrix. Additionally, epitope 
peptides can be custom synthesized and are significantly cheaper 
versus native proteins. Furthermore, epitope imprinting is an 
attractive approach to produce imprinted materials for virus recog-
nition.[11,12] Next to the advantages mentioned above, using epitopes 
as templates—as in the present study—also prevents direct con-
tact with infectious viruses during MIP synthesis, and it does not 
require facilities with appropriate biological safety protocols.[13]

Coronaviruses are a group of RNA-enveloped viruses that 
can infect mammals and birds and may cause respiratory dis-
eases that can range from mild to lethal problems. Severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) has been 
causing a severe outbreak worldwide since 2019 with millions 
of deaths and exceedingly high economic losses. SARS-CoV-2 
is composed of four main structural proteins: nucleocapsid pro-
tein, envelope protein, membrane protein, and spike protein.[14] 
The latter is located on the virus surface and is the key interac-
tion point to infect host cells. Hence, substantial attention has 
been attributed to the SARS-CoV-2 spike protein due to its role 
in receptor binding. Angiotensin-converting enzyme 2 (ACE2) 
is the human receptor for SARS-CoV-2, and promotes the entry 
of the virus into cells.[15,16] Therefore, the investigation of com-
pounds that may interact with ACE2 and subsequently block 
SARS-CoV-2 infections is one of the most promising approaches 
to treat and prevent such virus infections.[17,18] Consequently, a 
variety of natural products have been identified that could act as 
therapeutic agents against SARS-CoV-2 via blocking of the spike 
protein sites. However, identifying such molecules is a complex 
task involving extensive computational simulations, extraction, 
isolation, and purification of the target compounds in sufficient 
quantities to perform affinity and antiviral experiments.[19–21] 
Hence, molecular imprints are a tool with substantial potential 

to obtain synthetic materials that may act similar to natural 
inhibitors by selectively interacting with specific sites of viruses, 
and consequently blocking the infection. Organic molecularly 
imprinted polymers for SARS-CoV-2 recognition were recently 
presented using the receptor-binding domain of SARS-CoV-2 
and the nucleoproteins as templates on the molecular imprinting 
process. [22,23] In this context, nanomaterials have also been pre-
sented as promising alternative approaches to treat viral infec-
tions through different strategies as recently reviewed.[24,25]

Consequently, the present study aimed at designing and 
synthesizing the very first silane-based silica core/shell MIPs 
using an epitope peptide from the SARS-CoV-2 spike protein as 
a template, which could then act as a synthetic ACE2 receptor 
and bind to SARS-CoV-2.

2. Results and Discussions

2.1. Identification of the Epitope Template

The identification of the epitope employed as a template is 
extremely important to achieve selective polymers for the whole 
protein or virus. The epitope must be located at the protein 
surface and available to interact with external receptors. SARS-
CoV-2 presents an envelope with homotrimeric spike glycopro-
tein composed of S1 and S2 subunits in each monomer that 
binds to cellular receptors. The initial SARS-CoV-2 infection 
step occurs through the interaction of the virus spike protein 
with angiotensin-converting enzyme 2 (ACE2) from human 
cells, which is the entry point for SARS-CoV-2. The structure 
of the receptor-binding domain (RBD) of the spike protein of 
SARS-CoV-2 when bound to the cell ACE2 receptor was previ-
ously elucidated, as presented in Figure 1,[15,16] which provides 
information to identify a suitable epitope candidate for mole-
cular imprinting.

The epitope template was selected based on the maximum 
contacting residues with ACE2. A peptide comprising 17 resi-
dues (F486–G502) was selected, which presents ten contact 
moieties with ACE2 during interaction with the following 
amino acid sequence: FNCYFPLQSYGFQPTNG.[15]

Figure 1.  A) Overall structure of SARS-CoV-2 spike protein (Protein Data Base code 6VXX); B) receptor-binding domain with selected epitope high-
lighted in red; C) receptor-binding domain bound to ACE2 receptor (Protein Data Base code 6M0J).
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2.2. Computational Simulations

The SARS-CoV-2 epitope target is composed of 17 amino acids 
with different chemical functions. Six residues present hydro-
phobic side chains (three phenylalanine, two tyrosine, and 
one leucine), and five of which are aromatic, six residues pre-
sent polar amino-functionalized side chains (two asparagine, 
two glutamine, one serine, and one threonine). Based on the 
epitope amino acid composition, phenyltriethoxysilane (PTES), 
3-aminopropyltriethoxysilane (APTES), ureidopropyltrimeth-
oxysilane (UPTES), and tetraethylorthosilicate (TEOS) were 
selected as functional monomers to cover a wide range of chem-
ical interactions with the epitope template and were used on 
the theoretical simulations. We report for the first time, mod-
eling of four organosilane monomers with a target SARS-CoV-2 
epitope to substantiate the monomer–template complex forma-
tion in a pre-polymerization mixture. The qualitative assess-
ment of each complex is based on the assigned quantitative 
score intended to correlate with the free energy of binding.[26] 

The basic framework and scoring function of Autodock is used 
for docking and revealing the dynamics of the monomer pep-
tide interactions in the multicomponent system.

The principal analysis of the docking outcomes for MIP 
development is fundamentally different from that used for 
drug design. Unlike drug design approaches, which start with 
screening lead compounds with the strongest binding affinity 
to a targeted active site of a protein, molecular imprinting aims 
at effectively mimicking antigen–antibody interactions forming 
a complex resulting from multipoint noncovalent (i.e., weak) 
interactions. Therefore, we consider the free energy of binding 
of each monomer relative to the entire protein and all the 
binding modes in a fixed energy range. In this way, we analyze 
similar binding affinities of different monomers at multiple 
residues and map the interactions to cover the entire epitope.

The monomers used in this study yielded binding affini-
ties in the range of −2.05 to −3.31  kcal mol−1. The molecular 
and monomer-peptide interactions were modeled for each 
monomer based on the highest docking score (Figures 2 and 3). 

Figure 2.  2D interaction map representing the nature of interactions with the peptide at multiple residues. Green dotted lines represent hydrogen 
bonding, dark pink represents π–π bonds interactions, light pink lines show π–alkyl interactions, and purple lines indicate π–sigma interactions. Blue 
areas represent solvent-accessible surfaces. Green highlighted residues represent van der Waals interactions. a) PTES, b) UPTMS, c) APTES, and d) TEOS.
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Considering a large number of docking runs, first the mean 
binding energies of the first cluster rank as obtained in the  
clustering histogram were used to compare monomer–peptide 
affinities assigned by the empirical scoring function of Auto-
dock (Table  1). As analyzed then during repeated docking 
studies, the PTES monomer has always yielded the lowest 
binding energy indicating the highest affinity with the pep-
tide. The choice of this monomer is predominantly based on 
its interactions with the hydrophobic residues of the peptide 
(Figure  2a). The peptide contains three phenylalanine (PHE) 
and two proline (PRO) residues contributing to the major 
interactions with PTES, which are predominantly stacked 
π–π interactions and π–alkyl interactions, respectively. The 
polar hydroxyl groups interact with the asparagine (ASN) and 
glutamine (GLN) through hydrogen bonding. Interestingly, 
the molecular models show GLN and PRO residues forming 

carbon–hydrogen bonds and alkyl-based interactions with the 
ethoxy side chains of PTES, respectively (Figure 2a).

Considering that organosilanes readily undergo reactive 
hydrolysis during the formation of crosslinked polymer net-
works, it is obvious to expect the silanol groups (SiOH) to 
participate in non-covalent interactions in the pre-polymeriza-
tion complex. However, the differential rate of hydrolysis for 
each type of monomer, which is also affected by the presence of 
the peptide in solution may facilitate interactions of the alkoxy 
groups in the monomers to coexist in solution. These can 
directly impact the preservation of peptide conformation during 
the imprinting process. The latter are unique interactions pos-
sible only in the case of MIPs and not NIPs, thus determining 
the resulting selectivity factor.

In the case of UPTMS, the urea moiety is the main center 
involved via H-bonding with the peptide (Figure  2b). More-
over, the propyl chain interacts via van der Waals forces with 
the aliphatic amino acids (leucine (LEU), glycine (GLY)), and 
π–alkyl interactions with the aromatic amino acids (PHE, 
tyrosine (TYR)). The highly polar silanol groups in the case of 
UPTMS can form large, interconnected networks of H-bonds 
with asparagine, glutamine, serine, and tyrosine. Methyl side 
groups however form fewer carbon–hydrogen bonds with PHE, 
TYR, and GLN. Most of the interactions with this monomer are 
distributed over the neutral and hydrophilic residues, unlike 
PTES.

The ethyl side chains in APTES (like PTES) participate in a 
range of hydrophobic interactions such as alkyl, π–alkyl, and 
π–sigma interactions with amino acids like PRO, LEU, TYR, 
and PHE (Figure  2c). The polar amino group and the central 
propyl chain participate in H-bonding and van der Waals inter-
actions, similar to UPTMS. Owing to the structural similarities, 
APTES shares the set of interactions with PTES and UPTMS, 
thus enhancing the overall strength of binding to the peptide.

TEOS is a typical representative of the silane-based mono-
mers and is limited by the number of functional groups, unlike 
others. The main interactions are possible via the silanol and 
ethoxy groups (Figure  2d). The results with TEOS were only 
used for studying the interactions with the peptide and not for 
comparison with other monomers, provided its main role as 
a cross-linker. For the other monomers, we have analyzed the 
binding energy range of 3.31 to −2.05 kcal mol−1 via 2D interac-
tion maps generated in the Discovery Studio Visualizer. This is 
represented by a color-coded map of the sequence indicating the 
multipoint interactions realizable with the peptide in solution 
(Figure 3). The unique complementarity to each residue, as pre-
dicted from the molecular models enabled the rational selection 
of monomers for the design of MIPs against the SARS-CoV-2.

For the functional monomers, the computed binding ener-
gies correlate well with the experimental results. For example, 
PTES has the highest affinity with the peptide. When applied in 
an optimized combination, the binding capacities of the MIPs 
may substantially improve, as evident in combination 1 versus 6.

2.3. Epitope Immobilization onto Silica Particles

The immobilization of the template at the surface of the silica 
particles improves the imprinting efficiency by positioning 

Figure 3.  Representation (3D) of the nature of interactions of monomers: 
a) PTES, b) UPTMS, c) APTES, and d) TEOS with the peptide at multiple 
residues. Green dotted lines represent hydrogen bonding, dark pink rep-
resents π–π bonds interactions, light pink lines show π–alkyl interactions, 
and purple lines indicate π–sigma interactions. Blue and brown areas mark 
the hydrophilic and hydrophobic surfaces of the peptide, respectively.

Table 1.  Binding energy of selected monomers with SARS-CoV-2 epitope.

Monomer Binding energy (single monomer docking)  
[kcal mol−1]

Phenyltriethoxysilane (PTES) −3.31

Ureidopropyltrimethoxysilane (UPTMS) −2.64

3-Aminopropyltriethoxysilane (APTES) −2.05

Tetraethylorthosilicate (TEOS) −2.45
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the template around the silica particle prior to the polymeri-
zation. The SARS-CoV-2 epitope was immobilized at the sur-
face of the silica particles functionalized with glutaraldehyde, 
which may react with several amino acids at the epitope, such 
as lysine, tyrosine, tryptophan, and phenylalanine.[27,28] Because 
the target SARS-CoV-2 epitope presents three phenylalanine 
and two tyrosine along the amino acid chain, the epitope can 
be anchored on the silica particle surface through five sites, 
which limits the free movement of the epitope during poly
merization resulting in more effective imprinted moieties, as 
represented in the scheme in Figure 4. This approach was pre-
viously described for the immobilization of peptides serving as 
templates during MIP synthesis for the purification of human 
hemoglobin.[29]

The epitope concentration was monitored during the incu-
bation with glutaraldehyde-functionalized silica particles to 
ensure its immobilization. After 1 h of incubation, 80% of the 
added epitope was immobilized at the silica particle surface.

2.4. MIP Design and Synthesis

The imprinted polymer particles were based on silica cores 
using organically modified silanes (aka ormosils), which pre-
sent some advantages compared to purely organic-based poly-
mers such as low reactivity in a variety of conditions (e.g., 
strong acids and bases, oxidizers, etc.), which results in a robust 
matrix that can be applied in a range of chemical and bio-
chemical environments. Additionally, very well-defined binding 
moieties are achieved due to the rigid and highly crosslinked 
silane/silica structure, which results in superior selectivity com-
pared to purely organic polymers that are more flexible. Silica 

also presents irrelevant swelling at different solvent conditions, 
which contributes to the maintenance of the size and shape of 
the binding moieties. Additionally, organosilica hybrid mate-
rials are readily obtained using molecular precursors that can 
take part in the hydrolysis and condensation reactions as the 
metal alkoxide, which is a versatile approach to adjust the selec-
tivity of the MIP by selecting the most appropriate functional 
groups to interact with the epitope template.

Different monomer proportions were evaluated to achieve 
optimized imprinting efficiency (Table 2). The amount of TEOS 
on the polymer compositions was kept constant, as it acts as a 
cross-linker and presents only a minor influence on the inter-
molecular interactions between the epitope and the polymer 
due to the absence of functional groups. The PTES propor-
tion was evaluated in a wider range due to the high number 
of amino acids with aromatic side chains on the SARS-CoV-2 
epitope, which could improve imprinting efficiency through the 
π-interactions between polymer matrix and target epitope.

The MIP performance varied according to the polymer com-
position, as presented in Figure  5. While PTES presents the 

Figure 4.  Synthesis scheme for peptide-imprinted core/shell particles for SARS-CoV-2.

Table 2.  Molar ratio of monomers and cross-linker for MIP synthesis.

APTES PTES UPTES TEOS

Composition 1 20 10 10 60

Composition 2 10 10 20

Composition 3 10 20 10

Composition 4 7.5 25 7.5

Composition 5 5 30 5

Composition 6 0 40 0
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optimum binding energy (−3.13  kcal mol−1) with the epitope 
template, a polymer composed only of PTES did not provide 
the best imprinting conditions, which indicates a synergic 
effect of the three selected monomers benefitting the resulting 
selectivity.

2.5. MIP/NIP Characterization

The polymers obtained at the optimum composition were 
physic and chemically characterized via scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX). The surface chemical composition presented in Table 3 
confirms the modification of the silica particle surfaces through 
the synthesis steps. Glutaraldehyde-modified silica particles 
present higher content of C and O due to the glutaraldehyde 
functionalization of the surfaces of the particles and thus lower 
Si content. Silica particles covered by MIP and NIP presented 
higher C content due to the organic functional groups of the 
monomers employed for the polymer synthesis. The particles 
had a diameter of ≈0.5  µm, as shown in the SEM images in 
Figure  6. The MIP and NIP layer around the silica particle 
does not significantly change its diameter since it must be thin 
enough to avoid covering the immobilized epitopes on the 
silica particle surface, that are removed after the polymerization 
to create the imprinted sites.

Measurements of zeta potential of the particles at different 
steps of the synthesis of the polymers demonstrate the changes 

in the composition of the surface of the particles as presented 
in Table 4. Significant differences in the surface charges were 
observed after functionalization of the particles with glutaral-
dehyde. Despite MIP and NIP having the same chemical com-
position, MIP presented a lower zeta potential probably due to 
the different orientation of the functional groups on the surface 
during the formation of the imprinted sites.

2.6. Selectivity of the Polymers

The selectivity of the MIP and NIP was evaluated against three 
peptides with different amino acid compositions but similar 
lengths (peptide 1: MIVNDTGHETDENRA; peptide 2: TECSN-
LLLQYGSFCTQL; peptide 3: KLPDDFTGCV) and two human 
proteins (HAS: human serum albumin, HH: human hemo-
globin). MIP and NIP presented a similar binding capacity for 
peptides and proteins indicating that the molecular imprinting 
for the SARS-CoV-2 epitope does not improve the adsorption of 
other peptides, as shown in Figure 7.

Besides the enhanced recognition ability against the epitope 
peptide used as the template, it is anticipated that the MIP 
also provides a higher affinity for the entire SARS-CoV-2 spike 
protein, and consequently, the SARS-CoV-2 virus. To investi-
gate this, MIP and NIP particles were incubated with SARS-
CoV-2-spike containing pseudoviruses and residual infectivity 

Figure 5.  MIP performance using different functional silane molar ratios.

Table 3.  Surface composition (in atom %) of silica particles during MIP 
and NIP synthesis.

C (at %) O (at %) Si (at %)

Bare silica particle 0.75 52.85 46.40

Glutaraldehyde-modified silica particle 1.30 54.91 43.79

NIP 2.28 49.94 45.25

MIP 2.20 49.09 46.34

Figure 6.  Scanning electron microscopy images of a) bare silica particles, 
b) after functionalization with glutaraldehyde, and after polymerization of 
the silane shell for c) MIP and d) NIP.

Table 4.  Zeta potential of silica particles during MIP and NIP synthesis.

Zeta potential [mV]

Bare silica particle -65.00 ± 0.31

Glutaraldehyde-modified silica particle +3.53 ± 0.41

NIP −0.95 ± 0.90

MIP −13.2 ± 1.44
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in the supernatant quantified, revealing the ability of MIP/
NIP to capture spike-containing viral particles. The MIP pre-
sented a significantly better affinity for the SARS-CoV-2 spike 
particles versus the NIP achieving an IF of 4.1, while an IF of 
1.2 was observed for VSV-G glycoprotein particles, as shown 
in Figure  8. The same procedure was performed with phos-
phate-buffered saline (PBS) buffer as control (i.e., in absence 
of any polymers) and neutralizing agents for the spike protein 
(anti-S mAb, Bamlanivimab 35 µg mL−1) and VSV-G (anti-G Hy, 
I1-Hybridoma supernatant) to confirm that infectivity is solely 
conferred by SARS-CoV-2-Spike or VSV-G in the respective 
pseudoviruses and may be blocked by specific agents entirely.

The performance of the developed MIP highlights their 
potential as “plastic antibody” for the treatment of SARS-CoV-2 

via strategies including but not limited to drug-free therapeu-
tics, whereby the MIPs may act as artificial ACE2 receptor 
targeting the active sites of SARS-CoV-2 spike protein thereby 
preventing the infection of cells. Furthermore, MIPs may be 
loaded with antiviral agents and act in a dual-mode approach 
combining drug delivery with binding to the spike protein. In 
the future, MIPs may also serve as an immunoprotective vac-
cine or a tool to improve chem/biosensors for the detection of 
SARS-CoV-2.

The obtained results also highlight the viability of using an 
epitope as a template for the molecular imprinting process to 
achieve excellent selectivity and recognition ability for an entire 
protein or virus. In addition, using peptides as templates has 
several advantages including easy and cheap access to cus-
tomizable sequences versus native proteins, which are usually 
expensive and available only in small quantities, which limit 
their application as a template in molecular imprinting rou-
tines. Last but not least, using epitope peptides as templates 
does not require special facilities to handle pathogenic species 
during the MIP synthesis.

3. Conclusions

A silane/silica-based core/shell MIP that mimics ACE2 
receptor and efficiently binds to SARS-CoV-2 spike RBD pro-
tein was developed. Computational simulations enabled the 
rational selection of the most suitable silane-based monomers 
via screening the interactions with the SARS-CoV-2 epitope, 
which resulted in MIPs of superior binding capacity for the 
selected peptide. The developed MIPs presented superior rec-
ognition abilities against pseudoviruses containing SARS-CoV-2 
spike proteins, which highlights their substantial potential 
during the treatment and diagnosis of SARS-CoV-2 viruses. 
Since the developed MIPs mimic the ACE2 receptor and bind 
to the SARS-CoV-2 virus, they offer future perspectives on 

Figure 7.  The binding capacity of MIP and NIP for the SARS-CoV-2 epitope and peptides of similar length.

Figure 8.  Relative infection of the supernatant after incubation with MIP, 
NIP, and neutralizing agents. Relative infection refers to luciferase activity 
in VeroE6 inoculated with pseudoviruses after the respective treatments, 
normalized to pseudoviruses treated with PBS only. Triplicate infections, 
error bars show SD.
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drug-free therapeutics by blocking the infection of healthy cells. 
Finally, using an epitope peptide as the template during the 
molecular imprint synthesis renders this strategy safe, cheap, 
and easy to apply for a wide range of similar scenarios.

4. Experimental Section
Materials: PTES, APTES, UPTES, ammonium hydroxide solution 

(28.0–30.0% NH3 basis), PBS buffer (pH 7.4), and glutardialdehyde 
were purchased from Sigma Aldrich (Steinheim, Germany). TEOS 
was obtained from Merck (Darmstadt, Germany). The custom 
peptides (FNCYFPLQSYGFQPTNG, MIVNDTGHETDENRA, and 
TECSNLLLQYGSFCTQL) were obtained from GenScript (Leiden, The 
Netherlands).

For the production of VSV pseudo particles expressing SARS-CoV-2 
Spike (Wuhan Hu-1) or VSV-G (VSV serotype Indiana), HEK293T cells 
were transfected with expression plasmids as described previously.[30] 
One day after transfection, cells were inoculated with VSV∗ΔG-FLuc and 
incubated for 1–2 h at 37 °C. VSV∗ΔG-Fluc is a replication-deficient VSV 
vector in which the genetic information for VSV-G was replaced by genes 
encoding two reporter proteins, enhanced green fluorescent protein, 
and firefly luciferase (FLuc), and was kindly provided by Gert Zimmer, 
Institute of Virology and Immunology, Mittelhäusern, Switzerland.[31] The 
inoculum was removed, cells were washed with PBS and fresh medium 
containing anti-VSV-G antibody (I1-hybridoma cells; ATCC CRL-2700) to 
block residual VSV-G particles added when producing Spike-containing 
pseudo particles (not for VSV-G containing pseudo particles). After 
16–18 h, the supernatant was collected and centrifuged (2000× g, 10 min, 
room temperature) to clear cellular debris. Samples were then aliquoted 
and stored at −80 °C.

Equipment: The morphology of the particles and their composition 
were investigated using a Quanta 3D FEG SEM equipped with a focused 
gallium ion beam (FIB) (FEI Corp., Eindhoven, The Netherlands), and an 
EDX detector (Apollo XV SDD, EDAX). Peptide detection was performed 
in a Specord S600 UV/Vis spectrophotometer (Analytik Jena). Zeta 
potential measurements were performed with a Zetasizer NANO ZSP 
(Malvern, Herrenberg, Germany).

Computational Simulations: The structural files for PTES, APTES, 
UPTMS, and TEOS were obtained from PubChem databank. The 
epitope/peptide structure (FNCYFPLQSYGFQPTNG) was extracted 
from the crystal structure of the SARS-CoV-2 receptor-binding domain 
(ID:7JMO) using UCSF Chimera.[32] Autodock tools were used for 
molecular docking. Autodock is probably the most commonly used 
open-source molecular docking software based on the AMBER force 
field suitable for proteins, nucleic acids, and other organic molecules.[33]

The ligand files were converted to pdbqt files after setting the torsional 
degrees of freedom based on the detected rotatable bonds. For docking of 
silane molecules, the parameters for Si were added in the AD4.1_bound 
and AD4_parameters data files (see the Supporting Information). Polar 
hydrogens were added to the peptide. Any water molecules were removed. 
A grid box of the dimensions 62 × 98 × 66 Å was centered around the 
peptide. The number of energy evaluations was set to the maximum 
(25 million evals) to improve the reproducibility and accuracy of the 
calculations. Furthermore, the number of docking runs was set to 100, 
specified by the ga_run parameter. For molecular docking, the Lamarckian 
Genetic Algorithm (LGA) was used. Docking results were analyzed using 
BIOVA Discovery Studio Visualizer software and UCSF Chimera.[32,34]

Silica Particle Synthesis and Functionalization: Silica particles were 
synthesized based on the Stöber method.[35] Briefly, ethanol (70  mL), 
ammonia (40  mL), and deionized water (20  mL) were added into a 
250-mL round-bottom flask and stirred at 600 rpm by 5 min followed by 
the addition of TEOS (10 mL). The mixture was stirred for 20 h at 600 rpm 
and at room temperature (22 °C). The obtained silica particles suspension 
was centrifuged at 6500 rpm for 10 min and washed with one portion of 
ethanol (≈30 mL) and three portions of water (≈30 mL). The silica particles 
were dried in a vacuum oven at 40 °C and 200 mbar for 48 h.

Amino functionalization of the silica particles was performed as 
follows: silica particles (300 mg) were suspended in water (15 mL) in an 
ultrasonic bath for 30 min, followed by the addition of APTES (105 µL) 
and stirring at 600  rpm for 30 min. The amino-functionalized particles 
(NH2-SP) were washed three times with deionized water to remove 
unreacted APTES.

Glutaraldehyde functionalization was performed by resuspending 
NH2-SP in deionized water (15  mL) followed by the addition 
of glutaraldehyde (180  µL) and stirring at 600  rpm for 30  min. 
Glutardialdehyde-functionalized silica particles (Glut-SP) were washed 
with three portions of deionized water and dried in a vacuum oven at 
40 °C and 400 mbar overnight.

Synthesis of MIP and NIP: The MIP synthesis consisted of three 
steps. I) immobilization of the epitope template on the surface of the 
Glu-SP: Glu-SP (30  mg) were resuspended in PBS buffer (5.0  mL, pH 
7.4), and peptide solution (300  µL, 10  mg mL−1) was added into the 
suspension and incubate by 1 h under 700 rpm stirring. II) Silica-based 
MIP synthesis: different molar ratios of TEOS, APTES, PTES, and UPTES 
were added into the Glu-SP suspension with immobilized epitopes and 
incubated for 80 °C for 80 min. III) Template removal: MIP particles were 
washed six times with HCl solution (30 mL, 0.1 mol L−1). The NIP was 
synthesized at identical conditions without the addition of the epitope 
template.

Binding Studies: The binding studies were performed as follows: MIP 
or NIP (10  mg) were suspended into PBS buffer (2  mL, pH 7.4) and 
kept under stirring for 10  min, followed by the addition of the peptide 
solution (50  µL, 1  mg mL−1). The mixture was kept under constant 
stirring in a rocking platform for 1 h at room temperature. The particles 
were separated by centrifuging at 5500 rpm for 10 min. The supernatant 
was analyzed in a Uv/Vis spectrophotometer.

For pseudovirus capture assay, VeroE6 were seeded in 96-well plates 
one day prior (6000 cells/well). Pseudovirus was then added to particles 
at twofold dilution and incubated for 1 h on a rocking platform at room 
temperature. Particles were then separated by centrifuging at 5500 rpm 
for 10  min. The supernatant was then added to VeroE6 at tenfold 
dilution. After an incubation period of 16–18 h, transduction efficiency 
was analyzed. For this, the supernatant was removed, and cells were 
lysed by incubation with Cell Culture Lysis Reagent (Promega) at room 
temperature. Lysates were then transferred into white 96-well plates and 
FLuc activity was measured using a commercially available substrate 
(Luciferase Assay System, Promega) and a plate luminometer (Orion II 
Microplate Luminometer, Berthold). For analysis of raw values (RLU/s), 
the background signal of an uninfected plate was subtracted, and values 
normalized to pseudovirus incubated in PBS only (without MIP/NIP).
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