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ARTICLE INFO ABSTRACT

Keywords: Emerging zoonoses pose significant public health risks and necessitate rapid and effective treatment responses.
Molecularly Imprinted Polymers (MIPs) This study enhances the technology for preparing Molecularly Imprinted Polymers (MIPs), which function as
SARS-CoV-2

synthetic nanoparticles targeting SARS-CoV-2 receptor-binding domain (RBD), specifically the Omicron variant,
Omicron Variant thereby inhibiting its function. This study builds on previous findings by introducing precise adjustments in the
Emulsion Polymerization formulation and process conditions to enhance particle stability and ensure better control over size and distri-
QCM bution, thereby overcoming the issues identified in earlier research. Following docking studies, imprinted
nanoparticles were synthesized via inverse microemulsion polymerization and characterized in terms of size,
morphology and surface charge. The selective recognition properties and ability of MIPs to obstruct the inter-
action between ACE2 and the RBD of SARS-CoV-2 were assessed in vitro, using Non-Imprinted Polymers (NIPs)
as controls, and rebinding studies were conducted utilizing a Quartz Crystal Microbalance with Dissipation
monitoring (QCM-D). The synthesized nanoparticles exhibited uniform dispersion and had a consistent diameter
within the nanoscale range. MIPs demonstrated significant recognition properties and exhibited a concentration-
dependent ability to reduce RBD binding to ACE2 without cytotoxic or sensitizing effects. MIPs-based platforms
offer a promising alternative to natural antibodies for treating SARS-CoV-2 infections, therefore representing a
versatile platform for managing emerging zoonoses.

Spike Protein Receptor-Binding Domain (RBD)

Molecular Recognition

1. Introduction diseases can severely impact human health and national economies and

underscored the critical need for effective therapeutics, vaccines, and

The COVID-19 pandemic, caused by the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), has posed an unprecedented
challenge to global public health systems. Emerging in late 2019, the
virus rapidly spread worldwide, leading to widespread morbidity and
mortality. As of recent records, millions of confirmed cases and deaths
have been reported globally, reflecting the virus’s severe impact [30].
This worldwide outbreak demonstrated how swiftly emerging infectious

diagnostic tools to combat its transmission and mitigate its impact on
public health [18].

A critical component in developing effective targeted interventions is
comprehending the structural composition of SARS-CoV-2. The virus’s
structure comprises several key proteins, including the spike (S) protein,
which plays a pivotal role in the virus’s ability to infect host cells. The S
protein facilitates the virus’s entry into host cells by binding to the

* Corresponding author at: Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, Rende, CS 87036, Italy.

E-mail address: ortensiailaria.parisi@unical.it (O.1. Parisi).
1 { These authors contributed equally

https://doi.org/10.1016/j.colsurfb.2024.114408

Received 12 August 2024; Received in revised form 8 November 2024; Accepted 23 November 2024

Available online 26 November 2024

0927-7765/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ortensiailaria.parisi@unical.it
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2024.114408
https://doi.org/10.1016/j.colsurfb.2024.114408
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2024.114408&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Dattilo et al.

angiotensin-converting enzyme 2 (ACE2) receptor, a process primarily
mediated by the receptor-binding domain (RBD) of the S protein [11].
This interaction is a critical step in the viral infection cycle, making the
RBD a prime target for therapeutic interventions.

Vaccines have been instrumental in reducing the severity and spread
of the disease, with various types developed, including mRNA, viral
vector, and protein subunit vaccines [25]. Monoclonal antibodies have
been used as both therapeutic and preventive measures, providing
passive immunity by targeting specific viral epitopes [14]. However, the
emergence of new variants of concern (VOCs), such as the Delta and
Omicron variants, has complicated these efforts due to mutations in the
S protein that can alter antibody binding and reduce vaccine efficacy
[28].

In particular, during the peak of the pandemic, global concerns
surged as the Omicron variant emerged as the most genetically diverse
form of SARS-CoV-2 yet known. The B.1.1.529 variant, first detected in
Botswana and South Africa, was named as the Omicron variant on
November 26, 2021 [29]. Its remarkable ability to spread rapidly and
evade immune defenses heightened anxieties worldwide, underscoring
the urgent need for a multifaceted approach to interventions, including
the development of novel therapeutics [13].

In this context, Molecularly Imprinted Technology (MIT) represents
an innovative method that has garnered attention for its role in devel-
oping synthetic receptors. Molecularly Imprinted Polymers (MIPs) are
synthetic polymers that can be engineered to have specific binding sites,
tailored to the shape and chemical properties of target molecules, akin to
the binding sites of natural antibodies. This technology offers several
advantages, including high stability, ease of production, and the po-
tential for cost-effective mass production. MIPs can mimic natural an-
tibodies’ high specificity and affinity, making them promising
candidates for various applications, including diagnostics, therapeutic
delivery, and environmental monitoring [7,22]. In diagnostics, MIPs can
be employed to detect a wide range of analytes, including pathogens,
toxins, and biomarkers, with high sensitivity and specificity. This
capability is particularly valuable in the context of infectious diseases,
where rapid and accurate detection can significantly impact patient
outcomes and public health responses [2]. For therapeutic applications,
MIPs can be utilized in targeted drug delivery systems, where they can
selectively bind to specific sites in the body, releasing therapeutic agents
in a controlled manner. This targeted approach can enhance the efficacy
of treatments and minimize side effects, offering a significant advantage
over conventional therapies [4]. Moreover, MIPs hold potential for the
development of next-generation pharmacological agents capable of
disrupting protein-protein interactions. In a recent study, Herrera Ledn
et al. investigated the application of MIPs as synthetic peptide antibodies
targeting Tumor Necrosis Factor-alpha (TNF-a), a cytokine implicated in
autoimmune and inflammatory disorders. The proposed inhibition
mechanism relies on a highly specific binding process that neutralizes
TNF-a’s inflammatory effects by blocking its interaction with its cell
surface receptors, TNFR1 and TNFR2 [10]. Zhou et al., on the other
hand, introduced a potential new application for MIPs in antiviral
therapy by using them to inhibit viral infections [31]. Specifically,
glycan-imprinted nanoparticles were designed to target the HIV-1 en-
velope protein. By binding specifically to the glycans on the viral en-
velope, MIPs were able to prevent HIV-1 from infecting target CD4+
cells. The nanoparticles showed strong binding affinity and high speci-
ficity, with broad inhibitory activity against multiple HIV-1 strains. The
versatility and adaptability of MIT allow MIPs to be tailored for a broad
range of applications, making them a valuable tool in both medical and
environmental fields.

Building on this premises, we aimed to apply MIT as a strategy for
inhibiting SARS-CoV-2 infection. Several studies have already explored
the applicability of MIT for the detection of SARS-CoV-2. For instance,
Bajaj et al. investigated the potential of MIPs for detecting the entire
SARS-CoV-2 virus using a label-free, miniaturized Surface Plasmon
Resonance (SPR) sensor. Their study demonstrated the successful

Colloids and Surfaces B: Biointerfaces 247 (2025) 114408

stepwise fabrication of the sensor, indicating its potential role in
monitoring and managing viral contamination and infection risks [1].
Raziq et al. focused their attention on the SARS-CoV-2 Nucleocapsid
Protein (ncovNP), a key antigen for COVID-19 diagnostics. They
developed a portable electrochemical sensor incorporating a
poly-m-phenylenediamine-based MIP as a selective recognition element.
Validation with clinical nasopharyngeal swab samples demonstrated the
sensor’s ability to accurately detect ncovNP in complex biological
media, showing promising potential for diagnostic applications [24].
Our group recently reported on the development of MIPs capable of
selectively recognizing and binding the S protein RBD of SARS-CoV-2,
effectively blocking its function and potentially inhibiting viral infec-
tion [21]. The MIPs were synthesized via inverse microemulsion poly-
merization using a non-covalent imprinting approach with acrylamide
and methacrylic acid as monomers. In vitro studies confirmed the
antiviral activity and specificity of the MIPs. However, challenges such
as particle aggregation at high concentrations, reduced stability, and
difficulties in controlling particle size and achieving monodispersity
were encountered.

Here, we developed a refined synthesis protocol by introducing
precise adjustments in the formulation and process conditions,
enhancing particle stability, and enabling better control over size and
distribution. Additionally, to demonstrate the versatility of the tech-
nique, we decided to use the Omicron variant of SARS-CoV-2 as template
molecule to reflect ongoing efforts to adapt interventions to emerging
viral strains. Various experimental methods, including Dynamic Light
Scattering (DLS) for measuring size [12] and gravitational sedimenta-
tion with the Turbiscan optical analyzer [16], have been employed to
study nanoparticle dispersions. The results showed that MIPs had
significantly higher binding efficacy to the RBD compared to
non-imprinted polymers (NIPs), due to their specific imprinted cavities.
Neutralizing anti-SARS-CoV-2 antibody assay and QCM-D analysis
confirmed the superior specificity and binding capability of MIPs,
highlighting their potential for precise molecular recognition, out-
performing both NIPs and non-target proteins such as Human Serum
Albumin (HSA). This technique offers a versatile and effective approach
to addressing the evolving challenges posed by SARS-CoV-2 and its
variants. By refining synthesis techniques and targeting specific viral
components like the RBD, it’s possible to enhance the specificity and
efficacy of these synthetic particles, potentially leading to new pro-
phylactic and therapeutic options for COVID-19 and other infectious
diseases.

2. EXPERIMENTAL SECTION
2.1. Reagents

The receptor-binding domain of the SARS-CoV-2 B.1.1.529 sub-
lineage BA.2 (Omicron) spike protein (RBD, His Tag) was purchased
from Sino Biological Inc. (Beijing, China). Acrylamide (AAm), Acrylic
acid (AAc), N,N-methylenebisacrylamide, N-Isopropylacrylamide
(NIPAM), n-Propyl Methacrylate (nPMA), N-tert-Butylacrylamide
(TBAm), tween-80, span-80, dioctyl sulfosuccinate sodium salt (AOT),
ammonium persulfate (APS), N,N,N,N-tetramethylethylenediamine
(TEMED), disodium hydrogen phosphate, sodium dihydrogen phos-
phate, human serum albumin (HSA), 3-sulfo-N-Hydroxysuccinimide
(Sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
16-Mercaptohexadecanoic acid (MHA), 11-Mercapto-1-undecanol
(MU), Dulbecco’s Modified Eagle Medium (DMEM, Product No.
D0822), Penicillin/Streptomycin (Product No. P0781), B-Mercapto-
ethanol (Product No. M3148), Fetal Bovine Serum (FBS, Product No.
F4135), Bovine Calf Serum (BCS, Product No. 12133 C), 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT, Product No. 475989),
nickel sulfate (Product No. 1.06726), propidium iodide (Product No.
537059), FACS buffer (PBS, 0.5-1 % BSA or 5-10 % FBS, 0.1 % sodium
azide), sodium azide (Product No. 71289), Bovine Serum Albumin (BSA,
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Product No. A4503), and y-globulin (Product No. G5009) were pur-
chased from Sigma-Aldrich s.r.l. (Milan, Italy). RPMI 1640 medium was
obtained from ATCC (Manassas, VA, USA). The Anti-SARS-CoV-2 (BA.2)
Neutralizing Antibody Titer Serologic Assay Kit (Catalog number RAS-
NO087) was obtained from Acro Biosystems (Newark, DE, USA). All sol-
vents were of reagent or HPLC grade and obtained from VWR (Milan,
Italy). 5 MHz Au-coated QCM sensors were obtained from Novaetech S.r.
L. (Italy).

2.2. Cell cultures

BALB/3T3 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in DMEM me-
dium (containing 2 mM L-glutamine, 1 % penicillin-streptomycin, and
1 % sodium pyruvate 1 mM) supplemented with 10 % bovine calf serum
(BCS) at 37°C in a humidified atmosphere consisting of 5 % CO2 in air.
THP-1 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in RPMI 1640 medium sup-
plemented with 10 % FBS, 1 % Penicillin/Streptomycin, and 0.05 mM
B-Mercapto-ethanol at 37°C in a humidified atmosphere consisting of
5 % CO2 in air.

2.3. Instrumentation

Transmission electron micrographs were captured with a Jeol
Transmission Electron Microscope, model JEM-1409Plus, operating at
80 kV. The particle size distribution was determined through dynamic
light scattering (DLS) utilizing a Zetasizer (Nano-ZS, Malvern Instru-
ment, UK) and Nanoparticle Trafficking Analysis employing a Nanosight
NS 300 (Malvern Instrument, UK). For DLS, samples diluted (1:10) in
ultrapure water were measured in a disposable cuvette at a detection
angle of 173°. {-Potential was evaluated on samples placed in a capillary
cell. Three measurements were conducted for each sample, and the
outcomes are presented as mean and standard deviation. For NTA
analysis, samples were diluted in ultrapure water to reach a proper
particles/frame value and underwent 5 sequential measurements at 25
°C using a Blue488 laser. The stability studies were carried out using a
Turbiscan® DNS™ (Formulaction, Toulouse, France). QCM-D mea-
surements were performed using an openQCM NEXT instrument
(Novaetech S.r.l, Italy). Dialysis membranes of 6-27/32” Medicell In-
ternational LTD (MWCO: 12-14,000 Da) were provided by Spectrum
Laboratories Inc., Dalton, U.S.A.

2.4. Computational methods and analysis

SARS-CoV2-RBD Omicron structure was retrieved from Brookhaven
Protein Data Bank (uniprot PODTC2, pdb code 7yow) (http://www.
wwpdb.org), was processed within the CHIMERA software [23] and
minimized using AMBERff14 force field within AMBER 2020 suite
[27].] performing progressive minimizations until the average root
mean square deviation of the non-hydrogen atoms reached 0.3 A. and
used in molecular docking calculations. AAm structure was built in and
minimized using Gaussian 09 at DFT/6-311 G* level of theory (Pub-
Chem CID: 6579) [ref]; the same protocol has been applied to AAc and
its conjugate anion acrylate (PubChem CID: 4093), NIPAM (CID:
16637), nPMA (CID: 16638) and TBAm (PubChem CID:7877).

Autodock 4.2/MGLTools 1.5.7 was used to perform the molecular
docking calculations [19] using the previously calculated charges at
QM/DFT level for the ligands. Particularly we tested the cluster distri-
bution considering different charge types (i.e. Mulliken, NBO), obtain-
ing in the two cases a high correspondence of the clusters’ distribution.
Initially, a blind docking approach was used in order to identify every
putative site on the Receptor Binding Domain (RBD) surface. To predict
the probable arrangement of multiple monomer molecules around the
protein, a detailed cluster analysis was performed and clusters that fall
within the contact surfaces between monomeric chains in the trimeric
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association of the S protein were excluded from further analysis. Sub-
sequently, on the lowest energy and most populated poses, a focused
docking protocol has been applied to better refine both pose and its
energy. For the Blind docking, the grid map, cantered in the centre of
mass of the enzyme (126x126x126 Z\S) included all the RBD surface; in
the focused docking protocol, the grid map was centred on the ligand in
the considered pose and extended around the cleft (40x40x40 ;\3) with
points spaced equally at 0.375 A. The number of GA (genetic algorithm)
runs was set to 150, the energy evaluations (25 000 000), the maximum
number of top individuals that automatically survive (0.1) and the step
size for translation (0.2 A). All the docking calculations were carried out
in triplicate using three different CPUs random seed. The final docked
RBD-monomer complexes were ranked according to the predicted
binding energy and all the conformations were processed using the
built-in clustering analysis with a 2.0 A cutoff.

2.5. Synthesis of molecularly imprinted particles

Molecularly imprinted particles were synthesized as previously
described [21], with minor adjustments.

Briefly, the water phase (1.0 mL), containing functional and cross-
linking monomers, was sonicated and mixed with the SARS-CoV-2 re-
ceptor-binding domain. The oil phase, comprising deoxygenated hexane
(22 mL), AOT (0,8 g), Span-80 (1,69 g), and Tween-80 (0,56 g), was
prepared separately. The water phase was transferred into a 1 mL sy-
ringe, which was fitted with a 0.5-inch 30 G stainless steel needle. This
syringe was then mounted onto a syringe pump (NE-1600, New Era
Instruments, USA) to facilitate controlled injection into the oil phase.
Using the syringe pump, the water phase was injected into the oil phase
at a constant flow rate. The pump was calibrated to regulate this flow
rate precisely, which was crucial for the formation of uniform spherical
water-in-oil (W/0O) droplets. By maintaining controlled flow conditions,
we were able to optimize the droplet size and uniformity, thereby
enhancing the overall stability and efficiency of the emulsion polymer-
ization process. Polymerization was initiated with 10 % APS solution
(100 pL) and TEMED (10 pL), and the reaction mixture was stirred for
2 hours. The resulting polymeric nanoparticles were precipitated with
ethanol and washed with various solvents to remove unreacted com-
ponents, surfactants, and templates. The polymeric material was then
dried overnight. Non-imprinted polymers (NIPs) were synthesized under
the same conditions but without the template.

2.6. Template removal

The removal of the template was performed through acid and base
hydrolysis of the template molecule. To determine the efficacy of acid
and base in degrading the template protein, BSA was used as a study
model. BSA samples were placed inside dialysis membranes and
immersed in 6 M HCl or 4 M NaOH solutions. Dialysis was conducted for
three days against HCl/NaOH and subsequently for three days against
water, at two different temperatures: room temperature and 50°C. The
dialysis process was halted when the pH of the dialyzed solution reached
neutral, indicating the complete removal of hydrolyzing agents. After
dialysis, the BSA content within the membranes was analyzed using
spectrophotometry. This approach allowed for the evaluation of the
hydrolysis conditions’ effectiveness in removing BSA, providing an in-
direct indication of the protein template removal capability from the
nanoparticles. In parallel, the same dialysis protocol was applied to MIP
and NIP particles to assess their stability under varying pH and tem-
perature conditions, and their integrity was evaluated using DLS.

2.7. Stability studies
Stability assessments were conducted by splitting the nanoparticles

into six portions, each of which was then kept under specific conditions:
controlled room temperature (25°C + 2°C), refrigeration (5°C + 2°C)
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and freezing (-20°C + 2°C). These conditions were tested both with and
without the addition of 0.02 % (w/v) NaNj3 as a preservative [3]. Sta-
bility was also monitored for 24 hours after one day and again after 30
days post-synthesis using the Turbiscan® DNS™. Each 20 mL sample
was placed in a cylindrical glass cell and maintained at 25°C within the
Turbiscan. The detection head featured a pulsed near-infrared light
source (880 nm) along with synchronous transmission (T) and back-
scattering (BS) detectors. The T detector captured light that passed
through the sample at a 180° angle from the incident beam. The
detection head scanned the entire 65 mm height of the sample cell,
recording T values every 40 pm, resulting in 1625 acquisitions per scan.

2.7.1. ACE2: Spike RBD (SARS-CoV-2) inhibitor screening assay

To assess the efficacy of the synthesized MIPs in inhibiting the
interaction between ACE2 and the receptor-binding domain of SARS-
CoV-2, an Anti-SARS-CoV-2 (BA.2) Neutralizing Antibody Titer Sero-
logic Assay Kit was employed as per the manufacturer’s guidelines.

The microplate provided in the kit was pre-coated with Human ACE2
protein, facilitating the binding of relevant components during the
experiment. MIPs and NIPs samples, along with Positive and Negative
Controls, were carefully added to designated wells of the microplate.
Following the addition of samples, HRP-SARS-CoV-2 S protein RBD was
introduced into each well, allowing for specific interactions with target
molecules. The microplate was then incubated under controlled condi-
tions, allowing for the formation of complexes between the particles and
the template. Post-incubation, thorough washing of the wells was per-
formed to remove any unbound materials, ensuring the accuracy of
subsequent steps. Substrate Solution was added to each well, initiating
the enzymatic reaction. This reaction was terminated by the addition of
Stop Solution and the intensity of absorbance was measured at 450 nm/
630 nm using a microplate reader, providing quantitative data on the
interactions within the microplate. The competition between neutral-
izing nanoparticles in the samples and ACE2 for HRP-SARS-CoV-2 S
protein RBD binding was assessed. The intensity of the assay signal
decreased proportionally with the concentration of Anti-SARS-CoV-2
neutralizing synthetic antibodies.

2.7.2. Preparation of IP-QCM Sensor and Detection of protein binding via
QCM

A cleaned QCM-D chip was placed in a petri dish and submerged in
4 mL of a thiol solution containing 5 mM of 16-Mercaptohexadecanoic
acid (MHA) and 5 mM of 11-Mercapto-1-undecanol (MU) dissolved in
a 8:2 mixture of absolute ethanol and acetic acid. This process was
conducted at room temperature for 18 hours in the dark, allowing the
formation of a Self-Assembled Monolayer (SAM) on the gold surface to
enhance subsequent binding interactions. Following the thiol solution
treatment, the chip was washed several times with absolute ethanol and
dried with Ng. To activate the carboxylic groups of MHA, 100 pL of a
sulfo-NHS:EDC solution (1:1, 100 mg/mL in ddH20) was applied for
60 minutes, followed by washing with ddH20 and drying with Nj. For
the immobilization of Omicron RBD domain, a standard solution was
prepared at a concentration of 10 pg/mL in ddH2O. This solution was
injected into the QCM-D instrument to confirm the amount of analyte
bound to the sensor surface. To validate the specificity of the imprinted
nanoparticles, the same immobilization procedure was applied to HSA.

The experiments, designed to investigate the binding interactions of
MIP and NIP with Omicron-RBD domain, were conducted using different
concentrations of the nanoparticles (12.5, 25, 50, and 100 pg/mL). The
fundamental frequency was approximately 5 MHz. To establish a stable
baseline, the frequency signal was calibrated by injecting ddH20 for one
hour at a flow rate of 10 pL/min until the frequency signal response
stabilized within £ 0.5 Hz over a ten-minute period. Following this
calibration, the samples were introduced into the QCM-D instrument at
the same flow rate for 50 minutes for each concentration. The QCM-D
instrument recorded the frequency changes, which corresponded to
the binding events between the polymers and the analyte, providing
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insights into the binding affinity and kinetics of these interactions. To
further assess the specificity of MIP for detecting RBD domain, addi-
tional experiments were conducted where HSA was immobilized on
QCM sensor chips. The binding interactions of MIP and NIP with these
immobilized proteins were analysed using the same concentrations as in
the initial experiments. All experiments were performed in triplicate.

2.8. Cytotoxicity test

The cytotoxicity of the nanoparticles was assessed using the MTT
assay (1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenyltetrazolium). BALB-
3T3 cells were cultured in 48-well plates with complete media and
allowed to adhere for 24 hours. Following attachment, the cells were
treated with varying concentrations of both MIP and NIP nanocarriers to
determine their cytotoxic effects. At the conclusion of the treatment
period, 200 pl of MTT stock solution (2 mg/mL in PBS) was added to
each well and incubated for 3 hours at 37°C. Post-incubation, the MTT
solution was discarded, and 200 ul of DMSO was added to each well to
solubilize the formazan crystals. The plate was shaken for 15 minutes,
and the absorbance was measured at 570 nm using a Beckman Coulter
microplate reader. Cell viability was expressed as a percentage relative
to the control cells, which were considered 100 % viable. All experi-
ments were conducted in triplicate, and the data are presented as mean
values with standard deviations indicated by error bars.

2.9. Human Cell Line Activation Test (h-CLAT)

The Human Cell Line Activation Test (h-CLAT) is designed to
determine the potential of substances or mixtures to induce skin sensi-
tization through immune system activation. This assay follows the
protocols set by OECD 442E and EURL ECVAM [17]. The THP-1 human
leukemia monocytic cell line is used to assess the expression of
co-stimulatory molecules CD54 and CD86, with nickel sulfate (NiSOa4)
serving as a positive control. THP-1 cells were cultured in RPMI 1640
medium supplemented with 10 % FBS, 1 % Penicillin/Streptomycin, and
0.05 mM p-Mercapto-ethanol. To determine the CV75 (concentration
causing 25 % mortality) in accordance with Test No. 442E: In Vitro Skin
Sensitization, 1.5 x 10° cells per well were plated in a 96-well plate and
incubated under standard conditions. After incubation, the cells were
treated with the test substances at eight different concentrations. The
next day, the treated medium was removed via centrifugation, and the
cells were resuspended in FACS buffer containing propidium iodide (PI).
The CV75 was calculated using flow cytometry. For the h-CLAT, 5 x 10°
cells per well were plated in 24-well plates and incubated for 24 hours.
Following incubation, treatments were applied, and the cells were
incubated for another 24 hours. Nickel sulfate solution (100 pg/mL) and
culture medium served as positive and negative controls, respectively.
Post-incubation, cells were centrifuged, resuspended in FACS buffer, and
divided into three aliquots. These aliquots were then treated with a
blocking solution (FACS buffer containing 0.01 % y-globulin) for
15 minutes at 4°C, followed by incubation with fluorescein-conjugated
antibodies against CD86, CD54, or IgG1l (control) for 30 minutes at
4°C. After antibody incubation, cells were washed twice with FACS
buffer to remove unbound antibodies, resuspended in FACS buffer
containing PI, and analyzed via flow cytometry. To assess whether the
test substance is a sensitizer, the Effective Concentration (EC) values for
CD86 and CD54 were determined. The EC represents the concentration
at which the Relative Fluorescence Intensity (RFI) equals 150 or 200,
respectively. Each experiment was repeated in triplicate on three
different days, and the median EC150 and EC200 values from three
independent runs were reported. If only two of the three runs met the
positive criteria, the higher EC150 or EC200 value was used. An increase
in CD54 and CD86 expression on THP-1 cells indicates immune activa-
tion in response to a potential allergen.
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3. RESULTS AND DISCUSSION

This study introduces a novel application of MIPs targeting the RBD
of the SARS-CoV-2 Omicron variant S protein, presenting MIPs as a
promising synthetic alternative to antibodies. Following the already
tested computational protocol [21], a rational selection of an appro-
priate monomer for MIP selectively rebinding the Omicron variant S
protein in its RBD domain has been carried out. Molecular docking
combined with quantum chemical calculations was used for modeling
and comparing different monomers affinity and their ability to poly-
merize onto the Receptor Binding Motif (RBM) portion of the S protein,
thus preventing its binding to ACE2 receptor.

The used approach has foundation on the considerable amount of
different functional groups present in the target protein that creates
potential premises for multiple noncovalent interactions (H-bond, van
der Waals, electrostatic, and/or hydrophobic) between the protein and
functional monomers in a pre-polymerization complex before protein-
MIP synthesis. It can be assumed that these interactions can orient the
polymerization process and play a crucial role in the formation of
complementary binding sites after the template protein removal, that is
necessary for the subsequent selective rebinding of the target protein to
the MIP. On this basis, the evaluation of all possible noncovalent in-
teractions binding sites as well as their strength in the protein-monomer
complex must be taken into account for the aim to design MIPs targeting
specific proteins with highly selective recognition sites. Here, the aim is
to compare, using a molecular modeling approach, the different capa-
bility of different functional monomer for building a polymer with
macromolecular imprints capable of selectively rebind protein-sized
analytes.

Molecular docking was applied to find both energetically favorable
binding poses of the selected functional monomer on the model protein
and to predict the probable arrangement of multiple monomer mole-
cules around the macromolecular target. A particular attention has been
put in partial charges calculation on the functional monomers since the
small dimension of the molecules considered (AAm, AAc/acrylate,
NIPAM, nPMA, TBAm), will allow them to easily binds on the protein
target surface, and the electron density and charge distribution are
primary responsible of the electrostatic/hydrophobic noncovalent
complex stabilization.

The approach was based on using the docking of each of the mono-
mers throughout all the RBD surface to determine the energetically
favorable binding poses and finally to assess the cumulative strength of
H-bond interactions between the monomers and the sterically accessible
proton-acceptor groups of RBD, such as polar amino acid. The most
populated clusters for all the considered monomers are highlighted in
Table 1.

3.1. Acrylic acid docking results

The results obtained from the docking of AAc identified a close
cluster distribution. We excluded those poses that are not accessible to
the SAS (Solvent Accessible Surface) surface or that lie at the interface
between monomers in the trimeric S protein association (pdb code
6vsb), and we observe that among the selected clusters two zones are
covered, being one on the center of the RBM portion of the RBD domain.
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As can be seen in Fig. 1, they are distributed with cluster population of
Cl1 (7 %) far from RBM, CI2 (12 %) RBM), CI3 57 % lateral, Cl4 24 %
near CI3. This spread distribution, together with a comparable popula-
tion percentage, and comparable binding energy suggest that this
monomer can efficiently binds and include the RBM portion of the target
protein occupying positions that can efficiently lead to the desired
polymerization process.

3.1.1. Acrylamide docking results

The results obtained from the docking of AAm showed the existence
of several accessible clusters but with high different populations spread
all over the RBD surface. The most populated cluster (29 %) is located
within the RBM-6 residues portion. The other four clusters are dispersed
around the RBD, but they are not near the six key residues; instead, they
are situated in the outer region relative to the contact surface (Fig. 2).
More, the Cl4 has 16 % pop and C15 18 %. The populated distribution of
these clusters together with the highest population of the binding pose in
the RBM, suggest that AAm is highly suitable to be considered as a
promising monomer for targeted polymerization (Fig. 3).

Building on the previous results, an emulsion polymerization reac-
tion was employed to synthesize imprinted nanoparticles with high
specificity and functionality using AAm and AAc as functional mono-
mers. Emulsion polymerization offers numerous advantages, including
high yield and good reproducibility. Additionally, this method is
particularly suitable for protein imprinting due to its ability to produce
nanoparticles with specific binding sites for target molecules. MIPs ob-
tained through this process exhibit significant potential in various ap-
plications, such as controlled drug release, protein purification, and the
development of highly specific sensors [9]. In this work, a water-in-oil
emulsion system was utilized, where the aqueous phase contained the
monomers, cross-linking agents, and template molecules. These com-
ponents were meticulously dispersed into the oil phase, which consisted
of an immiscible solvent. The role of surfactants was paramount in this
setup, as they facilitated the formation of a stable emulsion by reducing
the interfacial tension between the aqueous and oil phases. The injection
system setup was crucial for forming a stable emulsion and achieving
nanosized particles. The fine gauge of the 30 G stainless steel needle
allowed for precise control over the injection of the water phase into the
oil phase, promoting the formation of uniform spherical droplets.
Coupled with the syringe pump’s ability to regulate flow rates meticu-
lously, this setup ensured consistent droplet size and distribution, which
are essential for producing nanosized particles with high stability. This
approach not only enhanced the reproducibility of the emulsion but also
optimized the overall efficiency of the polymerization process. The
careful selection of monomers and cross-linking agents, combined with
the optimized emulsion conditions, was crucial in achieving nano-
particles with the desired physical and chemical properties. The ob-
tained nanoparticles were analyzed in terms of size, polydispersity index
(PdD), and C-potential using DLS. The results for MIPs and NIPs are
shown in Table 2 and Fig. 4:

The MIP nanoparticles exhibited an average size of 40.24 +
6.383 nm, while the NIP nanoparticles had a slightly smaller average
size of 35.95 + 5.467 nm. Although the difference in average sizes is not
substantial, it suggests that MIPs tend to be slightly larger than NIPs,
likely due to varying interactions between monomers and the template.

Table 1

Most populated clusters for the considered monomers in kJ/mol. “Close/Near RBM" clusters are highlighted in red, while "Far from RBM" clusters are highlighted in

blue.
Cluster n. AAm Cluster n. AAc Cluster n. NiPAM Cluster n. nPMA Cluster n. TIBAm
Cl1 (29 %) —14.5 Cl1 (7 %) —16.6 CI1 (88 %) —18.8 CI1(15 %) —22.3 CI1 (78 %) —20.10
Cl2 (5 %) —-14.2 Cl2 (12 %) —.16.0 Cl2 (6 %) -17.0 Cl2 (18 %) —-21.8 ClI2-CI3 (25 %) -19.1
CI3 (2 %) -14.1 CI3 (57 %) —15.8 CI3-Cl6 (15 %) —20.9/-19.1 Cl4 (8 %) -17.7
Cl4(16 %) -14.0 Cl4 (24 %) -15.7 Cl7(37 %) -19.0 CI5 (9 %) -15.9

CI5(18 %) -13.9




M. Dattilo et al.

Colloids and Surfaces B: Biointerfaces 247 (2025) 114408

Fig. 1. AAc clusters distributions accessible to solvent surface on RBD domain of S protein (8uir). (A) In forest green are highlighted the 6 key residues implicated in
ACE2 binding (resuled 417,455, 486 493,494, 501). (B) Superimpostion of RBD 7yow with docked clusters for AAm and 8uir.

Fig. 2. (A) AAm clusters (spheres) distributions accessible to solvent surface on RBD domain of S protein (gold ribbons). In green are highlighted the 6 key residues
implicated in ACE2 binding (resuled 417,455, 486 493,494, 501). (B) AAm clusters together with AAc ones (CPK spheres, RBD in ribbons).

Both MIP and NIP nanoparticles had a PdI of less than 0.3, indicating a
relatively narrow size distribution and good size uniformity. In number,
the main population of NPs have instead a mean diameter of 124 nm,
whereas the peak centered at 60 nm accounts for less than 4 % of the
total number of particles (5.98 x10 8 +7.6x10 7 particles/mL). NTA
analysis also highlighted a small percentage (about 3.7 %) of nano-
particles having a mean diameter of 200 nm (Fig. 5).

Additionally, the {-potential measurements for both MIP and NIP
nanoparticles were negative and of similar magnitude, indicating that
both types of nanoparticles are stable in suspension due to sufficient
electrostatic repulsion, which prevents aggregation (Table 2). To
confirm the consistency of the data, TEM images were used to determine
the particle size of MIPs (Fig. 6). The analysis showed that the particles
had a spherical shape and sizes comparable to those obtained from DLS
measurements.

In summary, the results indicate that MIP and NIP nanoparticles have
comparable sizes and stability. MIP nanoparticles are slightly larger with
a narrower size distribution compared to NIP nanoparticles. The high
stability of the nanoparticles, evidenced by {-potential values, confirms
their suitability for various applications.

Template removal is a crucial step for the optimal performance of
MIPs, ensuring no template molecule residues occupy the active sites
within the particle structure, making them available for rebinding the
target molecule [8]. Various methods can be used for removal, including

protein hydrolysis, which was employed in this work. This method was
chosen because the template molecule, in this case, is a protein too large
to pass through a common dialysis membrane. Therefore, the protein
must first be hydrolyzed into smaller fragments, which can then be
dialyzed and removed from the imprinted polymer.

After completing the BSA tests and defining optimal hydrolysis
conditions (Fig. 2S), alkaline hydrolysis was performed on particles
imprinted with the SARS-CoV-2 RBD and their corresponding NIP
(Fig. 3S). Dialysis waters were lyophilized, concentrated, and analyzed
for RBD presence via spectroscopy, indicating a template removal effi-
ciency of 96 + 2.6 %. These overall results indicate that alkaline hy-
drolysis at 50°C is the optimal combination for ensuring both effective
template removal and polymer stability. After complete dialysis, the
final particles suspension concentrations, based on lyophilized masses,
were approximately 14.68 mg/mL for MIP and 9.64 mg/mL for NIP,
corresponding to yields of about 82.98 % and 78.21 %, respectively.

Nanomedicines will not achieve success as pharmaceutical products
until they undergo comprehensive evaluation of various quality aspects,
particularly pharmaceutical stability during storage. Stability testing is
essential in drug development to assess how a product’s quality changes
over time under environmental factors like temperature, humidity, and
light. This testing helps establish the drug’s shelf life and recommend
suitable storage conditions [20]. Stability tests over time were per-
formed in the presence or absence of sodium azide as a preservative,
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Fig. 3. (A) AAm and AAc clusters (CPK spheres) distributions accessible to solvent surface on RBD domain of S protein (gold ribbons) in complex with NCV2SG48
Fab (watergreen ribbons) (7yow). In green are highlighted the 6 key residues implicated in ACE2 binding (resuled 417,455, 486 493,494, 501). (B) Aam and AAc
clusters (CPK spheres) distributions accessible to solvent surface on RBD domain of S protein (gold ribbons) in complex with ACE2 receptor (blue ribbons) (7¢8d). In
green are highlighted the 6 key residues implicated in ACE2 binding (resuled 417,455, 486 493,494, 501). (C) Same as B but RBD is shown with its molecular surface;
AAm in yellow CPK, AAc in cyan CPK. Following the established protocol detailed in the methods section, molecular docking studies have been conducted on
additional monomers (NIPAM, nPMA and TBAm) to assess the potential suitability of these compounds as monomers for polymers synthesis (Fig. 1S). The outcomes
of these docking calculations indicated that these monomers are not adequate for polymer imprinting, and the detailed results are described in the supplementary

information.

Table 2
Z-Average size, PdI and {-Potential Data for MIPs and NIPs.

Z-Average PdI ¢-potential (mV)
MIP 40.24 + 6.383 0.183 —-33.3+8.14
NIP 35.95 + 5.467 0.213 —34.2 +5.89
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Fig. 4. Hydrodynamic diameter of MIP particles measured by DLS.

under different temperature conditions [3]. Sodium azide was chosen
for its common use in antibody preservation, preventing microbial
contamination. The goal was to evaluate variations in dimensional pa-
rameters, such as size, PdI, and (-potential, under different storage
conditions. A PdI value up to 0.3 indicates a relatively narrow size dis-
tribution and particles with {-potential values of + 30 mV are consid-
ered highly stable. Results after 24 hours and after 30 days are shown in
Figs. 4S8 and 58S, respectively. Results after 24 hours indicate that sam-
ples stored at 25°C with NaN3 show an increase in size and PdI compared

8x106

6x106—

4x106-

2x106

Particle concentration (part/mL)

0 500 1000 1500
Diameter (nm)

Fig. 5. Exemplification of the NTA pattern of MIP.

to samples stored without NaN3 at the same temperature, while {-po-
tential slightly decreases (Figure 4SA). Samples stored at 4°C with NaN3
show a slight difference in both size and PdI, and a significant decrease
in {-potential compared to those stored without the preservative
(Figure 4SB). Finally, samples stored at —20°C with NaN3 show no
significant variations in examined parameters (Figure 4SC). These re-
sults indicate that NaN3 presence can influence the dimensional stability
and ¢-potential of nanoparticles, with variations depending on storage
temperature. Storage at room temperature with NaN3 leads to an in-
crease in size and PdI, suggesting possible interactions between the
preservative and nanoparticles. Conversely, storage at lower tempera-
tures (4°C and —20°C) seems to mitigate these effects, maintaining the
nanoparticles’ properties more stable over time.

After 30 days of storage at 25°C, the addition of the preservative has
a consistently negative effect on all three parameters, as illustrated in
Fig. 5S. Similar detrimental effects are observed during storage at 4°C.
At —20°C storage, the presence of NaNj results in a slight increase in
both size and PdI, while the {-potential remains stable. Based on the data
obtained, it can be concluded that the developed synthetic antibody in
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Fig. 6. TEM Micrographs of MIP particles.

this study demonstrates exceptional stability at room temperature,
highlighting its practicality for routine use and storage. The observed
dimensional changes over the evaluation period were minimal and
statistically insignificant. Moreover, the most favorable results were
achieved in the absence of a sodium azide. This characteristic presents a
significant advantage over biological antibodies, which necessitate
stringent storage conditions, including specific temperatures and the
maintenance of a cold chain during transport, as well as the addition of
preservatives. Therefore, the synthetic antibody could be a more viable
option for various applications where stability and ease of storage are
critical.

The stability of nanoparticles suspensions, prepared in both distilled
water and PBS at pH 7.4 o3 M), was further evaluated using a Tur-
biscan® DNS™. This technique measures changes in the intensity of
light transmitted (AT%) and backscattered (ABS%) by the sample. These
measurements are then converted into a global stability kinetics value,
represented by the Turbiscan Stability Index (TSI) [5]. Figs. 6S and 7S
illustrate the changes in AT% and ABS% as a function of sample height
and time in the suspensions, analyzed at both one day and 30 days
post-synthesis. The data reveal that the samples maintained their sta-
bility over the observed periods, with variations in both parameters
consistently within a 10 % range throughout the 24-hour analysis. The
positive variation in AT% at the top of the samples, observed consis-
tently at both time points, indicates a creaming phenomenon, which was
reversible upon slight agitation. In the midsection of the samples, both
backscattering and transmission measurements remained stable, indi-
cating no significant particle aggregation or size variation. These find-
ings suggest that the observed destabilization is primarily due to the
migration of particles, rather than changes in particle size, and that the
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colloidal stability of the suspensions is preserved even after 30 days.

Moreover, the TSI, a destabilization factor calculated by summing
changes in AT% or ABS% of the light in successive measurements as a
function of sample height, remained low (TSI < 0.9), confirming the
stability of the imprinted nanoparticles in both water and PBS (Table 3).

The stability assessments conducted in this study reinforce the
practical viability of MIPs in field and clinical settings. Unlike natural
antibodies, MIPs displayed minimal degradation or aggregation over 30
days, maintaining their structural and colloidal integrity, even at room
temperature. This stability under ambient conditions could be particu-
larly valuable in low-resource settings, where cold-chain logistics are
challenging or impractical. By offering a reliable and durable alternative
to biological reagents, MIPs could become central to diagnostic kits and
therapeutic formulations.

Once the MIPs were synthesized, their ability to inhibit the interac-
tion between the ACE2 receptor and the SARS-CoV-2 RBD (BA.2) was

Table 3

Turbiscan Stability Index (TSI) of imprinted particles in distilled water and PBS
at various time intervals, measured one day and 30 days post-synthesis. Results
are presented as means + standard deviation (n = 3).

Analysis after one day Analysis after 30 days

4h 8h 12h 24h 4h 8h 12h 24h
H0 0.14 0.15 0.16 0.28 0.32 0.44 0.51 0.60

+ + + + + + + +

0.09 0.11 0.14 0.13 0.10 0.09 0.12 0.14
PBS 0.52 0.62 0.65 0.76 0.45 0.55 0.58 0.81

+ + + + + + + +

0.08 0.011 0.14 0.11 0.07 0.12 0.15 0.06
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Fig. 7. Inhibitor Screening Assay: (A) Inhibition of ACE2-SARS-CoV-2 RBD interactions and (B) binding isotherms of 1,5 pg/mL SARS-CoV-2 RBD to imprinted and

non-imprinted nanoparticles.
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evaluated using a neutralizing anti-SARS-CoV-2 antibody assay kit. Data
were obtained by measuring the absorbance intensity at 450 nm/
630 nm using a microplate reader. Specifically, the competition between
the neutralizing nanoparticles in the sample and ACE2 for binding to the
horseradish peroxidase-conjugated SARS-CoV-2 S protein RBD mole-
cules was assessed. Imprinted and non-imprinted nanoparticles were
tested at different concentrations ranging from 0.1 ng/uL to 500 ng/pL.
The obtained results (Fig. 7A) confirmed the ability of the developed
system to reduce RBD binding to the ACE2 receptor in a concentration-
dependent manner. In fact, the graph shows that for the MIP, as the
polymer concentration increases, the inhibition percentage also in-
creases; this is expected as the imprinted polymer contains cavities
necessary to interact with the SARS-CoV-2 RBD, thus preventing its
interaction with the ACE2 receptor. Conversely, the NIPs did not exhibit
significant inhibition of the RBD-ACE2 interaction. The absence of
specific binding cavities in the NIPs, which are crucial for binding the
template molecule, accounts for this lack of inhibition. The minor in-
hibition observed with the NIPs is likely due to non-specific interactions
with the target molecule.

Furthermore, the collected data were used to calculate the amount of
SARS-CoV-2 RBD bound to the polymers (MIP and NIP). The results are
shown in Fig. 7B and confirm that MIPs are capable of binding a greater
amount of the template molecule compared to the corresponding non-
imprinted particles.

The mechanism by which MIPs inhibit RBD-ACE2 binding suggests
that the synthetic polymer matrix successfully mimics the binding
characteristics of natural antibodies, a significant achievement in the
field of molecular imprinting. The imprinted cavities in MIPs provide a
highly selective environment that aligns with the spatial and chemical
properties of the RBD, enabling strong and specific interactions. These
cavities create a template-like effect that physically blocks the RBD from
engaging with the ACE2 receptor, a critical step in viral entry. This se-
lective inhibition, observed through this competitive binding assays,
demonstrates that MIPs can effectively reduce viral infectivity by
impeding the initial stages of the virus-host interaction.

To further highlight the functionality of MIP particles, comprehen-
sive binding studies were performed using a QCM-D instrument. The
process began with the functionalization of the sensor surface using a
SAM composed of a mixture of MHA and MU, which act as spacers to
enhance the interaction between the gold coating and the analyte. MHA
was then attached using sulfo-NHS:EDC coupling chemistry. Changes in
resonant frequency, shown in Fig. 8, were used to monitor the binding
progression.

Using the Sauerbrey equation [26], the quantities of analytes on the
sensor surface were determined, revealing an RBD density of 8.19
%1073 mol/cm? and an HSA density of 8.43 x10~'2 mol/cm?. These
functionalized QCM chips were then used to evaluate the binding in-
teractions of MIP and NIP with analyte and control. The introduction of
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varying  concentrations of nanoparticles results in a
concentration-dependent frequency change, as depicted in Fig. 9.

The highest resonant frequency changes were observed (Fig. 9A),
indicating strong affinity of MIP for Omicron-RBD at low concentrations.
As the concentration of MIP increased, the affinity remained stable,
reaching saturation after 180 minutes of injection. The introduction of
the MIPs resulted in significant decreases in frequency compared to the
injection of dispersions containing NIP that have the same chemical
composition. This observation underscores the importance of the MIPs
cavities in facilitating the recognition of the template molecules. These
imprinted cavities are more effective in distinguishing and binding to
the target molecules than the non-specific intermolecular interactions
that occur on the surface of the nanogel [15]. A different result was
observed when MIPs and NIPs were injected onto QCM-D sensors
functionalized with HSA, as shown in Fig. 9B. The affinity for HSA was
notably low for both MIPs and NIPs, which underscores the high spec-
ificity and effectiveness of the selected imprinting technology in dis-
tinguishing between different proteins. As depicted in Fig. 10, this result
demonstrates that the imprinting technique is highly selective, ensuring
that the MIPs are specifically tailored to recognize and bind to their
target molecules rather than interacting with non-target proteins like
HSA.

Apparent dissociation constants (Kp) were derived by fitting the
Langmuir isotherm to the experimental data collected from the QCM
frequency shift measurements (Table 4) [6].

These results serve to emphasize and elucidate the considerable
promise and effectiveness of MIP particles as a versatile and potent tool
for specifically recognizing RBD, compared to NIP, where MIPs
demonstrate a higher degree of selectivity towards RBD with an
approximative Kp of 9.5. A higher Kp was observed for HSA, while R?
was lower than RBD R? value. This observation underscores the unique
capacity of MIPs for precise molecular recognition. Furthermore, MIP
exhibit a robust and tailored recognition capability for template, sug-
gesting their substantial potential and applicability in the treatment and
prevention of SARS-CoV-2 infection.

Safety evaluations were conducted to assess potential cytotoxicity
and immunogenicity of the test substances. These evaluations employed
two established in vitro methods: the MTT assay and the human Cell
Line Activation Test (h-CLAT).

The MTT assay offers a quick and economical approach to evaluate
cell proliferation. This technique hinges on the conversion of the yellow
tetrazolium compound into violet/black insoluble formazan crystals by
living cells. Results from MTT assays performed on Balb/3T3 cells,
following treatment with escalating concentrations of nanoparticles,
showed no notable reduction in cell viability (Fig. 11). The nanocarriers
exhibited no toxicity to viable cells, demonstrating their
biocompatibility.

Moreover, to determine the sensitizing potential of MIP and NIP, the

HSA immobilization
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Fig. 8. Analyses of QCM-D sensor modification with RBD domain of Omicron variant and HSA.
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Fig. 9. Real-time changes in resonant frequency (AF) after repeated injections of increasing concentrations of MIP and NIP dispersions on functionalized QCM-D

sensor chips with (A) RBD and (B) HSA.
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Fig. 10. Binding isotherms of MIP and NIP on OMICRON-RBD (A) and HSA (B) functionalized sensor chip.

Table 4
Equilibrium dissociation constant (Kp) of MIP and NIP.
Omicron-RBD HSA
Kp R? Kp R?
MIP 9.5+5.4 0.99 21.0+14.3 0.96
NIP 15.0+8.7 0.97 22.3+15.8 0.94
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Fig. 11. Cell viability: the MTT test was conducted on Balb/3T3 cells following
a 24-hour exposure to escalating concentrations of MIP and NIP. Data are
expressed as means + SEM, statistical significance: *p < 0.05, **p < 0.01.
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h-CLAT was conducted following the guidelines of OECD 442E. This
assay measures the expression levels of CD86 and CD54 markers in THP-
1 cells. These levels are assessed based on their activation capacity using
flow cytometry after a 24-hour exposure to eight serial concentrations of
the test substances. The concentrations used are derived from a pre-
liminary cytotoxicity study that identifies the CV75 of the compound on
the cells.

The sensitization potential of the test items was evaluated using the
Relative Fluorescence Intensity (RFI%) values for CD86 and CD54. A
substance is predicted to be a sensitizer if the RFI% value for CD86 is
>150 % and/or the RFI% value for CD54 is >200 % in at least two in-
dependent runs. Conversely, a negative prediction for sensitization is
made if the RFI% value for CD86 is <150 % and/or the RFI% value for
CD54 is <200 %.

The results, presented in Table 5, indicate that the tested samples did
not exhibit skin sensitizing properties, affirming the overall safety and
biocompatibility of the nanoparticles.

In summary, the adaptability of MIPs makes them a versatile plat-
form for managing infectious diseases, especially zoonotic diseases with
high mutation rates. In this study, the methodology used to imprint
SARS-CoV-2 RBD can be applied to other pathogens, suggesting that

Table 5

RFI% value of CD54 and CD86 on THP-1 monocytes.
SAMPLES CD54 CD86
MIP 141 121
NIP 133 119
NEGATIVE CONTROL 110 101
POSITIVE CONTROL 301 277
CUT-OFF 200 150
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MIPs could serve as a foundational technology in pandemic prepared-
ness. By altering the imprinting process to reflect different viral proteins
or epitopes, MIPs can be readily adapted to recognize new targets,
providing a rapid-response solution that could accelerate diagnostics
and therapeutic interventions in future outbreaks.

4. Conclusion

The development of MIPs as synthetic antibody alternatives repre-
sents a significant advancement in the fight against rapidly evolving
pathogens, like SARS-CoV-2. This study focused on engineering MIPs to
selectively bind the RBD of the Omicron variant S protein, demon-
strating that MIPs can serve as both diagnostic and potential therapeutic
tools in controlling viral spread.

Stability assessments demonstrated that these MIPs remained well-
dispersed and stable under various conditions, including room temper-
ature, refrigeration, and freezing, over a 30-day period. The stability was
consistently confirmed by stable TSI values, indicating that the MIPs
preserved their functional properties throughout this time frame and
emphasizing their suitability for long-term storage and scalability. MIPs
exhibited significantly higher binding efficacy compared to NIPs, due to
the specific imprinting of the RBD during their synthesis. This process
endowed the MIPs with enhanced binding capabilities, whereas NIPs
lacked these specific binding sites, leading to much lower affinity for the
RBD. Additionally, MIPs demonstrated a concentration-dependent in-
hibition of the interaction between the ACE2 receptor and the RBD, with
higher concentrations resulting in greater inhibition. Quantitative
analysis of binding affinity demonstrated that MIPs achieved an
apparent dissociation constant of 9.5 for the RBD, showcasing a strong
and specific interaction with the target protein, which contrasts mark-
edly with the limited binding efficacy of NIPs. The QCM-D studies
underscored the MIPs significant potential for precise molecular recog-
nition and application in SARS-CoV-2 detection and treatment,
compared to NIPs and non-target proteins like HAS.

Further tests confirmed the biocompatibility of MIPs, as shown by
the MTT assay on Balb/3T3 cells, which indicated that neither MIPs nor
NIPs were significantly cytotoxic, suggesting their potential for thera-
peutic applications. The h-CLAT also indicated no sensitizing potential,
thus supporting the MIPs’ safety for biomedical applications. Further
studies should evaluate their performance in biological systems, spe-
cifically their pharmacokinetics, biodistribution, and potential for im-
mune system activation. Moreover, conducting in vivo studies with
animal models could provide critical data on MIPs’ safety and efficacy,
paving the way for clinical trials.

Overall, the findings highlight MIPs as a promising platform for
creating synthetic antibodies with high specificity, efficacy, and stabil-
ity. Unlike traditional biological antibodies, which may struggle with
effectiveness, stability, and production speed as new virus variants
emerge, MIPs offer significant advantages. Their flexibility and adapt-
ability allow for rapid design and production, making them a valuable
tool in addressing novel viral threats. The demonstrated stability and
biocompatibility of MIPs further enhance their practical utility, posi-
tioning them as a reliable alternative to conventional antibodies in the
ongoing fight against COVID-19 and future viral outbreaks.
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