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INTRODUCTION

Zoonoses are diseases that can be transmitted from vertebrate animals, excluding humans, to
people, and they represent a primary source of emerging viruses.[1] Mammals, birds, reptiles, and
possibly amphibians can act as reservoirs or amplifying hosts for zoonotic viruses.[2] These viruses
often cause few or no evident symptoms in the non-human vertebrates that carry them. Some
zoonotic viruses have very limited host ranges, while others can infect a variety of vertebrates.
Human infection can range from asymptomatic cases to fatal disease. Viral zoonoses, both new and

known, play a crucial role in emerging and re-emerging viral diseases.[3,4]

The transmission of zoonotic viruses can occur through various routes (Figure 1), including "direct
contact" (as with rabies virus), "indirect contact" (as with hantavirus), "nosocomial transmission"
(as with the Ebola virus), "aerosol transmission" (as with the SARS coronavirus), "vertical
transmission" (in utero, as with Zika virus), and "via vectors or arthropods" (such as yellow fever

virus and West Nile virus).
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Fig.1 - The transmission of zoonotic viruses

Viral zoonoses occur on every continent, possibly excepting Antarctica, and can spread in a variety

of ecological settings or be confined to specific ecological and geographical areas. Although



hundreds of viruses are zoonotic, the significance of many of them has not yet been fully

established.[5]

Among the zoonotic viruses most relevant to global public health are those belonging to the
flavivirus genus (family Flaviviridae) and the betacoronavirus genus (family Coronaviridae), both
of which contribute to the high global burden of vector-borne diseases, which make up over 17% of

all infectious diseases and cause more than 700,000 deaths each year.[6,7]

The spread of arthropod vectors and the geographic expansion of flaviviruses into regions with
naive populations can lead to severe outbreaks, such as the Zika virus outbreak in Brazil between

2014 and 2016, during which an estimated 440,000 to 1,300,000 cases occurred in 2015 alone. [8]

Similarly, zoonotic coronaviruses can emerge and spread, as has happened three times in the 21st
century, causing the SARS-CoV-1 outbreak in 2003, the MERS-CoV outbreak in 2012, and the
SARS-CoV-2 pandemic that began in 2019, which resulted in millions of infections and deaths.[9]
Given the potential of flaviviruses and coronaviruses to cause epidemics and pandemics, developing
antiviral options to reduce the current and future impact of these pathogens is urgent. Broad-
spectrum antivirals would be particularly valuable in countries with multiple circulating flaviviruses
and to contain transmission in the early stages of future outbreaks caused by newly emerging

coronaviruses.



THE CORONAVIRIDAE FAMILY

The Coronaviridae family includes a range of RNA viruses within the Nidovirales order, known for
causing respiratory (Coronavirinae subfamily) and gastrointestinal (Torovirinae subfamily) illnesses
in various vertebrates, including mammals and birds.[10] This viral family has attracted significant
global attention, especially after notable pandemic events like the severe acute respiratory syndrome
(SARS) outbreak in 2002-2003, the Middle East respiratory syndrome (MERS) outbreak in 2012,
and most recently, the COVID-19 pandemic in 2019, triggered by SARS-CoV-2.[11] These
incidents have underscored the potential of Coronaviridae to cause severe disease, thereby driving
scientific research into the pathogenesis, transmission, prevention, and treatment of infections

caused by these viruses.

Coronaviruses exhibit significant genetic diversity and are divided into four main genera:
Alphacoronavirus and Betacoronavirus, which primarily infect mammals, including humans, and
Gammacoronavirus and Deltacoronavirus, which infect mostly birds and some mammals.[12]
Among these, Betacoronaviruses include highly pathogenic viruses such as SARS-CoV, MERS-
CoV, and SARS-CoV-2, which have led to human epidemics and pandemics. Coronaviridae cause a
range of illnesses, from mild respiratory infections similar to the common cold to severe respiratory,

hepatic, and neurological diseases.[13]

Coronaviridae’s evolutionary origins date back millions of years, suggesting a long-standing co-
evolution with their animal hosts. These viruses are known to have an extensive natural reservoir in

wild animals, particularly bats and other small mammals, as depicted in Figure 2.
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Fig. 2 - Animal origins of human coronaviruses

Bats, in particular, are considered natural reservoirs for several Betacoronaviruses and
Alphacoronaviruses, owing to their unique immune and biological features that allow them to
coexist with diverse pathogens. Transmission of these viruses from bats to humans or other animals
is facilitated by a phenomenon known as spillover, which occurs when a virus crosses species
barriers.[14] In some cases, this transition occurs through an intermediate host, as hypothesized for
SARS (with the palm civet as an intermediary) and MERS (through camels). SARS-CoV-2,
responsible for the COVID-19 pandemic, is presumed to have originated from a bat coronavirus,

although the exact pathway to humans is still under study.[15]

Coronaviridae are of particular public health importance due to their capacity to quickly adapt to
new hosts and environments. This adaptability stems from the coronaviruses' tendency to
genetically recombine and accumulate mutations, which can impact their infectivity, pathogenicity,
and immune evasion.[16] Due to these properties, coronaviruses pose a continuous risk of emerging
and re-emerging variants capable of causing outbreaks. In the past, human coronavirus infections
were relatively benign, causing primarily mild respiratory symptoms, similar to those caused by

HCoV-229E and HCoV-0OC43, discovered in the 1960s.[17] However, the 2002 SARS outbreak
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marked a turning point, demonstrating that coronaviruses have the potential to cause severe
infections with high mortality rates. SARS, for example, recorded a mortality rate close to 10%,
while MERS in 2012 showed an even higher mortality rate of around 35%.[18] COVID-19 has
further highlighted the ability of a coronavirus to cause a pandemic on a global scale, with

significant health, economic, and social consequences.

Structure and genome organization

Structurally, viruses in the Coronaviridae family have a complex architecture that is critical for their
function and pathogenicity. The structure includes an RNA genome, several structural proteins, and
a lipid envelope. The genome of Coronaviridae is composed of positive-sense single-stranded RNA,
which can range up to 30,000 nucleotides in length, making it one of the largest known RNA viral
genomes. This extensive RNA genome contains multiple open reading frames (ORFs) that encode
both structural and non-structural proteins essential for viral replication and assembly. Specifically,
the first two-thirds of the genome encodes non-structural proteins that are vital for the replication
process, while the remaining segment codes for the four main structural proteins, as shown in
Figure 3: the spike protein (S), the membrane protein (M), the envelope protein (E), and the

nucleoprotein (N).[19-21]
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Fig. 3 - Four structural proteins of SARS-CoV-2



The spike protein (S) is a critical component of the coronavirus structure, playing a pivotal role in
the virus's ability to enter host cells. It is responsible for binding to specific receptors on the surface
of host cells, such as the ACE2 receptor utilized by both SARS-CoV and SARS-CoV-2, and the
DPP4 receptor used by MERS-CoV. The binding of the spike protein to these receptors triggers
conformational changes that facilitate the fusion of the viral envelope with the host cell membrane,
allowing the viral genome to enter the host cell. The membrane protein (M) is the most abundant
protein in the virion and is crucial for maintaining the shape and integrity of the virus. The envelope
protein (E), although smaller, is essential for the assembly and release of new virions, and it has
been shown to play a role in pathogenesis by modulating the host's immune response. Finally, the
nucleoprotein (N) binds to the viral RNA, forming a ribonucleoprotein complex that protects the

viral genome and is involved in regulating RNA synthesis during replication.[22-24]

Coronaviruses have a characteristic spherical or slightly ovoid shape, typically measuring between
80 and 120 nanometers in diameter.[25,26] This shape is maintained by the nucleocapsid and lipid
envelope, which is derived from the host cell during the budding process. The presence of spike
proteins on the virion's surface gives it a distinctive crown-like appearance when viewed under an
electron microscope, which is where the name "coronavirus" originates.[27,28] The lipid envelope
makes coronaviruses sensitive to lipid solvents, which can disrupt the envelope and inactivate the

virus, highlighting the importance of proper sanitation practices in controlling viral transmission.

Life cycle

The life cycle of Coronaviridae involves several well-defined stages: attachment, fusion,
transcription and translation, assembly, and release.[20] The process begins when the virus attaches
to the host cell via the interaction between the spike protein and specific cell surface receptors.
Once bound, the spike protein undergoes a conformational change that enables fusion of the viral

envelope with the host cell membrane. This spike protein, which is 1273 amino acids long, consists
6



of two subunits: S1 (residues 14—685), which houses the N-terminal domain (NTD, residues 14—
305) and receptor-binding domain (RBD, 319-541) essential for receptor recognition, and S2
(residues 686—1273), responsible for membrane fusion. S2 contains the fusion peptide (FP, residues
788-806), heptad repeat sequences HR1 (912-984) and HR2 (1163—1213), and the transmembrane
(TM) domain (1213-1237).[20,29,30] This trimeric protein forms a crown-like structure around the
viral particle, giving the virus its characteristic appearance, and allows the viral RNA to enter the
host cell's cytoplasm. Inside the host cell, the positive-sense RNA genome can act directly as
messenger RNA (mRNA), which is translated by the host's ribosomes to produce viral proteins.
This initial translation produces a large polyprotein that is cleaved by viral proteases into smaller
functional proteins, including the essential RNA-dependent RNA polymerase (RdRp). The RdRp is
crucial for the replication of the viral RNA, allowing for the synthesis of new viral genomes and
subgenomic RNAs, which encode the structural proteins needed for the formation of new
virions.[31,32] As viral proteins are synthesized, they begin to accumulate in the cytoplasm, where
the nucleoprotein (N) binds to the newly replicated RNA genomes, forming ribonucleoprotein
complexes. Simultaneously, the structural proteins (S, M, E) are transported to the endoplasmic
reticulum and the Golgi apparatus, where they are processed and assembled into new viral particles.
The assembly process is highly coordinated, as the nucleocapsids formed by the nucleoprotein and
RNA genome interact with the membrane proteins to create new virions.[31-33] Finally, the newly
assembled virions are transported in vesicles to the host cell's surface, where they are released into
the extracellular environment by exocytosis. This release process can lead to the lysis of the host
cell, contributing to tissue damage and the clinical symptoms associated with coronavirus

infections. [31-33]



Associated Symptoms and Diseases

The Coronaviridae family primarily spreads through respiratory routes, although transmission can
also occur via direct contact with contaminated surfaces.[34] Airborne transmission happens mainly
through respiratory droplets produced when an infected individual speaks, coughs, or sneezes; these
droplets can be inhaled by nearby individuals, facilitating the spread of the virus.[35] Additionally,
coronaviruses can persist on inanimate surfaces for varying durations depending on environmental
conditions, which enables potential indirect transmission. Research indicates that SARS-CoV-2, the
virus responsible for COVID-19, can remain infectious on surfaces such as plastic and stainless
steel for several hours to even days.[36,37] Another mode of transmission includes direct contact
with infected animals or consumption of contaminated wild animal meat, as seen in the SARS
outbreak, where civets are believed to have been a significant source of infection.[38] In the case of
MERS, transmission primarily occurred through contact with dromedary camels, emphasizing the
need for monitoring zoonotic spillover events that pose a risk to human health.[39] The interaction
of humans with wildlife, practices related to intensive farming, and the exotic animal trade all

contribute to creating favourable conditions for such transmissions to occur.

The clinical manifestations of viruses in the Coronaviridae family vary significantly based on the
specific type of coronavirus involved and the host's response to the infection. The most common
symptoms associated with these viruses include fever, cough, respiratory difficulty, and fatigue.
Generally, most coronavirus infections result in mild illnesses that resemble the common cold, but
in certain cases, they can lead to severe clinical manifestations such as pneumonia, severe acute
respiratory syndrome (SARS), and respiratory failure.[40] In the case of SARS, initial symptoms
can include high fever, general malaise, and respiratory symptoms that can progress to interstitial
pneumonia, potentially leading to respiratory failure and death. Conversely, MERS is associated

with a higher mortality rate, and while it can present with similar symptoms to SARS, it is



frequently accompanied by more severe respiratory illnesses and renal complications, with

mortality rates exceeding 30%.[41-44]

COVID-19, caused by SARS-CoV-2, has exhibited a wide range of symptoms, from asymptomatic
cases to severe manifestations that can include pneumonia, thromboembolism, and acute respiratory
distress syndrome (ARDS). Patients may also experience additional symptoms, such as loss of taste
and smell, muscle pain, diarrhea, and nasal congestion. The variability in symptoms makes the
diagnosis and management of coronavirus infections a complex challenge for healthcare

professionals.[40,45]

Currently Available Therapies

The treatment of infections caused by viruses from the Coronaviridae family, which includes
SARS-CoV, MERS-CoV, and SARS-CoV-2, necessitates a multifaceted approach that incorporates
various pharmacological therapies and clinical protocols to manage symptoms and improve patient
outcomes. Following the emergence of the COVID-19 pandemic, scientific research has accelerated
the development of new treatments and antiviral therapies, which have proven crucial in combating
the virus.[46] Initially, remdesivir emerged as one of the most promising drugs for treating COVID-
19. This antiviral, initially designed to combat Ebola, has demonstrated efficacy in inhibiting viral
replication by targeting the RNA polymerase enzyme, thus reducing the duration of the illness and
the hospitalization rate among patients with moderate to severe COVID-19. Clinical studies have
highlighted that, when administered early, remdesivir can significantly enhance clinical outcomes
and decrease recovery time. However, the results have not been uniform, leading to debates

regarding its effectiveness, particularly in the advanced stages of the disease.[47,48]

In addition to remdesivir, several other antiviral drugs have been approved or are currently

undergoing testing. For instance, protease inhibitors, such as nirmatrelvir, have been developed for



COVID-19 treatment and are used in combination with ritonavir to enhance therapeutic efficacy.
These drugs aim to inhibit the virus's ability to replicate within human cells, thereby reducing viral
load and, consequently, the severity of the disease. The combination of antiviral agents may
represent a promising strategy to address the health emergency, as it can help lower the likelihood

of viral resistance.[49,50]

Monoclonal antibody therapies have also gained significant importance in the treatment of COVID-
19, especially for patients at high risk of developing severe complications. Monoclonal antibodies
are designed to recognize and bind to specific viral proteins, neutralizing the virus and preventing it
from attaching to human cells.[51,52] Drugs such as casirivimab and imdevimab, developed by
Regeneron, have shown to reduce the risk of hospitalization and death among patients receiving
early COVID-19 diagnoses. Similarly, Eli Lilly's monoclonal antibody (bebtelovimab) treatment
has demonstrated comparable efficacy.[53,54] However, the effectiveness of these therapies can
vary depending on emerging viral variants, prompting researchers to develop new antibodies
capable of addressing viral mutations. The use of monoclonal antibodies has represented a rapid and
flexible therapeutic response, demonstrating the possibility of utilizing targeted approaches to

combat viral infection, particularly in the early stages of the disease.

Regarding infections caused by MERS-CoV and SARS-CoV, the therapeutic landscape is more
complex, as there are currently no approved specific antivirals for these viruses.[55] Treatment
options are primarily supportive, focusing on assisting patients with respiratory failure and
managing complications. Mechanical ventilation and oxygen therapy are often required for patients
with severe respiratory distress, while monitoring for secondary infections is essential, as these
patients may be more susceptible to bacterial infections. Research remains active in this field, with
clinical studies evaluating existing antiviral drugs and new immunological therapies aimed at

identifying effective treatments for MERS and SARS.
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An important aspect of combating coronavirus infections is the exploration of combination
therapies that integrate antivirals and monoclonal antibodies to maximize therapeutic effectiveness.
Drug combinations can help rapidly reduce viral load and prevent the emergence of resistant
variants. Additionally, the potential for developing oral treatments that can be administered to
outpatient populations represents a significant area of interest, as it would facilitate quicker and

easier access to therapies, ultimately improving overall patient outcomes.[56,57]

While preventive measures are not the primary focus of this section, it is important to note that the
success of treatments is amplified by effective prevention strategies. Vaccination remains essential
for reducing virus transmission and disease severity. Vaccines, such as mRNA vaccines (Pfizer-
BioNTech and Moderna) and vector-based vaccines (AstraZeneca and Johnson & Johnson), have
been critical in controlling the pandemic, demonstrating high efficacy in reducing the risk of

infection and severe consequences.[58,59]
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THE FLAVIVIRIDAE FAMILY

Flaviviruses represent a highly significant group of viruses due to their medical and veterinary
relevance, as they are responsible for numerous infectious diseases that affect both humans and

various other animals.[60]

Flaviviruses encompass a variety of viruses primarily transmitted by arthropods, particularly
mosquitoes and ticks, which act as biological vectors.[61] This mode of transmission highlights the
complex interactions between the viruses, their hosts, and the environments in which they circulate.

Among the most relevant flaviviruses for human health are [62,63]:

e Dengue Virus (DENV), which is responsible for widespread epidemics in tropical and
subtropical regions and can lead to forms of disease ranging from mild dengue fever to severe
dengue hemorrhagic fever;

e Zika Virus (ZIKV), which gained global attention due to its rapid spread during the 2015-2016
outbreak and its association with severe congenital malformations, including microcephaly;

e West Nile Virus (WNV), predominantly found in Africa, the Middle East, and Asia, and more
recently in North America and Europe, which can cause severe neurological disease such as
encephalitis in immunocompromised individuals and the elderly;

e Japanese Encephalitis Virus (JEV), endemic in East and Southeast Asia and the leading cause of
viral encephalitis in many countries in this region;

e Yellow Fever Virus (YFV), responsible for a severe hemorrhagic disease, for which there is an
effective and widely used vaccine that has significantly reduced incidence rates in endemic

arcas.
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In addition to these flaviviruses affecting humans, there are several that impact animals, which can
have direct implications for veterinary health and agriculture. For example, the Kyasanur Forest
disease virus is found in southern India and primarily affects livestock, leading to significant
economic losses in the agricultural sector. Wesselsbron virus, on the other hand, mainly infects
livestock in Africa, emphasizing the veterinary significance of the Flaviviridae family. These
viruses not only threaten animal health but also have the potential to spill over into human

populations, creating additional public health challenges.[63]

Flaviviruses are among the leading causes of emerging and re-emerging infectious diseases, with
major impacts on global public health, as their spread is heavily influenced by vectors and
environmental factors. Tropical and subtropical areas are particularly vulnerable to mosquito-borne
flaviviruses such as dengue and Zika, which propagate rapidly due to factors like urbanization,
population density, globalization, and climate change. The expansion of urban areas provides ideal
breeding grounds for mosquitoes, while global travel and trade facilitate the movement of both
vectors and viruses, increasing the risk of outbreaks in new regions. Recently, even regions like
Europe and North America, which were previously considered low-risk for these viruses, have

reported outbreaks, illustrating the changing epidemiology of flavivirus infections.[64,65]

The history of flavivirus discovery is long and complex, beginning with the identification of yellow
fever virus in the late 19th century, which was the first virus ever described to infect humans.[66]
Other family members were identified in the 20th century, including Japanese encephalitis virus and
West Nile virus, during periods of significant public health interest. Advances in molecular biology
technologies, such as polymerase chain reaction (PCR) and next-generation sequencing, along with
global surveillance systems, have facilitated the identification of new flaviviruses and improved our

understanding of their transmission methods and pathogenic mechanisms.[67—69]
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Structure and genome organization

Flaviviruses are RNA viruses distinguished by their unique morphology, which is critical to their
ability to infect host cells.[70—72] The viral particle, or virion, typically has a spherical shape and
measures about 40-60 nm in diameter.[73] The flavivirus genome's structure and organization play a
crucial role in their biology and ability to cause disease. Measuring between 10 and 11 kb in length,
the genome is organized as a polyprotein, which is initially translated into a single polypeptide
chain. This chain is then cleaved into multiple structural proteins, such as the capsid (C),
premembrane (prM), and envelope (E) proteins (Figure 4), as well as non-structural proteins,

including NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5.[74,75]

Envelope protein (E)

+ Pre-Membrane protein (PrV)

» Capsid protein (C)

Fig. 4 - Structural proteins of Flavivruses

The viral capsid, primarily composed of the C and prM proteins, is responsible for encapsulating
and protecting the viral genome. The C protein is essential for the stability of the capsid, as it
associates with the viral RNA to form the nucleocapsid, a structure crucial for the stability and
integrity of the virus. Additionally, the C protein is localized not only in viral replication organelles
but also in the nucleolus and lipid bodies, suggesting a role in multiple cellular functions, including
the modulation of viral replication.[76—78] The prM protein, on the other hand, plays a crucial role
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in the assembly and maturation of the virus, associating with the E protein to form a complex that is
essential for proper virion formation. During the maturation process, prM is cleaved by the viral
protease, adopting a form that allows the virus to exit the host cell.[79] Furthermore, prM interacts
with various cellular factors, suggesting its involvement in modulating the host's immune

responses.[80]

The envelope protein (E) of flaviviruses plays a vital role in the virus’s infection and pathogenicity.
This protein is the main component of the virion surface and is crucial for host recognition, receptor
binding, and cellular entry.[81,82] The E protein is found as a dimer on the virion surface, and its
structure is highly conserved across different members of the Flaviviridae family, indicating its
evolutionary significance. The E protein’s three-dimensional structure features a "herringbone"
pattern, which helps stabilize the virion and facilitates interactions with cellular receptors.[83] A
notable characteristic of the E protein is its ability to undergo conformational changes in response to
pH shifts, a crucial step in membrane fusion during viral entry into the host cell. These changes are
driven by histidine residues that act as pH sensors, allowing the E protein to adapt to the changing
environment during the viral lifecycle.[84] Another key step in virion maturation is the cleavage of
the premembrane protein (prM) by furin, which impacts the functionality of the E protein and the
virus's ability to infect cells. Inefficient cleavage of prM can lead to the formation of structurally
diverse virions, which possess unique antigenic and functional properties.[85] Moreover, the E
protein is involved not only in viral entry but also in modulating the host immune response. Its
interactions with neutralizing antibodies are an area of active study, as understanding these
interactions could aid in developing vaccines and antiviral treatments.[82] The E protein is also a
target for the innate immune response, and its ability to evade this response is crucial for the virus's
survival within the host.[86,87] Recent research has shown that the E protein interacts with other
viral proteins and cellular factors, suggesting that its function goes beyond facilitating viral entry.

For instance, the E protein interacts with the NS2A protein, which is involved in virion assembly,
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emphasizing the importance of protein-protein interactions for the production of infectious viral
particles.[88] These interactions may affect the stability of the virion and its ability to infect host

cells, making the E protein a central player in flavivirus biology.

The non-structural proteins—such as NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5—play
important roles in RNA replication and in evading the host's immune defenses. Specifically, the
NS5 protein is the most conserved among flaviviruses and is integral to genome replication, while

the NS1 protein is key in modulating the immune response and contributing to pathogenesis.[89,90]

The 5' and 3' ends of the genome exhibit distinctive features. The 5' end contains a cap that aids in
translation and protects the genome from degradation, while the 3' end has a polyadenylated tail that
enhances RNA stability and translation. These regulatory sequences are crucial for the replication
and translation of the viral genetic material, facilitating efficient protein synthesis within the host.
Moreover, the presence of replication sequences and other regulatory elements within the genome
allows the virus to optimize its life cycle and respond quickly to environmental changes and

immune pressures.[91-93]

Life cycle

The replication cycle of flaviviruses consists of a series of intricate and well-coordinated steps:
attachment, penetration, replication, and release of viral particles. Understanding these steps is
crucial to grasp how these viruses successfully infect host cells and evade the immune responses of

the body.

The first step in the replication cycle is attachment. During this stage, flaviviruses bind to specific
receptors located on the surface of host cells. This interaction is primarily facilitated by the viral E
protein, which is essential for binding to cellular receptors. Flaviviruses recognize and attach to

receptors such as the platelet-derived growth factor receptor (PDGFR) and the DC-SIGN (dendritic
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cell-specific intercellular adhesion molecule-3-grabbing non-integrin) receptor.[94,95] These
receptors play a vital role not only in the initial attachment but also in the subsequent internalization
of the virion into the host cell, primarily mediated by endocytosis, a mechanism that enables the cell

to engulf extracellular materials into vesicles.[96]

Once the virus has attached to the receptor, the next phase is penetration. In this process, the virion
is taken up by the host cell through endocytosis. During this stage, the cell membrane wraps around
the virion, creating an endocytic vesicle that transports the virion into the cell. Inside the vesicle,
changes in pH trigger a conformational alteration in the E protein, enabling the viral envelope to
merge with the vesicle membrane.[97] This fusion is critical for the release of the viral genome and

proteins into the cytoplasm of the host cell.[98]

Once released into the cytoplasm, the single-stranded viral RNA genome initiates the replication
phase, serving both as mRNA for protein synthesis and as a template for its own replication.[99]
Translation of the genome produces a long polypeptide, which is cleaved by viral proteases into
structural and non-structural proteins. RNA replication occurs within replication complexes located
on the membranes of the endoplasmic reticulum, where the viral genome is duplicated. During this
stage, viral non-structural proteins (NS), such as NS2A and NS5, play essential roles as enzymes in
genome replication and contribute to the assembly of viral particles.[100,101] Specifically, NS5 is
crucial for RNA replication and modulating the host immune response, making it a promising target
for antiviral therapy development.[102] This highly efficient process enables the virus to produce

numerous copies of its genome and to assemble viral particles within a short timeframe.

The assembly of viral particles occurs in the lumen of the endoplasmic reticulum (ER), where
structural proteins like prM and E encapsulate the nucleocapsid.[103] This process is tightly
regulated and relies on interactions with cellular components, including factors from the secretory
pathway. Immature particles then undergo maturation in the Golgi, where the furin enzyme cleaves

the prM protein, a critical step for producing infectious virions, as the maturation of the E protein is
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necessary for viral infectivity.[104] The mature virions are subsequently transported through the
Golgi and released via exocytosis into the extracellular environment. Proteins such as ESCRT
(Endosomal Sorting Complex Required for Transport) may facilitate membrane scission during this
release. This stage is closely linked to the morphology of the ER and its interaction with the Golgi,
highlighting the manipulation of cellular trafficking pathways as a key aspect of flavivirus
pathogenesis.[105] During the release phase, the structural proteins and viral genome assemble to
form virions, which acquire a lipid envelope through budding as they exit the host cell, enabling the

infection of new cells and the continuation of the viral replication cycle.[97,106]

Associated Symptoms and Diseases

Flaviviruses are responsible for a variety of infectious diseases that differ significantly in severity
and clinical manifestations. Among the most well-known flaviviruses are dengue virus (DENV),
Zika virus (ZIKV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and yellow fever
virus (YFV). These viruses are primarily transmitted by arthropods, such as mosquitoes and ticks,
and their infections can present with a range of symptoms, from asymptomatic cases to severe and

potentially fatal illnesses.[107—109]

Dengue virus, for instance, is responsible for dengue, a disease that can present in various forms.
The most common form is dengue fever (DF), characterized by high fever, muscle and joint pain,
rash, and, in some cases, bleeding. However, in certain patients, the disease can progress to severe
forms like dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS), both of which can
lead to circulatory shock and death.[110—-112] The severity of the disease is influenced by several
factors, including the virus serotype and the host's immune response. Reinfection with a different
serotype can increase the risk of developing severe disease due to a phenomenon known as

antibody-dependent enhancement.[113,114]
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Initially considered relatively mild, Zika virus gained global attention due to its association with
serious neurological complications, such as Guillain-Barré syndrome and congenital malformations
like microcephaly in babies born to mothers infected during pregnancy.[115,116] ZIKV infection
symptoms can include fever, rash, conjunctivitis, and joint pain, though many cases are

asymptomatic, making epidemiological surveillance challenging.[117,118]

Japanese encephalitis virus is another clinically significant flavivirus, responsible for severe
encephalitis in certain parts of Asia. The disease can present with severe neurological symptoms,
including high fever, neck stiffness, confusion, and coma. The mortality rate associated with
Japanese encephalitis is high, and survivors may experience permanent neurological

disabilities.[119,120]

West Nile virus, endemic in many parts of the world, can cause a flu-like illness, but in some cases,
it can progress to severe forms like encephalitis and meningitis. Symptoms can include fever,
headache, muscle pain, and, in more severe cases, neurological signs such as confusion and

paralysis.[121,122]

Finally, yellow fever virus, transmitted by infected mosquitoes, can cause an acute illness with
fever, chills, headache, and muscle aches. In some cases, the disease can progress to a severe

hemorrhagic form with a high mortality rate.[123,124]

Currently Available Therapies

The treatment of infections caused by flaviviruses poses significant challenges, primarily due to
their viral nature, which limits available therapeutic options. Currently, most treatments are
symptomatic, aimed at alleviating symptoms and improving patient comfort rather than eradicating
the infection itself. For instance, in cases of dengue fever, treatment focuses on managing fever and

pain through the use of analgesics and antipyretics, while it is crucial to avoid medications like
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aspirin and non-steroidal anti-inflammatory drugs (NSAIDs), which can increase the risk of
bleeding.[125] For other infections, such as Zika virus, no specific antiviral treatments exist, and
care is limited to supportive measures to address symptoms like fever and rashes.[126] Moreover,
the emergence of Zika virus as a public health concern has underscored the importance of
understanding the disease's implications, particularly in pregnant women, where infection can lead
to severe congenital abnormalities such as microcephaly.[127] This has led to increased scrutiny of
Zika virus infections and the necessity for effective public health responses, including education on

symptom management and the avoidance of mosquito bites. [128]

In recent years, there has been a growing interest in researching specific antivirals for flaviviruses.
Studies have been conducted on various compounds showing antiviral activity against dengue, Zika
virus, and other flaviviruses. These investigations aim to identify drugs that can interfere with the
viral replication cycle or modulate the host's immune response.[129—131] However, the path to
approval of new antivirals is complex and requires extensive clinical studies to evaluate the

effectiveness and safety of these drugs.[132]

Preventing flavivirus-related diseases is a public health priority and primarily relies on vaccination
and vector control measures. Currently, effective vaccines are available against certain flaviviruses,
such as the yellow fever vaccine, which is highly effective and recommended for individuals
traveling to endemic areas. The yellow fever vaccine is a live attenuated vaccine that provides long-
lasting protection after a single dose, helping to control the disease's spread in many tropical

regions.[133,134]

Regarding dengue fever, vaccines have been developed that have shown promising results in
clinical trials. The Dengvaxia vaccine, for example, has been approved in some countries for use in
individuals who have already had a dengue infection, as its use in naive individuals could pose risks
of severe complications in the event of subsequent infections.[135,136] The challenge in developing

vaccines against other flaviviruses, such as Zika virus and Japanese encephalitis virus, lies in the

20



need for a durable immune response and the prevention of adverse reactions.[137,138] Furthermore,
the genetic heterogeneity among various viral strains complicates the creation of a universal

vaccine.
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MOLECULAR RECOGNITION

Molecular recognition is the process by which two or more molecules specifically bind to one
another.[139] This phenomenon is crucial in biological systems as it governs essential interactions
between proteins, nucleic acids, and sugars that participate in vital biological reactions. The ability
of molecules to recognize each other was initially described by the "lock-and-key" model proposed
by Emil Fischer in 1894, which suggested that only geometrically complementary shapes could
perfectly fit together.[140] Later, in 1958, Daniel Koshland developed the induced fit model,
emphasizing that enzymes have flexibility, allowing the active site to reshape during interactions

with substrates.[140]

Over time, this concept was used to explain molecular self-assembly, laying the foundation for
supramolecular chemistry, a branch of chemistry that studies the formation of unique structural
complexes through non-covalent and reversible interactions, such as the host-guest (HQG)
interaction. In this type of chemistry, host and guest molecules bind through interactions like n-n
stacking, electrostatic interactions, and hydrogen bonds.[141] The effectiveness of these interactions
depends on the complementarity between binding sites, the pre-organization of the host's
conformation, and the cooperativity of binding units. HG chemistry has been widely used to

develop synthetic receptors capable of recognizing specific guest molecules.[142,143]

Since the late 1960s, supramolecular chemistry has given rise to compounds such as crown ethers,
cryptands, and cyclodextrins, primarily used for binding metal cations. Crown ethers, discovered by
Charles Pederson in 1967, are cyclic compounds consisting of ethylene bridges separated by oxygen

atoms, while cryptands, introduced by Jean-Marie Lehn in 1969, represent a three-dimensional
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version of these rings. Another important example is cyclodextrins, cyclic oligosaccharides that

form hydrophobic cavities capable of hosting molecules.[144,145]

The development of this discipline has led to fundamental discoveries, recognized with the Nobel
Prize in Chemistry in 1987, awarded to Cram, Lehn, and Pederson for the development of
molecules with highly selective interactions. In recent decades, supramolecular chemistry has
contributed to various fields such as sensors, nanotechnology, medicine, and molecular machines,
with recent research recognized in 2016 with another Nobel Prize awarded to Sauvage, Stoddart,

and Feringa for their work on molecular machines.[146,147]

Molecularly Imprinted Polymers

Molecular recognition is fundamental in many biological processes, enabling organisms to interact
with their environment through specialized receptors. Natural receptors, such as antibodies, are
capable of recognizing and binding to a diverse range of both endogenous and foreign molecules,
facilitating various biological functions from immune response to cellular signaling.[148] However,
while these biological entities exhibit high specificity and sensitivity, they often come with
significant limitations, including varying stability under different environmental conditions and
complex production processes.[149-152] To address these challenges, the field of synthetic
chemistry has evolved to develop molecularly imprinted polymers (MIPs), which offer a promising

alternative for creating robust materials capable of selective molecular recognition.[153—155]

The concept of molecular imprinting can be traced back to the early 20th century, with foundational
contributions from researchers who laid the groundwork for understanding how specific interactions
can be mimicked in synthetic systems. The pioneering work of Polyakov in 1931 marked a
significant milestone in this field. He investigated the polymerization of silica and observed that the

incorporation of various solvents during this process affected the adsorption properties of the
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resulting silica gel. This early observation highlighted the potential of using template molecules to
influence the structure and properties of synthetic materials. Polyakov's findings suggested that the
presence of a template molecule could create specific binding sites within a polymer matrix, leading

to selective recognition capabilities.[156]

Building upon this foundation, Dickey advanced the concept of molecular imprinting in 1949 by
developing silica-based adsorbents with specific affinities for organic dyes. His work involved
synthesizing silica in the presence of template dye molecules, which would later be removed to
leave behind recognition sites shaped like the original dyes. Dickey’s experiments demonstrated
that these imprinted silica materials exhibited a pronounced selectivity towards the corresponding
dye molecules, akin to the selective binding observed in natural antibody-antigen interactions. This
seminal study illustrated the viability of synthetic methods for creating materials with tailored

recognition properties.[157]

The historical progression of molecular imprinting continued with further explorations into the
mechanisms of recognition. In the 1940s, Linus Pauling proposed theories of antibody diversity,
emphasizing the role of specific three-dimensional configurations of antibodies in their interactions
with antigens. Pauling's insights provided a theoretical framework for understanding how synthetic
polymers could mimic these complex biological processes. The idea of utilizing template molecules
to construct binding sites that closely resemble the original target became a focal point for

researchers in the subsequent decades.[158]

In the 1970s, the field of molecular imprinting saw significant advancements with the introduction
of covalent and non-covalent approaches. Wulff and Sarhan were among the first to demonstrate the
potential of covalent imprinting, where functional monomers formed covalent bonds with the
template. This method aimed to create a more homogeneous population of binding sites within the

polymer matrix, thereby enhancing affinity and binding capacity. However, despite its advantages,
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the covalent approach was limited by the restricted range of functional groups that could participate

in reversible covalent bonding.[159]

Conversely, the introduction of non-covalent imprinting by Mosbach in the 1980s broadened the
scope of molecular imprinting techniques. This approach allowed for the formation of pre-
polymerization complexes between the template and functional monomers through non-covalent
interactions, such as hydrogen bonds and electrostatic forces. The flexibility inherent in non-
covalent methods opened new avenues for utilizing a wider variety of functional groups and
templates, including larger biomolecules like proteins and even whole cells. This expanded the
potential applications of MIPs significantly, leading to their adoption in various fields such as

diagnostics, drug delivery, and environmental sensing.[160—162]

Despite the promising advancements, the field of molecular imprinting faced challenges related to
the stability and reproducibility of silica-based imprints. Researchers recognized that silica particles
could lose their "memory" of the template over time, leading to decreased selectivity and binding
efficiency.[163] This limitation sparked interest in developing more stable and reproducible
materials using organic polymers. The quest for improved stability led to innovations in the

synthesis of MIPs, ultimately culminating in the development of more reliable synthetic methods.

Recent advancements in molecular imprinting technologies have continued to refine the process of
creating MIPs. Controlled free radical polymerization techniques, such as atom-transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT), have been
employed to enhance the precision and control over the synthesis of MIPs. These techniques
facilitate the production of well-defined polymer networks with specific binding sites that can

exhibit high selectivity and affinity for target molecules.[164,165]
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Synthesis

The synthesis of molecularly imprinted polymers (MIPs) represents a highly developed technique
for creating materials with recognition sites specific to a particular target molecule, called the
"template".[166] The MIPs (Molecularly Imprinted Polymers) synthesis process can be divided into
three main phases, as shown in Figure 5. The first phase is the pre-polymerization, in which the
template molecule interacts with the functional monomers, forming a complex. During this phase,
the monomers selectively bind to the template's structure, setting up the ideal conditions for the
formation of the final polymer. The second phase is polymerization, where the monomers
polymerize in the presence of the template and a cross-linking agent. This process results in the
formation of a three-dimensional polymer network that retains the template's structural memory.
Finally, in the third phase, the template is removed. This step is crucial as it allows for the creation
of a polymer with specific cavities capable of selectively recognizing and binding the template or
similar molecules.
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Fig. 5 - Molecular imprinting mechanism

The main methods for synthesizing MIPs can be divided into two approaches: covalent and non-
covalent, each with distinct advantages and disadvantages in terms of interactions between the

functional monomer and the template.

Covalent Approach

The covalent approach was developed in the early 1970s by Wulff and Klotz and is based on the

formation of reversible covalent bonds between the template and the polymer's functional
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monomers.[159] This strategy involves the formation of strong and stable complexes involving the
template and the surrounding polymer through covalent bonds, such as carboxylic or boronic acid
esters, boronate esters, ketals, and Schiff bases (imines). After polymerization, these covalent bonds
must be cleaved through acid hydrolysis to remove the template and free the recognition sites
within the polymer. Subsequently, the polymer can be regenerated through the reformation of these
covalent bonds during the rebinding phase.[167] A variation of this method involves metal
complexation, where the template and matrix form a metal complex, similar to immobilized metal
affinity chromatography (IMAC) techniques, which are particularly useful for adsorbing proteins

containing histidines located on their surface.[168]

One of the main advantages of the covalent approach lies in the robustness of covalent bonds,
ensuring a uniform distribution of recognition sites in the polymer and reducing non-specific
interactions. However, this approach has some limitations, such as the difficulty in achieving proper
thermodynamic equilibrium and the consequently limited ability to recognize only a few types of

target molecules, such as alcohols, aldehydes, ketones, amines, and carboxylic acids.[153,169]

Non-covalent Approach

The non-covalent approach is based on weak interactions between the template and the functional
monomers, such as hydrogen bonds, ionic interactions, Van der Waals forces, and dipole-dipole
interactions.[170] This strategy, primarily developed in the 1990s, allows for a wide range of
potential interactions and considerable versatility in the use of functional monomers. In this case,
interactions between the template and the monomer spontaneously form before polymerization and
are sterically fixed within the polymer during the cross-linking process. After the template is
removed by washing, the polymer presents a macroporous matrix with specific recognition sites that

can rebind the template or similar molecules.[171,172]
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The non-covalent approach is widely used for its simplicity and its ability to create polymers
capable of recognizing a broad range of target molecules. However, the weakness of non-covalent
interactions requires the use of an excess of functional monomers to promote the formation of the

pre-polymerization complex, which can lead to the creation of non-selective binding sites.[153]

An evolution of these techniques is the semi-covalent approach, introduced by Whitcombe, where
the pre-polymerization phase involves covalent bonds, but recognition occurs through non-covalent
interactions. This method allows combining the high affinity of covalent pre-polymerization with

the binding speed typical of non-covalent interactions.[173]

Polymerization Techniques

Various polymerization methods have been employed for the synthesis of Molecularly Imprinted
Polymers (MIPs) (Table 1). The most traditional technique is free radical polymerization, which
requires heat or light to initiate the process.[174] Several monomers are suitable for this method;
however, it often results in the formation of highly branched, atactic MIPs with low binding
specificity and selectivity.[175] This is due to the inability to control the propagation and
termination phases, leading to a high polydispersity index.[174] For this reason, controlled radical
polymerization has become favored over free radical polymerization[176], as it is a more versatile
set of reversible deactivation radical polymerization techniques (such as atom transfer radical
polymerization[177], reversible addition-fragmentation chain transfer[178], nitroxide-mediated
polymerization[179], and iniferter-mediated polymerization[180]) that allow for better control over
molecular weight distribution and stereochemistry, though they do not control the size of the
synthesized nanoparticles. Today, the most commonly used techniques for nanogel synthesis include
precipitation polymerization, emulsion polymerization, and core-shell polymerization followed by

grafting.[181-184]
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Technique

Mechanism

Advantages

Disadvantages

Free radical

polymerization[174]

Free radical
polymerization triggered

by heat or light

Ease; wide choice of

monomers

Low binding specificity

and selectivity

Controlled radical

polymerization[176-179]

Deactivation radical

polymerization

Control of molecular
weight distribution and

stereochemistry

Lack of control of the
nanoparticles size; high
vulnerability to impurities
and moisture; limited
range of suitable

monomers

Precipitation

polymerization[185]

The formation of polymer
chains from monomers and
oligomers continues until
their size makes them

precipitate

Uniform nanoparticles in a
single-step reaction; need
of a low amount of

reagents required

Long time required; need
of a high amount of

template and solvent

Emulsion polymerization

[186]

Polymerization in
emulsions in the presence

of a surfactant

High yield; suitability to

protein imprinting

Required purification; use

of a stabilizer

Core-shell grafting +

polymerization[187-194]

Polymerization occurs
around preformed

nanoparticles

Control on MIPs size

Not effective for bulky

templates

Solid-phase

synthesis[195,196]

Polymerization follows the
immobilization of the
template molecule on glass

beads

Very high affinity;
homogeneous distribution
of the recognition sites;

recycle of the template

Low yield; not effective
for thermosensitive and

bulky templates

High dilution

polymerization[197,198]

The monomer is dissolved
in a high amount of
solvent to avoid
precipitation during the

process

MIPs size is equal to a few

nm

High amount of solvent

Table 1. Techniques for the synthesis of MIPs.
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Precipitation Polymerization

Precipitation polymerization was first reported by Ye et al. in 1999.[185] This simple method
allows for the synthesis of uniform and spherical MIP nanoparticles in a one-step reaction. The
process involves an excess of solvent in which the monomers, initiator, and template are soluble,
while the polymer that forms is not. Polymer chains continue to form from the monomers and
oligomers until their size causes them to precipitate.[181,199] The obtained MIPs are then collected
through washing and centrifugation.[200] Key parameters to adjust include solvent polarity,
temperature, and stirring speed. The advantages of this technique include the absence of stabilizer
molecules, while the disadvantages include the need for a large amount of template and relatively

long reaction times.[181,201]

Emulsion Polymerization

Another important method for producing nanogels is emulsion polymerization (Figure 6), which
enables the synthesis of monodisperse MIP nanoparticles[186] with surface-exposed binding
sites.[202] The polymerization process usually takes place in oil-in-water emulsions (less frequently
in water-in-oil emulsions) in the presence of a surfactant.[203] This technique can be performed in
mini- and micro-emulsion forms, yielding nanoparticles with diameters ranging from 30-500 nm
for mini-emulsions to 5—50 nm for micro-emulsions.[154] A co-surfactant stabilizes the monomers,
followed by homogenization through sonication or stirring.[204] The difference between mini- and
micro-emulsion polymerization is that the latter requires a higher surfactant concentration to obtain
smaller particles. An advantage of emulsion polymerization is its high yield and suitability for
protein imprinting [186]; however, the polymers often require purification, especially to remove the

surfactant, which can be time-consuming.[154]
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Core-Shell Grafting Polymerization

Moreover, another technique for producing core-shell MIP nanoparticles is core-shell grafting
followed by polymerization.[154] Preformed particles, such as organic polymers, silica,
superparamagnetic iron oxides, quantum dots, upconversion nanophosphors, carbon dots, and
gold/silver particles, are used as the core, while MIPs form the shell of the nanoparticles.[187-193]

This technique allows for precise control over the MIP size.[194]

Solid-Phase Synthesis

A more recent approach in nanogel synthesis is solid-phase synthesis (Figure 7), which involves
polymerization after immobilizing the template molecule on glass beads activated with NaOH to
expose -OH groups for silanization.[195] Afterward, the nanogels must be purified. Solid-phase
synthesis allows for the creation of MIPs with high affinity and a homogeneous distribution of
recognition sites, as well as the recycling of the template and eliminating the need for a washing
phase to remove the template from the polymer[154,202]. However, the drawbacks include low
yield and limited effectiveness for templates with large structures.[202] Additionally, the
detachment of MIPs is done by applying heat, which makes it impossible to increase reaction yield
by performing multiple syntheses on the same solid phase using thermosensitive templates like

proteins.[196]

Other Polymerization Techniques

High dilution polymerization is a method where the monomer is dissolved in a large amount of
solvent to avoid precipitation during the process.[197] This technique allows for the synthesis of
MIPs with very small sizes, similar to natural antibodies.[198] Surface-imprinted materials have

recognition sites located on the polymer surface and show enhanced selectivity and sensitivity,
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improving recognition effectiveness.[169,205] They are produced by localizing the template on the
polymer surface, and the most commonly used techniques are solid-phase synthesis and emulsion
polymerization.[206—-208] A specific strategy employed when the template is a difficult-to-obtain or
large molecule is fragment imprinting, also known as segment imprinting, which uses a portion of

the target molecule as a pseudo-template to create MIPs.[209]

Applications of MIPs as Antibodies

Initially, molecularly imprinted polymers (MIPs) were primarily focused on separation tasks rather
than recognition due to the inherent interactions between the templates and the polymer or
functional monomers. However, advancements in imprinting techniques have expanded the
applications of MIPs to various fields, including sensing, bioimaging, and drug delivery. For
instance, Shinde et al. successfully synthesized core-shell SA-MIPs that can recognize glycan
motifs on cancer cells, utilizing the fluorescent reporter nitrobenzoxadiazole (NBD) within the
polymer shell for effective imaging of SA on tumor cells.[187] Similarly, Canfarotta et al.
developed a MIP capable of selectively delivering the cytotoxic drug doxorubicin to tumor cells that

overexpress the epidermal growth factor receptor.[210]

The first therapeutic MIP was created in 2010, designed to bind and neutralize the bee venom toxin
melittin in mouse blood, significantly reducing mortality rates.[211] The primary focus of MIPs has
been in cancer pharmacology, where a critical requirement is the extended retention time of drugs
within tumor tissues.[212] One strategy to achieve this involves targeting cadherins, proteins that
facilitate cell-cell adhesion, as their wuncontrolled expression can promote cancer
proliferation.[202,213] In this context, researchers utilized an oligopeptide fragment of cadherin as
a template. Thermo-responsive MIPs were synthesized through solid-phase polymerization of

various acrylamides in the presence of a crosslinking agent and an immobilized oligopeptide. The
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results demonstrated that these MIPs effectively reduced tumor cell proliferation more than

traditional monoclonal antibodies.[214]

Another cancer therapy approach involves inhibiting the HER2 pathway, which is overexpressed in
breast cancer and interacts with proteins like HER3 to promote tumor growth.[215] While this
interaction has been previously targeted with monoclonal antibodies, MIPs created using boronate
affinity-oriented surface imprinting polymerization and conjugated with silica nanoparticles
containing fluorescein isothiocyanate have shown greater effectiveness in reducing cancer tissue in

female mice.[216]

Moreover, MIPs hold promise for treating infectious diseases by recognizing and blocking
components of pathogens such as bacteria, viruses, fungi, and protists involved in infection
processes. For example, Parisi et al. employed non-covalent imprinting to develop a MIP that could
recognize and bind to the receptor-binding domain of the spike protein of SARS-CoV-2, which is
crucial for the virus's attachment to host cells. The resulting imprinted nanoparticles significantly

inhibited virus replication in Vero cell cultures.[217,218]
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SUMMARY OF THE PAPERS

The aim of this thesis is to explore the development of synthetic receptors using Molecular
Imprinting Technology, with a particular focus on Molecularly Imprinted Polymers (MIPs) as robust
alternatives to traditional antibody-based systems. The research spans three papers, each
contributing to a deeper understanding of MIP technology and its potential applications in

diagnostics and therapeutics.

Paper I, currently under review in a peer-reviewed journal, serves as a foundational study for
understanding MIPs. It focuses on the use of nanogels to enhance molecular recognition properties
and functionality. This study also includes significant advancements in the production and
characterization of nanogels, offering crucial insights that inform the methodologies and approaches

used in subsequent research.

Paper II, published in a peer-reviewed journal, showcases the successful application of MIPs for
targeting the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein. The study achieves
promising results in inhibiting viral entry, demonstrating the potential of MIPs as a therapeutic tool

against the Omicron variant of SARS-CoV-2.

Building on the advancements in viral inhibition seen in Paper II, Paper III, currently in
manuscript form, extends the application of MIPs to the Zika virus. It explores the use of
polysaccharide-based MIP nanoparticles for the selective recognition of the Zika virus envelope
protein (ZIKV-E). This study represents a novel approach to combating mosquito-borne pathogens,

with significant implications for public health.
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Paper I

Development and Benchmarking of Molecularly Imprinted Polymers for Human Chorionic

Gonadotropin (hCG) Detection

The first study focuses on the development of MIP nanogels for the detection of human Chorionic
Gonadotropin (hCG), a hormone that is the primary biomarker for pregnancy. Traditional pregnancy
tests rely on lateral flow assays (LFAs), which use antibodies to bind to hCG and produce a colour
change. However, LFAs suffer from several limitations, including the need for antibody production,
poor stability, sensitivity issues under adverse storage conditions, and the fact that they are typically
designed for single use. To address these drawbacks, this research investigates the use of MIPs as

synthetic receptors for hCG, providing an alternative that is both reusable and more cost-effective.

MIP nanogels were designed to target two specific epitopes of hCG, namely the SV and PQ
epitopes, using a novel approach of magnetic template-assisted imprinting. This technique allows
for high-yielding, dispersed-phase imprinting, which ensures a uniform and reproducible
distribution of imprinted sites within the nanogel matrix. Molecular dynamics simulations were
employed to study the conformational overlap between the templates and the native hCG protein,

supporting the suitability of the chosen epitopes for generating recognition sites.

The resulting MIP nanogels demonstrated exceptional binding affinity for hCG, with nanomolar
dissociation constants revealed through Quartz Crystal Microbalance (QCM)-based binding tests
and kinetic interaction analysis using Surface Plasmon Resonance (SPR). These nanogels exhibited
a sensitive response to hCG concentrations within the physiologically relevant range of 6.30 to 200
mlU/mL, which is typical for home-based pregnancy testing. Importantly, the MIPs showed
minimal interference from luteinizing hormone (LH), which can cause false positives in traditional

tests. When benchmarked against commercial hCG enzyme-linked immunosorbent assays (ELISA),
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the MIP-based assays demonstrated comparable or even superior performance in terms of

sensitivity and specificity.

Paper 11

Molecularly imprinted polymers (MIPs) for SARS-CoV-2 omicron variant inhibition: An alternative

approach to address the challenge of emerging zoonoses

The second study builds upon the concept of MIPs by exploring their application in the context of
the COVID-19 pandemic. The SARS-CoV-2 virus, which causes COVID-19, uses its spike
protein’s receptor-binding domain (RBD) to bind to the human ACE2 receptor, facilitating viral
entry into host cells. This interaction is a critical target for therapeutic interventions, and the
development of MIPs that can block this binding offers an exciting alternative to traditional

antibody-based treatments.

The study focuses on the Omicron variant of SARS-CoV-2, which has become the dominant strain
due to its increased transmissibility and ability to evade immunity. MIPs were synthesized to target
the RBD of the Omicron spike protein using inverse microemulsion polymerization. This approach
allowed for precise control over the size, morphology, and surface charge of the MIPs, addressing

the issues of stability and dispersion that were present in earlier research.

After synthesis, the MIPs were thoroughly characterized to assess their recognition properties and
ability to inhibit the interaction between the SARS-CoV-2 RBD and the ACE2 receptor. The study
used QCM-D for rebinding studies, which demonstrated that the MIPs exhibited strong binding
affinity for the RBD, with a concentration-dependent reduction in the RBD’s ability to bind ACE2.
Notably, the MIPs did not exhibit any cytotoxic effects in vitro, suggesting that they are safe for use

in therapeutic applications.

Paper I11

Biopolymeric Nanoparticles as MIPs for Zika Virus Recognition
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The third study expands the application of MIPs to the detection of the Zika virus, a mosquito-borne
pathogen that poses significant risks to public health, particularly in pregnant women, as it can lead
to severe birth defects. The study introduces a novel approach by developing MIP nanoparticles
based on polysaccharides, specifically sodium alginate and chitosan, which are biocompatible and
biodegradable materials. These nanoparticles were designed to target the Zika virus envelope

protein (ZIKV-E), a key antigen involved in viral entry into host cells.

To optimize the MIP synthesis process, controlled depolymerization with hydrogen peroxide was
used to adjust the molecular weight of the base materials, enhancing their solubility and stability.
This step was crucial in ensuring that the resulting nanoparticles exhibited optimal size, uniform
distribution, and reproducibility. The MIPs were then characterized in terms of their physical
properties, and QCM-D was used to determine their binding affinity and specificity for ZIKV-E.
The MIP nanoparticles demonstrated superior binding capacity compared to non-imprinted

polymers (NIPs), highlighting their potential for use in specific and sensitive detection assays.

In vitro evaluations further confirmed the excellent biocompatibility of the MIPs, with no evidence
of cytotoxicity or sensitizing effects in cell viability assays and the human Cell Line Activation Test
(h-CLAT). This makes them highly suitable for biomedical applications, particularly in therapeutic

treatments, where safety and non-toxicity are critical.
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ABSTRACT

Diagnostic pregnancy tests are the most widely used immunoassays for home-based use. These tests
employ the well-established lateral flow assay (LFA) technique, reminiscent of affinity

chromatography relying on the dual action of two orthogonal anti-hCG antibodies. Immunoassays
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suffer from several drawbacks, including challenges in antibody manufacturing, suboptimal
accuracy and sensitivity to adverse storing conditions. Additionally, LFAs are typically designed for
single use, as the LFA technique is nonreusable. An alternative to overcome these drawbacks is to
leverage molecularly imprinted polymer (MIP) technology to generate polymer-based hCG-
receptors and subsequently nonbioreceptor based tests. Here, we report the development of MIP
nanogels for hCG detection, exploiting epitopes and magnetic templates for high-yielding dispersed
phase imprinting. The resulting nanogels were designed for orthogonal targeting of two
immunogenic epitopes (SV and PQ) and were thoroughly characterized with respect to physical
properties, binding affinity, specificity, and sensitivity. Molecular dynamics simulations indicated a
pronounced conformational overlap between the templates and the epitopes in the native protein,
supporting their suitability for templating cavities for hCG recognition. Quartz crystal microbalance
(QCM) -based binding tests and kinetic interaction analysis by via surface plasmon resonance
(SPR) revealed nanomolar dissociation constants for the MIP nanogels and their corresponding
template peptides. The optimized nanogels were benchmarked against hCG capture antibodies using
a commercial hCG ELISA. The assays exhibited a sensitive response to physiologically relevant
hCG concentrations between 6.30 and 200-mIU mL™! with minimal interference from constant
levels of luteinizing hormone (LH). This offers a new tool for future sustainable home-based and

point of care testing using MIP nanogels as synthetic antibodies.
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INTRODUCTION

Human chorionic gonadotropin (hCG) is a 36 kDa glycoprotein hormone produced by the placenta
during early pregnancy. This protein is composed of an a and B chain forming a heterodimer, with
variable glycosylation levels comprising up to ca 30% of its total molecular weight. hCG plays a
pivotal role during early pregnancy by promoting the thickening of the uterine lining to support the
nourishment of a growing embryo. Consequently, hCG becomes detectable shortly after
fertilization.[1,2] Most pregnancy tests available on the market today demonstrate a detection
accuracy of 99% when used on the day of a missed period or 14 days post-ovulation correlating
with hCG levels of about 50 mIU/mL.[3] However, these levels can vary significantly among
individuals. Given the frequency with which women use pregnancy tests throughout their
reproductive years, they represent today one of the most commonly utilized immunoassays.[4] In
other medical contexts, hCG plays a vital therapeutic role for in vitro fertilization and is a
significant tumor marker across various cancers, including testicular, ovarian, and trophoblastic
tumors.[5] Quantitative and specific hCG tests are thus indispensable for both pregnancy and
disease management purposes. The development of corresponding tests is associated with different
requirements in terms of sensitivity ranges and the need for detecting various modified forms of
hCG.[6] All hCG tests are antibody-based immunoassays designed to distinguish hCGfrom closely
related hormones such as luteinizing hormone (LH), follicle-stimulating hormone (FSH), and
thyroid-stimulating hormone (TSH). While these hormones share identical a-chains with hCG, their
distinct B-chains confer unique biological activities despite significant sequence homology with
hCG (e.g., LH shares ~80% sequence identity). Accurate hCG tests depend on access to specific
antibodies displaying no or minimal cross-reactivity with the other hormones.[7] Developing such
antibodies, in turn, depends on a comprehensive structural mapping of all isoforms to identify

proteotypic and solvent-accessible epitopes. This is further complicated by the wide range of hCG
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variants differing in glycosylation state and fragment size.[8] In addition, antibody-based assays
suffer from inherent challenges such as complicated manufacturing, suboptimal accuracy,
sensitivity to adverse storing conditions, and restriction to single use. This has led to an emerging
need for robust and readily available recognition elements as sustainable alternative antibodies.[9-

1]

In recent years, molecularly imprinted polymers (MIPs) have emerged as promising robust
synthetic antibodies for detecting fluid biomarkers.[12-15] These are prepared in the presence of a
template that, post-removal, leaves behind binding sites with template-complementary shapes and
functionalities. MIPs are robust and stable, negating the need for costly, temperature-controlled
supply chains. Meanwhile, they exhibit molecular recognition properties comparable with
antibodies, are inexpensive to produce, and are made using animal-free methods. Moreover,
unaffected by harsh cleaning conditions, MIPs are reusable, potentially paving the way for more
sustainable diagnostic tools.[16, 17] MIPs adapted for diagnostic applications are preferably
nanoparticles or nanogels produced by precipitation, emulsion, or graft polymerization,[13, 14, 18]
and thin-film materials[19] that exhibit homogenous binding sites due to the spatial restrictions
imposed by the limited film thickness or nanoparticle radius. Following a quasi-generic protocol,
polyacrylamide-gel-based nanogels can now be manufactured to target well-established
antigens.[20-22] Like antibodies, these binders can bind biological targets ranging from small to
large molecules and have been implemented in sensor and assay formats. This notable progress
stems from recent advances in polymer, colloid, and host-guest chemistry, particularly through the
application of epitope imprinting[22-26] combined with solid-phase[27, 28] or dispersed phase
synthesis using magnetic template carriers[29, 30][31]. In the latter methods, the template is
strategically immobilized in a site-directed orientation on non-porous glass beads or magnetic
nanoparticles, respectively. Subsequently, high dilution polymerization of appropriate water-soluble

monomers occurs, resulting in polymers partially adhering to the surface of the template carriers.
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The magnetic templating method (Fig. 1) is preferred for high-yielding synthesis of epitope

imprinted nanoparticles targeting hCG.

Functional monomers
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Fig. 1. Monomers used to synthesize nanogels for hCG recognition and principle of hCGepitope imprinting exploiting dispersions of

magnetized templates to produce imprinted nanogels.

Similar to antibody-antigen interactions, the epitope refers to a short, solvent-exposed peptide
sequence (8-20 amino acids), acting as an antigenic determinant, thus constituting the specific site
on the protein surface interacting with the MIP. Preferred epitopes are linear solvent-exposed C- or
N-terminal sequences or internal conformationally defined loop structures. Moreover, the epitopes
should be free from interfering post-translational modifications and generate adequate affinity and
specificity for the target hormone, in this case, allowing detection of hCG levels in the range 10 pM
— 1.0 uM and absence of crossreactivity with luteinizing hormone (LH). Most hCG-reactive
antibodies bind to assembled discontinuous epitopes and rarely to linear continuous sequences.[8,
32] Two exceptions are the C-terminal peptide (BCTP) of the B-chain, aa 135-145 (PGPSDTPILPQ
= PQ), and the B-chain loop structure sequence aa 66-80 (SIRLPGCPRGVNPVV = SV) (Fig. 2A).
BCTP is a flexible terminal sequence lacking a defined secondary structure. Hence, its
immunogenicity is limited, constraining the production of high-affinity antibodies. Given that BCTP
is lacking in LH, monoclonal antibodies against this sequence show high selectivity to hCG versus
LH and have found use in various commercial sandwich immunoassays.[33] Interestingly,

glycosylation of this sequence at Ser138 did not seem to influence affinity for this epitope. [34] On
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the other hand, the B-chain loop structure sequence aa 66-80 is a highly conserved motif present in
all hCG variants that has been proposed as an ideal epitope for developing a universal, single
epitope hCG assay. Indeed, monoclonal antibodies recognizing this sequence show an exceptionally
high target selectivity with only minor cross-reactivity with the homologous LH fragment (aa 86-
100) that features an identical sequence except for Asn77, which in LH corresponds to Asp. This

reflects the high performance of the corresponding monoclonal antibodies.[35]

In this report, we used these two immunogenic sequences (SV and PQ) as templates for preparing
high-affinity polymer-based receptors for hCG. Molecular dynamics simulations confirmed that the
templates retain their mimotopic conformations within a prepolymerization mixture environment,
thus being suitable for imprinting cavities capable of hCG recognition. The obtained MIPs
recognize their templates with high affinities when used as receptors in an SPR-based biosensor or
as capture agents in a sandwich assay. Importantly, we demonstrate comparable or improved
performance over a commercial ELISA regarding sensitivity, precision, and suppressed LH

interference.
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Fig. 2. (A) Structure of the full hCG hormone in which the epitopes SV and PQ are highlighted. SV corresponds to the [-chain loop
residues 66-80 (SIRLPGCPRGVNPVV). PQ is the C-terminal peptide of the [-chain, corresponding to residues 135-145
(PGPSDTPILPQ). (B) Structures of the SV and PQ peptides conjugated to the N-acetylated- 6-aminohexanoyl (Ahx) moiety at the N-
termini. (C) MDD simulation box used to evaluate the conformational properties of the peptide templates (Ahx-SV or Ahx-PQ) within a
prepolymerization mixture environment. The simulated systems were built by placing thetemplates Ahx-SV or Ahx-PQ at the center of

the box surrounded by 200 monomers in proportions consistent with the experimental setup and explicit solvent molecules.

59



MATERIALS AND METHODS

Reagents

Ferric chloride hexahydrate (FeCls-6H20), sodium acetate, polyethylene glycol 6000 (PEG),
sulfuric acid, glycine and sodium dodecyl sulfate (SDS) were obtained from Merck. Ethylene
glycol, ammonium hydroxide 25%, triethylamine (TEA), (3-aminopropyl)trimethoxysilane
(APTMS), succinic anhydride, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC),  N-hydroxysuccinimide = (NHS), @ ammonium  persulfate = (APS), N,N,N’,N'-
tetramethylethylenediamine (TEMED), N-isopropylacrylamide (NIPAm), N-tertbutylacrylamide
(TBAm), acrylic acid (AA), tetraethyl orthosilicate (TEOS), phosphatebuffered saline (PBS),
ethanolamine hydrochloride, 16-mercaptohexadecanoic acid (MHA), 11-mercapto-1-undecanol
(MU), acetic acid, sodium chloride (HCI), triethylamine, 4-(2- hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES), 2-[morpholino]ethanesulfonic acid (MES), albumin from Bovine Serum
(BSA), human chorionic gonadotropin (hCG) and luteinizing hormone (LH) were obtained from
Sigma-Aldrich. N,N-Dimethylformamide (DMF), acetone, hydrochloric acid (HCl) and
tetrahydrofuran (THF) were purchased from VWR. N,N’-methylene-bis-acrylamide (MBAm) was
obtained from Alfa Aesar, N-(3- aminopropyl)methacrylamide hydrochloride (APM) was obtained
from Polysciences Inc. Ethanol was obtained from Solveco. Oligo Binding Buffer (50 mM NazPOs,
pH 8.5, 1 mM EDTA), EveryBlot blocking buffer was obtained from Bio-Rad. 6-Aminohexanoyl-
hCGgpeo-80 (Ahx-SIRLPGCPRGVNPVYV) and 6-Aminohexanoyl-hCGgi3s-145 (Ahx-PGPSDTPILPQ)
(> 95%) were purchased from Lifetein LLC (New Jersey, US). N-fluoresceinacrylamide was
synthesized as reported previously.[36] Alpha hCG mAb antibody, anti-mouse
immunoglobulins/HRP solution, 3,3°,5,5’-Tetramethylbenzidine (TMB), tween 20, uncoated human

hCG (Chorionic Gonadotropin) ELISA kit and ancillary reagent kit were obtained from Elabscience
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(Wuhan, Hubei, China). Fluoresceine was purchased from TCI, and Tween 20 was obtained from

AppliChem.

Apparatus

Molecular dynamics simulations. MD-simulations were carried out in a computer cluster
equipped with (a) 2 Supermicro Quantum TXR413-1500R servers with 2 Intel Xeon® processors
E52620, and 16 NVIDIA GeForce GTX1080 GPUs and (b) 2 TensorEX TS4- 1598415-AMB

servers with 2 Intel Xeon Silver® processors and 16 NVIDIA RTC2080 GPUs.

Dynamic light scattering (DLS) and zeta-potential. Effective hydrodynamic diameters (dh) of the
particles were determined by dynamic light scattering (DLS) with a Zetasizer Ultra (Malvern
Panalytical) equipped with a He-Ne laser (688 nm) and set to backscatter mode, with measurements

of samples performed in triplicate at 25 °C. Data was analyzed using the ZS Xplorer software.

Fourier-transform Infrared Spectroscopy (FTIR) spectra were collected using a Nicolet 6400,
equipped with a DTGS detector. The smartiTR accessory was used to characterize dried modified
magnetic nanoparticles. 500 spectra were collected at resolution 4. Compressed air was
continuously run through the instrument during and before the measurements. Baseline correction

and data management were performed with the OMNIC 6 software.

Surface plasmon resonance (SPR). The affinity of the imprinted nanoparticles for the epitope
target was investigated using a Reichert 2 SPR system (Reichert Technologies, Buffalo, USA) with
an attached autosampler and degasser. The specificity of the imprinted nanomaterial was

investigated by binding a non-target peptide of similar shape and size.

Quartz crystal microbalance (QCM) measurements. The interaction between the peptide/protein
and nanogels was analyzed with Q-Sense QCM-D E4 unit equipped with a standard flow module

(Biolin Scientific AB, Sweden). The sensors used for the experiments were the

61



QCM5140TiAul20QCMS5140TiAul20-050-Q (5 MHz) from QuartzQuartz Pro AB (Jarfalla,

Sweden). All sensors were cleaned in line with the manufacturer’s recommendations.

Experimental

Synthesis of Magnetic Nanoparticles

Magnetic nanoparticles (MNP) were obtained by solvothermal synthesis, as reported by Mahajan et
al.[37] Briefly, FeCls-6H20 (16.6 mmol), sodium acetate (95.0 mmol), SDS (21.8 mmol) and PEG
6000 (2.7 g) were dissolved in 150 mL of ethylene glycol. The mixture was magnetically stirred at
100 °C for 30 min and then transferred to a 150 mL Teflon-lined stainless-steel autoclave. The
autoclave was sealed and heated at 180 °C for 24 h. Then, the container was cooled to room
temperature, and the MNPs were separated by a magnet. The solid was then washed five times with
deionized water, three times with 100 mL of ethanol, three times with 100 mL of acetone, and then
dried in a desiccator under vacuum at 22 °C for 24 h. Subsequently, 1000 mg of MNPs were
dispersed in 1 L of 80 % ethanol containing 0.25 mM ammonium hydroxide, and ultrasonicated for
2 min at 50 % intensity using a sonifier (BRANSON). A 0.5 M TEOS solution was then added, and
the reaction mixture was shaken in an orbital shaker for 6 h. The obtained nanoparticles were
washed with deionized water until neutral pH, followed by three washes with 100 mL of ethanol,
and dried in a desiccator over activated silica at 22 °C for 24 h. The produced silica-coated
nanoparticles (MNP@S1,1000 mg) were surface-functionalized by sonication in a bath sonicator for
2 h with APTMS (57 mM) in 75% ethanol. The resulting primary amine-modified MNPs
(MNPNH>) were washed three times with ethanol and dried in a 37 °C oven overnight. Particles
were further functionalized with succinic anhydride (2.1 M) in DMF by sonication in a bath for 3 h.
The final product (MNPs-COOH) was washed ten times with deionized water, three times with

ethanol, and dried at 37 °C oven.
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Template conjugation to magnetic nanoparticles (MNPs)

MNPs-COOH (100 mg) was placed into a 20 mL vial along with 6 mL of deionized water at room
temperature, followed by sonication for 30 s twice at 35 % amplitude. The carboxylic groups on the
surface of the magnetic nanoparticles were activated by adding 2 mL of freshly prepared EDC
solution (100 mg-mL™") and 2 mL of NHS solution (62.5 mg-mL™") in deionized water. The mixture
was then shaken on an orbital shaker for 1 h at room temperature. Afterward, the activated magnetic
nanoparticles were washed twice with 10 mL of deionized water and once with 5 mL of 10 mM
PBS (pH 7.4). The immobilization of Ahx- PQ and Ahx-SV was carried out by adding 5 mL of
epitope solution (0.50 mg-mL™! in 10 mM PBS, pH 7.4) to the vial, which was then shaken at room
temperature overnight. Subsequently, the peptide conjugation was assessed via the fluorescamine
test.[38, 39] A portion of the initial supernatant (100 pL) from the reaction was mixed with 25 puL of
Fluorescamine solution (0.50 mg-mL"! in acetone). Fluorescence was then measured (Aex = 400, Aem
= 510 nm), and the specific amount of conjugated peptide was calculated from the reduced signal
upon solution depletion. To remove any excess epitope, the MNPs were collected using an external
magnet, rinsed with PBS and deionized water, then suspended in 5 mL of deionized water and

stored at 4°C.

Preparation of molecularly imprinted nanogels using magnetic templates

Monomer feed ratios used to synthesize the epitope-imprinted MIPs are reported in Table S2.
Synthesis of MIP-PQ was conducted as follows. A pre-polymerization mixture with a total
monomer concentration of 10 mM for MIP-PQ and 20 mM for MIP-SV was prepared by dissolving
NIPAm (5.43 mg, 48 umol), BIS (0.31 mg, 2 pumol), TBAm (5.09 mg, 40 umol dissolved in 1 mL of
ethanol), APMA (1.79 mg, 10 umol), and 0.4 mg of Nfluoresceinylacrylamide (dissolved in
ethanol) in deionized water (9 mL) in a 20 mL vial. The pre-polymerization mixture was

homogenized for 30 min, followed by the addition of 1 mL of 25 mg-mL"! MNP-SV or MNP-PQ
63



dispersion. The mixture was stirred at room temperature under N> atmosphere for 15 min. Then,
0.26 mmol of ammonium persulfate (APS) and 0.40 mmol of N,N,N’N’-
tetramethylethylenediamine (TEMED) were added and the dispersion was left overnight at 40 °C
under constant stirring (480 rpm). Afterward, the particles were collected using an external magnet
and washed with deionized water (5 x 10 mL) at 40°C to remove unreacted functional monomers
and low-affinity nanoparticles. Finally, the high-affinity imprinted nanogels were obtained by
adding 4 mL MQ-water to the magnetic particles and stirring at 4°C for 4 hours. The elution step
was performed by collecting the first 4 mL, and this process was repeated once on the magnetic
nanoparticles by adding an additional 1 mL of 1 mM PBS and incubating overnight at 4°C. Thus,
the elution process resulted in a total volume of 5 mL of imprinted nanogel solution. Concentrations
of the nanogel solutions were calculated by taking 400 pL of the solution (in triplicate) and
evaporating to dryness. The mass of the dried particles was then measured, and the amount was

multiplied by 2.5 to give the concentration in ug mL .

DLS measurements

To evaluate the hydrodynamic size of nanogels, a 100 ug mL™! dispersion of the MIP nanogels in
water was prepared. The sample was sonicated in a bath sonicator for 30 min and left at 4°C for 2h.
To evaluate MNP synthesis and surface modifications, a 50 pg mL™!' suspension of the MNPs was
prepared in water. Before the measurement samples were sonicated 3 times for 10 s at 50 %

amplitude. Size and zeta potential measurements were done in triplicates.

Immobilisation of MIP nanogels onto the SPR Sensor Surface

A carboxymethyl dextran hydrogel-coated Au chip (Reichert, USA) was preconditioned within the

SPR using a running buffer consisting of PBS (0.010 M) and 0.010 % Tween 20 at pH 7.4, at a flow
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rate of 10 pL min™!. The carboxylic acid groups on the dextran chip were activated with an injection
of 1 mL of aqueous solution containing 40 mg EDC and 10 mg NHS passed over the chip (6 min at
10 uL min-'). The MIP nanogels (approximately 300 ug), were activated by dissolving in 1 mL of
10 mM sodium acetate in PBST solution. This was injected over the left channel (working channel)
of the chip for 1 minute. The amine groups of the MIP nanogels react with the functionalized
surface of the chip, leading to the covalent immobilization of the nanoparticles. A quenching
solution of ethanolamine (1 M at pH 8.5) was injected over both channels (working and reference)
for 8 min, followed by a continuous flow of PBST at 10 uL min™'. All injections were taken from a

stable baseline.

Kinetic interaction analysis

The kinetic analysis for the affinity of the target peptide to the MIP nanogels was performed in a set
pattern of a 2 min association (PBST with the analyte in a concentration range of 4- 64 nM), 5-min
dissociation (PBST only) and a regeneration cycle (regeneration buffer 10 mM Glycine-HCI, pH 2
for 1 min) followed by a final stabilization cycle (PBST for 1 min). An initial injection of blank
PBST was used as the first run, with increasing analyte concentration for subsequent runs. After the
analyses were completed, signals from the reference channel were subtracted from signals from the
working channel. Selectivity of the MIP nanogels was investigated by repeating the kinetic analysis,
but with a non-target analyte with the same concentration range (4-64 nM). All experiments were
performed in triplicate (n=3). The SPR responses were fitted to a 1:1 Langmuir fit bio-interaction
(BI) model using the Reichert TraceDrawer software. The association rate constants (ka),
dissociation rate constants (kd), and maximum binding (Bmax) were fitted globally, whereas the BI
signal was fitted locally. Equilibrium dissociation constants (KD) were calculated by ka/ka. For each

MIP nanogel/analyte epitope combination, a calibration curve was generated across the

65



concentration range 4-64 nM, using the SPR fitted curve maxima. From this information, a

theoretical limit of detection (LOD) was calculated.
QCM experiments

Sensor chip modification. After washing with piranha solution (H2SO4:H>O», 4:1), a gold-coated
QCM sensor chip was dried with N». The chip, cleaned via plasma cleaner for 5 min, was then
placed in a petri dish and immersed in 4 mL of a thiol solution composed of 1 mM 16-
Mercaptohexadecanoic acid (MHA) and 1 mM 11-Mercapto-1-undecanol (MU) in absolute
ethanol:acetic acid (ratio 9:1) for 18 h at room temperature in the dark. Afterward, the chip was
washed three times with absolute ethanol and 10 mM MES buffer (pH 6) and dried with N». To
activate the carboxylic group of MHA, 100 uL of a sulfo-NHS:EDC mixture (1:1, 100 mg-mL™" in
MES buffer) was introduced for 30 min, followed by washing with 10 mM PBS and drying with N».
The immobilization of the epitope was conducted using a standard solution of Ahx-PQ or Ahx-SV
prepared at a concentration of 1 mg-mL" in 10 mM PBS (pH 7,4). Immobilization of hCG was
carried out using a protein solution at 10 pg-mL! in PBS. The protein was injected into a QCM-D
instrument to verify the bound amount. Additionally, to confirm the specificity of imprinted
nanogels, the same procedure was conducted for LH. QCM measurements. The experiments aimed
at examining the binding of imprinted nanogels with PQ, SV and hCG were carried out utilizing
various concentrations of MIP-PQ or MIP-SV (12.5, 25, 50, 100 pg-mL™) prepared through the
same procedure employed for DLS measurements. The fundamental frequency was approximately 5
MHz and the baseline frequency signal was calibrated by injecting a running buffer solution
composed of 1 mM PBS and Tween 20 (0.005%, v/v) for 1 hour at a flow rate of 10 uL-min™! until
the frequency signal response stabilized within + 0.2 Hz/5 min. Using the same flow rate, the
samples were introduced in QCM-D instrument for 23 min for each concentration. The frequency
variations attributed to binding with analytes were recorded in accordance with the frequency signal

response. To evaluate the specificity of MIP-PQ and MIP-SV in detecting hCG and LH, the
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nanogels were immobilized on QCM sensor chips, and the coupling was analyzed using the same

dilutions as before. The apparent molarities of nanogels were determined using Equation 1.

6
TL'NAd?’p

Equation 1 [M(app)] =

where, d is the hydrodynamic diameter of particles, N4 is Avogadro’s constant (6.023-10% mol™'), X

is the nanogel concentration in g-mL™! (1-:10"* g-mL™") and p is the polymer density.

Microplate assays for hCG detection

ELISA kit protocol for hCG quantification. A commercial ELISA kit was used for comparative
purposes to detect and quantify hCG. The experimental protocol provided by the supplier was
followed for hCG determination. Briefly, 100 pL of capture antibody (1:750) was immobilized
overnight at 2 — 8 °C on a clean polystyrene microplate. The supernatant was discarded, and the
plates were treated with 200 pL of ELISA plate-blocking buffer for 60 min at 37 °C. After
discarding the blocking buffer, 100 pL of hCG standard solutions (6.3 - 200 mIU-mL™!), containing
a constant concentration of LH (100 mIU-mL"), were added in duplicates. The plate was incubated
for 90 min at 37 °C. Subsequently, 100 puL of Biotinylated Detection Antibody (1:750) was added to
each well and incubated for 60 min at 37 °C. The wells were then washed three times with the wash
buffer provided by the supplier. Next, the wells were treated with 100 pL of HRP conjugate solution
(1:750) and incubated for 30 min at 37 °C, followed by five washes with 350 uL of the wash buffer.
Finally, 90 puL of 3.3’.5.5’-Tetramethylbenzidine (TMB) was added to each well and incubated for
20 min at 37 °C. The enzymatic reaction was terminated by adding 50 pL of stop solution (sulfuric

acid 5 %) to each well. Absorbance was read at 450 nm using a microplate reader (Tecan, Safire).
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MIP-based ELISA sandwich test for hCG quantification. The immobilization of nanoMIP
dispersion was carried out by drying 40 pL the dispersion (0.06 mg-mL!' in HEPES 10 mM, NaCl
150 mM and 0.005% Tween 20) overnight at 37 °C on a clean polystyrene microplate. The plate
was washed twice with 250 puL of PBS (pH 7.4), then each well was incubated with a blocking
solution (1 % BSA, 1 % Tween 20 in PBS pH 7.4) for 120 min at room temperature and washed
three times with PBS (pH 7.4). After discarding the buffer, 100 uL of hCG standard solutions (6.3 -
200 mIU-mL"') containing a constant concentration of LH (100 mIU-mL"!) were added in
duplicates and incubated for 90 min at 37 °C. Following this, 100 puL of Biotinylated Detection
Antibody (1:750) was added to each well and incubated for 60 min at 37 °C. The plates were
washed three times with the wash buffer provided by the supplier, treated with 100 uL of HRP
conjugate solution (1:750), and incubated for 30 min at 37 °C, followed by five washes with 350 uL
of the wash buffer. Each well was treated with 90 uL. of TMB and incubated for 20 min at 37 °C.
The enzymatic reaction was terminated by adding 50 pL of stop solution (sulfuric acid 5%) to each

well, and absorbance was read at 450 nm using a microplate reader.

Molecular dynamics simulations

The coordinates of the full hCG protein were retrieved from the Protein Data Bank server (PDB
code 1HRP).[40] The missing protein segments were built using the Chimera X interface to
Modeller tools. The coordinates of the epitopes SV and PQ were obtained from residues 60-80 and
135-145 of the PB-chain, respectively. Both epitopes were modified at the N-terminal end by
attaching an N-acetylated-6-aminohexanoyl (Ahx) moiety. The modified epitopes were placed at the
center of a cubic box of 80 A side and surrounded by 200 randomly located monomers in
proportions consistent with the formulations reported in this work using the PACKMOL
software.[41] The simulated mixtures were neutralized with Na* or CI ions and solvated in a cubic

box of explicit OPC waters considering an outer layer of 5 A measured from the outermost atoms.
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The ff19SB force field was used to model the peptidic segments, whereas the Ahx moieties were
modeled using parameters consistent with the gaff2 force field with AMI1-BCC charges. MD
simulations were carried out using the following protocol: (a) 1500 steepest descent minimization
steps followed by 3500 conjugate gradient minimization steps for water molecules relaxation, (b)
1500 steepest descent minimization steps followed by 6500 conjugate gradient minimization steps
for the entire system, (c) 500 ps of progressive NVT heating from 0 to 300 K, (d) 10 ns of NPT
equilibrium at 300 K to ensure density equilibration, (e) 20 ns of NPT equilibrium at 300 K, and
finally (f) 150 ns of NPT production dynamics at 300 K and 1 bar from which production data were
collected. During MD simulations the cutoff for non-bonded terms was 10 A, long-range
electrostatics were treated using the Particle-Mesh Ewald approach, and the SHAKE algorithm was
employed to constrain all bonds involving hydrogen. Positional restraints were applied to the
terminal acetyl group of the Ahx moiety throughout the simulation protocol to mimic the
immobilization of the epitopes to the solid support through Ahx. All Calculations were carried out
using the pmemd.CUDA software implemented in AMBER20. Trajectory analysis was carried out

with the CPPTRAIJ[42] and VMDI[43] software.
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RESULTS AND DISCUSSION

This study reports the development of molecularly imprinted polymer nanogels (MIPs) exploiting
an epitope-based approach for hCG detection. To this aim, we focused on the 15aa sequence
corresponding to the B3-loop of the B -subunit from residues 60 to 80 (SIRLPGCPRGVNPVV =
SV) and the C-terminal undecapeptide of the B -chain from residues 135 to 145 (PGPSDTPILPQ =
PQ ) as templates. To confirm that these sequences properly mimic the three-dimensional
conformation of the corresponding protein epitopes, we performed molecular dynamics (MD)

simulations.

Molecular Dynamics Simulations

MD simulations were used to investigate the conformational properties of the SV and PQ segments
in the full hCG protein and in the context of pre-polymerization formulations. This is relevant to
confirm whether the selected templates preserve the structural features required for imprinting
molecular cavities capable of efficiently recognizing the full protein. To that end, we conducted MD
simulations on the structures of the SV and PQ peptides conjugated with the Ahx moiety (Ahx-SV
and Ahx-PQ, respectively) (Fig. 2B) and surrounded by a mixture of functional monomers and
explicit solvent molecules in proportions consistent with the experimental setting reported in this
work (Fig. 2C). Parallel simulations were carried out on the structure of the full hCG protein in

water to evaluate the intrinsic dynamic properties of the SV and PQ epitopes.

The global conformational properties of the template peptides Ahx-SV and Ahx-PQ and the
corresponding epitopes in the hCG protein were evaluated from root-mean-square deviation
(RMSD) calculations on the peptide backbone atoms throughout each simulation run, using the

epitope coordinates in the 1HRP crystallographic model as the reference structure (Fig. 3A). RMSD
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data indicate that the template peptides Ahx-SV and Ahx-PQ have similar mobilities as the
corresponding epitopes in the full protein, with PQ being more flexible than SV. The size and
compactness of each peptide were evaluated from radius of gyration (Rg) calculations along each
MD trajectory (Fig. 3B). SV has very similar Rg distributions in the Ahx-SV template and in the
full hCG protein, whereas PQ has slightly larger Rg values in the Ahx-PQ system, suggesting more
extended conformations than in the hCG epitope. The structural consistency between the SV
peptide in Ahx-SV and the full protein was confirmed by the visual inspection of the conformations
achieved by the sequence in their MD trajectories (Fig. 3B,C). SV retained the loop structure
required to imprint cavities suitable for hCG recognition, which is a relevant outcome to support the
choice of this segment as a template for the synthesis of molecularly imprinted nanogels. In the case
of PQ, the peptide adopts more extended conformations in the Ahx-PQ than in the hCG protein, as
inferred from Ry data. Regarding the intrinsic arrangement of the peptide sequences, DSSP
secondary structure analysis confirmed that SV and PQ are highly disordered peptides that exist
mostly in turn and bend states both in the Ahx-conjugated templates and the full hCG protein (Fig.
3D). This conformational plasticity is relevant for the epitopes to adapt to imprinted cavities of
variable size and shape, which supports the choice of SV and PQ as template peptides in our

experimental design.
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Fig. 3. (A) Root-mean-square deviation RMSD (A) distributions calculated for the peptide backbone in Ahx-SV and Ahx-PQ and the
corresponding epitopes in the hCG protein. Data was collected from the analysis of 150 ns MD simulations in pre-polymerization
mixtures (Ahx-SV and Ahx-PQ) or water (full hCG), using the coordinates of the SV and PQ epitopes in the 1HRP crystallographic
structure as reference models. (B) Peptide radius of gyration Rg (A) for the SV and PQ sequences in Ahx-SV, Ahx-PQ, and the full
hCG protein calculated from 150 ns MD trajectories. (C) Structural representations of the backbone conformations achieved by the
SV and PQ sequences in Ahx-SV, Ahx-PQ, and the full hCG protein throughout 150 MD trajectories. Structures are displayed from
MD trajectories aligned to the first and last amino acids of each sequence. (D) Heatmaps for the frequency of secondary structure
assignations according to DSSP analysis on SV and PQ sequences in Ahx-SV, Ahx-PQ, and the full hCG protein throughout 150 MD

trajectories.
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Besides conformational features, we used MD simulations to estimate the strength of
peptidemonomer interactions within the pre-polymerization mixtures under a LIE approach. This
method decomposes the total interaction energy between a molecule and its surrounding
environment (Eiotal) as the sum of electrostatic (Eiec) and van der Waals (Evaw) energy terms. Energy
components were calculated between all atoms in the peptides with all atoms in the surrounding
monomer mixtures with a distance cutoff of 12 A along the entire MD trajectories (Fig. 4A). For
Ahx-SV, the interaction with the monomer mixture is almost equally driven by the contributions
from Ejec and Evaw terms. On the other hand, the interaction of the monomer mixture with Ahx-PQ
shows a stronger Eje.c component over Evqw. A possible explanation for this effect arises from the
presence of the highly polar SDT triad in PQ, which can engage in strong electrostatic or hydrogen
bonding interactions with opposite-charged moieties of the surrounding monomers. Added to the
energetics of peptidemonomer interactions, we examined the organization of the pre-polymerization
mixtures by counting the number of monomers interacting with the peptides at distances < 5 A
throughout the MD trajectories (Fig. 4B). Distribution data reveals that the monomer organization
mostly relies on TBAm and NIPAm, which are the monomers with higher proportions in both

monomer mixtures.

Template magnetization

Magnetic nanoparticles were synthesized via solvothermal method and subsequently surface-
functionalized to yield carboxyl-terminated magnetic nanoparticles (MNP-COOH). The MNP-
COOH particles were conjugated with the peptides SV and PQ via their Ahx linkers, resulting in the
template-conjugated magnetic nanoparticles referred to as MNPs-SV and MNPs-PQ. The surface
coverages of the peptides were estimated to be 8.3 and 11.7 umol-g™! for Ahx-SV and Ahx-PQ,
respectively, which are comparable to coverages reported elsewhere.[22, 30, 31] DLS

measurements (Table 1) confirmed that the template-conjugated MNPs maintained nanoscale
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hydrodynamic radii (ca 280 nm) and exhibited Zeta potential changes agreeing with the net charges

of the epitopes (Table S1).

System Average size (d.nm) | Polydispersisty index | Z-potential (mV)
MNP 189+ 1.0 0.080 +0.01 17.7+0.9
MNP@Si 284 £ 8.0 0.17 £0.02 -27.7+0.1
MNP-NH> 274+ 1.0 0.16 +£0.02 25.9+0.6
MNP-COOH 259+4.0 0.090 + 0.04 -33.1+1.2
MNP-PQ 432+ 8.0 0.22 £ 0.02 -40.6 + 0.4
MNP-SV 670 £23 0.22 +£0.02 -25.7+£0.2
MIP-SV 41.0+ 14 0.22 £0.02 -22.0+1.1
MIP-PQ 100 £2.0 0.16+0.03 15.0+04

Table 1. Hydrodynamic radii (nm), PI, and Z-potential (mV) of the MNPs and MIPs reported in this work.

MIP synthesis

MIPs were synthesized by free radical polymerization of acrylamide monomers in the presence of
the template-conjugated MNPs. The monomers were rationally selected based on previous designs,
to enable diverse intermolecular interactions with the immobilized peptides. The template peptides
SV (SIRLPGCPRGVNPVV) and PQ (PGPSDTPILPQ) comprise 15 and 11 amino acids,
respectively. SV contains two positively charged and eight hydrophobic amino acids reflected in
both a high pl and Gravy index (10.9 and 0.30). On the other hand, PQ features one negatively
charged and seven hydrophobic residues resulting in a low pl and Gravy index (3.1 and -0.64)
(Table S1). Building upon previously reported examples, poly-NIPAm-based nanogels were
synthesized wusing a template matching ratio of the charged monomers N-(3-
aminopropyl)methacrylamide hydrochloride (APM) and acrylic acid (AA) in addition to the
hydrophobic functional monomer N-tert-butylacrylamide (TBAm) (Table S2). Additionally, N,N’-
methylenebisacrylamide (BIS) (2 %) was used as a cross-linker, and the fluorescent functional

monomer N-fluoresceinylacrylamide (FITCAAm) was doped to allow fluorescent tracking of the
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nanogels.[30, 44] The polymeric nanogels were purified by magnetic decantation with pure water,
resulting in a mass yields of 633 mg SV-MIP and 153 mg PQ-MIP per gram of MNP carrier. This
confirms that mass yields can be dramatically enhanced (>> 100x) using high surface area MNPs as
template carriers.[30, 31] The average size, polydispersity index, and Z-potential of the MIP
nanogels assessed through DLS (Fig. S1, Table 1) confirmed the nanoscale dimensions,
homogeneity, and low aggregation propensity of the prepared materials. Moreover, the MIPs were
characterized by FTIR spectroscopy as shown in Fig. S2. FTIR analysis revealed the characteristic
amidine group for both MIP-SV and MIP-PQ at 1640 cm™! (amidine 1), 1536 cm™ (amidine 2), and
1223 cm! (amidine 3). Additionally, symmetric and asymmetric bands for -CH2- are present at
2933 cm™! and 2875 cm™, respectively. Notably, the band for the carboxyl group, typically observed
at 1700 cm™, is absent. This absence may be attributed to the low concentration, deprotonation of
the carboxylic group, or hydrogen bonding. Deprotonation leads to the formation of carboxylate
anion that exhibits absorption bands around 1550-1610 cm™ and 1300-1420 cm™'. Hydrogen
bonding, on the other hand, can broaden or shift the existing C=O band. In this study, strong bands
for amidine 1 and 2 are superimposed and may have merged with the C=O stretching band and

potential bands of carboxylate anions.

Kinetic interaction analysis by surface plasmon resonance (SPR)

For a preliminary assessment of the MIP recognition properties, we performed a kinetic interaction
analysis using surface plasmon resonance (SPR). Deposition of the nanogels onto the surface of the
SPR chip was achieved through amide coupling on pre-functionalized gold surfaces with a
carboxymethyl dextran layer.[17, 31] The carboxyl groups on the chip surface were activated by
EDC/NHS and conjugated with excess nanogels through the amine functionalities provided by the
side chains of the APM moieties. Ethanolamine was then used to deactivate any unreacted carboxyl

groups left on the SPR chip surface after nanogel immobilization while washing away the fraction
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of unbound nanogel. This deposition method is expected to leave a single nanogel layer on the chip
surface with maximum coverage of available binding sites. The nanogel-modified SPR chips were
then tested for their binding interactions with solutions of increasing concentrations of the target
peptides SV and PQ. The SPR sensograms showing the RU changes occurring upon injections of
five different concentrations of the target peptides are displayed in Fig. S3. The overall equilibrium
dissociation constant (KD) values for the target interacting with their nanogels were calculated from
the curves using a 1:1 kinetic model, leading to 85 nM and 92 nM for PQ and SV, respectively
(Table 2). These results are consistent with previously published values for nanogels imprinted for
peptides and demonstrate the capacity of MIP-SV and MIPPQ to rebind their template epitopes with
high affinity.[31] Cross-reactivity SPR experiments with swapped templates (SV for MIP-PQ-
conjugated sensors and PQ for MIP-SV-conjugated sensors) resulted in nearly 4-fold increases in
KD values, which support the selectivity of the nanogels for their corresponding target peptides.
Nevertheless, both SV and PQ exhibit nonspecific nanomolar dissociation constants to the
conjugated sensors, which might arise from intermolecular interactions involving the nanogel
surface or the highly polar groups available from the ethanolamine or uncovered carboxymethyl

dextran layers on the SPR chip.

MIP Kb (nM)
PQ SV

MIP-PQ | 85.0 (+1.0) | 465 (+25)
MIP-SV | 346 (x42) | 92.0 (+2.0)

Table 2. Calculated equilibrium dissociation constant (KD) of the nanogels from data presented in Fig. S5. All experiments were

performed under ambient conditions and with three replicates.

Nanogels binding affinity towards target peptides and proteins assessed by quartz crystal

microbalance (QCM)

QCM was used for quantifying the interaction between the nanogels and their epitope templates, the

full hCG protein, and the decoy protein LH.[20, 21, 45] For the measurements, we adopted the most
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commonly reported technique based on template-modified sensor chips and the MIP injected in the
running buffer. First, the sensor surface was modified with a mixed Self-Assembled Monolayer
(SAM) of mercaptohexadecanoic acid (MHA) and mercaptoundecanol (MU), the latter serving as a
filler for improved ligand accessibility (Fig. S4). Subsequently, the ligands (SV, PQ, hCG or LH)
were immobilized through their amine functionalities via EDC/NHS catalyzed coupling. The
progression of this step was monitored through changes in resonant frequency, with estimated
surface coverages of 4.9-10'! mol-cm™ and 4.1-10™!! mol-cm™ for PQ and SV, respectively. For
hCG and LH, the estimated immobilization ratios were 1.2-107'? mol-cm™ and 1.3-107'? mol-cm™,

respectively (Fig. S5).

The epitope-functionalized QCM chips were first used to assess the binding of MIP-PQ and MIP-
SV to their corresponding templates (Fig. 5A,B). Increasing concentrations of colloidal MIP
solutions were introduced at predetermined time intervals, and the frequency change ([JF), which is
proportional to mass uptake on the sensor surface, was monitored in real time. Introducing the MIPs
elicited pronounced frequency decreases relative to the injection of dispersions of non-imprinted
nanoparticles (NIP) of identical chemical composition. This highlights the relevance of the SV- and
PQ-imprinted cavities to trigger the template recognition over non-specific intermolecular
interactions on the nanogel surface. Parallel experiments with swapped nanogels-chips pairs (MIP-
SV against PQ-functionalized chips and MIP-PQ against SV-functionalized chips) also resulted in
significant frequency changes compared to NIPs, which suggests the presence of non-specific
binding cavities capable of hosting flexible peptide moieties. Apparent dissociation constants (Kp)
were estimated for each system by fitting non-equilibrium frequency changes against injection
concentration to a Langmuir adsorption isotherm model (Fig. 6A). This analysis yielded a Kp of ca
8.9 and 30 nM for MIP-PQ and MIP-SV for their corresponding peptide templates (Table 3). These
values are in the same order of magnitude as those determined by SPR, with expected variations

arising from the QCM-associated errors due to a lack of equilibrium during data acquisition. To
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demonstrate the binding specificity, we performed a competitive inhibition test by pre-incubating
the nanogels with soluble PQ or SV peptides (Fig. 5A,B, labels MIPPQ+ PQ and MIP-SV+SV).
Pre-incubation significantly reduced the subsequent binding of MIP-SV and MIP-PQ to the
template-functionalized sensors, implying that epitope occupancy of imprinted sites inhibits further
nanogel interactions. These results provide compelling evidence that the MIPs achieve the design

goal of selective, epitope-specific binding to the templates.
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Fig. 5. Real-time resonant frequency changes AF (Hz) after repeated injections of MIP-PQ, MIP-SV, and NIP dispersions of
increasing concentration on functionalized QCM-D sensor chips with (4) PQ, (B) SV, (C) hCG, and (D) LH. Figures (4) and (B) also
show the frequency changes upon injecting nanogels dispersions pre-incubated with 0.1 mg-mL" peptide solutions (MIP-PQ+PQ

and MIP-SV+SV, respectively)

Additional QCM experiments were conducted to assess the nanogel affinity for hCG and LH
proteins. To that aim, the two proteins were immobilized on the sensor chips. Following

concentration-dependent exposures of MIP-SV and MIP-PQ, the hCG-functionalized sensor led to
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pronounced frequency drops, significantly exceeding those of NIPs (Fig. 5C). Apparent KD values
to hCG were estimated in 4.4 nM for MIP-PQ and 49 nM for MIP-SV (Table 3) (Fig. 6A). Parallel
experiments using the LH-modified sensor chip produced significantly lower resonance frequency
drops (Fig. 5D, 6B), highlighting the selectivity of the MIPs towards the target protein hCG.
Nevertheless, both MIP-PQ and MIP-SV induce larger frequency changes than NIP, which indicates
the presence of surface-binding cavities capable of non-specific interactions. The combined
outcomes of QCM experiments with hCG- and LH-modified sensors suggest a higher protein
discrimination capacity for MIP-PQ, which can possibly be attributed to either an unfavorable

protein immobilization masking the SV epitope or an intrinsically lower affinity of MIP-SV for the

epitope.
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Fig. 6. (A) Apparent non-equilibrium binding isotherms of MIP-PQ on a PQ (blue curve) and hCG (red curve) functionalized sensor
chip and MIP-SV on a SV (green curve) and hCG (purple curve) functionalized sensor chip. The data were fitted to a 1:1 Langmuir
adsorption model to determine the apparent dissociation constants given in Table 3. (B) Maximum frequency changes registered for

the different sensor chips at a nanogel concentration of 40 nM.

The potential binding of MIPs to other proteins through non-specific surface sites was further
addressed by complementary experiments in which we evaluated the binding response of nanogel
dispersions of increasing concentration (0.02-0.1 mg-mL™) to three immobilized proteins on the

surface of microplate wells (hCG, 36 kDa; fetuin, 48.4 kDa; and BSA. 66.5 kDa) (Supporting
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Information). The immobilized proteins were incubated with nanogel dispersions of increasing
concentration, and the amount of bound MIP was quantified from fluorescence intensity
measurements after washing out the unbound fraction. Selective but not specific responses were
attained at all concentrations, with higher fluorescence intensities measured in the hCG-containing
wells over fetuin and BSA (Fig. S6). These findings highlight the need for further improvements to
reduce the heterogeneity of the imprinted cavities on the nanogel surface to maximize the selectivity

toward the desired protein template.

MIP Epitope hCG
Kp (nM) AFmax R? Kp (nM) AFmax R?
MIP-PQ 8.9+4.3 151425 0.95 4.4+1.2 96+6.0 0.99
MIP-SV 30+19 154+53 0.95 49+35 98+45 0.96

Table 3. Calculated equilibrium dissociation constant (KD) of the nanogels from data presented in Fig. 6A. All experiments were

performed under ambient conditions and with three replicates.

MIP-based microplate assays for hCG detection

The capacity of the imprinted nanogels to serve as synthetic antibodies for hCG recognition was
evaluated from MIP-based ELISA sandwich assays. [46] To this aim, we used the experimental
setting of a commercial ELISA kit for hCG detection replacing the natural antibody with MIPs-SV
and MIPs-PQ as primary protein receptors. The nanogels were immobilized on the surface of
polystyrene microplate wells by physical adsorption followed by treatment with blocking solution,
optimized according to Table S3 and Fig. S7, followed by incubation with solutions of increasing
hCG concentration (0-200 mIU-mL"). Each sample was supplemented with a fixed concentration
of the LH protein (100 mIU-mL') as an analogous analyte that can compete with hCG for the MIPs'
binding sites. Parallel experiments were conducted in microplates containing the natural capture
antibody provided by the commercial supplier under identical incubation conditions (Fig. 7). MIP-
based assays resulted in non-linear concentration-dependent absorbance responses, with an apparent

saturation of binding sites at hCG concentrations higher than 100 mIU-mL!. The analytical signals
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showed large variability between replicate experiments, which suggests issues with MIPs
immobilization or the non-specific binding of the detection antibodies throughout the experimental
procedure. The antibody-based experiments also lead to large variabilities, indicating similar
limitations to MIP-based assays under identical conditions. These findings highlight the need for
optimizing nanomaterial and antibody immobilization on microplates to enhance analytical
performance and reduce inter-replicate variability. Despite these opportunities for improvement,
MIP-based assays exhibit analytical responses dependent on the concentration of hCG in the
presence of a highly structurally similar interferant, demonstrating the selectivity of the
nanomaterials for the analyte for which they were synthesized, with similar outcomes to natural
antibodies. Our findings also support the feasibility of replacing natural antibodies with synthetic
antigen-imprinted nanogels, offering equivalent analytical performance, with significantly lower

production costs and higher stability for laboratory handling and storage.
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Fig. 7. Microplate assays for hCG detection using MIP-SV, MIP-PQ or a commercial antibody as primary protein receptor.
Experiments were conducted with hCG solutions of increasing concentration (0-200 mIU-mL-1) in the presence of a constant
concentration of the luteinizing hormone LH (100 mIU-mL-1) as an analogous analyte that can compete with hCG for recognition

sites.
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CONCLUSIONS

A solid-phase epitope-based synthetic approach was applied to obtain water-soluble molecularly
imprinted nanoparticles for hCG detection. MD simulations were used to investigate the structure of
the immobilized peptide templates within the context of prepolymerization mixtures. Our findings
confirmed that the chosen peptides have conformational properties that mimic the dynamic behavior
of the epitopes in the full protein, thereby supporting their potential to imprint molecular cavities
suitable for hCG recognition. Template-monomer interactions were found to be driven by TBAm
and NIPAm, with a minor contribution of BIS and negligible interactions with AA and APM
monomers. These findings offer an opportunity for optimizing the pre-polymerization mixture by

varying the monomer types or proportions to maximize the interactions with the template.

The synthesized MIPs have homogeneous size distributions and exhibit high binding affinity and
specificity toward the SV and PQ epitopes and hCG as shown through SPR and QCM analysis. The
selectivity towards hCG over other proteins and potential intererants including LH was confirmed.
A MIP-based ELISA was implemented by replacing the natural capture antibody of a commercial
kit with the synthesized nanogels MIP-SV and MIP-PQ. MIPbased assays showed a linear
analytical response to increasing hCG levels, with similar outomes to the commercial kit. The
nanogels preserved their response to hCG in the presence of the interferent protein LH, which
supports the specificity of the developed materials toward the target protein. All in all, the study
suggests the feasibility of using imprinted nanogels as a class of cost-effective, stable alternatives to
natural antibodies for hCG detection. We foresee applications of these binders with respect to

reusable pregnancy tests and other hCG-related disease diagnostics.
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Supporting Tables

Sequence Mw average
Sequence Hydrophobicity | GRAVY Theoretical pl
length (g/mol)
SIRLPGCPRGVNPVV 15 28 0.30 1564 10.9
PGPSDTPILPQ 11 23 -0.64 1121 3.1
Table S1. Epitope properties
Entry NIPAm | BIS | TBAm | APM | AAc | FITC-AAm
MIP-SV 45 5 40 5 5 0.8 mg
MIP-PQ 48 2 40 10 0 0.4 mg

Table S2. Functional monomer feed ratio (mole %) used for MIP synthesis.

Blocking solution Composition

BS-1 Ethanolamine 10 %, MilliQ H,O
BS-2 Ethanolamine 5 %, MilliQ H,O
BS-3 0.3 % BSA, 1.0 % Tween 20, PBS pH 7.2
BS-4 0.5 % BSA, 1.0 % Tween 20, PBS pH 7.2
BS-5 0.7 % BSA, 1.0 % Tween 20, PBS pH 7.2
BS-6 1.0 % BSA, 1.0 % Tween 20, PBS pH 7.2
BS-7 EveryBlot blocking buffer (BIO-RAD)

Table S3. List of blocking solutions tested to minimize the non-specific analytical response in a microplate antibody-based assay for

hCG detection.
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Fig. S1 — DLS size distribution of MIP-SV and MIP-PQ
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Fig. S2. Fourier transform infrared (FTIR) spectroscopy of MIP-SV and MIP-PQ and corresponding NIPs.
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Fig. S3. Representative fitted SPR curves showing the rebinding of the target and non-target peptides to the immobilized nanogel with

five concentrations of the analyte in PBST. (A-C) SV, PQ and hCG binding to MIP-SV; (D-F) PQ, SV and hCG binding to MIP-PQ.

- o
Y
< o oj\}vo o-Qo \
é o . o
o S “ 3 (
MHA:MU EDC:NHS Analyte
Mo — —_— —
QCM-D sensor

Fig. S4. The process of QCM sensor chip modification with the target peptide.
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Fig. §7. (left) Analytical response of empty microplate wells treated with seven blocking solutions (Table S3) to the non-specific
bindings of the Alpha hCG and the anti-mouse immunoglobulins/HRP antibodies used for hCG detection. Absorbance was measured
at 450 nm after the HPR-driven chromogenic reaction. (right) Fluorescence intensity at 495 nm (excitation) and 530 nm (emission)
was measured in MIPs-treated microplate wells at the beginning of the experimental procedure (Initial) and afier the series of

washing steps considered in the protocol for hCG detection. A total nanogel loss close to 20% was estimated from fluorescence

intensity measurements.
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ABSTRACT

Emerging zoonoses pose significant public health risks and necessitate rapid and effective treatment
responses. This study enhances the technology for preparing Molecularly Imprinted Polymers

(MIPs), which function as synthetic antibodies targeting SARS-CoV-2 receptor-binding domain
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(RBD), specifically the Omicron variant, thereby inhibiting its function. This study builds on
previous findings by introducing precise adjustments in the formulation and process conditions to
enhance particle stability and ensure better control over size and distribution, 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 interaction 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 antibodies offer
a promising alternative to natural antibodies for treating SARS-CoV-2 infections, therefore

representing a versatile platform for managing emerging zoonoses.
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INTRODUCTION

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
diseases can severely impact human health and national economies and underscored the critical
need for effective therapeutics, vaccines, and 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 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].
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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 developing 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
potential for cost-effective mass production. MIPs can mimic natural antibodies’ 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 Le on 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
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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 envelope protein.
By binding specifically to the glycans on the viral envelope, MIPs were able to prevent HIV-1 from
infecting target CD4+cells. The nanoparticles showed strong binding affinity and high specificity,
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 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
infection [21]. The MIPs were synthesized via inverse microemulsion polymerization 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
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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 technique, 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 sedimentation 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, outperforming 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 prophylactic and

therapeutic options for COVID-19 and other infectious diseases.
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EXPERIMENTAL SECTION

Reagents

The receptor-binding domain of the SARS-CoV-2 B.1.1.529 sublineage 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
phosphate, 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-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT, Product No. 475989), nickel sulfate (Product
No. 1.06726), propidium iodide (Product No. 537059), FACS bufter (PBS, 0.5-1 % BSA or 5-10 %
FBS, 0.1 % sodium azide), sodium azide (Product No. 71289), Bovine Serum Albumin (BSA,
Product No. A4503), and y-globulin (Product No. G5009) were purchased from Sigma-Aldrich s.r.1.
(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 solvents were of reagent or
HPLC grade and obtained from VWR (Milan, Italy). 5 MHz Au-coated QCM sensors were obtained

from Novaetech S.r. 1. (Italy).
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Cell cultures

BALB/3T3 cells were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and maintained in DMEM medium (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 % CO?2 in air. THP-1 cells were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in RPMI 1640
medium supplemented with 10 % FBS, 1 % Penicillin/Streptomycin, and 0.05 mM B-Mercapto-

ethanol at 37°C in a humidified atmosphere consisting of 5 % CO?2 in air.

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 Instrument, 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 measurements
were performed using an openQCM NEXT instrument (Novaetech S.r.1., Italy). Dialysis membranes
of 6-27/32” Medicell International LTD (MWCO: 12—-14,000 Da) were provided by Spectrum

Laboratories Inc., Dalton, U.S.A.
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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 AMBER(ff14 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 (PubChem 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
distribution considering different charge types (i.e. Mulliken, NBO), obtaining 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 association of the S protein were excluded from further analysis. Subsequently, 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 A3) 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 A3) 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-
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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.

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 crosslinking monomers, was sonicated
and mixed with the SARS-CoV-2 receptor-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 syringe, 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/O) 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 polymerization process. Polymerization was initiated with 10 % APS solution (100
puL) 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
components, surfactants, and templates. The polymeric material was then dried overnight. Non-

imprinted polymers (NIPs) were synthesized under the same conditions but without the template.
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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
HCI or 4 M NaOH solutions. Dialysis was conducted for three days against HCI/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 indirect 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 temperature

conditions, and their integrity was evaluated using DLS.

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) and freezing (-20°C #£2°C). These conditions were tested both with and without the
addition of 0.02 % (w/v) NaN3 as a preservative [3]. Stability 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 backscattering (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 um, resulting in 1625 acquisitions per scan.
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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 Serologic 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
conditions, allowing for the formation of complexes between the particles and the template. Post-
incubation, thorough washing of the wells was performed 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 neutralizing 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.

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
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(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 N2. 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 N2. For the
immobilization of Omicron RBD domain, a standard solution was prepared at a concentration of 10
pug/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 ddH2O for one hour at a flow rate of 10 uL/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 insights into
the binding affinity and kinetics of these interactions. To further assess the specificity of MIP for
detecting RBD domain, additional 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.

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
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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 pl 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 experiments were conducted in triplicate, and the data are presented as

mean values with standard deviations indicated by error bars.

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 sensitization 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 (NiSOs) 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 B-Mercapto-ethanol. To
determine the CV75 (concentration causing 25 % mortality) in accordance with Test No. 442E: In
Vitro Skin Sensitization, 1.5 x10° 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 x10° 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
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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 % vy-globulin) for 15 minutes at 4°C, followed by incubation with
fluorescein-conjugated antibodies against CD86, CD54, or IgG1 (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 activation

in response to a potential allergen.
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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 appropriate 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 polymerize 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 interactions 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 capability 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 molecules 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
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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 monomers 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.

Cluster n. | AAm | Cluster n. AAc Cluster n. | NiPAM | Cluster n. nPMA Cluster n. | TIBAm
Cll1 Cll1 Cl1 Cl1 Cll1
-14.5 -16.6 -18.8 -22.3 -20.10
(29%) (7%) (88%) (15%) (78%)
CI2 C12 Cl2 C12 Cl12-C13
-14.2 -.16.0 -17.0 -21.8 -19.1
(5%) (12%) (6%) (18%) (25%)
Cl13 C13 Cl13-Clé -20.9/- Cl4
-14.1 -15.8 -17.7
(2%) (57%) (15 %) 19.1 (8%)
Cl4 Cl4 C17 Cl5
-14.0 -15.7 -19.0 -15.9
(16%) (24%) (37%) (9%)
Cl5
-13.9
(18%)

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.

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. As can be seen in Fig. 1, they are distributed with cluster population of CI1 (7
%) far from RBM, CI12 (12 %) RBM), C13 57 % lateral, Cl4 24 % near Cl13. This spread distribution,
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together with a comparable population 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.

Fig. 1. AAc clusters distributions accessible to solvent surface on RBD domain of spike protein (Suir). (4) 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 Suir.

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).
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Fig. 2. (4) AAm clusters (spheres) distributions accessible to solvent surface on RBD domain of spike 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).

Fig. 3. (4) AAm and AAc clusters (CPK spheres) distributions accessible to solvent surface on RBD domain of spike protein (gold
ribbons) in complex with NCV2SG48 Fab (watergreen ribbons) (7yow). In green are highlighted the 6 key residues implicated in
ACE?2 binding (resuled 417,455, 486 493,494, 501). (B) Aam and AAc clusters (CPK spheres) distributions accessible to solvent
surface on RBD domain of spike protein (gold ribbons) in complex with ACE2 receptor (blue ribbons) (7c¢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.

112



Building on the previous results, an emulsion polymerization reaction was employed to synthesize
imprinted nanoparticles with high specificity and functionality using AAm and AAc as functional
monomers. 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 obtained
through this process exhibit significant potential in various applications, 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 components 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 30G 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 meticulously, 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 nanoparticles with the desired physical and chemical
properties. The obtained nanoparticles were analyzed in terms of size, polydispersity index (PdI),

and C-potential using DLS. The results for MIPs and NIPs are shown in Table 2and Fig. 4:

Z-Average Pdl | C-potential (mV)
MIP | 40.24+6.383 | 0.183 -333+8.14

NIP | 35.95+5.467 | 0.213 -34.2 +5.89
Table 2. Z-Average size, Pdl and {-Potential Data for MIPs and NIPs
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Fig. 4. Hydrodynamic diameter of MIP particles measured by DLS.

The MIP nanoparticles exhibited an average size of 40.24 +6.383nm, while the NIP nanoparticles
had a slightly smaller average size of 35.95 £5.467nm. 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.

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 nanoparticles having a mean diameter of 200 nm (Fig. 5).
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Fig. 5. Exemplification of the NTA pattern of MIP
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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.

Fig. 6. TEM Micrographs of MIP particles

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 C-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
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corresponding NIP (Fig. 3S). Dialysis waters were lyophilized, concentrated, and analyzed for RBD
presence via spectroscopy, indicating a template removal efficiency of 96 + 2.6 %. These overall
results indicate that alkaline hydrolysis 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 performed in the presence or absence of sodium azide as a preservative, 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 parameters,
such as size, Pdl, and (-potential, under different storage conditions. A PdI value up to 0.3 indicates
a relatively narrow size distribution and particles with {-potential values of + 30 mV are considered
highly stable. Results after 24 hours and after 30 days are shown in Figs. 4S and 58S, respectively.
Results after 24 hours indicate that samples stored at 25°C with NaN3 show an increase in size and
PdI compared to samples stored without NaN3 at the same temperature, while C-potential 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 results indicate that NaN3 presence can influence the
dimensional stability and C-potential of nanoparticles, with variations depending on storage

temperature. Storage at room temperature with NaN3 leads to an increase in size and PdI,
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suggesting possible interactions between the preservative and nanoparticles. Conversely, storage at
lower temperatures (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 NaN3 results in a slight increase in both size and
Pdl, while the {-potential remains stable. Based on the data obtained, it can be concluded that the
developed synthetic antibody in 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 (107
M), was further evaluated using a Turbiscan® 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 78S 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 stability 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 consistently at both time points, indicates a creaming

phenomenon, which was reversible upon slight agitation. In the midsection of the samples, both
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backscattering and transmission measurements remained stable, indicating no significant particle
aggregation or size variation. These findings suggest that the observed destabilization is primarily
due to the migration of particles, rather than changes in particle size, and that the 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).

Analysis after one day Analysis after 30 days
4h 8h 12h 24 h 4h 8h 12h 24 h
H>0 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

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).

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 particularly 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 interaction between the ACE2 receptor
and the SARS-CoV-2 RBD (BA.2) was 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 molecules was assessed. Imprinted and non-imprinted nanoparticles were tested at different

concentrations ranging from 0.1 ng/uL to 500 ng/uL. The obtained results (Fig. 7A) confirmed the
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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 increases; 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 inhibition observed

with the NIPs is likely due to non-specific interactions with the target molecule.
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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 ug/mL

SARS-CoV-2 RBD to imprinted and non-imprinted nanoparticles.

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 selective
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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, comprehensive 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.
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Fig. 8. Analyses of QCM-D sensor modification with RBD domain of Omicron variant and HSA.

Using the Sauerbrey equation [26], the quantities of analytes on the sensor surface were determined,

revealing an RBD density of 8.19 x10'3 mol/cm? and an HSA density of 8.43 x107"* mol/cm?.

These functionalized QCM chips were then used to evaluate the binding interactions of MIP and

NIP with analyte and control. The introduction of varying concentrations of nanoparticles results in

a concentration-dependent frequency change, as depicted in Fig. 9.
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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 (4) RBD and (B) HSA.

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 specificity and effectiveness of the selected imprinting technology in
distinguishing 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.
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Fig. 10. Binding isotherms of MIP and NIP on OMICRON-RBD (A) and HSA (B) functionalized sensor chip.

Apparent dissociation constants (KD) were derived by fitting the Langmuir isotherm to the

experimental data collected from the QCM frequency shift measurements (Table 4) [6].

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

Table 4. Equilibrium dissociation constant (KD) of MIP and NIP.

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 KD of 9.5. A
higher KD was observed for HSA, while R2 was lower than RBD R2 value. This observation
underscores the unique capacity of MIPs for precise molecular recognition. Furthermore, MIP
exhibit a robust and tailored recognition capability for template, suggesting 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
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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.
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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.

Moreover, to determine the sensitizing potential of MIP and NIP, the 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 preliminary 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
(RFI1%) values for CD86 and CD54. A substance is predicted to be a sensitizer if the RF1% value for
CD86 is >150 % and/or the RFI1% value for CD54 is >200 % in at least two independent runs.
Conversely, a negative prediction for sensitization is made if the RFI% value for CD86 1s <150 %

and/or the RFI1% value for CD54 is <200 %.
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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 platform 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 MIPs could serve
as a foundational technology in pandemic preparedness. 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.

SAMPLES CD54 | CD86
MIP 141 121
NIP 133 119
NEGATIVE CONTROL 110 101
POSITIVE CONTROL 301 277
CUT-OFF 200 150

Table 5. RF1% value of CD54 and CD86 on THP-1 monocytes.
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CONCLUSION

The development of MIPs as synthetic antibody alternatives represents 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, demonstrating 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 temperature, 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
inhibition 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 markedly with the limited binding efficacy of
NIPs. The QCM-D studies underscored the MIPs significant potential for precise molecular
recognition and application in SARS-CoV-2 detection and treatment, compared to NIPs and non-

target proteins like HSA.

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 therapeutic 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, specifically their pharmacokinetics, biodistribution, and
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potential for immune 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 stability. 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 adaptability 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, positioning them as a reliable
alternative to conventional antibodies in the ongoing fight against COVID-19 and future viral

outbreaks.
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DOCKING STUDIES RESULTS ON NIPAM, nPMA, TBAm MONOMERS

NIPAM docking results

NIPAM monomer cluster analysis results in the identification of only two clusters, with the first one
being most populated (Cl1 88%). Both are located far from the RBM and thus it cannot be
considered adequate for polymer imprinting; eventually it can be considered as linker due to its

specificity of binding in one single RBD region (Figure 15).

nPMA docking results

As already noticed for NIPAM, also nPMA shows cluster population only far from RBM, with three
main populated clusters (overall seven) Cl11(15%), C12 (18%), and C17 (37%). All are located in the

lateral faces of RBD, making this monomer not adequate for polymer imprinting (Figure 1S).

TBAm docking results

For this monomer, the lowest energy and most populated clusters (Cl11 60% and CI12 22 %, C13 8%)
are located in a RBD portion already observed for NIPAM, and far from RBM. Here, we can point
out the presence of Cl4 (6%) located close to the RBM. Thus, this monomer appears potentially
suitable for polymer imprinting, even if it would be best used in combination with other monomers,

whose lowest energy poses are identified near the RBM (i.e acrylamide or acrylic acid).
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Fig. 1S. (A) NIPAM (CPK spheres) distributions accessible to solvent surface on RBD domain of spike protein (gold ribbons). In
green are highlighted the 6 key residues implicated in ACE2 binding (resuled 417,455, 486 493,494, 501). (B) nPAM (CPK spheres)
distributions accessible to solvent surface on RBD domain of spike protein (gold ribbons). In green are highlighted the 6 key residues
implicated in ACE2 binding (resuled 417,455, 486 493,494, 501). (C) TBAm (CPK spheres) distributions accessible to solvent
surface on RBD domain of spike protein (gold ribbons). In green are highlighted the 6 key residues implicated in ACE2 binding

(resuled 417,455, 486 493,494, 501).

TEMPLATE REMOVAL

Cleaning trials were conducted under acidic (6M HCI) and alkaline (4M NaOH) conditions, at both
room temperature and 50°C, using BSA as model protein to determine the most effective method

and evaluate the polymer's response (Hou et al., 2022). The results are shown in Figure 2S.
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Fig. 2S. BSA removal (%) under alkaline (NaOH) and acidic (HCI) conditions at two different temperatures: room temperature (RT)

and 50°C.

Spectrophotometric analysis of BSA content within dialysis membranes indicated a decrease in
protein concentration relative to the initial amount. Among the tested hydrolysis conditions, the
alkaline condition demonstrated greater efficacy, achieving BSA removal exceeding 90%.
Additionally, of the two tested temperatures, heating at 50°C was the most effective, yielding
greater hydrolysis and significant removal of the template protein. These results highlight that basic
hydrolysis at elevated temperature is the optimal combination for template removal from the

imprinted polymer.

Simultaneously, similar tests were conducted on MIP and NIP samples to evaluate their stability

under hydrolysis conditions. The results are shown in Figure 3S.
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Fig. 3S. Z-Average size and Pdl of MIP particles under different hydrolysis conditions. Dashed lines indicate the accepted thresholds

for PDI (< 0.3) (Danaei et al., 2018). Data are expressed as mean + SD (n=3).

DLS analysis revealed that acid hydrolysis led to a significant increase in size and Pdl, likely due to

the presence of H+ and Cl- ions in solution creating an osmotic effect, drawing water into the

particles and causing expansion. Furthermore, interactions of H+ ions with gel functional groups

and potential breaking of weak bonds could contribute to this effect. Consequently, consistent with

previous results, alkaline hydrolysis proved the best choice for template removal. Regarding the

different temperatures, the polymer's stability varied minimally between tested conditions.

However, the 50°C method was chosen for its superior efficacy in BSA removal.
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ABSTRACT

This study introduces molecularly imprinted polysaccharide-based nanoparticles (MIPs) as
innovative synthetic platforms for precise molecular recognition, specifically designed to target the
Zika virus envelope protein (ZIKV-E). Biocompatible and biodegradable sodium alginate and
chitosan were strategically chosen as base materials, undergoing controlled depolymerization with
hydrogen peroxide to achieve optimal molecular weight and enhanced solubility. Advanced
formulation and process optimization resulted in nanoparticles with exceptional stability, uniform

size distribution, and high reproducibility.
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The synthesized nanoparticles demonstrated robust stability, as confirmed by stable TSI values,
ensuring their viability for long-term storage and scalable production. Binding isotherms and Quartz
Crystal Microbalance with Dissipation monitoring (QCM-D) revealed the superior binding capacity
and specificity of MIPs for ZIKV-E compared to non-imprinted polymers (NIPs). Furthermore, in
vitro evaluations, including cell viability assays and the human Cell Line Activation Test (h-CLAT),
validated their excellent biocompatibility and absence of sensitizing effects, confirming their

suitability for biomedical applications.

These findings position molecularly imprinted polysaccharide nanoparticles as a highly promising
and versatile platform for combating Zika virus infections, with the potential to address a broader
spectrum of emerging viral threats, paving the way for future advancements in targeted therapeutic

solutions.
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INTRODUCTION

Zika virus (ZIKV), a member of the Flaviviridae family, emerged as a significant global health
concern and became the first major infectious disease in over half a century to be linked to human
birth defects.[1,2] First isolated in 1947, with initial human infections documented in 1964, ZIKV
remained relatively obscure until a major outbreak in 2007 in the Federated States of Micronesia
affected over 70% of Yap's population.[3] The virus gained widespread attention following its
introduction to the Americas in 2015, starting in Brazil and rapidly spreading to at least 33 countries
and territories by March 2016.[1,4] ZIKV is primarily transmitted through Aedes mosquitoes,
particularly A. aegypti and A. albopictus, in a human-mosquito-human transmission cycle, but
uniquely among flaviviruses, it can also spread through sexual contact, blood transfusions, and
vertical transmission from mother to fetus.[5] The virus is structurally characterized as an
enveloped icosahedral particle containing a positive single-stranded RNA genome of approximately
11 kb, which encodes three structural proteins (capsid, pre-membrane, and envelope) and seven
non-structural proteins.[6,7] The envelope (E) protein, particularly its glycosylation at N154, plays
a crucial role in viral entry and pathogenesis, facilitating attachment to host cells through various
receptors, including DC-SIGN, L-SIGN, and phosphatidylserine receptors.[8,9] ZIKV infection
typically manifests with mild symptoms lasting 2-7 days, including fever, maculopapular rash,
arthralgia, and conjunctivitis, but its ability to cause severe neurological complications, particularly
microcephaly in developing fetuses and Guillain-Barré syndrome in adults, has raised significant
public health concerns.[5,10] The virus demonstrates notable cellular tropism, targeting various cell
types including skin cells, monocytes, and neural cells, with cellular entry occurring through
clathrin-mediated endocytosis.[7,11] Despite its significant impact on global health, particularly
during the 2015-2016 outbreak in Brazil that led to thousands of cases of microcephaly, no specific

antiviral treatment currently exists, and management remains largely supportive.[12] The
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development of effective therapeutic strategies is complicated by ZIKV's structural and
immunological similarities to other flaviviruses, particularly dengue virus, which raises concerns
about antibody-dependent enhancement in areas where both viruses circulate.[13,14] This
unprecedented combination of transmission routes, severe neurological complications, and lack of
specific treatment options highlights the critical need for continued research into ZIKV

pathogenesis and the development of targeted therapeutics and vaccines.

In this context, Molecularly Imprinted Polymers (MIPs) offer a groundbreaking approach that has
gained significant recognition for their ability to create highly specific synthetic recognition

elements.

Molecular Imprinting Technology (MIT) is an innovative technology that allows the synthesis of
polymer matrices with specific molecular recognition capabilities, designed to selectively interact
with a target molecule. This process involves the copolymerization of functional monomers and
cross-linkers in the presence of a template molecule, which serves as a model for the formation of
specific binding sites. Once the template molecule is removed, the resulting polymer matrix
contains cavities complementary in shape, size, and chemical functionality to the target, enabling

selective recognition with affinity comparable to that of antibodies.[15,16]

This technology finds applications in various fields, including the development of chemical sensors,
substance separation, biomolecule purification, and even targeted drug therapy. Molecular
imprinting stands out for its flexibility in adapting to a wide range of target molecules, from small
drugs to viruses, and represents a powerful tool for creating highly efficient synthetic receptors.[17—

19]

In particular, MIT has proven particularly promising for detecting the Zika virus (ZIKV). MIPs
have been developed to detect ZIKV with high sensitivity and selectivity. A notable example
includes electrochemical biosensors employing graphene oxide composites and imprinted surface

polymers, which have demonstrated exceptional sensitivity to the virus and suitability for early-
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stage diagnostics.[20] Another approach utilizes self-assembled monolayers (SAMs) on gold-coated
chips to generate imprinted matrices, enabling detection even in biological samples such as human
saliva. The integration of these devices into point-of-care (POC) diagnostics highlights their ability
to provide rapid and accurate screening for ZIKV.[21] Furthermore, the use of 3D substrates and
gold-sulfur covalent bonds has facilitated the design of high-selectivity “lock-and-key” complexes,
distinguishing ZIKV from similar viruses like dengue (DENV), both in buffer solutions and

biological matrices.[22]

Here, we developed an advanced synthesis protocol for molecularly imprinted polysaccharide-based
nanoparticles, significantly enhancing their stability, size control, and distribution. Through careful
optimization of formulation and process conditions, we achieved nanoparticles that are both
uniform and highly reproducible. Polysaccharide materials like sodium alginate and chitosan are
increasingly favoured in protein delivery due to their biocompatibility, biodegradability, and
versatility in design.[23—25] These nanoparticles effectively encapsulate drugs, genes, and
hydrophobic substances, improving both their bioavailability and chemical stability.[26] Notable
formulations, such as drug-loaded alginate nanocapsules and chitosan-based nanoparticles, have
shown promising results in applications ranging from antimicrobial to anticancer treatments.[27]
Chitosan-alginate nanoparticles, in particular, exhibit high encapsulation efficiency and hold
significant potential for the oral delivery of protein-based drugs, offering a highly versatile and

effective approach for targeted therapeutic applications.[28-30]

However, despite their advantages, challenges persist in the use of these polysaccharides,
particularly in achieving nanoparticles with uniform size and proper dispersion. To overcome this,
alginate and chitosan can undergo depolymerization through chemical, enzymatic, or oxidative
methods, with acid hydrolysis and oxidative degradation being the most commonly used
techniques.[31,32] For instance, hydrogen peroxide effectively reduces the molecular weight of

alginate, producing oligosaccharides.[33—35] Similar methods are applied to chitosan, where acid
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hydrolysis or oxidative degradation with hydrogen peroxide breaks it into smaller fragments.[34,35]
These depolymerization processes yield oligosaccharides with various biological activities, such as
antioxidant, anti-inflammatory, and antimicrobial properties, with lower molecular weight

derivatives showing improved solubility and bioactivity.[36—41]

To demonstrate the versatility of our approach, we used the envelope protein of the Zika virus
(ZIKV-E) as the template molecule, addressing the ongoing need for effective tools against
emerging viral infections. A variety of experimental techniques were employed to evaluate the

physicochemical properties, binding performance and biocompatibility of the synthesized MIPs.
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EXPERIMENTAL SECTION

Reagents

The Zika virus Envelope protein (His Tag) was purchased from Sino Biological Inc. (Beijing,
China). Sodium Alginate, Chitosan, Calcium Chloride, Sodium Tripolyphosphate, Span-80, Seed
oil, Disodium Hydrogen Phosphate, Sodium Dihydrogen Phosphate, Human Serum Albumin
(HSA), 3-Sulfo-N-Hydroxysuccinimide (Sulfo-NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), 16-Mercaptohexadecanoic acid (MHA), 11-Mercapto-
I-undecanol (MU), Dulbecco’s Modified Eagle Medium (DMEM), Penicillin/Streptomycin, -
Mercaptoethanol, Fetal Bovine Serum (FBS), Bovine Calf Serum (BCS), Neutral Red (NRU),
Nickel Sulfate (Product No. 1.06726), Propidium Iodide, FACS buffer (PBS, 0.5—1 % BSA or 5-10
% FBS, 0.1 % sodium azide), Sodium Azide, Bovine Serum Albumin (BSA), and y-globulin were
purchased from Sigma-Aldrich s.r.l. (Milan, Italy). RPMI 1640 medium was obtained from ATCC
(Manassas, VA, USA). All solvents were of reagent or HPLC grade and obtained from VWR

(Milan, Italy). 5 MHz Au-coated QCM sensors were obtained from Novaetech S.r. 1. (Italy).

Cell cultures

BALB/3T3 cells were purchased from the American Type Culture Collection (ATCC, Manassas,
VA, USA) and maintained in DMEM medium (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 % CO?2 in air.

THP-1 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA,

USA) and cultured in RPMI 1640 medium supplemented with 10 % FBS, 1 %
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Penicillin/Streptomycin, and 0.05 mM B-Mercaptoethanol at 37°C in a humidified atmosphere

consisting of 5 % CO; in air.

Depolymerization of Sodium Alginate and Chitosan

For the preparation of depolymerized polymers, a protocol was adapted with appropriate
modifications. A 2% (w/v) solution of Sodium Alginate was prepared by dissolving the polymer in
double-distilled water (ddH-0O) under magnetic stirring. Once fully solubilized, Hydrogen Peroxide
(H20.) was added at a 2:1 (w/w) ratio relative to the Alginate. Depolymerization was carried out at
80°C for 3 hours under continuous agitation at 1000 rpm. The depolymerized Alginate was

recovered through ethanol-induced precipitation and collected by centrifugation at 5000 rpm.

A similar procedure was applied to Chitosan, with the exception that precipitation was achieved

using a mixture of ethanol and 1 M NaOH in a 95:5 (v/v) ratio.

To analyze the molecular weight distribution of the depolymerized products, dialysis was performed
using membranes with different Molecular Weight Cut-Offs (MWCOs). The polymer solutions
were dialyzed against either ddH2O or 1% (v/v) Acetic Acid using dialysis tubes with MWCOs of

3.5 kDa and 12—-14 kDa.

To further evaluate the reduction in polymer chain length, viscosity measurements were conducted.
The viscosity of 2.5% (w/v) polymer solutions was measured before and after the depolymerization
process, as well as before and after the dialysis steps. A Brookfield viscometer (PCE-RVI 4, PCE
Instruments, Manchester, UK) was used for these measurements, employing 20 mL samples at room

temperature. The results were expressed in milliPascal second (mPa-s).
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Design of the Experimental Approach

To refine the synthesis protocol for alginate-chitosan nanoparticles, experiments were conducted
both in the presence and absence of a model protein, bovine serum albumin (BSA), using polymer
fractions with varying molecular weight distributions obtained through depolymerization, as
depicted in Table 1. Additionally, non-depolymerized polymers were included as comparative
controls to assess the impact of the depolymerization process on nanoparticle formation. The

synthesis process followed is detailed in the subsequent section.

Sample NPs 1 NPs_2 NPs 3 NPs 4

NDSA 0.5% (w/v)

DSA > 12 kDa 0.5% (W/v)

3,5kDa <DSA <12 kDa 0.5% (W/v)

DSA < 3,5 kDa 0.5% (W/v)

NDC 0.5% (w/v)

DC > 12 kDa 0.5% (w/v)

3,5kDa<DC <12 kDa 0.5% (w/v)

DC <3,5 kDa 0.5% (W/v)

Tablel. Experimental design summarizing the use of depolymerized Sodium Alginate (DSA) and depolymerized Chitosan (DC)
fractions with defined molecular weight ranges. Non-depolymerized Sodium Alginate (NDSA) and non-depolymerized Chitosan

(NDC) were used as controls.

The produced nanoparticles were characterized in terms of size, polydispersity index (PDI), and

binding efficiency.

The particle size and polydispersity index (PDI) of produced nanoparticles were measured using
Dynamic Light Scattering (DLS) with a Zetasizer Nano ZS (Malvern Instruments Ltd., UK),
operating at 25°C with a red light laser (A = 633 nm) and backscatter detection at 173°. The

hydrodynamic diameters were calculated using the Stokes-Einstein equation and the viscosity and
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refractive index of pure water as constants, while the PDI, evaluated to ensure a monodisperse
population, was determined by fitting the autocorrelation function generated from intensity

fluctuations of the scattered light.

Binding efficiency was determined by incubating a fixed concentration of nanoparticles (0.1
mg/mL) with a known amount of template (10 pg/mL) for 2 hours. After incubation, the template-
nanoparticle complexes were separated via centrifugation at 13,000 rpm, and the unbound template
in the supernatant was measured using a BCA protein assay kit. The BCA Protein Assay Kit (Pierce,
Bonn, Germany) was utilized according to the manufacturer's guidelines: 25 pL of the sample was
combined with 200 pL of the BCA working reagent, and the mixture was incubated at 37°C for 30
minutes. Absorbance was then measured at 562 nm. To ensure the accuracy and reproducibility of
the results across different experiments, a standard BSA dilution curve, ranging from 0 to 2000
ug/mL, was included in each microplate assay. The final binding efficiency was calculated based on
the amount of template bound to the nanoparticles, as determined from the absorbance

measurements.

Computational methods and analysis

Molecular docking

The envelope Zika virus protein coordinates were obtained from the X-ray structure ID: SJTHM.[42]

In the case of the studied polymer (Chitosan and Sodium Alginate fragments), a representative
model was adopted, 6 chains, considering 4 monomers for each chain that compose the substrate.
Several types of complexes were evaluated, with different percentages of Chitosan (CHT) and

Alginate (ALG) as shown in Table 2.
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Sample Ratio ALG CHT
Mix_1 100:0 100 0
Mix_2 67:33 67 33
Mix_3 50:50 50 50
Mix_4 33:67 33 67
Mix_5 0:100 0 100

Table 2. Different ratio of Alginate and Chitosan for computational analysis

Molecular docking was performed using Autodock Vina [43], in the proximity of the fusion loop
(R98-K109). We evaluated the reliability of the docking protocol by performing molecular
recognition of known ligands, such as the flavivirus broadly protective antibody.[42] At this point,
each representative structure was prepared by assigning atom types and adding Gasteiger charges.
The docking area was established using AutoGrid. A size of 45 x 45 x 45 A was chosen for each
fragment and the grid was centred on the Nitrogen of the side chain of Tryptophan 101. Lamarckian
Genetic Algorithm (LGA) was used for the conformational search of the substrate, to allow for a
sampling of the peptides' conformational space within the protein pocket. Docking simulations of
ligands were performed, with a population size of 150, random initial position and conformation,
local search rate of 0.6, and 2,500,000 energy evaluations. The final docked poses were clustered

using an RMSD tolerance of 2 A.

To obtain a more accurate estimate of the binding affinity to the ligand, Molecular Mechanics
Poisson-Boltzmann Surface Area (MMPBSA) analysis was performed using the AmberTools

code23.[44]

148



Finally, for the best-docked pose, in all systems with different ratios of the two polymers (67:33,
50:50 and 33:67), the stability of the polymers in the fusion loop was evaluated using molecular

dynamics (MD) simulations of 200 ns in triplicate.

Molecular dynamics

MD was performed with the GROMACS 2020 package.[45] A combination of SB14{f/GAFF2
force field and TIP3P water model was used for the simulations, protein was placed in a 10 A cubic
box from the protein, containing the water molecules buffer and with counter-ions to make the total
charge zero.[46,47] Starting from 3D protein model, classical MDs were performed on protein in

apo-form and complexes.

The solvated systems were first minimized and relaxed by applying positional harmonic constraints
on all atoms (50 kcal mol—1 A2) using 5000 steps of steepest descent (SD), followed by 5000 steps
of conjugate gradient (CQG). In the second minimization step, the entire system was released
unconstrained. Then, progressive heating was performed up to 300 K for 50 ps, followed by 10 ns at
300 K using a Langevin thermostat in the NVT ensemble. The system was also maintained at a
constant pressure using an NPT ensemble at 1 bar pressure using the Berendsen barostat with a time
constant tp = 2.0 ps. The production phase was performed for 200 ns of MDs selecting an

integration step of 2 fs, the SHAKE algorithm coupling.
Preparation of nanoparticles

An emulsification-gelation technique, with modifications, was employed to synthesize alginate-
chitosan nanoparticles.[48,49] For the organic phase, 18.8 mL of seed oil containing 0.06% (v/v) of
Span80 was prepared at room temperature. The aqueous phase was prepared by dropwise addition
of 2 mL of a 2% (w/v) depolymerized Chitosan solution (in 1% (v/v) Acetic Acid, pH 5.4) into 2

mL of a 2% (w/v) depolymerized Alginate solution (pH 5.2) at a flow rate of 0.5 mL/min using a
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syringe pump. The resulting mixture was magnetically stirred under vortex motion for 15 minutes

to ensure uniformity.

The prepared aqueous phase was then added dropwise into the organic phase using the same syringe
pump flow. The resulting emulsion was stirred continuously at room temperature for 30 minutes to

achieve stable phase mixing.

Crosslinking was performed sequentially by adding 1.5 mL of a 2% (w/v) CaCl, aqueous solution,
followed 15 minutes later by 1.5 mL of a 2% (w/v) TPP aqueous solution. Both solutions were
introduced dropwise into the emulsion, while the mixture was stirred under vortex motion for an

additional 30 minutes.

To obtain oil-free nanoparticles, the collected precipitate was rinsed three times with methanol
containing 0.15% (v/v) glycerol, followed by centrifugation at 8000 rpm for 10 minutes. The

resulting precipitate was thoroughly rinsed with ddH20O to remove residual alcohols.

Molecularly imprinted polymer (MIP) nanoparticles were prepared using similar steps, also
incorporating 100 ng of template into the alginate solution. To remove residual template molecules
from the MIPs, the prepared nanoparticles were putted in a dialysis bag (MWCO=100 kDa) and

rinsed with 10 mM phosphate-buffered saline (PBS, pH 7.4) at room temperature for 3 days.

Characterization of nanoparticles

The particle size and polydispersity index (PDI) of the produced nanoparticles were measured as
described above. In addition to size and PDI characterization, the stability of the samples was
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 during
the analysis. The detection system, consisting of a pulsed near-infrared light source (880 nm) and

transmission (T) and backscattering (BS) detectors, measured light passing through the sample at a
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180° angle from the incident beam. The device scanned the entire 65 mm height of the sample cell,

recording measurements every 40 pum, resulting in a total of 1625 acquisitions per scan.

Binding studies

Binding Efficiency Evaluation Using BCA Protein Assay

The binding experiments were conducted as described above, using a fixed amount of polymer (60
mg) and increasing concentrations of the template. To gain deeper insights into the adsorption
properties of the synthesized MIP and NIP nanoparticles, the experimental binding data were

subsequently analyzed using theoretical models.

Preparation of QCM Sensor and Detection of protein binding via QCM-D

For the preparation of the QCM-D sensor, a cleaned chip was placed in a petri dish and immersed in
4 mL of a thiol solution containing 1 mM 16-Mercaptohexadecanoic acid (MHA) and 1 mM 11-
Mercapto-1-undecanol (MU), dissolved in a 90:10 ethanol-acetic acid mixture. This process was
carried out in the dark at room temperature overnight, allowing the formation of a Self-Assembled
Monolayer (SAM) on the gold surface to enhance subsequent binding interactions. After treatment,
the chip was thoroughly washed with absolute ethanol and dried with nitrogen (N2). To activate the
carboxyl groups of MHA, a sulfo-NHS:EDC solution (1:1 ratio, 100 mg/mL in ddH-0) was applied

for 60 minutes, followed by rinsing with ddH2O and drying with nitrogen.

For the immobilization of the Zika virus envelope protein (ZIKV-E), a standard solution was
prepared at a concentration of 10 pug/mL in ddH2O and injected into the QCM-D instrument to

assess the amount of analyte bound to the sensor surface.
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The binding interactions between the MIP and NIP with ZIKV-E were examined using varying
nanoparticle concentrations (12.5, 25, 50, and 100 pg/mL). The QCM-D system was calibrated to a
fundamental frequency of approximately 5 MHz. Baseline stabilization was achieved by
introducing ddH-O at a flow rate of 10 pL/min for one hour, ensuring that the frequency signal
remained stable within 0.5 Hz over a 10-minute period. After stabilization, the samples were
introduced into the QCM-D instrument at the same flow rate for 50 minutes at each concentration.
The system recorded the frequency shifts resulting from binding events between the nanoparticles
and the analyte, providing insights into the binding affinity and kinetics. To verify the specificity of
the MIP for detecting ZIKV-E, additional experiments were conducted by immobilizing Human
Serum Albumin (HSA) on the QCM sensor chips. The binding interactions of MIP and NIP with

these immobilized proteins were analyzed at the same nanoparticle concentrations.

Cytotoxicity evaluation

The cytotoxicity of the tested sample was evaluated using the Neutral Red Uptake (NRU) assay, in
accordance with the ISO 10993-5:2009 guidelines, which provide methods for assessing the in vitro
cytotoxicity of medical devices.[S0] Balb/3T3 Clone A31 cells were plated at a density of 2.5 x 10*
cells per well and exposed to varying concentrations of the tested sample (0.025 mg/mL, 0.0125
mg/mL, 0.00625 mg/mL, 0.00312 mg/mL, 0.0156 mg/mL, 0.00078 mg/mL) in DMEM for 24 hours
at 37°C in a 5% CO: atmosphere. Following treatment, the cells were incubated with a 50 pg/mL
Neutral Red (NR) solution for 3 hours. Afterward, the NR solution was removed, and the cells were
subjected to an extraction process using a solvent mixture composed of ethanol, water, and acetic
acid in a 50:49:1 ratio. Absorbance was measured at 540 nm using an Epoch microplate reader
(BioTek, Winooski, VT, USA), and cell viability was reported as a percentage compared to the

control cells, which were regarded as 100% viable.
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Human Cell Line Activation Test (h-CLAT)

The Human Cell Line Activation Assay (h-CLAT) is employed to evaluate the potential of
chemicals or mixtures to induce skin sensitization by activating the immune response. This assay
adheres to the protocols outlined in the OECD 442E and EURL ECVAM guidelines.[51] The THP-1
human monocytic leukemia cell line is utilized for assessing the expression of key co-stimulatory
molecules, including CD54 and CD86, which are indicative of immune system activation. Nickel

sulfate (NiSO.) is used as a positive control in this assay.

For the determination of the CV75 (the concentration that induces 25% cell mortality), the cells are
seeded at a density of 1.5 x 10° cells per well in 96-well plates and incubated under standard
conditions. Following treatment with the test substances, the cells are centrifuged to remove the
medium. The remaining cells are resuspended in FACS buffer containing propidium iodide (PI), and

CV75 is calculated through flow cytometry analysis to evaluate cell viability.

In the h-CLAT protocol, 5 x 10° cells are plated in 24-well plates and incubated for 24 hours. After
the treatment period, the cells are further incubated for another 24 hours. Nickel sulfate (100
pg/mL) and culture medium are used as positive and negative controls, respectively. After
incubation, the cells are subjected to centrifugation, resuspended in FACS buffer, and divided into
three aliquots. These aliquots are treated with a blocking solution (FACS buffer containing 0.01% vy-
globulin) for 15 minutes at 4°C. The cells are then exposed to fluorescein-conjugated antibodies
targeting CD86, CD54, or IgG1 (control) for 30 minutes at 4°C. Following antibody incubation, the
cells are washed to remove any unbound antibodies, resuspended in FACS buffer containing PI, and

analyzed by flow cytometry.
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RESULTS AND DISCUSSION

Impact of Depolymerization on Polymer Viscosity and Nanoparticle Synthesis and

Characterization

Hydrogen peroxide was used to depolymerize Sodium Alginate and Chitosan by generating free
radicals that cleave their glycosidic bonds, producing oligosaccharides with reduced molecular
weight and enhanced solubility. The extent of depolymerization was influenced by the concentration
of hydrogen peroxide, reaction time, and temperature. Adjusting these parameters allowed for
control over the molecular weights of the oligosaccharides, with temperature specifically depending
on the concentration of hydrogen peroxide used [20,21]. Although lower molecular weight
oligosaccharides are typically preferred to enhance solubility, a shorter reaction time was chosen to
obtain polymer chains of varying lengths and molecular weights, with the goal of producing
different nanoparticles. A preliminary characterization was performed by evaluating the viscosity, as

shown in Table 2.

Sample Yield (%) | Viscosity (mPas)
NDSA - 1008 + 26
DSA > 12 kDa 52£3 357 £31
35kDa<DSA<12kDa | 31+£5 57+9
DSA < 3.5 kDa 17+4 13+6
NDC - 2462 + 21
DC > 12 kDa 47+2 572 £33
3.5kDa<DC <12 kDa 30+4 80 + 20
DC < 3.5 kDa 23+38 34+ 4

Table2. Yields and viscosity measurements of non-depolymerized and depolymerized Sodium Alginate (NDSA and DSA) and Chitosan

(NDC and DC) fractions, each with defined molecular weight ranges.
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Samples spanning different molecular weight ranges displayed distinct viscosities. A marked
decrease in viscosity was evident for both polymers when their molecular weight dropped below
12—-14 kDa. Notably, depolymerized polymers with molecular weights below 3.5 kDa exhibited an
almost 1000-fold reduction in viscosity compared to native polymers. This substantial decline
highlights the profound impact of molecular weight on polymer behavior, as lower molecular
weight chains are associated with enhanced solubility and increased chain flexibility. These
observations align with the Mark-Houwink equation, which describes the relationship between
molecular weight and viscosity in polysaccharides.[52,53] A reduction in molecular weight
typically leads to shorter polymer chains and reduced intermolecular entanglements, resulting in a
significant decrease in viscosity. The depolymerization process also produced varying yields across
molecular weight ranges (Table 2). The highest yield corresponded to polymers with molecular
weights above 12-14 kDa, demonstrating that the chosen reaction time was not sufficient to
extensively degrade the polymers into lower molecular weight fractions. A reaction time of 10 hours

is recommended to achieve polymers with molecular weights below 3.5 kDa.

Following the evaluation of the depolymerization process and its impact on the molecular weight of
the polymers, additional experiments were conducted to refine the synthesis protocol for alginate-
chitosan nanoparticles and to select the optimal polymer molecular weight ranges. These
experiments were carried out both in the presence and absence of a model protein, bovine serum
albumin (BSA), using polymer fractions with varying molecular weight distributions, as detailed in
Table 1. The aim was to investigate how the molecular weight of the depolymerized alginate and
chitosan polymers influences nanoparticle formation, specifically examining properties such as size,
PDI, and protein binding efficiency. The results of these experiments are presented in Figure 1 and

Figure 2.
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Fig. 1. Hydrodynamic diameter and PDI of NPs based on NDSA and NDC (NPs_1), DSA and DC at different MW (NPs_2, NPs_3

B)

and NPs_4).

As illustrated in Figure 1, the size and PDI of the nanoparticles (NPs) are strongly influenced by the
molecular weight of the polymers used in their synthesis. For the methodology employed, the most
favorable sizes were observed in NPs synthesized from polymers with molecular weights below 12—
14 kDa. A clear distinction emerged between NPs formed using 3.5 kDa and 12 kDa polymers:
NPs_4 exhibited a z-average size of approximately 62 nm, whereas NPs_3 displayed a z-average
size of about 156 nm. This trend underscores the critical role of polymer molecular weight, as even

small variations can significantly affect the resulting nanoparticle dimensions.

In terms of PDI, polymers with molecular weights above 12—14 kDa tended to produce NPs with
PDI values exceeding 0.3, indicating a less uniform size distribution. It is worth noting that a PDI
value of approximately 0.3 is generally considered the upper threshold for a monodisperse

population of polysaccharide-based NPs.[54] Conversely, NPs synthesized using polymers with
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molecular weights below 12—14 kDa consistently exhibited PDI values under 0.3, signifying a more
homogeneous population. Notably, these lower-molecular-weight polymers resulted in
nanoparticles with similar PDI trends, reinforcing the notion that polymer chain flexibility and

reduced molecular entanglement contribute to the formation of uniform nanoparticle populations.

To assess the protein binding efficiency of the synthesized alginate-chitosan nanoparticles, their re-
binding capability was evaluated. The nanoparticles were incubated with a BSA protein solution,

and the unbound protein in the supernatant was quantified using a BCA assay, as illustrated in
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Fig. 2. Binding test of NPs based on NDSA and NDC (NPs_1), DSA and DC at different MW (NPs_2, NPs_3 and NPs_4).

The binding studies revealed a clear correlation between the molecular weight of the polymers and
the protein binding efficiency. Nanoparticles synthesized from low molecular weight polymers
exhibited significantly higher specificity for BSA, as evidenced by the superior binding efficiencies
shown in Figure 2. Specifically, nanoparticles prepared with polymers below 3.5 kDa consistently
outperformed those synthesized with higher molecular weight polymers. This suggests that shorter
polymer chains not only favor smaller nanoparticle sizes and lower PDI values, but also increase the

availability of binding sites, thereby enhancing the interaction with the target protein.
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These results strongly support the selection of polymers with molecular weights around 3.5 kDa for
subsequent nanoparticle production, as they offer an optimal balance between desirable

physicochemical properties and effective protein binding capacity.

To provide useful information about the binding of these polymers near the fusion loop, several
molecular docking studies were initially conducted using mixtures of two polymers, Chitosan
(CHT) and Sodium Alginate (ALG), in varying amounts. The process began with 100% CHT and
progressively reduced its proportion until reaching 100% ALG. The molecular docking studies were

performed near the catalytic site, and the binding energy was calculated within a range of -4 to -5

kcal/mol.
Docking ranking Best pose
Samples
(Kcal-mol™) (Kcal-mol)
Mix_1 from -4.4 to -4.9 -4,90
Mix_2 from -4.5t0 5.0 -5,00
Mix_3 from -4.70 to -5.20 -5,20
Mix_4 from -4.70 to -5.30 -5,30
Mix_5 from -4.8 to -5.4 -5,40

Table 3. Values from rigid Molecular Docking with flexible ligands

From the results obtained (Table 3), molecular docking suggests that increasing the ALG percentage
enhanced its affinity for the protein, and more cationic residues are present laterally in the fusion
ring (R98, K109), allowing better interaction with the alginate chains. This finding was later

confirmed through MMPBSA decomposition analysis (Figure 3).
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Fig. 3. Values of vdW energy and AG total from MMPBSA decomposition of all complexes

Through the MMPBSA energy decomposition, the specific contribution of the fusion loop in the
interaction with the polymers was verified. The obtained values all settled around -5 kcal/mol, with
a slight improvement in the case of Mix_3. From these results, it can be inferred that the interaction

between the loop and the ligand stabilizes, thereby enhancing its binding affinity.

This stabilization is particularly relevant when considering the role of polymer mixtures in
molecular imprinting. These mixtures are known to improve molecular recognition by
accommodating a wider range of conformations, thus allowing greater interaction with multiple
targets. This increased flexibility contributes to enhanced stability. Based on these observations,
molecular dynamics simulations were performed on the three systems with both polymers in

different ratios (Mix_2, Mix_3, Mix_4).

Subsequently, for these mixtures, the best docking pose was selected and Molecular Dynamics
(MD) simulations were carried out for 200 ns in triplicate to accurately evaluate the affinity
between the protein and the polymers. A structural analysis of the protein was performed, focusing

on the fusion loop, the protein's binding site. To this end, the interactions were analyzed through a
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minimum distance analysis of the residues in the fusion loop relative to the alginate and chitosan

fragments, identifying specific interactions with these components (Figure 4).
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Fig. 4. Minimum distance between Fusion loop and CHT (in orange) and ALG (in violet)
In all cases, the distances between the ALG fragments and the residues of the fusion loop remained

stable over time, stabilizing around 2-3 A. This suggests strong interactions, such as hydrogen

bonds and Van der Waals forces, which contribute to the stabilization of the complex. As previously
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noted, the MMPBSA decomposition corroborates this observation, as shown in Figure 3. In
contrast, for CHT, different behaviours were observed: stable interactions with the fusion loop were
only detected when the CHT ratio exceeded that of ALG. In the case of Mix_2 and Mix_3
(highlighted in orange in Figure 4), the distances were unstable, with a preference for direct
interactions with the alginate fragments instead. This finding aligns with the MMPBSA results

obtained earlier.

Based on the Molecular Docking and Molecular Dynamics, it was decided to proceed with the
preparation of the particles using a 50:50 ratio (Mix_3). For this reason, an emulsion-gelation
technique was utilized to synthesize alginate-chitosan nanoparticles for the specific binding of the
Zika virus envelope protein. This method was chosen due to its high yield, reproducibility, and
ability to generate nanoparticles with specific binding sites for target proteins, making it ideal for

the development of protein-imprinted nanoparticles.[55]

In this study, a modified ionotropic gelation (IG) method was employed to create molecularly
imprinted nanoparticles (MIPs) using the Zika virus envelope protein as a template. The
formulation was optimized by fine-tuning the concentrations of depolymerized Chitosan (CS) and
Sodium Alginate (SA) solutions, along with the cross-linking agents Calcium Chloride (CaClz) and
Sodium Tripolyphosphate (TPP). The use of depolymerized polymers necessitated elevated polymer
concentrations compared to conventional protocols, leading to smaller particle sizes and minimized

aggregation, as evidenced by Figure 5.
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Fig. 5. Hydrodynamic diameter of MIP particles measured by DLS

The nanoparticles were characterized by dynamic light scattering (DLS) to determine their size and
polydispersity index (PDI). MIP nanoparticles exhibited an average size of approximately 67 nm
with a PDI of 0.232, while non-imprinted particles (NIPs) had a slightly smaller size of around 59
nm with a PDI of 0.211. The slight size increase in MIPs was likely due to interactions between the

template protein and the polymer matrix during formation.

These nanoparticles were notably smaller than typical alginate or chitosan nanoparticles reported in
the literature, a size reduction attributed to the controlled depolymerization process, which
enhanced polymer dispersion and uniformity.[56,57] In addition, the pH used in synthesis process
helped address issues of size variability and aggregation.[58] Within this range, the Zika virus
envelope protein adopted a conformation with its fusion loop exposed, promoting optimal

interactions with the polymer matrix.[59]

This study highlights the potential of the modified ionotropic gelation method and depolymerized
polymers to overcome common challenges in nanoparticle synthesis, achieving more uniform

particles with improved stability and performance.

The stability of nanoparticle suspensions in PBS at pH 7.4 (102 M) was assessed using the
Turbiscan® DNS™ gsystem, which measures changes in light transmission (AT%) and
backscattering (ABS%) as a function of sample height and over time. These measurements were
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then analyzed to obtain a global parameter reflecting the overall stability kinetics of the suspension,
known as the Turbiscan Stability Index (TSI).[60] The analysis was carried out at two time points,
after 24 hours and after 30 days, to evaluate any potential variation in the stability of the

nanoparticles during both short- and long-term storage, as shown in Figure 6.
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Fig. 6. Transmission intensity (AT%) and backscattering (ABS%) profiles of imprinted nanoparticles in PBS in function of time after

one day (4) and 30 days (B) from synthesis.
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The results demonstrated that the nanoparticle suspensions maintained excellent stability over both
time points. Throughout the 24-hour and 30-day periods, variations in ABS% remained within a
+10% range, which is considered optimal for ensuring colloidal stability. This indicated that there

were no substantial changes in the particles' size or aggregation behaviour, even after 30 days.

During the analysis, three distinct regions of the sample were observed. At the top of the vial, a
positive variation in AT% was detected, suggesting a slight creaming phenomenon. This effect was
reversible by gentle agitation, confirming that no permanent structural changes had occurred. In the
middle of the vial, the measurements of both AT% and ABS% remained stable, indicating no
significant aggregation or particle size alteration. In the lower section of the vial, similar stability
was observed, reinforcing the conclusion that the nanoparticles did not undergo significant

aggregation or size changes during the evaluation.

The observed destabilization was largely attributed to the migration of particles, rather than
permanent changes in their structure or size. This migration was reversible and did not affect the
overall colloidal stability. Furthermore, the Turbiscan Stability Index (TSI), calculated from the
cumulative changes in AT% and ABS% along the sample height, remained low (< 0.8) at both 24

hours and 30 days, further confirming the stability of the molecularly imprinted nanoparticles.

Following the stability assessment, the molecularly imprinted nanoparticles (MIPs) were subjected
to binding tests to evaluate their affinity and selectivity toward the Zika virus envelope protein,
which served as the template for their synthesis. The binding performance of the MIPs was tested
using 2 mg of nanoparticles mixed with standard ZIKV-E solutions at concentrations ranging from
0.1 to 1 mM. The amount of protein captured by the nanoparticles was measured using a BCA assay
to evaluate their ability to specifically recognize and bind to the target protein, in comparison to the

non-imprinted nanoparticles (NIPs), which were synthesized in the absence of the template protein.

The adsorption isotherms were studied to investigate the equilibrium binding capacity of the

synthesized Molecularly Imprinted Nanoparticles (MIPs) and Non-Imprinted Nanoparticles (NIPs).
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These experiments provide critical insights into the specific interactions between the nanoparticles

and the template molecule, as well as their selectivity towards the target protein.
The equilibrium binding capacity (Q., mmol/g) was calculated using the equation:

(Ci - Ce) -V
m

Q. =

where C; and Ce (mM) represent the initial and equilibrium concentrations of ZIKV-E in solution,

respectively, V (L) is the solution volume, and m (g) is the mass of nanoparticles.

To assess the selectivity of MIPs for ZIKV-E, binding experiments were also conducted using
Human Serum Albumin (HSA), a non-target protein. This comparison enabled the evaluation of the

specific recognition capacity of the imprinted nanoparticles. The Q. values for both ZIKV-E and

HSA were determined and compared for MIPs and NIPs, as depicted in Figure 7.
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Fig. 7. Adsorption isotherms of (4) ZIKV-E and (B) HSA on MIPs and NIPs.
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The results demonstrated a significantly higher binding capacity of MIPs for ZIKV-E compared to
NIPs, confirming the presence of specific binding sites within the MIPs that are complementary in
shape, size, and functionality to the ZIKV-E protein. In contrast, the binding capacity of MIPs for
HSA was notably lower, indicating high selectivity of the imprinted sites for the target protein. The
NIPs, synthesized in the absence of the template molecule, exhibited minimal and non-specific

interactions with both ZIKV-E and HSA.

The results demonstrate the high capacity of MIPs to selectively recognize and bind to the ZIKV-E
protein, attributed to the presence of specific cavities created during the molecular imprinting
process. These cavities, complementary in terms of size, shape, and chemical functionality, ensure
efficient interaction with the target, significantly surpassing the nonspecific interactions observed in
NIPs. As reported in Table 4, analysis of the imprinting factor (o) consistently revealed values
greater than 1.0 for ZIKV-E, confirming the superior binding capacity of MIPs compared to NIPs.
Similarly, the selectivity coefficient (¢) highlighted a clear preference for ZIKV-E over HSA, further

validating the high specificity of the imprinted sites.

G Bound ZIKV-E (%) Bound HSA (%) o o .
(mM) MIP NIP MIP NIP ZIKV-E | HSA
0.11 | 80.8+12 | 258+1.1 49+03 43+0.1 3.1 1.1 16.4

0.22 795+14 244+ 0.7 3.1+£0.1 48+0.2 3.2 0.6 25.3
0.33 73.9+1.7 28.0+0.8 7.1+£0.2 6.2+0.4 2.6 1.1 10.4
0.44 74.0+£0.9 29.0+ 1.1 6.9+0.1 6.0£0.8 2.5 1.1 10.7
0.55 702+ 1.1 293+1.2 17.2+0.5 21.8+1.3 24 0.8 4.1
0.66 763+ 1.7 38.9+0.6 24.7+0.9 214+14 2.0 1.1 3.1

0.77 73.5+1.9 28.8+0.8 304+ 1.1 29.1+14 2.5 1.0 24
0.88 63.7+£2.7 323+0.9 27.0+0.6 279+1.2 2.0 1.0 2.4
0.99 56.1 +1.7 246 +0.7 26.0+£0.7 260+ 1.1 2.3 1.0 2.1

Table 4. Percentages of bound Zika virus envelope protein (ZIKV-E) and Human Serum Albumin (HAS) by imprinted (MIP) and non-

imprinted (NIP) nanoparticles and o and ¢ values for different Ci.

To better understanding the adsorption properties of the synthesized MIP and NIP nanoparticles, the
experimental binding data were evaluated using multiple theoretical models, including the

Scatchard, Langmuir, and Freundlich isotherms.[61]
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The Scatchard analysis, described by Equation (1), was employed to distinguish between

homogeneous and heterogeneous binding sites. According to the Scatchard equation:

g_: = (Bmax - Qe) K, (D

where Q. represents the analyte bound per gram of polymer at equilibrium, C. is the analyte
concentration at equilibrium, B is the apparent maximum binding capacity and K, is the
association constant. The Scatchard plot of MIP exhibited two linear regions with different slopes,
indicating the presence of high- and low-affinity binding sites, a hallmark of heterogeneous
recognition cavities. Conversely, the NIP data showed a single straight line, confirming

homogeneous binding sites.

The Langmuir model, described by Equation (2), assumes adsorption on homogeneous surfaces

with uniform binding sites, resulting in a monolayer coverage of analyte molecules:

1 1 1

o= + @)

Qe Qmax Ce KL Qmax

where, Onax represents the maximum adsorption capacity and K is the Langmuir constant related to
the adsorption affinity. The linearity of the Langmuir plots for MIP and NIP allowed for the
determination of these parameters, indicating the maximum surface coverage achievable under

equilibrium conditions.

In contrast, the Freundlich isotherm, an empirical model described by Equation (3) and Equation

(4), accounts for adsorption on heterogeneous surfaces, where binding affinity varies across sites:

Qe = Kr Cem 3)

or in its linearized form:

log(Q.) = log(Kp) +mlog (C,) “4)
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where, Kr indicates the adsorption capacity, and m, the heterogeneity index, reflects the variability
of binding sites. The Freundlich plots for MIP and NIP showed good linearity, with mm values

suggesting a cooperative adsorption mechanism.

Based on the R? values, the Langmuir model better described the adsorption of ZIKV-E on the
prepared MIP, with an R? value of 0.98, indicating a preference for homogeneous binding sites and
monolayer adsorption. However, the Freundlich model provided additional insights into the
heterogeneity of the binding sites, particularly in the case of the NIP. This comprehensive

evaluation underscores the nuanced binding behaviour of the imprinted materials.

In addition to the adsorption isotherms, further binding studies were conducted using Quartz Crystal
Microbalance with Dissipation (QCM-D) to provide deeper insights into the interactions of ZIKV-E
with the synthesized MIPs. QCM-D offers the advantage of monitoring real-time changes in mass
and viscoelastic properties of the polymer surface, allowing for a more detailed understanding of

the binding dynamics.[62]

Initially, the sensor surface was functionalized with a Self-Assembled Monolayer (SAM) of
mercaptohexadecanoic acid (MHA) and mercaptoundecanol (MU), which acted as spacers to
enhance the interaction between the gold coating and the analyte. The next step involved
immobilizing the target analyte, ZIKV-E, on the sensor surface using sulfo-NHS:EDC coupling
chemistry. Changes in resonant frequency during the immobilization process were monitored to
track the progression of binding events. The analyte quantities on the sensor surface were

determined using the Sauerbrey equation, revealing a ZIKV-E surface concentration of 1.2 x 1072

2 2

mol-cm™ and a HSA concentration of 1.3 x 107'2 mol-cm™. These similar values indicate
comparable surface coverage for the two proteins, suggesting that the immobilization process was

consistent and reproducible.

After immobilizing ZIKV-E and HSA, the binding interactions of the prepared nanoparticles were

investigated. Binding isotherms for both MIPs and non-imprinted polymers (NIPs) were obtained
168



by injecting increasing concentrations of MIPs onto the functionalized sensor surfaces and

monitoring the corresponding frequency shifts in real time (Figure 8).
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Fig. 8. Real-time resonant frequency changes AF (Hz) after repeated injections of MIP and NIP dispersions of increasing

concentration on functionalized QCM-D sensor chips with (A) ZIKV-E and (B) HSA

As depicted in Figure 8A, the MIPs displayed a pronounced concentration-dependent binding trend
toward ZIKV-E. The significant frequency shifts observed with increasing MIP concentrations were
indicative of strong and specific interactions between the imprinted cavities of the MIPs and the
ZIKV-E protein. In contrast, the NIPs showed much weaker binding, with minimal frequency shifts,

suggesting non-specific interactions that were not mediated by imprinting.

Similarly, when the sensor surface was functionalized with HSA (Figure 8B), the MIPs exhibited
very low binding, further corroborating their specificity for ZIKV-E. The NIPs also demonstrated
negligible binding to HSA, confirming that the imprinted MIPs do not interact non-specifically with

non-target proteins, even at elevated concentrations.
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To quantify binding affinity, the experimental data were fitted to a Langmuir adsorption model
(Figure 9). From these fits, the dissociation constant (Kp) for MIP binding to ZIKV-E was
calculated as 5.65 + 0.2 nM, indicating high binding affinity for the target molecule. In contrast, the

Kp value for NIP binding was significantly higher, reinforcing the notion that MIPs are highly

selective for ZIKV-E.
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Fig. 9. Apparent non-equilibrium binding isotherms of MIP and NIP on a ZIKV-E (4) and HSA (B) functionalized sensor chip.

These results underscore the considerable potential of MIPs as selective binding agents for ZIKV-E,
with strong specificity and minimal off-target interactions. The use of HSA as a control further
highlights the selectivity of MIPs, as they preferentially bound to the target antigen with minimal
interaction with non-target proteins. This demonstrates the utility of MIPs in highly specific

molecular recognition applications, such as diagnostics and sensing technologies.
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Safety assessments were performed to evaluate the potential cytotoxic and immunogenic effects of
the test substances. The evaluations utilized two well-established in vitro methodologies: the NRU

assay and the Human Cell Line Activation Test (h-CLAT).

The cytotoxic potential of the tested sample was evaluated using the Neutral Red Uptake (NRU)
assay, in accordance with the ISO 10993-5:2009 guidelines.[50] Prior to the assay, cell culture
integrity was examined microscopically after 24 hours of incubation with the nanoparticle
dispersion and the positive control (1% SDS). The evaluation focused on cell morphology and any
signs of biological reactivity, including cellular abnormalities or degeneration, which were graded

on a scale from 0 (no reactivity) to 4 (severe reactivity).

Microscopic observations revealed that BALB/3T3 fibroblast cells maintained normal morphology
when exposed to the test sample, showing no signs of cellular degeneration or abnormalities. The
biological reactivity grade for these conditions was consistently 0, indicating no observable adverse
effects. In contrast, cells treated with the positive control exhibited significant degeneration,

including pronounced cell rounding and detachment, resulting in a reactivity grade of 4.
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Fig. 10. Cell viability: the NRU test conducted on Balb/3T3 cells following a 24-hour exposure to escalating concentrations of MIP
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and NIP. Data are expressed as means + SEM, statistical significance: *p < 0.05, **p < 0.01.
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Quantitative analysis of cell viability, presented in Figure 10, demonstrated that exposure to the
nanoparticle dispersion resulted in cell viability exceeding 75% across all experimental conditions.
This viability threshold is consistent with non-cytotoxic behaviour, as defined by ISO standards.
Conversely, treatment with the positive control led to a marked reduction in cell viability,

confirming its cytotoxicity and validating the assay.

These findings confirm that the nanoparticles are non-toxic to BALB/3T3 fibroblast cells under the
tested conditions. The absence of cytotoxicity and cellular abnormalities highlights the
biocompatibility of the sample, suggesting its potential for applications that require safe interaction

with biological systems.

To evaluate the potential for sensitization of the nanoparticle dispersion, the h-CLAT assay was
performed according to the OECD 442E guidelines. This assay measures the activation of THP-1
cells by assessing the expression levels of CD86 and CD54, which are crucial markers for immune
cell activation. The cells were exposed to high concentrations of the test substance for 24 hours,
with concentration levels selected based on preliminary cytotoxicity data to determine the CV75

values.

The sensitization potential of the test substances was assessed by determining the Effective
Concentration (EC) values for CD86 and CD54. The EC represents the concentration at which the
Relative Fluorescence Intensity (RFI) reaches thresholds of 150% for CD86 or 200% for CD54.
Each experiment was conducted in triplicate across three independent days, and the median EC150
and EC200 values were calculated. If two out of three independent runs met the positive criteria, the
highest EC value (either EC150 or EC200) was used to determine the final result. An increase in
CD86 and CD54 expression on THP-1 cells indicates immune system activation, suggesting a

potential sensitizing effect of the tested substance.
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SAMPLES CD54 CD86
MIP 167 125
NIP 145 112
NEGATIVE CONTROL 109 104
POSITIVE CONTROL 331 286
CUT-OFF 200 150

Table 5. RFI% value of CD54 and CD86 on THP-1 monocytes.

The results, presented in Table 5, show that none of the tested high concentrations of the sample
caused an RF1% for CD86 >150% or CD54 >200%. This confirms that the sample did not induce
sensitization. These findings emphasize the non-sensitizing nature of the tested material and further

support its biocompatibility and safety for biological applications.
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CONCLUSION

The development of molecularly imprinted polysaccharide-based nanoparticles marks a significant
advancement in creating highly specific, stable, and biocompatible nanomaterials for molecular
recognition. This study emphasizes the successful synthesis and optimization of these nanoparticles,
which demonstrate improved stability, uniformity, and reproducibility through careful formulation
and process control. The choice of sodium alginate and chitosan, with their intrinsic
biocompatibility and biodegradability, further bolsters the potential of these nanoparticles for

therapeutic applications.

The depolymerization of these polysaccharides using hydrogen peroxide proved effective for fine-
tuning the molecular weight and enhancing the solubility of the resulting oligosaccharides. This
method enabled the preparation of nanoparticles with smaller sizes and optimal monodispersity. The
stability of these nanoparticles was further evidenced by stable TSI values, confirming their ability
to be stored for extended periods without loss of functionality. These findings suggest the
nanoparticles' suitability for scalable production and long-term storage, enhancing their utility in

various biomedical applications.

Binding isotherms and QCM-D analysis revealed that the molecularly imprinted polysaccharide
nanoparticles (MIPs) exhibited significantly higher binding capacity and specificity for the ZIKV-E
target molecule compared to non-imprinted polymers (NIPs), highlighting their potential for precise
molecular recognition. Additionally, the biocompatibility and non-sensitizing properties of these
MIPs, demonstrated through cell viability assays and the human Cell Line Activation Test (h-

CLAT), underscore their safety for biomedical applications.

These findings support the potential of these nanoparticles as a promising platform for combating

Zika virus infections and other emerging viral outbreaks.

174



REFERENCES

(1]

(2]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

L.R. Petersen, D.J. Jamieson, A.M. Powers, M.A. Honein, Zika Virus, New England Journal of Medicine 374
(2016) 1552—-1563.

A. Gulland, Zika virus is a global public health emergency, declares WHO, BMJ (2016) i657.

M. Mercado-Reyes, J. Acosta-Reyes, E. Navarro-Lechuga, S. Corchuelo, A. Rico, E. Parra, N. Tolosa, L. Pardo, M.
Gonzélez, J. Martin-Rodriguez-Herndndez, L. Karime-Osorio, M. Ospina-Martinez, H. Rodriguez-Perea, G. Del
Rio-Pertuz, D. Viasus, Dengue, chikungunya and zika virus coinfection: results of the national surveillance during
the zika epidemic in Colombia, Epidemiol Infect 147 (2019) ¢77.

G. Venturi, L. Zammarchi, C. Fortuna, M.E. Remoli, E. Benedetti, C. Fiorentini, M. Trotta, C. Rizzo, A. Mantella,
G. Rezza, A. Bartoloni, An autochthonous case of Zika due to possible sexual transmission, Florence, Italy, 2014,
Eurosurveillance 21 (2016).

A. Miranda-Lopez, O. Gonzalez-Ortega, D.O. Govea-Alonso, L. Betancourt-Mendiola, M. Comas-Garcia, S.
Rosales-Mendoza, Rational design and production of a chimeric antigen targeting Zika virus that induces
neutralizing antibodies in mice, Vaccine 42 (2024) 3674-3683.

H. Zhao, E. Fernandez, K.A. Dowd, S.D. Speer, D.J. Platt, M.J. Gorman, J. Govero, C.A. Nelson, T.C. Pierson,
M.S. Diamond, D.H. Fremont, Structural Basis of Zika Virus-Specific Antibody Protection, Cell 166 (2016) 1016—
1027.

A. Qadir, M. Riaz, M. Saeed, S. Shahzad-ul-Hussan, Potential targets for therapeutic intervention and structure
based vaccine design against Zika virus, Eur ] Med Chem 156 (2018) 444—460.

C.R. Fontes-Garfias, C. Shan, H. Luo, A.E. Muruato, D.B.A. Medeiros, E. Mays, X. Xie, J. Zou, C.M. Roundy, M.
Wakamiya, S.L. Rossi, T. Wang, S.C. Weaver, P.-Y. Shi, Functional Analysis of Glycosylation of Zika Virus
Envelope Protein, Cell Rep 21 (2017) 1180-1190.

D.L. Carbaugh, R.S. Baric, H.M. Lazear, Envelope Protein Glycosylation Mediates Zika Virus Pathogenesis, J
Virol 93 (2019).

F. Giovannoni, I. Bosch, C.M. Polonio, M.F. Torti, M.A. Wheeler, Z. Li, L. Romorini, M.S. Rodriguez Varela, V.
Rothhammer, A. Barroso, E.C. Tjon, L.M. Sanmarco, M.C. Takenaka, S.M.S. Modaresi, C. Gutiérrez-Vazquez,
N.G. Zanluqui, N.B. dos Santos, C.D. Munhoz, Z. Wang, E.B. Damonte, D. Sherr, L. Gehrke, J.P.S. Peron, C.C.
Garcia, F.J. Quintana, AHR is a Zika virus host factor and a candidate target for antiviral therapy, Nat Neurosci 23
(2020) 939-951.

D. Michlmayr, P. Andrade, K. Gonzalez, A. Balmaseda, E. Harris, CD14+CD16+ monocytes are the main target of
Zika virus infection in peripheral blood mononuclear cells in a paediatric study in Nicaragua, Nat Microbiol 2
(2017) 1462-1470.

W. Shuaib, H. Stanazai, A.G. Abazid, A.A. Mattar, Re-Emergence of Zika Virus: A Review on Pathogenesis,
Clinical Manifestations, Diagnosis, Treatment, and Prevention, Am J Med 129 (2016) 879.e7-879.e12.

L. Priyamvada, K.M. Quicke, W.H. Hudson, N. Onlamoon, J. Sewatanon, S. Edupuganti, K. Pattanapanyasat, K.
Chokephaibulkit, M.J. Mulligan, P.C. Wilson, R. Ahmed, M.S. Suthar, J. Wrammert, Human antibody responses
after dengue virus infection are highly cross-reactive to Zika virus, Proceedings of the National Academy of

Sciences 113 (2016) 7852-7857.

175



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

E.A. Bhat, T. Ali, N. Sajjad, R. kumar, P. Bron, Insights into the structure, functional perspective, and pathogenesis
of ZIKV: an updated review, Biomedicine & Pharmacotherapy 165 (2023) 115175.

M. Dattilo, M.F. Motta, F. Patitucci, C. Ferraro, O.1. Parisi, F. Puoci, Exploring crosslinker effects on fluorescent
molecularly imprinted polymers for improved gefitinib delivery in lung cancer theranostics, Mater Adv 5 (2024)
6446-6457.

B. Tse Sum Bui, A. Mier, K. Haupt, Molecularly Imprinted Polymers as Synthetic Antibodies for Protein
Recognition: The Next Generation, Small 19 (2023).

S. Scorrano, L. Mergola, R. Del Sole, G. Vasapollo, Synthesis of Molecularly Imprinted Polymers for Amino Acid
Derivates by Using Different Functional Monomers, Int J Mol Sci 12 (2011) 1735-1743.

M. Wioch, J. Datta, Synthesis and polymerisation techniques of molecularly imprinted polymers, in: 2019: pp. 17—
40.

O.1. Parisi, F. Francomano, M. Dattilo, F. Patitucci, S. Prete, F. Amone, F. Puoci, The Evolution of Molecular
Recognition: From Antibodies to Molecularly Imprinted Polymers (MIPs) as Artificial Counterpart, J Funct
Biomater 13 (2022) 12.

G. Jamalipour Soufi, S. Iravani, R.S. Varma, Molecularly imprinted polymers for the detection of viruses:
challenges and opportunities, Analyst 146 (2021) 3087-3100.

A K. Yadav, D. Verma, N. Dalal, A. Kumar, P.R. Solanki, Molecularly imprinted polymer-based nanodiagnostics
for clinically pertinent bacteria and virus detection for future pandemics, Biosens Bioelectron X 12 (2022) 100257.
V. Ricotta, Y. Yu, N. Clayton, Y.-C. Chuang, Y. Wang, S. Mueller, K. Levon, M. Simon, M. Rafailovich, A chip-
based potentiometric sensor for a Zika virus diagnostic using 3D surface molecular imprinting, Analyst 144 (2019)
4266-4280.

J. Yang, S. Han, H. Zheng, H. Dong, J. Liu, Preparation and application of micro/nanoparticles based on natural
polysaccharides, Carbohydr Polym 123 (2015) 53-66.

R. Hasanzadeh, P. Mihankhah, T. Azdast, A. Rasouli, M. Shamkhali, C.B. Park, Biocompatible tissue-engineered
scaffold polymers for 3D printing and its application for 4D printing, Chemical Engineering Journal 476 (2023)
146616.

L.A. Picos-Corrales, A.M. Morales-Burgos, J.P. Ruelas-Leyva, G. Crini, E. Garcia-Armenta, S.A. Jimenez-Lam,
L.E. Ayon-Reyna, F. Rocha-Alonzo, L. Calderén-Zamora, U. Osuna-Martinez, A. Calderén-Castro, G. De-Paz-
Arroyo, L.N. Inzunza-Camacho, Chitosan as an Outstanding Polysaccharide Improving Health-Commodities of
Humans and Environmental Protection, Polymers (Basel) 15 (2023) 526.

A. Plucinski, Z. Lyu, B.V.K.J. Schmidt, Polysaccharide nanoparticles: from fabrication to applications, J Mater
Chem B 9 (2021) 7030-7062.

J. Kurczewska, Recent Reports on Polysaccharide-Based Materials for Drug Delivery, Polymers (Basel) 14 (2022)
4189.

P. Tran, J.-S. Park, Alginate-coated chitosan nanoparticles protect protein drugs from acid degradation in gastric
media, ] Pharm Investig 52 (2022) 465-476.

J. Cao, J. Cheng, S. Xi, X. Qi, S. Shen, Y. Ge, Alginate/chitosan microcapsules for in-situ delivery of the protein,
interleukin-1 receptor antagonist (IL-1Ra), for the treatment of dextran sulfate sodium (DSS)-induced colitis in a

mouse model, European Journal of Pharmaceutics and Biopharmaceutics 137 (2019) 112—-121.

176



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

B. Zhao, N.F. Alonso, J. Miras, S. Vilchez, M.J. Garcia-Celma, G. Morral, J. Esquena, Triggered protein release
from calcium alginate/chitosan gastro-resistant capsules, Colloids Surf A Physicochem Eng Asp 693 (2024)
133998.

T.M. Aida, T. Yamagata, M. Watanabe, R.L. Smith, Depolymerization of sodium alginate under hydrothermal
conditions, Carbohydr Polym 80 (2010) 296-302.

I. Aranaz, A.R. Alcantara, M.C. Civera, C. Arias, B. Elorza, A. Heras Caballero, N. Acosta, Chitosan: An Overview
of Its Properties and Applications, Polymers (Basel) 13 (2021) 3256.

S. Mao, T. Zhang, W. Sun, X. Ren, The depolymerization of sodium alginate by oxidative degradation, Pharm Dev
Technol 17 (2012) 763-769.

M.E.J.D.P. Tanasale, C.M. Bijang, E. Rumpakwara, Preparation of Chitosan with Various Molecular Weight and Its
Effect on Depolymerization of Chitosan with Hydrogen Peroxide using Conventional Technique, Int J Chemtech
Res 12 (2019) 112-120.

F. Tian, Y. Liu, K. Hu, B. Zhao, Study of the depolymerization behavior of chitosan by hydrogen peroxide,
Carbohydr Polym 57 (2004) 31-37.

M. Xing, Q. Cao, Y. Wang, H. Xiao, J. Zhao, Q. Zhang, A. Ji, S. Song, Advances in Research on the Bioactivity of
Alginate Oligosaccharides, Mar Drugs 18 (2020) 144.

M. Wang, L. Chen, Z. Zhang, Potential applications of alginate oligosaccharides for biomedicine — A mini review,
Carbohydr Polym 271 (2021) 118408.

F.C. MacLaughlin, R.J. Mumper, J. Wang, J.M. Tagliaferri, 1. Gill, M. Hinchcliffe, A.P. Rolland, Chitosan and
depolymerized chitosan oligomers as condensing carriers for in vivo plasmid delivery, Journal of Controlled
Release 56 (1998) 259-272.

N. Maganti, P.K.C. Venkat Surya, W.W. Thein-Han, T.C. Pesacreta, R.D.K. Misra, Structure—Process—Property
Relationship of Biomimetic Chitosan-Based Nanocomposite Scaffolds for Tissue Engineering: Biological,
Physico-Chemical, and Mechanical Functions, Adv Eng Mater 13 (2011).

C. Knill, J. Kennedy, J. Mistry, M. Miraftab, G. Smart, M. Groocock, H. Williams, Acid hydrolysis of commercial
chitosans, Journal of Chemical Technology & Biotechnology 80 (2005) 1291-1296.

S. Lu, K. Na, J. Wei, L. Zhang, X. Guo, Alginate oligosaccharides: The structure-function relationships and the
directional preparation for application, Carbohydr Polym 284 (2022) 119225.

L. Dai, J. Song, X. Lu, Y.-Q. Deng, A.M. Musyoki, H. Cheng, Y. Zhang, Y. Yuan, H. Song, J. Haywood, H. Xiao, J.
Yan, Y. Shi, C.-F. Qin, J. Qi, G.F. Gao, Structures of the Zika Virus Envelope Protein and Its Complex with a
Flavivirus Broadly Protective Antibody, Cell Host Microbe 19 (2016) 696—704.

O. Trott, A.J. Olson, AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function,
efficient optimization, and multithreading, ] Comput Chem 31 (2010) 455-461.

D.A. Case, H.M. Aktulga, K. Belfon, D.S. Cerutti, G.A. Cisneros, V.W.D. Cruzeiro, N. Forouzesh, T.J. Giese, A.W.
Gotz, H. Gohlke, S. Izadi, K. Kasavajhala, M.C. Kaymak, E. King, T. Kurtzman, T.-S. Lee, P. Li, J. Liu, T. Luchko,
R. Luo, M. Manathunga, M.R. Machado, H.M. Nguyen, K.A. O’Hearn, A. V. Onufriev, F. Pan, S. Pantano, R. Qi,
A. Rahnamoun, A. Risheh, S. Schott-Verdugo, A. Shajan, J. Swails, J. Wang, H. Wei, X. Wu, Y. Wu, S. Zhang, S.
Zhao, Q. Zhu, T.E. Cheatham, D.R. Roe, A. Roitberg, C. Simmerling, D.M. York, M.C. Nagan, K.M. Merz,
AmberTools, J Chem Inf Model 63 (2023) 6183-6191.

177



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M.R. Shirts, J.C. Smith, P.M. Kasson, D. van
der Spoel, B. Hess, E. Lindahl, GROMACS 4.5: a high-throughput and highly parallel open source molecular
simulation toolkit, Bioinformatics 29 (2013) 845-854.

J.A. Maier, C. Martinez, K. Kasavajhala, L. Wickstrom, K.E. Hauser, C. Simmerling, ff14SB: Improving the
Accuracy of Protein Side Chain and Backbone Parameters from ff99SB, J Chem Theory Comput 11 (2015) 3696—
3713.

J. Wang, R M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Development and testing of a general amber force
field, ] Comput Chem 25 (2004) 1157-1174.

M.A. Azevedo, A.L. Bourbon, A.A. Vicente, M.A. Cerqueira, Alginate/chitosan nanoparticles for encapsulation and
controlled release of vitamin B2, Int J Biol Macromol 71 (2014) 141-146.

M.A. Hosseini, M. Kharaziha, Design of molecularly imprinted alginate microgels for topical release of insulin,
Mater Today Commun 39 (2024) 109285.

Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity, (2009).

R. Malivindi, F. Patitucci, S. Prete, M. Dattilo, A.E. Leonetti, N. Scigliano, O.I. Parisi, F. Puoci, Efficacy and safety
assessment of PIMINOS50 raft-forming system as medical device based on Citrus sinensis and Crassostrea gigas for
the management of gastroesophageal reflux disease, J Drug Deliv Sci Technol 78 (2022).

K.I. Draget, G. Skjak Brak, O. Smidsred, Alginic acid gels: the effect of alginate chemical composition and
molecular weight, Carbohydr Polym 25 (1994) 31-38.

M.R. Kasaai, Calculation of Mark—Houwink—Sakurada (MHS) equation viscometric constants for chitosan in any
solvent-temperature system using experimental reported viscometric constants data, Carbohydr Polym 68 (2007)
477-488.

S. Pistone, D. Qoragllu, G. Smistad, M. Hiorth, Multivariate analysis for the optimization of polysaccharide-based
nanoparticles prepared by self-assembly, Colloids Surf B Biointerfaces 146 (2016) 136—143.

K. Haupt, P.X. Medina Rangel, B.T.S. Bui, Molecularly Imprinted Polymers: Antibody Mimics for Bioimaging and
Therapy, Chem Rev 120 (2020) 9554-9582.

T. Wu, C. Wu, S. Fu, L. Wang, C. Yuan, S. Chen, Y. Hu, Integration of lysozyme into chitosan nanoparticles for
improving antibacterial activity, Carbohydr Polym 155 (2017) 192-200.

M. Hamidi, A. Azadi, P. Rafiei, Hydrogel nanoparticles in drug delivery, Adv Drug Deliv Rev 60 (2008) 1638—
1649.

B. Sarmento, D.C. Ferreira, L. Jorgensen, M. van de Weert, Probing insulin’s secondary structure after entrapment
into alginate/chitosan nanoparticles, European Journal of Pharmaceutics and Biopharmaceutics 65 (2007) 10-17.

Y. Modis, S. Ogata, D. Clements, S.C. Harrison, Structure of the dengue virus envelope protein after membrane
fusion, Nature 427 (2004) 313-319.

R.M. Derbali, V. Aoun, G. Moussa, G. Frei, S.F. Tehrani, J.C. Del’Orto, P. Hildgen, V.G. Roullin, J.L. Chain,
Tailored Nanocarriers for the Pulmonary Delivery of Levofloxacin against Pseudomonas aeruginosa: A
Comparative Study, Mol Pharm 16 (2019) 1906—1916.

O.1. Parisi, M. Ruffo, R. Malivindi, A.F. Vattimo, V. Pezzi, F. Puoci, Molecularly Imprinted Polymers (MIPs) as
Theranostic Systems for Sunitinib Controlled Release and Self-Monitoring in Cancer Therapy, Pharmaceutics 12
(2020) 41.

M.C. Dixon, Quartz Crystal Microbalance with Dissipation Monitoring: Enabling Real-Time Characterization of

Biological Materials and Their Interactions, 2008..

178



CONCLUSION

This thesis explores the potential of Molecularly Imprinted Polymers (MIPs) as versatile synthetic
platforms, offering a promising alternative to traditional antibody-based technologies. Antibodies
have limitations—such as high cost, low stability, and immunogenicity—highlighting the need for
alternative solutions. The studies presented in this work demonstrate how MIPs can address these

challenges across various applications.

A preliminary study conducted during this research period focused on the development of MIP
nanogels for detecting human Chorionic Gonadotropin (hCG), a hormone commonly used in
pregnancy tests. This study laid the foundation for the subsequent development and characterization
of MIP nanoparticles. By designing MIP nanogels to bind two distinct epitopes of hCG, the research
introduced an innovative, sensitive, and specific detection system. The results demonstrate how
MIPs can overcome the limitations of traditional antibody-based tests, such as challenges in
production and storage, offering a reusable and scalable alternative. Moreover, the potential of MIP
nanogels extends beyond pregnancy testing, establishing a framework for applying the production
and characterization technologies developed in this study to create nanoparticles. This knowledge

could play a crucial role in producing targeting systems for the treatment of infectious diseases.

The flexibility of MIPs was further demonstrated in their application against emerging infectious
diseases. Specifically, the development of MIPs targeting the Receptor-Binding Domain (RBD) of
the SARS-CoV-2 Spike protein showcased their potential as a therapeutic alternative to traditional
antibody treatments. These MIPs effectively inhibited the interaction between the viral RBD and the
human ACE2 receptor, without cytotoxic effects, positioning them as a promising solution for both

therapeutic and prophylactic applications.

In addition, the development of MIP nanoparticles for recognizing the Zika virus Envelope protein
(ZIKV-E) demonstrated the capacity of MIPs to combat other viral threats. By using biocompatible

and biodegradable materials like sodium alginate and chitosan, stable and non-cytotoxic MIP
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nanoparticles were synthesized, showing excellent binding affinity for ZIKV-E. These biopolymer-
based nanoparticles offer a rapid, cost-effective, and safe solution for detecting and treating Zika
and other viral diseases. Moreover, their use could overcome the limitations of synthetic polymers,
paving the way for future advancements and clinical applications. As molecular imprinting
technology continues to evolve, focusing on more complex targets and enhanced specificity, future
research should aim at optimizing the properties of these biopolymer-based MIPs. Additionally,
scaling up production will be crucial for transitioning from laboratory studies to large-scale

industrial manufacturing.

Despite the promising potential of MIP-based therapies, challenges such as immunogenicity,
toxicity, and clearance rates must be carefully addressed to ensure their safety and effectiveness.
Further research into their application in treating viral infections could open new avenues for
clinical intervention. Continued investment in MIP research will be essential to unlocking their full
potential, establishing them as sustainable, adaptable, and effective tools in the fight against

emerging health threats.
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