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Abstract

The rapid transmission of the new severe acute respiratory syndrome coronavirus type 2
(SARS-CoV-2) during the COVID-19 pandemic, through respiratory droplets, aerosols and
contaminated surfaces highlighted the need for efficient and safe inactivation as well as
decontamination methods for personal protective equipment (PPE) and surfaces. Conventional
approaches, such as ultraviolet radiation, heat, and liquid chemical treatments, can either
damage materials or lack comprehensive disinfection efficacy. Consequently, material-friendly
and sustainable alternatives are demanded. The use of nanomaterials is a promising approach
since their antiviral properties are well-established. In this study, two novel zinc oxide
nanoparticles (NP) (ZnO-NP-45 and ZnO-NP-76) were investigated for their antiviral activity
and mechanisms against the SARS-CoV-2 Delta and Omicron variants. These NPs are of great
interest because of their environmentally friendly and efficient synthesis process. Virus
neutralization assays in cell-culture using human lung epithelial cells (Calu-3) showed that
ZnO-NP-45 exhibited a strong virus inactivation by a factor of 10° at a concentration of 20
mg/mL for both virus variants. In contrast, ZnO-NP-76, demonstrated inconsistent antiviral
effects with the Delta and Omicron variant. To investigate the mechanisms behind these
differences in antiviral activity, the particles were characterized by their size distribution and
surface charge. ZnO-NP-45 was found to be polydisperse, with particles ranging from 30 nm
to 60 nm, while ZnO-NP-76 was less polydisperse, with particles ranging from 60 to 92 nm. To
further investigate the antiviral mechanisms of the NPs, their production of reactive oxygen
species (ROS) was investigated in vitro, both in the dark and under constant light exposure at
4200 lux. Exposure to light led to increased hydrogen peroxide levels, especially for ZnO-NP-
45, while the other NPs showed no significant increase in ROS production. This observed effect
could contribute to the inactivation of viruses, which makes it particularly interesting for
applications such as surface coatings. The findings of this study demonstrate strong antiviral
activity of ZnO-NPs against SARS-CoV-2, positioning them as potential antiviral agents.
Possible applications of ZnO-NP include the antiviral coating of filters or PPE to improve the

protection of users in the healthcare sector as well as in public settings.
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Zusammenfassung

Die durch Tropfcheninfektion, Aerosole und kontaminierte Oberflichen erfolgende, rasche
Ubertragung des Coronavirus SARS-CoV-2 (severe acute respiratory syndrome coronavirus
type 2) hat wahrend der COVID-19-Pandemie die Notwendigkeit effizienter und sicherer
Dekontaminationsmethoden fiir personliche Schutzausriistung (PSA) und Oberflichen
verdeutlicht. Herkoémmliche Methoden wie ultraviolette Strahlung, Hitze und fliissige
Chemikalien, kdnnen Materialien beschidigen oder bieten keine umfassende Desinfektion.
Materialfreundliche und nachhaltige Alternativen sind daher gefragt. Nanomaterialien bieten
einen vielversprechenden Ansatz, da ihre antiviralen Eigenschaften bereits gut etabliert sind. In
dieser Studie wurde die antivirale Aktivitit und die zugrunde liegenden Mechanismen der
Zinkoxid-Nanopartikel (ZnO-NP-45 und ZnO-NP-76) gegen die SARS-CoV-2-Varianten
Delta und Omikron untersucht. Diese Nanopartikel sind aufgrund ihres umweltfreundlichen
und effizienten Syntheseprozesses von besonderem Interesse. Virusneutralisationstest in
Zellkultur mit menschlicher Lungenepithelzellen (Calu-3) zeigten, dass ZnO-NP-45 in einer
Konzentration von 20 mg/ml eine starke Inaktivierung (Faktor 10°) fiir beide Virusvarianten
erreichte, wihrend ZnO-NP-76 eine nicht einheitliche antivirale Wirkung zeigte. Um die
Griinde fiir diese unterschiedliche Aktivitdt zu untersuchen, wurden die Partikel hinsichtlich
ithrer GroBenverteilung und Oberflichenladung charakterisiert. ZnO-NP-45 erwies sich als
polydispers, mit Partikeln zwischen 30 bis 60 nm, wéhrend ZnO-NP-76, mit Partikeln zwischen
60 und 92 nm, weniger polydispers war. Zur weiteren Untersuchung der antiviralen
Mechanismen wurde die Produktion von reaktiven Sauerstoffspezies (ROS) in vitro sowohl im
Dunkeln als auch unter konstanter Belichtung bei 4200 Lux gemessen. Die Belichtung fiihrte
insbesondere bei ZnO-NP-45 zu einer erhdhten Produktion von Wasserstoffperoxid, wogegen
bei den anderen Nanopartikel kein signifikanter Anstieg der ROS-Produktion gezeigt werden
konnte. Die erhohte ROS-Produktion kdnnte zur Virusinaktivierung beitragen, was ZnO-NP-
45 fiir antivirale Oberflichenbeschichtungen besonders geeignet erscheinen ldsst. Die
Ergebnisse dieser Studie zeigen, dass Zinkoxid-Nanopartikel, insbesondere ZnO-NP-45, eine
starke antivirale Aktivitit gegen SARS-CoV-2 aufweisen. Damit positionieren sie sich unter
anderem als potenzielle Wirkstoffe fiir die Anwendung als antivirale Beschichtung von Filtern
oder PSA, um den Schutz der Nutzer im Gesundheitswesen sowie in 6ffentlichen Bereichen zu

verbessern.
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1. Introduction

1.1.SARS-CoV-2

1.1.1. SARS-CoV-2 and COVID-19

The causative agent of COVID-19 (Coronavirus disease 2019), SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2), emerged in December 2019 in Hubei province, China,
particularly among people who had visited the Huanan Seafood Market in Wuhan (1). Since
then, the virus has rapidly spread globally, reaching Austria on February 25, 2020, with a fast
increase at the beginning of March 2020 (2). The World Health Organization (WHO)
announced a name for the new disease on 11 February 2020: COVID-19 (3). One month later,
on March 11, 2020, Dr. Tedros Adhanom Ghebreyesus, the WHO Director General, declared
the outbreak a pandemic. Within five days of this declaration, the virus had caused 167,511
cases across more than 140 countries and territories, resulting in 6,606 deaths (4). From this
point on, cases escalated globally. To date, the WHO has confirmed 775,552,205 cases globally
and 7,050,201 deaths (last update 26 May 2024) (5). In May 2023 the WHO declared the end
of COVID-19 as a public health emergency of international concern (6).

1.1.2. SARS-CoV-2 characteristics

SARS-CoV-2 is member of the family of Coronaviridae, which are enveloped, positive-sense
single-stranded RNA viruses. Specifically, SARS-CoV-2 is classified under the S-coronavirus
genus, group 2 (7). Its genome shares approximately 80% sequence identity with SARS-CoV
(Severe Acute Respiratory Syndrome Coronavirus) and around 50% with MERS-CoV (Middle
East Respiratory Syndrome Coronavirus). SARS-CoV-2 is a spherical enveloped virus and has
a diameter of about 70-110 nm (8). Its genome has a size of about 30 kb and consists of a non-
segmented, positive-sense, single-stranded RNA (9, 10). It features a 5'-cap structure and a 3'-
poly-A tail (10). The genome includes 14 open reading frames (ORFs), with two-thirds
encoding 16 nonstructural proteins (NSPs) (7). The NSPs include key enzymes and factors such
as RNA-dependent RNA polymerase (RdRp), RNA binding proteins, proteases, helicase,

exonuclease, and methyltransferases. NSPs are essential for viral replication, translation, and
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assembly, as well as for modulating transcription, helicase activity, and the antiviral response,

contributing to the virus's pathogenicity (11).

S2

S1-NTD
j RBD
S1-CTD

ACE2
host receptor

RNA

Figure 1 The Structure of coronavirus.

[Nlustrated are the arrangement of spike (S), membrane (M) and envelope (E) proteins. The viral RNA is bound to
the nucleocapsid protein (N). ACE: angiotensin converting enzyme, RBD: receptor-binding domain, S1-NTD: N-
terminal domain of spike protein, S1-CTD: C-terminal domain of spike protein, S1: amino termini of spike protein,
S2: carboxy termini of spike protein. Created with Biorender.

The remaining ORFs encode nine accessory proteins along with the four structural proteins
spike (S), envelope (E), membrane (M), and nucleocapsid (N) (12).

The S protein, a trimeric glycoprotein, forms a crown-like structure, giving this type of virus
its name, "corona." This protein facilitates viral entry by binding to the angiotensin-converting
enzyme 2 (ACE2) on the surface of host cells. The spikes are covered in polysaccharides that
help to hide the virus from the host's immune system. In addition, the spike protein also
determines the viral host spectrum, tissue tropism and the immune response of the host (13).
The N protein has an RNA-binding domain approximately 140 amino acids long in its core,
facilitating its attachment to viral RNA. These structural proteins are linked to the viral
envelope and play a crucial role in the assembly of the virus (14).

The membrane-bound (M) protein, a highly conserved transmembrane glycoprotein across /-
coronaviruses, plays a critical role in virus assembly, RNA packaging, and virus-host

interactions (14).
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The small E protein, consisting of 75 amino acids, plays a crucial role in virus assembly, virion
release, and morphogenesis (13). In addition to the proteins mentioned earlier, SARS-CoV-2
also produces eight accessory proteins from accessory ORFs 3a, 3b, 6, 7a, 7b, 8, 9b, and 10,

which are distributed across the structural genes (13).

1.2.COVID-19 symptoms and disease

SARS-CoV-2 spreads mainly through respiratory droplets and aerosols during direct person-
to-person contact (1). In addition, the virus can also spread via contaminated surfaces such as
cell phones, computer keyboards or door handles due to its high stability and even fecal-oral
transmission has been reported (7, 15-18). After infection with the highly contagious SARS-
CoV-2 virus a variety of symptoms can occur. The incubation period is around 5 days until
COVID-19 symptoms appear (19). Some individuals remain asymptomatic, while others
develop mild or severe disease for 11.5 days on average (20). Infections with SARS-CoV-2 can
also lead to serious illnesses such as, shortness of breath, pneumonia, kidney failure, liver
failure, cardiovascular damage, cardiac arrhythmia and eventually death, especially in patients
with underlying diseases (21).

Early symptoms like coughing and severe pneumonia indicate respiratory transmission, with
the virus replicating in both upper and lower respiratory tracts (7). Almost 40% of patients
suffer from gastrointestinal symptoms such as diarrhea and vomiting. Up to 10% of those
patients show no fever or respiratory tract infections (22). Extrapulmonary manifestations
include neurological symptoms such as fatigue, dizziness, and impaired consciousness;
ischemic and hemorrhagic strokes; muscle damage; and eye and skin conditions (22). The
disease can have long-term effects such as myocardial inflammation. Severe cases are not
limited to the elderly; children and young adults are also at risk (7).

Chronic conditions that manifest after acute COVID-19, also known as long COVID, have
become an increasingly important topic during the pandemic. It is characterized by symptoms
lasting for months to years such as chronic fatigue, persistent shortness of breath, joint or
muscle pain, memory problems, sleep disturbances, or persisting loss of taste and smell (23,

24).
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Strategies to combat the virus encompass minimizing exposure, administering vaccines, and
developing and testing new or existing drugs that lower the virus's infectivity. To interact with
viruses and impede their replication cycle, various methods can be employed.

Blocking the initial attachment of viral proteins to host cell receptors is crucial in preventing
infection (25, 26). Inhibiting viral enzymes involved in nucleic acid synthesis can disrupt the
replication process(27). In addition, targeting the formation and release of new virions is crucial

to stop the spread of the virus (28, 29).

1.3.SARS-CoV-2 variants

During the pandemic several variants of the SARS-CoV-2 virus have been observed and
documented. The WHO introduced a nomenclature system to categorize variants into groups
using Greek letters. The first reason for this approach was to facilitate communication, as Greek
letters are easier to pronounce and less prone to confusion than scientific names, which consist
of letters and numbers. The second reason was to avoid naming virus variants after the country
of first discovery in order to prevent possible discrimination and stigmatization (30, 31). This
classification also helps in distinguishing between different variants of concern (VOC) and
interest (VOI) based on their impact on global public health (32). Based on this new
nomenclature the first documented variant from Wuhan was named wild-type (33).
SARS-CoV-2 VOlIs, for example Lambda or Mu, are specific strains of the virus that exhibit
genetic changes potentially affecting virus characteristics such as transmissibility, disease
severity, host immune escape, diagnostic or therapeutic resistance, or other epidemiological
impacts. These variants were closely monitored by health organizations to assess their potential
threat to public health (34, 35).

SARS-CoV-2 VOCs include Alpha, Beta, Gamma, Delta and Omicron.

The Alpha (B.1.1.7) variant, also known as UK or Kent variant, was first detected in England
in September 2020 (36) and quickly became the dominant strain in the UK. It is characterized
by multiple spike protein mutations and deletions such as A69/A70, AY 144, N501Y, A570D,
P681 h, T7161, S982A and D1118H and other genomic mutations (34). The variant has raised

significant concern due to its increased transmissibility and impact on disease severity.
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Infection with this variant is linked to a higher risk of hospitalization, particularly among
inpatients, and increased case-fatality rates, with effects varying across different age groups
(37, 38). Patients infected with the Alpha variant experience more severe clinical disease, higher
viral loads, and a greater risk of death or transfer to the intensive care unit compared to other
virus variants. Additionally, the Alpha variant poses a higher risk of hospitalization and

mortality than the wild-type virus (39, 40).

The Beta variant, also known as B.1.351 emerged independently and rapidly spread globally.
The variant was first identified in South Africa (41) and is characterized by eight mutations in
the spike protein, particularly N501Y, E484K and K417N, which increase its affinity to the
ACE2 receptor, enhancing infectivity (42). The Beta variant was found to have increased
transmissibility in comparison to the wild-type strain and demonstrated immune escape

properties (43).

The Gamma variant (P.1), or Brazilian variant, was first reported in Brazil in late 2020 (44). It
rapidly became the predominant variant in Brazil and several other cities in South America. In
comparison to the original Wuhan strain this variant has twelve mutations in the spike protein,
such as N501Y, K417T and E484K (45). The P.1 variant is 1.7 to 2.4 times more transmissible
than earlier variants and poses an increased risk of reinfection, indicating its ability to evade
the immune response acquired from previous infections. In addition, an infection with the
Gamma variant is 1.2 to 1.9 times more likely to result in mortality compared with previous

lineages (34, 43).

The Delta variant (B.1.617.2) was first identified in the Indian city of Maharashtra in October
2020 (46). It was reported to have the highest transmissibility compared to the Alpha, Beta and
Gamma variants (34). Infected individuals have a viral load approximately 1000 times greater
than those infected with the wild-type strain, coupled with a higher replication rate. This
explains the Delta variant's high transmissibility and why it became the dominant variant
worldwide until the emergence of the Omicron variant. The Delta variant contains a mutation
in the spike protein (D614G) that enhances its affinity for ACE2 receptors. Infections with this
variant have been associated with increased disease severity and a higher risk of hospitalization
(34, 43).
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The Omicron variant (B.1.1.529) was first identified in South Africa in November 2021 (47).
This variant features deletions like 69—70del, affecting detection by RT-PCR tests, and over 30
mutations in its spike protein, including around 15 in the receptor binding domain (RBD). These
mutations overlap with those found in other variants of concern (VOCs), such as K417, E484,
and N501. These changes are associated with enhanced transmissibility by boosting spike
protein affinity for ACE2, facilitate immune evasion, and reduce neutralization by vaccine-
induced antibodies (34). Infections with the Omicron variant have been associated with less

severe disease and milder symptoms compared to other variants (43).

1.4.Stability and inactivation of SARS-CoV-2

Viruses are unable to replicate without a suitable host cell, but they can often survive on various
surfaces for long periods of time. The SARS-CoV-2 virus has a high and long-lasting stability
and can remain infectious for up to 28 days if the environmental conditions are suitable. This
was demonstrated on non-porous surfaces such as glass or metal at 20 degrees and 50% relative
humidity (48). Another study showed, that SARS-CoV-2 could be recovered from plastic
surfaces for up to 28 days at room temperature and 40-50% relative humidity (49). Even the
recovery of infectious SARS-CoV-2 for the outer layer of surgical masks was observed after 7
days (50). This high stability combined with the high contagiousness facilitated the global
spread and quickly turned the outbreak into a pandemic (1).

To minimize the transmission of infectious SARS-CoV-2 not only the use of antiviral drugs,
but also the disinfection and decontamination of surfaces is crucial. Ultraviolet (UV)
irradiation, vaporized hydrogen peroxide, moist heat, microwave-generated steam and liquid
chemicals are all known to sterilize PPE and surfaces. However, each method has its
disadvantages, e.g. material damage or incomplete disinfection, as is the case with UV
irradiation, which is ineffective on light-protected surfaces (51, 52). Alternatives are more

material-friendly methods, such as coatings made of nanomaterials or the use of ozone (54).

There are basically two methods for decontaminating a surface, namely sterilization and

disinfection:
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Sterilization is the elimination of all living microorganisms on a surface, including bacterial,
viruses, fungi and endospores. It is used for all items that must be completely free of any
microorganisms, like surgical instruments or laboratory equipment. Effective sterilization must
achieve reduction of all microbial populations by log 6 (53). Sterilization methods include the
use of heat, hydrogen peroxide gas, chlorine dioxide gas, plasma, ozone and radiation (54, 55).
Disinfection eliminates or reduces microbial contamination but is less effective than
sterilization. According to the Robert Koch Institute (RKI) and the guidelines established by
the German Association for the Control of Virus Diseases (DVV), virus-inactivating
disinfectants must achieve a reduction of at least log 4 to be considered effective (56). It
removes pathogenic microorganisms but does not necessarily include all microbial forms such
as bacterial spores. Disinfection can be achieved at different levels as defined by the CDC,
including high-level, intermediate-level and low-level disinfectants. High level-disinfection is
almost equivalent to sterilization, but does not kill high numbers of bacterial spores. It is
required for medical devices such as endoscopes that come into contact with mucous
membranes or non-intact skin. The intermediate-level disinfection is used for non-critical
medical devices such as blood pressure cuffs or stethoscopes and can eliminate most
microorganisms, but does not necessarily kill bacterial spores. Low-level disinfection is used
for routine cleaning of surfaces with a very low risk for transmission, such as examination tables
(57). Disinfection methods include the use of chemical disinfectants such as glutaraldehyde and

alcohol as well as physical methods such as ultraviolet (UV) irradiation (55, 57).

The inactivation of viruses depends on whether they are enveloped or non-enveloped. There
are two different types of viruses based on their structure: enveloped viruses and non-enveloped
viruses (58).

Enveloped viruses, such as herpes simplex virus, influenza or corona virus, are wrapped in a
lipid bilayer that was acquired from the infected host cell during virus assembly and budding
(59). This envelop makes them more susceptible to disinfectants in general. Receptors and other
proteins used for the attachment to potential host cells are located on the envelope of the virus.
After the loss of these receptors through chemical or physical treatments such as lipophilic
disinfectants, heat or UV light the viruses lose their infectivity as they can no longer attach to

their host cells (60).
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Non-enveloped viruses such as norovirus or parvovirus only consist of their genetic material
(DNA or RNA) enclosed within a protein capsid. Inactivation often requires denaturation of the
viral capsid proteins or essential replicative proteins (61). Disinfectants that damage proteins,
such as glutaraldehyde or sodium hypochlorite, may be effective at inactivating non-enveloped
viruses (62). Viruses such as polio are able to maintain their infectivity through RNA alone, so
disinfectants may also need to penetrate the capsid to destroy the nucleic acids (62).

The enveloped influenza A virus H1 h1 can be effectively inactivated by common disinfectants
like 70% ethanol, heat and ethylene oxide (63). In contrast standard disinfectants are often not
insufficient in reducing the infectivity of small non-enveloped human noroviruses, making

them way more challenging to inactivate (64).
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2. Nanomaterials

2.1. Nanotechnology

The concept of nanotechnology was first introduced at Caltech by the renowned theoretical
physicist Richard Feynman in 1959 and experienced rapid growth over the past decade (65).
In nanotechnology, materials are used that, due to their nanoscale size, have improved physical,
chemical, and biological properties as well as special functionalities (66). Nanoparticles (NP),
typically between 1 and 100 nm in size, possess unique properties such as a large surface area-
to-volume ratio, improved thermal conductivity, and enhanced electrochemical reactivity.
These characteristics distinguish them from their bulk counterparts and make them an important
material category (66, 67). Nanomaterials are now utilized in a wide range of applications,
including electronics, cosmetics, food processing, agriculture, water treatment, textile
manufacturing, and pharmaceuticals (66, 68, 69).

NPs exhibit a broad range of antiviral activities, such as blocking the binding of virus particles
to the surface structures of host cells, the degradation of virus particles by generating reactive
oxygen species (ROS), catalytic oxidation, photothermal effects and the release of metal ions
or the interaction with the structure of the viral envelope and its degradation (70-73). These
properties make them attractive for use in antiviral therapies, surface coatings, use in air purifier

filters, in ventilation systems and antiviral fabrics (71, 73).

Antiviral nanomaterials can be categorized into metal nanomaterials, metal oxide-based nano-

photocatalysts, and non-metallic nanomaterials (73).

Metal nanoparticles like silver (Ag) and copper (Cu) possess broad-spectrum antiviral
properties, making them interesting for medical and environmental applications (74-77).

These nanoparticles can interact with viruses before and after they enter host cells. They adsorb
onto virus surfaces, release ions to inactivate viral components, and ROS to damage viral
structures. For instance, nano-Ag can directly interact with viruses, blocking transcription (78).
Incorporating silver nanoparticles into air filters enhances their antiviral efficiency, although

prolonged exposure and dust accumulation may reduce effectiveness (79). Copper
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nanoparticles also exhibit broad-spectrum antiviral activity, potentially through electrostatic
adsorption and ROS generation (80, 81). Metal catalysts containing silver or copper can block
respiratory infection transmission by inhibiting viral replication (82). Their antiviral activity is

influenced by factors such as ROS generation and the oxidation state of the metal (83, 84).

Metal oxide-based nano-photocatalysts, such as zinc (ZnO) or tin (IV) oxide (SnO2), are
typically semiconductors with an energy band gap separating the valence (VB) from the
conduction band (CB). When exposed to light at an appropriate wavelength, electrons (e7) can
transition from the VB to the CB if the energy exceeds the band gap. This process leaves behind
a positively charged hole (h™) in the VB, where oxidation can occur. Hydroxyl radicals (¢OH)
are formed through reactions with water, and the electrons in the CB facilitate the reduction of
absorbed oxygen atoms. This photocatalytic process generates superoxide radicals (¢O27) and

other ROS and therefore provides broad antiviral activity (73, 85-87).

Previous studies have documented the antiviral properties of materials such as titanium dioxide
(Ti0O2), tungsten trioxide (WO3), copper (II) oxide (CuO), zinc oxide (ZnO), and tin (IV) oxide
(SnO2) against both enveloped and non-enveloped viruses, including SARS-CoV-2 (88).

Nonmetallic nanomaterials offer the advantage of lower toxicity compared to many metallic
materials, which are often heavy metals that can be harmful to human health and the
environment (89). Among these, carbon-based nanomaterials have shown high antiviral
activities. Carbon nanotubes, for instance, possess high surface area and efficient adsorption
capabilities, making them effective in waterborne virus inactivation (90). Furthermore, carbon
nanotubes coated air filters have demonstrated efficacy in capturing and deactivating viruses in
aerosols (91).

Graphene, with its large surface area and high conductivity, presents another promising option
for antiviral applications (92). Graphene-based materials have been utilized to coat surfaces,
such as glass fiber air filter media, leading to significant reductions in viral concentrations (91).
Graphene oxide, a derivative of graphene, exhibits broad-spectrum antiviral activity due to its
sharp edges and electrostatic interaction with viruses (93). Additionally, graphene oxide can be
combined with other materials, such as polymers or nanoparticles, to enhance its antiviral

efficacy (94).

23



The polymer semiconductor g-C3N4, shows catalytic activity under visible light and has been
explored for virus inactivation (95). Combining g-C3N4 with other semiconductors has resulted
in enhanced photocatalytic efficiency against viruses (96). These non-metallic nanomaterials
offer a safer and potentially more effective alternative for antiviral applications across various

domains, from water treatment to air purification.

2.1.1. Synthesis of nanomaterials

In principle there are two main approaches used for the synthesis of nanomaterials, the top-
down and bottom-up approaches. Top-down methods reduce the size of a bulk material toward
the nanoscale, while bottom-up approaches forms nanostructures from smaller clusters and

atoms, as shown in Figure 2 (97, 98).

Top-down approaches

While these methods are straightforward and relatively easy to implement, they are often less
effective for producing irregularly shaped and extremely small particles. The main
disadvantages of these methods are the difficulty in precisely controlling the particle size and
shape, as well as the risk of impurities that can affect the properties of the nanoparticles.
Examples for top-down approaches include mechanical milling, electrospinning, lithography,

sputtering, arc discharge and laser ablation (97, 98).

Bottom-up approaches

Bottom-up approaches, also known as constructive technique, are the opposite of the top-down
methods. Nanoparticles are formed through the growth and self-assembly of atoms and
molecules, serving as building blocks. This method is very effective for producing
nanoparticles with well-defined shapes, sizes, and chemical compositions. However, these
methods can sometimes be more complex and time-consuming, often requiring careful control
of the synthesis conditions to ensure the desired outcomes. Bottom-up approaches in
nanoparticle synthesis include methods such as chemical vapor deposition (CVD),

hydrothermal methods, sol-gel method and co-precipitation method (97, 98).
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Figure 2 Principle of nanoparticle synthesis using top-down and bottom-up approaches.
Created with Biorender.

2.2.Bioanalytical methods for the characterization of NPs

Accurate characterization of nanoparticles is essential for understanding their unique properties
compared to bulk materials and ensuring reliable experimental data. The two most commonly
analyzed factors are the surface charge and particle size as they are responsible for a range of
biological effects like toxicity and solubility dissolution (99). Popular, non-invasive and simple
options for proper characterization are dynamic light scattering (DLS), zeta potential ({)
measurements and Ultraviolet-visible spectroscopy (UV-Vis). In addition, electron microscopy
is used to visualize the NPs and obtain information about their size, shape and state of

aggregation.

2.2.1. Dynamic light scattering

Dynamic light scattering (DLS), also known as PCS (Photon Correlation Spectroscopy)
evolved from the optical frequency advancements of post-World War II RADAR (radio
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detection and ranging) technology. Unlike radio frequency RADAR, which focused on
detecting individual objects' positions and velocities, DLS analyzes the diffusion of nano- and
microscopic particles using optical frequencies (100, 101).

Light, usually from a laser beam, is directed at small particles in suspension. As the light hits
the particles, it is scattered in all directions and is detected at a specific angle 0. The detector
measures the intensity of the scattered light over time (101). Due to Brownian motion, the
particles move randomly, causing fluctuations in the scattered light intensity. The Brownian
motion is defined as the random movement of particles in a liquid due to bombardment by the
surrounding molecules. The relationship between the size of a particle and its speed resulting
from Brownian motion is defined by the Stokes-Einstein equation (100).

The time auto-correlation of the scattered light intensity reveals information about particle
diffusion. The detector records these fluctuations and uses time auto-correlation to analyze the
data. This involves comparing the intensity of scattered light at different times to determine
how quickly the particles are moving. The rate at which the intensity fluctuates is related to the
diffusion coefficient of the particles. Faster fluctuations indicate smaller particles moving
quickly, while slower fluctuations indicate larger particles moving slowly. Using the diffusion
coefficients, the size of the particles can be calculated through the Stokes-Einstein equation,
which relates the diffusion coefficient to particle size. For samples with monodisperse particles,
DLS can be used to determine a single diffusion coefficient and thus a single particle size, while

polydisperse solutions provide an average diffusion coefficient (100-102).

Detector

Scattered light

Laser

Figure 3 Basic setup of a DLS measurement system.

The functional principle of DLS is that laser light is directed onto particles in suspension. A detector with high
time resolution measures the intensity of the scattered light at a specific angle 0. The intensity of the scattered light
fluctuates over time due to the Brownian motion of the particles. Reproduced from (103) with permission from
Anton Paar GmbH.
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The technique is used for various applications in scientific and industrial sectors, where it is
essential to estimate the distribution of particles in suspension as well as their size and behavior.
Commonly determined parameters are hydrodynamic radius, zeta potential, polydispersity and
the concentrations of nanoparticles, polymers and cells. For this reason, DLS is essential for

drug development, cosmetics, and food industry product quality control (104, 105).

2.2.2. Zeta Potential

The zeta potential () is a physical property of all solid-liquid and liquid-liquid colloidal systems
and 1s defined as the electrical potential developed at the solid-liquid interface (102, 106, 107).
The surfaces of dispersed particles are surrounded by a thin layer of ions that have the opposite
charge as the particle surface, the so-called Stern layer. Beyond this layer is a diffuse electric
double layer, which contains ions of opposite charge moving with the particle that are loosely
associated with the surface. The zeta potential is the voltage at the edge of the slipping or shear
plane in relation to the dispersing medium, where ions, molecules and other substances are no
longer connected to the surface of a particle. If two adjacent particles have sufficiently high
zeta potentials with the same sign, they will not agglomerate due to the repulsive electrostatic
forces between particles with the same charges. Alternatively, steric hindrances can be used to
stabilize the particles, such as artificially produced ligands or surface groups. These can prevent
the particles from agglomerating. However, such surface coatings can negatively change the
properties of the particles. Therefore, the zeta potential is often an important mechanism to
achieve the stability of nanoparticles in an aqueous environment. The zeta potential can be used
to predict the stability of nanoparticle suspensions. Nanoparticles with a higher zeta potential
than £60 mV are considered stable. In contrast, particles with values between -10 mV and +10
mV agglomerate quickly if they are not protected by surface coatings. The zeta potential is

affected by the pH value of the suspension (100, 107).
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Figure 4 Schematic representation of a particle and its surrounding layers in aqueous medium.
The potential at the slipping plane is called the zeta potential. Reproduced from www.nanoComposix.com (107)
with permission from Fortis Life Sciences.

2.2.3. Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectroscopy is a simple, fast, and reliable technique for characterizing nanoparticles.
It measures the absorption, reflectance, and transmission of light in the ultraviolet (200—400
nm) and visible (400—-800 nm) regions of the electromagnetic spectrum. Depending on their
size, shape, and composition, nanoparticles absorb light at certain wavelengths. This absorption
is directly proportional to the concentration of the nanoparticles and the path length of the

sample, as described by the Beer-Lambert law:
Iy
A =log [T] = ¢eCL
Where “A” is absorbance, “I,” is the intensity of incident light over sample cell, “I” is passing

incident light through the sample cell, “c” is the molar absorptivity constant, “C” is molar

concentration and “L” is path length.

Measurements can be done using light in the wavelength of 200-800 nm. Wavelengths below

200 nm are generally not used because oxygen in the sample absorbs light in this range.
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In this technique, a beam of light passes through the sample, whereby atoms and molecules
absorb electromagnetic radiation at certain wavelengths due to their structure and chemical
bonds. The electrons in the atoms or molecules can be excited from lower to higher energy
levels when this radiation is absorbed. The resulting absorption spectrum, in which the
absorption is plotted against the wavelength, provides information about the electronic structure
of the sample and can be used to analyze characteristics such as the size, shape and

concentration of nanoparticles (108, 109).

For amorphous semiconductors, UV-Vis spectroscopy can estimate the band gap energy
between the valence band and the conduction band using the method proposed by Tauc in 1966
(110). The band gap energy describes the energy needed to excite an electron from the valence
band to the conduction band (85). The optical band gap can be determined using the Tauc

equation:

(ahv)ll’ = B(hv — Ej)

where h is the Planck constant, v is the photon’s frequency, E, is the band gap energy, and B

is a constant. The factor ¥ depends on the type of the electron transition and is equal to 2 for
direct transition band gaps or 2 for indirect transition band gaps. By extrapolating the linear
regions of the resulting plots to the abscissa, the band gap energy can be determined (110, 111).
When electrons move from the valence band to the conduction band, they create empty spaces
or “holes” in the valence band. In aqueous environments, these electrons and holes can interact
with oxygen and hydroxyl ions, respectively, leading to the formation of reactive oxygen
species (ROS), such as superoxide anion radicals and hydroxyl radicals (112). ROS are highly
reactive molecules formed as byproducts of the reduction of molecular oxygen (113) and were
reported to destroy proteins, lipids, carbohydrates and nucleic acids, ultimately leading to viral
inactivation (114). They include species with unpaired electrons such as hydroxyl radicals
(HO"), superoxide (02"~) and singlet oxygen ('O2) and non-radicals such as hydrogen peroxide
(H202) that do not have unpaired electrons. ROS are highly reactive towards organic and
inorganic species and are generated in cellular, electrochemical or metal release reactions that

occur on metal-oxide NPs such as zinc oxide (113).

29



2.2.4. Electron microscopy

Another technique for the characterization of nanoparticles is their visualization using electron
microscopy. The high resolution provides detailed information about the morphology, size,
aggregation and structure of the nanoparticles. Different types of electron microscopy are used

for nanoparticle characterization:

2.2.4.1. Transmission Electron Microscopy (TEM)

TEM uses a beam of electrons that is transmitted through a very thin specimen, providing a
high-resolution visualization of the interior of the sample. TEM is widely used in nanomedical
research to reveal fine relationships between nanoparticles and biological components. A
conventional TEM can achieve a resolution of around 0.2 nm because of the very short
wavelength of the electron beam.

However, biological samples require specific preparation methods such as resin embedding or
cryofixation, which can have a negative impact on image quality and resolution (usually limited

to ~2 nm)(115).

2.2.4.2.  Scanning Electron Microscopy (SEM)

SEM uses a focused beam of electrons to scan the surface of a sample, producing images with
a three-dimensional appearance. It provides high resolution (3—20 nm), making it useful for
characterizing interactions between nanoparticles and cell surfaces as well as nanoparticle

internalization and cell shape modifications (116).

2.2.4.3. Scanning Transmission Electron Microscopy (STEM)

STEM combines features of transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Like TEM, STEM requires very thin samples and analyzes transmitted
electrons, but also uses additional signals like characteristic X-rays and electron energy loss

spectra (EELS) for spatially correlated analysis. STEM scans a finely focused electron beam in

30



a raster pattern, enabling simultaneous acquisition of multimodal data, creating a virtual image
with improved spatial resolution compared to SEM.
STEM enables localized analytical data acquisition, including energy dispersive X-ray

spectroscopy (EDX), oxidation state studies with EELS, and atomic resolution imaging (117).

2.2.4.4. Energy dispersive X-ray (EDX) spectroscopy

EDX microanalysis is a widely used technique to identify the elemental composition of a
sample and is used together with a scanning electron microscope (SEM). The technique can
quickly generate information about the chemical composition of the sample as well as the
distribution and concentration of the present elements. In EDX analysis, an electron beam
displaces an electron from the inner shell of an atom, creating a hole. An electron from the outer
shell fills this gap and releases energy in the form of X-rays, which are typical for the element
in question. A silicon drift detector captures these X-rays and the software interprets the signals
for element classification and line scanning. The advantages of this method are the minimal

sample preparation and the fact that it is non-destructive (118).

2.3. Zinc Oxide Nanoparticles

2.3.1. Zinc-oxide-nanoparticles and their applications

Zinc oxide (ZnO) is a versatile and promising inorganic material with a wide range of
applications. As an II-VI semiconductor, ZnO has a direct wide bandgap of about 3.37 eV at
room temperature and high excitation binding energy (60meV)(119, 120). ZnO-NPs are the
most commonly used metal oxide nanoparticles due to their low toxicity and wide range of
potential applications (121).

The US Food and Drug Administration has recognized ZnO-NPs as a generally safe and
nonhemolytic substance (122). ZnO-NPs exhibit unique properties such as high catalytic and
photochemical activities, as well as antibacterial, antifungal and antiviral properties (121). In

addition, ZnO-NPs have high absorption in the UVA and UVB regions, which makes them
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effective UV protectors in sunscreens and other cosmetic products (123). The widespread use
of ZnO-NPs in biomedicine is attributed to their biocompatibility, low toxicity, ability to
generate ROS and release zinc ions (124).

The antibacterial effect of ZnO-NPs is based on their ability to release zinc ions into the cells
inhibiting respiratory enzymes and causing ROS formation. This damages bacterial
membranes, DNA, and mitochondria, leading to cell death (125). ZnO-NPs were shown to be
effective against multi-drug-resistant bacteria (126). In addition, ZnO-NPs exhibit strong
antifungal activity, which is influenced by their size, morphology, dose and source of synthesis.
ZnO-NPs penetrate fungal cells, disrupting mitochondrial function, generating ROS, and
releasing Zn?" ions, causing DNA damage and cell death (127, 128). When combined with
fluconazole, ZnO-NPs have a synergistic effect against Candida albicans, and when combined
with thiram, they synergistically inhibit Phytophthora growth (129, 130).

The antiviral activity of ZnO-NPs has been demonstrated for various viruses, including
rhinovirus (131), human immunodeficiency virus (HIV)(132), hepatitis E and hepatitis C (133),
influenza (134), herpes simplex viruses (135), human rotavirus (136) and more recently, SARS-

CoV-2 (137).

2.3.2. Synthesis of ZnO-NP

Zinc oxide (ZnO) nanoparticles can be synthesized using various methods, as already described
above, allowing control over their shape and size for specific applications. The synthesis
method and key parameters like solvent type, precursors, pH, and temperature determine the
resulting morphology and size. Common morphologies of ZnO nanostructures include
nanosized rods, spheres, tubes, wires, needles and rings. Other complex shapes like nanosized

belts, cages, combs and springs can also be synthesized (66).

For this study, two types of ZnO-NPs, ZnO-NP-45 and ZnO-NP-76, were synthesized using a
modified green sol-gel method with whey, a dairy by-product, as an eco-friendly chelating
agent instead of conventional chemicals. This new bottom-up method, was described by Soares
et al. in 2020 (138).

In a first step, zinc citrate was prepared from Zn (NO3)2.6H20, by mixing with citric acid at a

molar ratio of 1:3. To promote citrate polymerization whey was added to the solution to produce
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a stable resin (xerogel). Subsequently, the xerogel was calcined at various temperatures (200°C
to 1000°C) to yield ZnO-NPs. The resulting NPs were characterized using X-ray diffraction
(XRD), TEM, Raman spectroscopy, and UV-visible spectroscopy.

UV-visible absorption spectroscopy showed a characteristic ZnO absorption peak at a
wavelength range of 315-340 nm, with a redshift in the absorption edge as calcination
temperature increased. TEM analysis revealed a spherical morphology and high agglomeration
of nanoparticles, with sizes ranging from 20 to 120 nm depending on the calcination
temperature. Selected area electron diffraction patterns confirmed the high crystallinity of the

nanoparticles (138).
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3. Aim of the study and hypothesis

The aim of this research was to investigate the antiviral activity of two zinc oxide nanoparticles,
ZnO-NP-45 and ZnO-NP-76, against SARS-CoV-2 and its relevant variants using cell culture-
based virus neutralization assays. In addition, both NPs were characterized using different
methods to better understand their antiviral properties. These NPs are of particular interest due
to their innovative, environmentally friendly and sustainable synthesis process.
The findings of this study can play an important role in the development of antiviral coatings
for PPE and air filters that improve user safety and help prevent the spread of pathogens such

as SARS-CoV-2.
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4. Material & Methods

4.1.Synthesis of ZnO-NPs

The two nanomaterials ZnO-NP-45 and ZnO-NP-76 were provided by Phornano Holding
GmbH (Korneuburg, Austria). The NPs were produced using a modified green sol-gel method
according to Soares et al. (2020)(138). This whey-assisted sol-gel technique effectively
controlled nanocrystal growth through gel composition and calcination temperature, resulting
in highly crystalline ZnO-NPs. For comparison, commercially available ZnO-NPs with a size

of <100 nm (Cat # 544906, Sigma-Aldrich) were used in separate test series (139).

4.2.Preparation of ZnO-NPs

The ZnO-NPs were rinsed with 70% EtOH and left to air dry overnight. Before work, the
appropriate amount of each ZnO-NP preparation was measured into 5 mL Eppendorf tubes and
dispersed in Minimal Essential Medium (MEM) (Thermo Fisher Scientific, Waltham, MA,
USA) medium, without fetal calf serum (FCS) (Thermo Fisher Scientific, Waltham, MA, USA),
to prevent non-specific adsorption to bovine serum albumin (BSA) and other serum proteins.
The suspensions were mixed for 30 seconds with a vortex mixer before each working step to

reduce agglomeration and sedimentation (139).

4.3.Cell culture

For the virus neutralization assays, Calu-3 (Biomedica, Vienna, Austria), a human lung
epithelial cells line derived from non-small cell lung carcinoma, were used. They were selected
for this study because they originate from the human respiratory tract and are therefore a good
model for SARS-CoV-2 viruses that infect the respiratory tract (140). Calu-3 cells were cultured
in MEM supplemented with 10% FCS, 2% L-glutamine (Merck KGaA, Darmstadt, Germany),
and 1% Penicillin-Streptomycin (PenStrep) (Thermo Fisher Scientific, Waltham, MA, USA).
VeroE6 cells (Biomedica, Vienna, Austria) were used to propagate the SARS-CoV-2 virus.
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These cells were obtained from the kidney of an African green monkey (Cercopithecus
aethiops) in the 1960s (141). The VeroE6 cell line has been used extensively in virological
studies and expresses the ACE2 receptor that SARS-CoV-2 uses to invade host cells (142).
VeroE6 cells (Biomedica, Vienna, Austria) were grown in MEM with 5% FCS, 2% L-
glutamine, and 1% PenStrep. Both cell lines were cultured at 37 °C and 5% CO2 (139).

4.4.Metabolic interference assay

The potential metabolic interference of ZnO-NPs on Calu-3 (human lung epithelial) cells was
assessed using the resazurin reduction assay. In metabolically active cells, the non-toxic dye
resazurin is reduced by mitochondrial reductases to the highly fluorescent resorufin. Over a
wide range of concentrations, the number of viable cells it proportional to the fluorescence
output. The resorufin concentration was measured fluorometrically at an excitation wavelength
of 530 nm and an emission wavelength of 590 nm (143-145). For our experiments, the optimal
excitation wavelength was determined to be 485 nm.

A 1 mM stock solution of resazurin (Sigma Aldrich R7017-1G, Merck KGaA, Darmstadt,
Germany) was prepared in phosphate-buffered saline (PBS) (Thermo Fisher Scientific,
Waltham, MA, USA), filtered using sterile 0.2 um syringe filters (Thermo Fisher Scientific,
Waltham, MA, USA), and stored at 4 °C in the dark.

To assess potential metabolic interference, the resazurin reduction assay was performed under
the same experimental conditions as the virus neutralization assays, excluding the virus.
Calu-3 cells were seeded into 48-well microtiter plates (Corning Incorporated, Kennebunk, ME,
USA) at a density of 30,000 cells per well and incubated at 37 °C and 5% CO: for 48 h prior to
the assay. ZnO-NPs suspensions were prepared in MEM medium containing 2% L-glutamine
and 1% Penicillin-Streptomycin in decreasing concentrations (100, 80, 40, 20, 10, 5, and 1
mg/mL).

The ZnO-NP suspensions were incubated 1 h at 37 °C and 300 min~!, then centrifuged at
13,000% g for 5 min. The supernatant was collected and applied to the cells for 1 h at 37 °C and
5% COaz. Afterwards, the cells were washed with MEM and fresh medium containing 10% FCS,
2% L-glutamine and 1% Penicillin—Streptomycin, was added. Untreated cells served as

references. The plates were incubated at 37 °C and 5% COz for 48 h.
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Resazurin was added to each well at a final concentration of 10 uM to measure the metabolic
activity of the cells. The fluorescent signal was measured using a microplate reader (Agilent
BioTek Synergy 4, Fisher Scientific, Goteborg, Sweden) at an excitation/emission wavelength
of 485/590 nm over 2 h at 37 °C. Forty-eight hours after treatment with ZnO-NPs at each
concentration, the metabolic activity of the cells was measured. Linear regression equations
were derived from the recorded signals and the corresponding slopes were normalized to the

reference value and plotted on a graph (139).

4.5.Working with SARS-CoV-2

SARS-CoV-2 has been classified as a risk group 3 pathogen by the WHO (146) and the
European Commission (147) and requires strict biosafety protocols due to its potential to cause
severe disease and its high risk of transmission. The experiments performed as a part of this
project involved high concentrations of infectious SARS-CoV-2, particularly the Delta and
Omicron variants. Consequently, all experiments with infectious virus were done under
biosafety level 3 (BSL-3) conditions (148). These include strict access controls, special PPE,
the use of HEPA (high efficiency particulate air) filters and other safety measures, all based on

a comprehensive risk assessment (144).

4.6.Preparation of SARS-CoV-2 virus stocks

All experiments involving infectious virus were performed under BSL-3 containment
conditions (148). The experimental series included a SARS-CoV-2 Delta virus patient isolate
(isolated at the Diagnostic and Research Institute of Pathology, Graz, Austria, GISAID
accession number EPI ISL 4847176 delta-like variant) and a SARS-CoV-2 Omicron variant
(Strain HCOV-19/Netherlands/NH-EMC-1720/2021, Omicron variant, Lineage B.1.1.529—
Calu 3 culture, Erasmus-MC). Both variants were propagated in VeroE6 cells at 37 °C and 5%
COz for 72 h. To release intracellular viral particles from the adherent cells in the culture flasks,
the cells were subjected to a freeze-thaw cycle, followed by centrifugation at 3000x g for 10
min to remove cell debris. The resulting supernatant was sterile filtered using 0.2 um syringe

filters (Thermo Fisher Scientific). Virus stocks were kept at —80 °C until use.
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The virus titer was determined by a focus-forming assay (149). In brief, VeroE6 cells at 100%
confluence were infected with 200 pL of a 10-fold serially diluted virus for 1 h at 37 °C and
5% CO:a. Following infection, the cells were washed with MEM, and 500 pL overlay medium
(1.5% carboxymethylcellulose sodium salt in MEM with 2% FCS and 1% PenStrep) was
applied to each well. The cells were incubated for 72 h at 37 °C and 5% COa. After incubation,
the cells were fixed with 4% neutral-buffered formalin (SAV Liquid Production GmbH,
Flintsbach am Inn, Germany) for 30 min. Antibody staining was then performed according to

the following immunohistochemistry protocol to determine the number of infected cells (139).

4.7.SARS-CoV-2-neutralization assay

To evaluate the neutralizing effect of ZnO-NPs on SARS-CoV-2, Calu-3 cells were seeded into
48-well cell culture plates at a density of 30,000 cells per well, 48 h prior to the neutralization
assay. Based on findings from the resazurin assay, ZnO-NP concentrations of 20, 10, and 5
mg/mL (prepared in MEM without FCS) were selected for testing. SARS-CoV-2 Delta or
Omicron, depending on the experimental protocol, at a MOI (multiplicity of infection) of 0.002
was added to the prepared ZnO-NP solutions and incubated for 1 h at 37 °C and 300 min™".

Then the samples were centrifuged for 5 min at 13,000x g, and the supernatants were transferred
to fresh tubes. To determine the virus input (VI) used for cell infection, 140 pL of each
supernatant was collected for RNA isolation and subsequent qRT-PCR analysis (reverse
transcription quantitative polymerase chain reaction). Each NP concentration was tested in five
replicates by infecting five wells per supernatant tube for 1 h at 37 °C and 5% COa2. Virus
samples without NP pretreatment served as positive controls, while non-infected cells were
used as negative controls. After infection, the cells were washed with MEM (without FCS),
and fresh MEM supplemented with 10% FCS was added. After 48 h incubation at 37 °C and
5% COz, the supernatants were collected from each well to determine virus concentrations at

t48 (timepoint 48 h after infection) using RNA isolation and qRT-PCR (139).
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4.8.Viral RNA Isolation and Quantitative Reverse Transcription

PCR (qRT-PCR)

SARS-CoV-2 RNA was extracted from cell culture supernatant using the QIAamp® Viral RNA
Mini Kit (Qiagen GmbH, Hilden, Germany) following the manufacturer’s instructions. The
extracted RNA samples were eluted in 40 pL Milli-Q water and stored at —80 °C until further
use. Viral replication was detected via qRT-PCR performed on a Rotor-Gene Q thermal cycler
(Qiagen) with the QuantiTect®Probe PCR Kit (Qiagen).

The primers and probe sequences (Table 1) used in the analysis were supplied by Eurofins
Genomics (Ebersberg, Germany) and were recommended by the Centers for Disease Control

and Prevention (CDC) in February 2020 (26). The thermal profile is shown in Table 2.

Table 1 Primers and probe sequence

Name Description Sequence (5’ > 3°)

2019-nCoV_N2-F Forward primer TTA CAA ACA TTG GCC GCA AA
2019-nCoV-N2-R Reverse primer GCG CGA CAT TCC GAA GAA

2019-nCoV_N2-P Probe FAM-ACA ATT TGC CCC CAG CGC TTC AG-BHQ!1

Table 2 qRT-PCR thermal profile

Step Temperature Time
Reverse Transcription 50°C 30 min
Initial Denaturation 95 °C 15 min
Amplification (45 cycles) 95°C 3s
Annealing/Extension 55°C 30s

Each qRT-PCR analysis was performed in a total volume of 25 pL (139).

4.9.Immunohistochemistry

For immunohistochemical staining, both SARS-CoV-2 infected and non-infected control cells
were fixed in 4% neutral-buffered formalin (SAV Liquid Production GmbH, Flintsbach am Inn,
Germany) for a minimum of 30 min, followed by three washes with PBS (Gatt-Koller GmbH,

39



Absam, Austria). The fixed cells were then treated with 0.1% Triton X-100 (Merck KGaA,
Darmstadt, Germany) for 10 min and subsequently washed three times with PBS.

Next, the cells were incubated for 30 min in 3% H202 (Merck KGaA, Darmstadt, Germany)
dissolved in methanol (Merck KGaA, Darmstadt, Germany) and washed again with PBS. The
primary antibody specific to the SARS-CoV-2 nucleocapsid protein (Sino Biological, Beijing,
China, Cat# 40143-V08B) was diluted at 1:1000 in Dako REAL™ Antibody Diluent (Dako,
Glostrup, Denmark) and applied to the cells for 1 h at room temperature. Following incubation,
the cells were washed three times with PBS again. The EnVision Detection Systems reagent
(Peroxidase/DAB, Rabbit/Mouse, Agilent Dako, Cat# K5007) was then added and incubated
for 30 min, followed by another three PBS washes. To visualize the bound secondary
antibodies, DAB + Chromogen X50 (Agilent Dako, Cat# K5007) was applied to each well. The
reaction was terminated by adding PBS, and the cells were rinsed with PBS to remove any
residual reagent. Fresh PBS was added to maintain the cells hydrated.

Images were captured using a light microscope (Nikon, Eclipse, TS100; Nikon Europe BV,
Amsterdam, The Netherlands) equipped with a JENOPTIK GRYPHAX® camera (Breitschopf,
Innsbruck, Austria). SARS-CoV-2 infected cells appeared red as a result of the antibody
staining (139).

4.10. Scanning transmission electron microscopy (STEM)

The primary particle size of the ZnO-NPs was analyzed by Benjamin Punz (Paris Lodron
University, Salzburg, Austria) using scanning transmission electron microscopy (STEM). For
this analysis, 2 uL. of a 10 ug/mL NP dispersion was applied to a lacy carbon-coated copper
TEM grid and dried overnight. To avoid overloading the grid, a low NP quantity (20 ng) was
used to ensure the presence of single particles and small agglomerates. No additional fixation
of the sample was required. Imaging was performed with a JEM F200 electron microscope
(JEOL, Freising, Germany) operating in STEM mode at 200 kV. The strong contrast observed
in STEM imaging results from the detection of scattered electrons.

In contrast to TEM, where parallel electron beams are focused perpendicular to the sample,
STEM uses a converging electron beam that is focused at a large angle. The transmitted signal

is captured as the focused beam scans the sample and provides detailed structural information.
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STEM was chosen over TEM because it allows insights into the structural features of the sample
that are difficult to achieve with TEM. The primary particle size was determined by calculating
the mean =+ standard deviation (SD) based on measurements of at least 10 particles. These
measurements were performed manually using the Imagel software (NIH, Bethesda, MD,

USA) for image processing (139).

4.11. Hydrodynamic size and zeta potential of ZnO-NPs

The hydrodynamic size and zeta potential of the ZnO-NPs were assessed by Benjamin Punz
using DLS. A NP concentration of 100 pg/mL was prepared in a total volume of 1 mL Millipore
water. The solution was then injected into a clear disposable zeta cell (Malvern, DTS1070).
Measurements were performed with the ZetaSizerNano ZS (Malvern Panalytical, Malvern,
UK) using ZetaSizer Software (Malvern, 7.03, Malvern Panalytical, Malvern, UK), adjusting
settings to match the refractive index of the nanoparticle composition and dispersant (2.0 for

zinc oxide) (139).

4.12.  Ultraviolet/visible light (UV/VIS) spectroscopy

UV/Vis spectroscopy for the three nanomaterials was performed in triplicates at a concentration
of 3 mg/mL in phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA,
USA). Measurements were carried out using 100 uL per well in a 96-well UV-transparent
microplate (Merck KGaA, Darmstadt, Germany) with a microplate reader (Agilent BioTek
Synergy 4, Fisher Scientific, Goteborg, Sweden) at room temperature. The suspensions were
scanned from 350 to 800 nm in 10 nm steps. PBS was used as a blank control and its values

were subtracted from the NP readings before plotting.

4.13. Tauc plot

In 1966, Tauc proposed a method for estimating the band gap energy of amorphous
semiconductors using UV/Vis spectra (110). Zinc oxide (ZnO), a II-VI compound
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semiconductor, is a direct band gap semiconductor. Briefly, UV/Vis spectroscopy data were

measured as described in 4.12, and the optical band gap was calculated using the Tauc equation:

(ahv)% = B(hv — E,)
where h is the Planck constant, v is the photon frequency, Ej is the band gap energy, and B is
a constant. The factor y depends on the type of electron transition and is 2 for direct and ' for
indirect transitions. For ZnO, a direct band semiconductor, the factor y is 2. The data obtained
from the UV/Vis measurement were plotted in a graph. The y-axis represents (ahv)?, and the
x-axis represents the photon energy hv. Linear regions of the resulting plots were extrapolated
to intersect the x-axis. The point at which this line intersects the x-axis corresponds to the

optical band gap energy E; (110, 111).

4.14. ROS measurements

To estimate the ROS production of the three different nanomaterials the two fluorescent
compounds dihydroethidium (DHE) (Merck, Darmstadt, Deutschland) and 2',7'-
dichlorodihydrofluorescein diacetate (H2DCFDA) (Merck, Darmstadt, Deutschland) were
used. DHE, chemically reduced ethidium, serves as a redox indicator primarily for superoxide
(02*) and ROS with higher reactivity, showing minimal reactivity with hydrogen peroxide
(H202)(150). It exhibits blue fluorescence with a maximum excitation wavelength of 370 nm
and a maximum emission wavelength of 420 nm. After oxidation it shows red fluorescence
with a maximum excitation wavelength of 300 nm and maximum emission wavelength of 610
nm (151).

The second redox indicator H2DCFDA is chemically reduced fluorescein (152). It reacts with
any ROS species, including H202. During oxidation by ROS the nonfluorescent dye is
converted to the highly fluorescent 2°,7° dichlorofluorescein (DCF) with a maximum excitation
wavelength of 495 nm and a maximum emission wavelength of 527 nm (152). Both indicators
are cell permeable but can also be used in solution without living cells. The quantity of produced
ROS is correlated with the fluorescence intensity of the dyes and can be measured using a

microplate reader. The production of ROS was measured in the dark and under constant light
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exposure, as explained in detail in 4.15 and 4.16. Each condition was tested in two independent

experiments, with three technical triplicates for each.

4.15. Incubation in the dark

For ROS measurement, DHE and H2DCFDA stocks (10 mM) were prepared in DMSO (Merck
KGaA, Darmstadt, Germany) and diluted in PBS to 1 mM. The stocks were stored at -20°C.
Since the virus neutralization tests showed the highest inactivation rates at NP concentrations
of 20 mg/ml (139), the ROS measurements were also performed at this concentration. The
required amounts of ZnO-NP-45, ZnO-NP-76 and ZnO-NP-ref were weighed into 2 ml
Eppendorf tubes and suspended in PBS. Either fluorescent compound was added to the NPs to
reach a final concentration of 5 uM per tube in separate experiments. The suspensions were
incubated in the dark for 1 h at room temperature under continuous shaking (300 min™'). PBS
with 5 uM of one or the other redox indicator depending on the sample was used as a control.
Measurements were performed in triplicates. Following incubation, the tubes were centrifuged
at 13,000x g for 5 min. Subsequently, 500 ul of the supernatant from each tube was transferred
into a 24-well microplate (Corning Incorporated, Kennebunk, ME, USA). Fluorescence

intensity was measured using a microplate reader.

4.16. Incubation under constant light exposure

To investigate the influence of light on ROS production, the measurements were repeated under
constant light exposure using the experimental conditions described above.

The NP suspensions were incubated in a 24-well plate under constant shaking (300 min‘') at
room temperature and illuminated at 4200 lux using a daylight LED lamp (Lumeno, 7215GN-
MKII, 10 watts, Heuchelheim, Germany). A photo of the experimental setup can be seen in
Figure 5. After the incubation period the suspensions were transferred to Eppendorf tubes and
centrifuged at 13,000x g for 5 min. The supernatant of each tube (500 pl) was transferred into
a 24-well microplate (Corning Incorporated, Kennebunk, ME, USA). Fluorescence intensity

was measured using a microplate reader.
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Figure 5 Experimental setup for the measurement of ROS production under constant light exposure.
The NP suspensions were incubated in a 24-well microtiter plate for 1 h at room temperature under constant
shaking (300 min-1).

4.17. BET surface area determination

The specific surface area of the ZnO-NPs was determined using the Brunauer-Emmett-Teller
(BET) method. This technique provides important information about the surface area of solid
or porous materials by analyzing the adsorption of an inert gas (usually nitrogen) on the surface
of a sample at the atomic level. Since most gases interact with solids, cooling the sample with
liquid nitrogen (77 K) ensures that adsorption takes place under controlled conditions. During
the analysis, the sample temperature remains constant while the pressure of the absorbing gas
is gradually increased. This results in more and more gas molecules being adsorbed on the
surface of the sample until the entire surface is covered with a single or monolayer. The amount
of gas required to form the monolayer is measured by the absorbed volume. The accessible

surface area of the material can be calculated from knowledge of the cross-sectional area of the
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adsorbed gas molecules. Gas adsorption as a function of pressure does not follow a simple linear
relationship, and therefore a suitable mathematical model, the BET equation, is used to calculate
the specific surface area (153).

The BET equation (named after Brunauer, Emmett and Teller, who developed this theory) was
first published in 1938 (154). It describes the relationship between the number of adsorbed gas
molecules (X) at a given relative pressure (P/Po), where C is a second parameter related to the

heat of adsorption.

1 1 4 c—-1 (P)
X[(Po/P) = 1] XpC  XmC \P

The BET equation describes a linear relationship between 1/[X(Po/P)-1] and P/Po, which is valid

for most solids within a limited range of the adsorption isotherm (typically P/Po=0.05-0.35

when nitrogen is used as the adsorbate). By plotting (1/[X(Po/P)-1]) against (P/Po), the slope

and intercept of the linear region can be determined, allowing Xm and C to be calculated.

The surface area (SA) is then calculated as follows:

1
A = - - CSA
slope + intercept

Where CSA is the cross-sectional area of the adsorbate (155).

The specific surface area of the ZnO-NP was determined using N as adsorbate, with
measurements performed at 77 K, which was achieved by cooling with liquid N.. During the
analysis, N2 adsorption occurred over a defined pressure range and the amount of adsorbed or
desorbed gas was measured. The data was plotted as an adsorption-desorption isotherm, and
the linear part of the isotherm was analyzed using the BET equation to calculate the specific
surface area. The measurements and calculations were performed by Dennis Rocker (TU

Munich, Germany).
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4.18. Data analysis

Data analysis, copy number calculations, statistical evaluations, and graphical visualizations
were conducted using Dotmatics GraphPad Prism 9 (Boston, Massachusetts). Statistical
differences between groups were evaluated using the Kruskal-Wallis test with correction for
multiple comparisons. The significance levels were specified as follows: ns =p > 0.05, * =p <
0.05, ** =p <0.01, *** =p <0.001, and **** =p <0.0001.

Virus copy numbers were determined using a calibration curve based on a certified RNA
standard (VR-1986DTM from 2019 Novel Coronavirus, Lot: 70035624, ATCC, Glasgow, UK).
This commercially available standard contained 4.73 x 10 genome copies per uL and was
serially diluted for analysis via qRT-PCR (149). The cycle quantification (cq) values obtained
were plotted against the natural logarithm of the copy numbers [In(copy numbers)], and linear
regression analysis was used to generate the equation for calculating copy numbers from cq
values.

y=1.5x+384

This standard curve provided the relationship between cq values and virus copy numbers (139).
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5. Results

5.1.Preparation of ZnO-NPs

Before starting the virus neutralization assays using the two ZnO-NPs, their behavior in
suspension had to be tested. After washing with 70% EtOH and drying the NPs were suspended
in MEM without FCS. It was found that the ZnO-NPs precipitate within short time and also
tend to form agglomerates. Attempts to improve the stability of the suspension included the use
of ultrasonic treatment, pH adjustments or alternative solvents. Neither ultrasonic
homogenization nor pH changes or other solvents improved the stability of the ZnO-NP
suspensions. Consequently, the samples were mixed immediately before each step to obtain the

suspension as well as possible (139).

5.1.1. Metabolic interference assay

To analyze the impact of ZnO-NPs on the metabolic activity of Calu-3 cells, the resazurin
reduction assay was performed to identify NP concentrations that do not cause metabolic or
cytotoxicity effects. This step is of great importance, as excessive NP concentrations could
impair cell function and possibly interfere with virus replication, leading to false-positive
outcomes in the neutralization assays.

In order to obtain the most realistic results possible, the metabolic interference assay was
conducted according to the same protocol as for the virus neutralization assays, with the
exception of the addition of SARS-CoV-2. Briefly, the impact of ZnO-NP-45 and ZnO-NP-76
on the metabolic activity of Calu-3 cells was evaluated 48 h after exposure to the ZnO-NPs
suspensions at increasing concentrations from 1 mg/mL to 100 mg/mL. The resulting metabolic
activity was then normalized to that of untreated Calu-3 cells (Figure 6).

Both ZnO-NPs did not notably affect the viability and metabolic activity of the Calu-3 cells at
concentrations of up to 20 mg/mL. However, at concentrations between 40 mg/mL and 100
mg/mL a decrease in metabolic activity was observed. At a ZnO-NP concentration of 100
mg/mL the cells retained 30-35% of their metabolic activity compared to non-treated cells
(139). Consequently, ZnO-NP concentrations of 20 mg/mL, 10 mg/mL and 5 mg/mL were

chosen for the virus neutralization tests.
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Figure 6 Metabolic interference assay of Calu-3 cells treated with ZnO-NPs.
Relative metabolic activity (%) of cells after exposure to ZnO-NP-45 (A) and ZnO-NP-76 (B) in increasing
concentrations. Calu-3 cells were seeded in 48-well plates 48 h prior to the assay. The NPs were suspended in
MEM, without FCS and incubated for 1 h at 37 °C under constant shaking at 300 min~'. Following incubation, the
suspensions were centrifuged, and the supernatant was added to Calu-3 cells for 1 h at 37 °C and 5% CO,. After
incubation the cells were washed and fresh medium containing 10% FCS was added. Metabolic activity was
measured using the resazurin reduction assay after 48 h incubation at 37 °C and 5% CO,. The bars represent the
relative metabolic activity of the cells (%) normalized to that of untreated control cells. Source: Wolfgruber et. al,

2023 (139).
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5.2.Antiviral activity of ZnO-NPs on SARS-CoV-2 Delta

5.2.1. ZnO-NP-45

Pre-incubation of the Delta variant with ZnO-NP-45 at concentrations of 20 mg/mL, 10 mg/mL
and 5 mg/mL led to a dose-dependent decrease in the number of viral copies present in the
supernatant after centrifugation (VI), compared to the untreated positive control (pos Ctrl). This
reduction, summarized in Figure 7A from three independent experiments, is likely due to the
adsorption of viruses to the NP surfaces, followed by their removal during centrifugation and
precipitation (139).

It is crucial to note that although the viral copy number in the supernatant (VI) can be quantified,
infectivity remains unknown and therefore further testing is required. To evaluate the infectivity
of the remaining virus particles, the supernatant was used to infect Calu-3 cells. Forty-eight
hours post infection, the virus concentration in the cell culture supernatant was determined by
qRT-PCR to analyze viral replication (Figure 7B). Following treatment with 20 mg/mL ZnO-
NP-45, the virus copy numbers in the supernatant of infected cells were reduced by over a factor
of 10% across all samples, compared to cells infected with the untreated virus (pos Ctrl) (139).
Pretreatment using 10 mg/mL ZnO-NP-45 also showed a trend toward reduced viral replication,
although this was not consistent across all samples. At 5 mg/mL ZnO-NP-45, individual
experimental replicates showed greater variability, ranging from strong virus neutralization in
some samples to high replication levels comparable to the positive control (139). The observed
virus inactivation at 20 mg/mL ZnO-NP-45 cannot be fully explained by the loss of virus
particles during centrifugation and precipitation, but may involve other antiviral mechanisms

triggered by the ZnO-NPs.
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Figure 7 Virus neutralization assays using SARS-CoV-2 Delta.

A: Virus input (VI) used for cell infection after pre-incubation of SARS-CoV-2 Delta with ZnO-NP-45 for 1 h,
followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the positive
control (data from three independent experiments). B: Virus copies detected 48 h after infecting Calu-3 cells with
the ZnO-NP-45 pretreated virus supernatant. Pretreatment with 20 mg/mL ZnO-NP-45 resulted in a virus
inactivation exceeding 10°-fold across all tested samples (three experimental series with five replicates each)
compared to the positive control (untreated cells). Treatment with 10 mg/mL and 5 mg/mL of ZnO-NP-45 also
decreased the number of infectious viruses, with inconsistent results among the replicates. p-values: > 0.05 = ns,
<0.0001 = **** (Kruskal-Wallis test). Source: Wolfgruber et. al, 2023 (139).
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5.2.2. ZnO-NP-76

Similar to the effects observed with ZnO-NP-45, pre-incubation of the Delta variant with
increasing concentrations of ZnO-NP-76 led to a dose-dependent decrease in viral copies in the
VI after centrifugation in comparison to untreated positive controls (Figure 8A) (139).

This effect appeared to be concentration-dependent and consistent across all three assays and
all ZnO-NPs. While the observed adsorption of virus particles to ZnO-NP-45 and ZnO-NP-76
was similar, their neutralizing activity differed. Pretreatment with 20 mg/ml ZnO-NP-76
showed a similar virus-neutralizing effect as the use of 10 mg/ml ZnO-NP-45 and reduced virus
copies in the majority of experimental replicates, although not consistently in all samples

(Figure 8B) (139).
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Figure 8 Virus neutralization assays using SARS-CoV-2 Delta.

A: Virus input (VI) used for cell infection after pre-incubation of SARS-CoV-2 Delta with ZnO-NP-76 for 1 h,
followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the positive
control (data from three independent experiments). B: Summary of virus copies detected 48 h after infection of
Calu-3 cells with the virus-containing supernatant pretreated with ZnO-NP-76. p-values: > 0.05 = ns, < 0.001 =
**% (Kruskal-Wallis test). Wolfgruber et. al, 2023 (139).
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5.2.3. ZnO-NP-ref

To evaluate the antiviral activity of ZnO-NP-45 and ZnO-NP-76 in comparison to the reference
ZnO-NP (ZnO-NP-ref), an additional assay was done under the same experimental conditions
as before. The reduction of virus particles in VI after pre-incubation with ZnO-NP-ref was
similar to the other two NPs. However, due to technical issues, the VI in the positive control
(Figure 9A) was lower than that observed in the assays with ZnO-NP-45 and ZnO-NP-76 (139).
At concentrations of 20 mg/mL and 10 mg/mL, ZnO-NP-ref showed a virus-neutralizing effect
comparable to ZnO-NP-76, reducing virus copies in some replicates, although not all (Figure
9B). At 5 mg/mL ZnO-NP-76 no virus neutralizing effect was observed.

Cells that were infected with the untreated virus (pos Ctrl) showed high copy numbers (139).
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Figure 9 Virus neutralization assays using SARS-CoV-2 Delta.

A: Virus input (VI) used for cell infection after pre-incubation of SARS-CoV-2 Delta with ZnO-NP-ref for 1 h,
followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the positive
control. B: Virus copies detected 48 h after infection of Calu-3 cells with the virus-containing supernatant
pretreated with ZnO-NP-ref. At NP concentrations of 20 mg/mL and 10 mg/mL infectious virus copies were
reduced compared to the positive control (untreated cells), though not consistently in all replicates. No inactivating
effect was observed with Smg/mL ZnO-NP-ref. p-values: > 0.05 = ns, < 0.01 = ** (Kruskal-Wallis test).
Wolfgruber et. al, 2023 (139).
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5.3.Antiviral activity of ZnO-NPs on SARS-CoV-2 Omicron

To determine whether the virus inactivation observed for SARS-CoV-2 Delta can also be used
for the Omicron variant, a further neutralization assay was done using the same experimental
conditions. To evaluated the virus-neutralizing activity of the ZnO-NPs two independent
experimental methods were used for this assay. First, the virus copies in the cell culture
supernatant were determined 48 h post infection using QRT-PCR. The infected cells were then

labeled with an antibody directed against the SARS-CoV-2 nucleocapsid protein.

5.3.1. ZnP-NP-45

As already observed with the SARS-CoV-2 Delta variant, pre-incubation of the Omicron
variant with the ZnO-NPs led to concentration-dependent decrease in viral copies in the
supernatant, which was subsequently used as the VI for cell infection in the virus neutralization
assays (Figure 10A) (139). When incubated with ZnO-NP-45 at 20 mg/mL and 10 mg/mL,
virus replication was reduced by a factor of 10° in all samples after 48 h of cell culture,
compared to the positive control cells infected with untreated virus (Figure 10B). At 5 mg/mL
ZnO-NP-45, virus inactivation was observed in some replicates, but not all, with effects ranging
from strong neutralization of infectious virus to high replication, similar to observations made
with the Delta variant.

The observed low viral copy numbers 48 h after infection cannot be explained solely by the
reduction of virus particles during pre-incubation and centrifugation, suggesting the
involvement of additional antiviral mechanisms. This aligns with observations from previous
experiments with SARS-CoV-2 Delta (139).

Immunohistochemical staining of the infected cells revealed that pretreatment with 20 mg/mL
and 10 mg/mL ZnO-NP-45 resulted in no visible infected cells, which aligns with the antiviral
effects observed in the qRT-PCR results (Figure 11). In samples treated with 5 mg/mL ZnO-
NP-45, infected cells were visible in some wells, confirming the copy number calculations
based on the qRT-PCR results. All wells of the positive control group were infected, while no

infections were observed in the wells of the non-infected cells (negative control) (139).
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Figure 10 Virus neutralization assays using SARS-CoV-2 Omicron.

A: Virus input (VI) used for cell infection after pre-incubation of SARS-CoV-2 Omicron with ZnO-NP-45 for 1
h, followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the
positive control. B: Virus copies in the supernatant 48 h after infection of Calu-3 cells with the virus-containing
supernatant pretreated with ZnO-NP-45. At a NP concentration of 20 mg/mL and 10 mg/mL infectious virus copies
were reduced by a factor of more than 10° in all tested samples compared to the positive control. At 5 mg/mL,
infectious virus levels were also reduced, but not in all samples. p-values: > 0.05 =ns, < 0.01 = ** (Kruskal-Wallis
test). Wolfgruber et. al, 2023 (139).
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Figure 11 Antibody-stained Calu-3 cells after infection with SARS-CoV-2 Omicron pretreated with ZnO-
NP-45.

Calu-3 cells stained with an antibody specific for the SARS-CoV-2 nucleocapsid protein 48 h after infection with
virus samples pretreated with three different concentrations of ZnO-NP-45. Infected cells without NP pretreatment
were used as positive control (Pos Ctrl), uninfected cells as negative control (Neg Ctrl). The numbers in the lower
right corner of each panel represent the wells of each replicate for each concentration. After staining, virus-infected
cells appear red. Magnification: 40x. Wolfgruber et. al, 2023 (139).
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5.3.2. ZnO-NP-76

Pre-incubation of SARS-CoV-2 with ZnO-NP-76 reduced virus copies in the VI (Figure 12A),
similar to the reduction seen with ZnO-NP-45 (Figure 10A). Pretreatment with ZnO-NP-76
resulted in comparable, but less consistent, virus inactivation compared to ZnO-NP-45.

Surprisingly, the highest virus inactivation was observed after pretreatment with 10 mg/mL
ZnO-NP-76, which may be attributed to technical reasons as well as secondary infections in the
samples preincubated with 20 mg/mL (139). Only a few still infectious virus copies can infect
the entire well during the 48 h incubation period, resulting in high virus copy numbers.

For ZnO-NP-76 at 20 mg/mL and 5 mg/mL, immunohistochemical staining results aligned with
the qRT-PCR findings, showing the presence of both infected and uninfected cells in the wells.
No infected cells were detected following pre-incubation with 10 mg/mL ZnO-NP-76. All
positive control wells were infected, while no infected cells were detected in the negative

controls (Figure 13)(139).
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Figure 12 Virus neutralization assays using SARS-CoV-2 Omicron.

A: Virus input (V1) used for cell infection after pre-incubation of SARS-CoV-2 Omicron with ZnO-NP-76 for 1
h, followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the
positive control. B: Pretreatment with ZnO-NP-76 at a concentration of 10 mg/mL reduced virus replication by a
factor of 10 across all samples. Virus inactivation was observed in some replicates at concentrations of 20 mg/mL
and 5 mg/mL, but not in all. p-values: > 0.05 = ns, < 0.05 = * (Kruskal-Wallis test). Wolfgruber et. al, 2023 (139).
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Figure 13 Antibody-stained Calu-3 cells after infection with SARS-CoV-2 Omicron pretreated with ZnO-
NP-76.

Calu-3 cells stained with an antibody specific for the SARS-CoV-2 nucleocapsid protein 48 h after infection with
virus samples pretreated with three different concentrations of ZnO-NP-76. Infected cells without NP pretreatment
were used as positive control (Pos Ctrl), uninfected cells as negative control (Neg Ctrl). The numbers in the lower
right corner of each panel represent the wells of each replicate for each concentration. After staining, virus-infected
cells appear red. Magnification: 40x. Wolfgruber et. al, 2023 (139).
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5.3.3. ZnO-NP-ref

A further series of control experiments was performed using the reference nanomaterial, ZnO-
NP-ref, which resulted in the inactivation the Omicron variant across all tested samples at all
three concentrations (Figure 14B). The reduction in virus particles in the VI (Figure 14A) was
comparable to the results observed with ZnO-NP-45 and ZnO-NP-76 (139).

IHC staining confirmed these observations, as infected cells were not seen at any of the three
ZnO-NP-ref concentrations, which correlates with the very low virus copy numbers from qRT-
PCR (Figure 15). Control samples (infected cells without NP treatment and non-infected cells)

were the same as for the other two NPs and are not shown here.
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Figure 14 Virus neutralization assays using SARS-CoV-2 Omicron.
A: Virus input (VI) used for cell infection after pre-incubation of SARS-CoV-2 Omicron with ZnO-NP-ref for 1
h, followed by centrifugation, showing a concentration-dependent reduction in viral copies compared to the
positive control. B: Virus copies after pretreatment with ZnO-NP-ref at three increasing concentrations 48 h after
infection of the cells with the virus-containing supernatant. All tested concentrations led to a reduction in virus
replication by approximately a factor 10°. Wolfgruber et. al, 2023 (139).
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Figure 15 Antibody-stained Calu-3 cells after infection with SARS-CoV-2 Omicron pretreated with ZnO-
NP-ref.

Calu-3 cells stained with an antibody specific for the SARS-CoV-2 nucleocapsid protein 48 h after infection with
virus samples pretreated with three different concentrations of ZnO-NP-ref. The numbers in the lower right corner
of each panel represent the wells of each replicate for each concentration. After staining, virus-infected cells appear
red. Magnification: 40x. Wolfgruber et. al, 2023 (139).
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5.4.Characterization of Zinc Oxide Nanoparticles

As observed during the virus neutralization assays, ZnO-NP-45 and ZnO-NP-76 showed
differnet antiviral activity. At concentrations of 20 mg/mL and 10 mg/mL, ZnO-NP-45
demonstrated greater activity against SARS-CoV-2 Delta and Omicron compared to ZnO-NP-
76. To investigate this difference, an extensive characterization of the nanoparticles was done.
Since ZnO-NP-ref was used as the reference for all virus neutralization tests, it was also
included in the characterization.

Characterization began with measuring the hydrodynamic size and zeta potential of the NPs
using DLS, followed by visualization via STEM. Additionally, UV/Vis spectra were obtained,

and Tauc plots were calculated from these data.

The hydrodynamic size and zeta potential of the ZnO-NPs were measured using DLS. All
measurements are shown in Table 3 (139). The NP sizes were determined by DLS, weighted
by number and intensity. The intensity-weighted size of ZnO-NP-45 (596.33 + 29.10 nm) was
much larger than the number-weighted size (193.17 £ 9.95 nm). This indicates the presence of
agglomerates in the suspension. Larger particles are disproportionately represented in the
intensity-weighted measurements due to the scattering intensity scaling with the particle size.
The high PDI (0.65) shows that the suspension is highly polydisperse (139).

ZnO-NP-76 shows the largest intensity-weighted size (2125.33 £ 196.59 nm) and number-
weighted size (1451.33 = 20.17 nm), indicating that ZnO-NP-76 forms large agglomerates.
However, the relatively small PDI (0.30) suggests that the size distribution within the
agglomerates is relatively narrow and the particles are more uniform in size (139).

Similar to ZnO-NP-45, ZnO-NP-ref also exhibits a large difference between the intensity-
weighted (678.27 = 178.51 nm) and number-weighted (230.83 + 42.25 nm) size, indicating
agglomeration. The high PDI value (0.76) indicated the presence of highly polydisperse
particles (139).

Both, ZnO-NP-45 and ZnO-NP-76 showed a positive zeta potential (28.87 £ 0.45 and 14.10 +
0.20, respectively). The higher values for ZnO-NP-45 indicate that this NP should have better
colloidal stability than ZnO-NP-76 due to the stronger electrostatic repulsion between the

particles, which could reduce agglomeration under ideal conditions.

60



ZnO-NP-ref has a negative zeta potential (-1.69 + 1.27 mV), which indicates poor colloidal
stability. This could contribute to the stronger tendency to agglomerate observed in this sample.
Although it is often reported that positively charged nanoparticles exhibit greater cytotoxicity
than negatively charged ones (156), no cytotoxic effects were observed in our cell culture-based

neutralization assays.

Table 3. Hydrodynamic size and zeta potential of ZnO-NP-45, ZnO-NP-76 and ZnO-NP-ref.

DLS: Mean = SD values of intensity- and number-weighted distribution analyses from three independent
measurements. Zeta potential: mean = SD in mV of a suspension in Millipore water. PDI: Polydispersity index,
which indicates the size homogeneity where 0 stands for uniform particle size and 1 for a highly polydisperse
sample. Wolfgruber et. al, 2023 (139).

Sample Size (nm) DLS Intensity Size (nm) DLS Number Zeta Potential (mV) PDI
ZnO-NP-45 596.33 £29.10 193.17+9.95 28.87 £0.45 0.65
ZnO-NP-76 2125.33 £196.59 1451.33 +£20.17 14.10 +£0.20 0.30
ZnO-NP-ref 678.27 £178.51 230.83 £42.25 -1.69 £1.27 0.76

STEM imaging of ZnO-NP-45 revealed a polydisperse mixture of particles with a size
distribution of 45 + 15 nm (Figure 16 A,B). In contrast, ZnO-NP-76 exhibited more uniform
particles, with an average size of approximately 76 + 16 nm (Figure 16C, D). Both ZnO-NPs
were found agglomerate in suspension (139).

It is important to note that the observed particle sizes in the STEM images differ from those
measured by DLS due to the differences between the two techniques. STEM captures the bare
particle size by directly imaging the particles, while DLS measures the hydrodynamic radius in
suspension, which includes both the particle and the surrounding solvent layer. This results in
a larger size measurement with DLS, especially for agglomerated suspensions.

ZnO-NP-ref was not included in the STEM image analysis, so its detailed structural features
could not be visualized. All STEM images of the NPs are shown with the highest possible

magnification.
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Figure 16 Scanning Transmission Electron Microscopy (STEM) images of ZnO-NPs.

STEM images show ZnO-NP-45 (A, B) and ZnO-NP-76 (C, D) in various sizes and aggregation states.
Magnification: (A) 400,000, (B) 300,000x%, (C) 250,000x, (D) 200,000, Scale bars: 100 nm. Wolfgruber et. al,
2023 (139).

The UV/Vis spectra of the NPs were recorded in the range of 350 nm to 800 nm at room
temperature and showed a peak at 380 nm for all three NP preparations.
UV/Vis spectroscopy is a widely used method to for determining nanoparticle sizes. For ZnO
as a semiconductor, the initial and final absorbance wavelengths are strongly associated with
the particle’s band-gap, which decreases as the particle size increases.

When comparing the UV/Vis spectra of ZnO-NP-45 and ZnO-NP-76, ZnO-NP-45 shows a
more rapid decrease in absorbance as the wavelength increases. This suggests that ZnO-NP-45

contains smaller NPs than ZnO-NP-76 (Figure 17A). The spectrum of ZnO-NP-ref was similar
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to that of ZnO-NP-45. According to the manufacturer, the particles were all under 100 nm, but
no further details on size distribution were provided.

To experimentally determine the band gap energy of the three nanomaterials the Tauc plot was
used. The linear region of the curves was marked with dotted lines. ZnO-NP-45 has a bandgap
energy of 3.06 eV, ZnO-NP-76 has 2.85 eV and ZnO-NP-ref has 2.99 eV (Figure 17B).
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Figure 17 UV-VIS spectra of the three ZnO-NPs and Tauc plot.
(A) UV/Vis absorbance spectra of the three different ZnO-NPs at 3 mg/ml in PBS. Spectra are shown from
350-800 nm. (B) Tauc plot for experimental determination of direct bandgap.
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The size and colloidal stability of ZnO-NP-45 and ZnO-NP-76 may explain their differences in
antiviral activity. ZnO-NP-45, with smaller particles, better colloidal stability, and a higher
surface area, likely interacts more effectively with the virus, resulting in stronger antiviral
effects. In contrast, ZnO-NP-76 forms larger agglomerates, has a lower zeta potential, and less
surface area for interaction, leading to reduced antiviral activity. These characteristics suggest

that smaller, more stable nanoparticles are more effective in neutralizing the virus.
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5.5.ROS measurement

All three ZnO-NPs showed antiviral activity as observed in the virus neutralization assays. The
virus particles in the VI used for cell infection were reduced by adsorption to the NPs and
centrifugation compared to the positive control (virus without NP pre-incubation). The high
antiviral activity can be partly explained by this loss of virus particles, but there has to be
another antiviral effect of the NPs to achieve virus inactivation by a factor of 10° as observed
during the assays. One possible explanation could be the production of ROS by the NPs. To
investigate this, the amount of ROS produced during incubation of the ZnO-NPs was measured.
Since ROS can be generated either chemically or via photocatalysis, the same experimental
setup was used in darkness and with exposure to light (4200 lux). The ROS levels were
measured using the fluorescent probes DHE and H2DCFDA. DHE can be oxidized to
superoxide and more reactive radicals, but reacts only slightly with hydrogen peroxide (151),
while H2DCFDA is used to detect all ROS, including hydrogen peroxide (152).

Each NP preparation was investigated in technical triplicates across two separate experiments.
PBS with the respective indicator was used as a control. The combined results from two
experiments are presented in Figure 18 and Figure 19 for each fluorescent compound.

When incubated in the dark with DHE, all three ZnO-NPs produced low levels of ROS,
comparable to the control sample that contained no NPs (Figure 18A). However, when exposed
to continuous light at 4200 lux, a slight increase in ROS production was observed for ZnO-NP-
45 compared to the other two NPs and the control (Figure 18B).

Incubation in the dark with H2DCFDA resulted in a slight, but not significant, ROS increase
for ZnO-NP-45 compared to the other NPs and control samples (Figure 19A). In contrast, high
ROS production was detected with H2DCFDA for ZnO-NP-45 with exposure to 4200 lux. ZnO-
NP-76 and ZnO-NP-ref showed no increased ROS production compared to the control sample
without NPs (Figure 19B).
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Figure 18 Fluorescence measurement of ROS using DHE.

(A) ZnO-NPs incubated with 5 uM DHE in the dark for 1 h at RT. No ROS production was detected compared to
control. (B) ZnO-NPs incubated with 5 pM DHE at 4200 lux for 1 h at RT. Slightly higher ROS production was
observed for ZnO-NP-45 compared to control. P-values: >0.05=ns, < 0.05=* (Kruskal-Wallis test).
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Figure 19 Fluorescence measurement of ROS using H;DCFDA.

(A) ZnO-NPs incubated with 5 uM H>DCFDA in the dark for 1 h at RT. No significant ROS production was
detected. (B) ZnO-NPs incubated with 5 uM H,DCFDA at 4200 lux for 1 h at RT. High ROS production was
detected for ZnO-NP-45 compared to other NPs and control. P-values: >0.05=ns, < 0.05=*, < 0.0001****
(Kruskal-Wallis test).
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5.6. BET surface area determination

The results of the BET surface area determination for the two ZnO-NPs are presented in
Figure 20 and

Figure 21. The figures show the plotted data as adsorption-desorption isotherms (A), and the
linear portion used to calculate the specific surface area of the ZnO-NPs (B). The x-axis
represents the relative pressure, while the y-axis represents the adsorbed volume. ZnO-NP-45
has a specific surface area of 28 m?/g, whereas ZnO-NP-76 has a much smaller specific surface
area of 13.5 m?/g. The higher ROS production of ZnO-NP-45 under constant light exposure can
be attributed to its larger specific surface area compared to ZnO-NP-76.

Although ZnO-NP-45 exhibits higher ROS levels under constant light exposure, this does not
necessarily imply stronger antiviral activity. The observed antiviral effects are probably not
determined by ROS, but rather by the adsorption of the virus to the NPs, the potential loss
during centrifugation and the antiviral properties of zinc. Therefore, although ROS production
may play a role in NP behavior, it is probably not the main factor for the antiviral effects

observed in this study.
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Figure 20 BET analysis of ZnO-NP-45.
(A) Adsorption/desorption isotherm plot, (B) BET plot of ZnO-NP-45 adsorption
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Figure 21 BET analysis of ZnO-NP-76.
(A) Adsorption/desorption isotherm plot, (B) BET plot of ZnO-NP-76 adsorption
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6. Discussion

This study investigated the antiviral properties of two novel ZnO-NPs (ZnO-NP-45 and ZnO-
NP-76) against SARS-CoV-2 Delta and Omicron, using several independent cell culture-based
neutralization assays. Following this, a detailed characterization of the NPs was done to better
understand their antiviral activities. These ZnO-NPs are of great interest due to their unique
physical and chemical properties, their proven low cytotoxicity and their environmentally
friendly production process.

Importantly, the production process of the ZnO-NPs used natural, abundant materials such as
salts (nitrates, chlorates, and sulfates) and whey, typically a by-product of the dairy industry, as
a chelating agent instead of conventional chemical reagents. This offers a new, more
environmentally friendly synthesis method that reduces reliance on harmful chemicals and

meets the increasing demand for environmentally friendly nanotechnology applications.

The outcomes of the virus neutralization assays showed that both ZnO-NPs were active against
SARS-CoV-2, with ZnO-NP-45 achieving an inactivation by a factor of up to 10% at a
concentration of 20 mg/mL.

The high level of virus inactivation observed in this study exceeds the established standards for
disinfectants. According to the Robert Koch Institute (RKI) and the German Association for the
Control of Virus Diseases (DVV), a reduction in viral activity by at least a factor of 10* is
necessary for a substance to be classified as an effective disinfectant (56). In this context, ZnO-
NP-45 clearly surpasses these criteria. Lower concentrations of ZnO-NP-45 and ZnO-NP-76
also demonstrated a reduction in viral replication, although the inhibitory effects were not
consistently observed across all samples. Notable, ZnO-NP-76 treatment led to large variations
in viral inactivation at all tested concentrations, ranging from strong neutralization of infectious
virus to high replication. This variability might be attributed to incomplete virus inactivation
after ZnO-NP pretreatment, along with secondary infections occurring during the virus
neutralization assays. During the 48 h incubation period of infected Calu-3 cells, even a small
number of virus-replicating cells can produce enough virus particles to trigger secondary
infections, leading to high viral load as detected by RT-qPCR and confirmed by IHC.

The use of ZnO-NP-ref also led to a reduction of infectious virus particles, but appeared to

exhibit a stronger antiviral effect on SARS-CoV-2 Omicron, as illustrated in Figure 14.
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The inactivation of infectious SARS-CoV-2 Omicron was consistently observed for all
concentrations of ZnO-NP-ref and in all replicates. For SARS-CoV-2 Delta, however, the effect
of ZnO-NP-ref appeared to be less consistent, as only a limited number of replicates were

inactivated at all concentrations tested (Figure 9).

Virus pretreatment with ZnO-NPs resulted in the binding and co-precipitation of both the virus
and ZnO-NPs following centrifugation. This interaction was found to be dose-dependent,
leading to a reduction of the VI used for the infection assays compared to the positive control
samples without ZnO-NP pretreatment. While pretreatment and centrifugation reduced virus
copy numbers by up to a factor of 104, the overall decrease in virus replication reached a factor
of up to 10, indicating that the ZnO-NPs not only adsorbed the virus but also contributed to its
inactivation, suggesting a chemical antiviral effect.

ZnO-NP-ref also exhibited antiviral activity, as the decrease in viral replication could not only
be attributed to particle loss in the VI after pre-incubation and following centrifugation.
Although it is possible that ZnO-NPs that were not precipitated during centrifugation could
have additional effects on the cells used in the neutralization assays, the metabolic interference

assay ruled out major interference with cell function at NP concentrations of up to 20 mg/ml.

The neutralization assays revealed different antiviral effects between the NP preparations;
however, the underlying mechanisms responsible for these differences could not be clarified by
the cell culture experiments performed.

Unfortunately, little is known about the antiviral properties of ZnO-NPs, as most research has
focused primarily on their antibacterial effects (66, 157-160). The exact mechanism behind the
antibacterial activity of ZnO-NPs is not yet fully understood. However, it is assumed that a
combination of mechanisms contributes to the reduction of cell viability, including interactions
between the cell membrane and ZnO-NPs, the generation of ROS and the intracellular release
of Zn”" ions, which disrupt essential cellular functions (160).

In terms of antiviral activity, one possible mechanism of ZnO-NPs, consistent with the proposed
antibacterial mechanism, could involve the hydrolysis and inactivation of SARS-CoV-2 bound
to the alkaline surface of ZnO-NPs. This could destroy the viral proteins or membranes upon

contact with the ZnO-NPs. Another observation has been reported for the HIN1 influenza virus.
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Both uncoated and PEGylated ZnO-NPs have been shown to inhibit the intracellular replication
of the HIN1 virus following cell infection, likely through a mechanism involving the release
of Zn?* ions (134). Although similar results have not yet been observed with SARS-CoV-2, a
similar mechanism is to be expected and needs further research. Additionally, ROS, often
generated through photocatalytic reactions, can damage viral proteins, lipids, carbohydrates and
nucleic acids, contributing to viral inactivation (114).

These mechanisms could all potentially contribute to the inactivation of SARS-CoV-2, but there
was no clear evidence of which chemical mechanism was responsible for the viral neutralization
observed in our experiments. Therefore, in a next step, an extensive characterization of the
particles was performed to better understand the reasons for these differences in antiviral
activity. Characterization of ZnO-NPs required multiple techniques to fully capture their

properties and behavior, with each method having its limitations.

The investigation of the ZnO-NPs included measurements of their hydrodynamic sizes, zeta
potential, PDI and agglomeration state using DLS, followed by UV/Vis spectra and STEM.

DLS is the most frequently used technique to measure particle size and PDI by tracking how
light scattering changes due to the movement of NPs in a suspension. While DLS is a highly
quantitative method, it can be influenced by larger particles or aggregates, which scatter light
more intensely than smaller particles, making accurate visualization of polydisperse samples

challenging (161).

NPs can be directly visualized using microscopic imaging techniques such as STEM, which
was used for this study. This technique provides high-resolution images at the nanoscale by
sending an electron beam through a sample attached to a grid. However, STEM may introduce
artifacts due to the vacuum environment and potential sample preparation issues (161).

Another simple and cost-effective technique used for the characterization of NPs, which was
also used here, is UV-Vis spectroscopy. It is non-invasive and only requires minimal sample
preparation. The method can be used to measure the light transmission of a sample in the
ultraviolet (UV), visible (VIS) and near infrared (NIR) range (180-1100 nm) (162). For this

study measurements from 350 to 800 nm were done.
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Particle size measurements using DLS and STEM revealed that ZnO-NP-45 consisted of
particles ranging from 20 nm to 80 nm in size, while ZnO-NP-76 was monodispersed with
particles around 80 nm. Obtaining high-quality DLS data from dispersions with agglomerated
NPs is difficult as the bigger agglomerates scatter too much light. This excessive scattering not
only masks low intensity scattered light from smaller particles but also results in broadened
peaks, reducing confidence in the data (99).

The increased virus binding and neutralization activity of ZnO-NP-45 could be a consequence
of its larger total reactive surface area than that of ZnO-NP-76. Particle size estimations done
with DLS differed from the results obtained via STEM. Utilizing the image analysis software
ImagelJ, we determined size distributions of the ZnO-NPs from STEM images. However, the
size measurements from STEM did not correlate well with data from DLS. This discrepancy
can be explained by the different methodologies of the two techniques. STEM is a number-
based technique using dry samples in a vacuum, whereas DLS analyzes particles in solution
and determines the hydrodynamic radius (RH) of dispersed particles. In addition, STEM
provides size estimates based on the projected surface area by electron transfer (99), whereas
DLS takes into account the entire solvation envelope around the particles, resulting in larger
size measurements. An advantage of DLS is the ability to measure a much larger number of
particles (in the millions) than STEM, where typically only a few hundred particles are analyzed
(99).

NPs in suspension, especially in complex environments like cell culture media, tend to form
agglomerates (163), a phenomenon we observed consistently across all experimental setups
involving these particles. The formation of aggregates increases the hydrodynamic radius of the
NPs making them more prone to rapid sedimentation. This sedimentation affects the
homogeneity of NP suspensions, which can affect experimental reproducibility and outcomes
(161). The ZnO-NPs used in this study exhibited poor dispersion in the cell culture medium and
fast sedimentation, leading to unstable suspensions and difficulties in standardizing
experimental conditions. To address this issue, the NP suspensions were mixed immediately
before each use, and during pretreatment, samples were shaken at 300 min' to keep the particles

suspended and minimize precipitation prior to centrifugation.
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It's important to note that the stability of NP suspensions also depends on the solvent properties.
In simpler solvents such as water or PBS, the stability may be lower compared to more complex
media like cell culture medium, which contains biomolecules that can contribute to stabilizing
interactions (164). NPs in cell culture medium interact with the components present in the
medium before coming into contact with cells. The medium is a buffered solution containing a
number of biomolecules, including amino acids, ionic salts, and is typically supplemented with
serum. These components influence the hydrodynamic behavior of the NPs. In particular, the
addition of serum plays a crucial role, as serum proteins can form a protein envelope around
the NPs, which alters their surface characteristics, size, and stability (161). For this reason,
ZnO-NPs were applied to cells in media without serum. Serum (10 % FCS) was only added
during the 48 h incubation period after the ZnO-NPs were removed from the cells. Furthermore,
the high ion content of the medium can influence the colloidal and chemical properties of the
NPs, including their zeta potential and tendency to aggregate (161). To avoid such effects all
DLS measurements used for the characterization of the ZnO-NPs were performed in Millipore
water, but it should be noted that in water the stability of the suspension is likely to differ from

that in culture medium.

Using zeta potential measurements, it was possible to gain insights into the colloidal stability
of the NPs. ZnO-NP-45 and ZnO-NP-76 exhibited positive zeta potentials (28.87 + 0.45 mV
and 14.10 £ 0.20 mV, respectively), indicating better colloidal stability compared to ZnO-NP-
ref, which had a near-neutral zeta potential (-1.69 = 1.27 mV).

Zeta potential values above 30 mV are generally considered to provide strong electrostatic
repulsion, reducing agglomeration and leading to more stable suspensions under ideal
conditions (165). While ZnO-NP-45, with a zeta potential of 28.87 mV, suggests better stability
than ZnO-NP-76 and ZnO-NP-ref, the difference between ZnO-NP-45 and ZnO-NP-76 is not
large, but still suggests some variation in stability. However, zeta potential alone is not always
sufficient to explain colloidal stability, as concentration also plays a role. The high
concentrations of the ZnO-NP suspensions used here can increase the likelihood of particle
collisions, which may lead to aggregation even if the zeta potential indicates good stability
(165). These characteristics, including agglomeration and surface charge, could explain
observed differences in their antiviral activity, as they influence how NPs interact with viral

particles.
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The high PDI value of ZnO-NP-45 (0.65) and the corresponding STEM images confirmed its
polydispersity, indicating a wide range of particle sizes. Similarly, ZnO-NP-ref had an even
higher PDI value (0.76), further demonstrating the presence of highly polydisperse particles. In
contrast, the lower PDI of ZnO-NP-76 (0.30) suggested a narrower size distribution and greater
uniformity within the agglomerates.

The differences in particle size distribution and agglomeration behavior of the ZnO-NPs are
likely influencing their antiviral activity. The smaller size of ZnO-NP-45, greater surface area
per weight and potential for better colloidal stability might contribute to its enhanced antiviral
activity. In contrast, although ZnO-NP-76 showed a more uniform size distribution and stability,
it had an inconsistent antiviral effect, possibly due to its larger overall size, which could reduce

surface interaction with viral particles.

Metal oxide-based nano-photocatalysts, such as zinc oxide, are often semiconductors and
possess an energetic band gap between the valence band and the conduction band. This band
gap energy describes the energy required to excite an electron from the valence band to the
conduction band (85). The band gap of bulk ZnO is 3.44 eV at low temperatures and 3.37 eV
at room temperature (166). However, the band gap energies of the three ZnO-NPs were found
to be lower. ZnO-NP-45 had a bandgap energy of 3.06 eV, ZnO-NP-76 had 2.85 eV and ZnO-
NP-ref had 2.99 eV. The observed blue shift in the absorption spectra of these ZnO-NPs
compared to bulk ZnO can be attributed to their reduced size and increased surface-to-volume
ratio, suggesting different behavior compared to bulk zinc oxide. When electrons are excited
from the valence band to the conduction band, they create empty spaces or “holes” in the
valence band. In water-based surroundings, these electrons and holes can interact with
molecular oxygen and hydroxyl ions, respectively. This interaction leads to the creation of ROS,

such as the superoxide anion radical (O2¢") and the hydroxyl radical (*OH) (112).

To further investigate the mode of action of virus inactivation, ROS production by the three
ZnO-based nanomaterials was determined using the two fluorescent compounds DHE and
H2DCFDA. Since ROS can be generated either chemically or via photocatalysis, the same
experimental setup was used in darkness and with exposure to light. DHE can be oxidized for

superoxide and more reactive radicals but reacts only slightly with hydrogen peroxide. In
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contrast, H-DCFDA is a general ROS indicator that reacts with a broader range of species,

including hydrogen peroxide, hydroxyl radicals, and peroxynitrite.

In the dark, none of the three ZnO-NPs showed an increase in ROS production when incubated
with DHE, suggesting that minimal or no superoxide formation occurs in the absence of light.
When exposed to light, the observations made with DHE remained largely the same, with no
increase in ROS levels for ZnO-NP-76 and ZnO-NP-ref. However, ZnO-NP-45 showed a slight
increase in ROS production when exposed to light.

In contrast, high ROS levels were detected for ZnO-NP-45 using H.DCFDA under 4200 lux
light exposure. ZnO-NP-76 and ZnO-NP-ref showed no increased ROS production compared
to the control sample without ZnO-NPs. Low ROS levels were measured in the darkness for all
three ZnO-NPs. Since HDCFDA can detect H202, which does not react with DHE, it can be
assumed that the major fraction of ROS produced by ZnO-NP-45 and ZnO-NP-76 is likely
H20o.

As shown previously, both ZnO-NP-45 and ZnO-NP-ref demonstrated high antiviral activity in
cell culture experiments. While ZnO-NP-45 was active against SARS-CoV-2 Delta and
Omicron variants at concentrations of 20 mg/mL, ZnO-NP-ref showed higher activity against
SARS-CoV-2 Omicron. Since the virus neutralization experiments were not performed under
constant light exposure, the production of ROS was probably not primarily involved in virus
inactivation. However, the high ROS production observed with ZnO-NP-45 when exposed to
light raises some questions for further research.

Although ROS might not contribute much to the antiviral effect in our settings, this property
can be exploited to enhanced antiviral effects in the presence of light. For example, under
exposure to UV light or visible light, ZnO-NP-45 could produce increased levels of ROS,
potentially resulting in greater antiviral activity compared to the other ZnO-NPs. It is known
that ROS are highly reactive and can damage multiple components of viruses, including
phospholipids, proteins and nucleic acids (167).

Since SARS-CoV-2 is an enveloped virus, it is consequently more susceptible to ROS-induced
damage, leading to loss of infectivity compared to non-enveloped viruses. The envelope, which
plays a key role in maintaining viral structure and facilitating host cell entry, is an important

target for ROS (168, 169).
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In contrast, non-enveloped viruses, which lack this lipid bilayer, are more resistant to oxidative
stress, as their protein capsids provide a more robust structure against ROS (170). Further
experiments under BSL-3 conditions combining ZnO-NP treatment with light exposure could
answer the question whether ROS production can be used to improve the antiviral activity

against respiratory viruses such as SARS-CoV-2.

The different ROS production between the three ZnO-NPs was further investigated using the
BET surface area determination. With this technique it is possible to determine the specific
surface area of a NP which is defined as the surface area per unit mass or volume of the particle.
This method measures gas adsorption on the surface, offering a quantitative evaluation of the
surface area available for interactions.

The specific surface area is an important property of the NPs because it greatly impacts their
reactivity, binding capacity and overall antiviral activity. For NPs the specific surface area
increases as particle size decreases. This is because smaller particles have a higher ratio of
surface atoms to bulk atoms, making more surface available for chemical reactions. NPs with
a high specific surface area have enhanced activities because of their larger reactive surface

area relative to their mass (171).

The BET surface area measurement supported the hypothesis that ZnO-NP-45 might produce
more ROS because of its greater reactive surface area compared to ZnO-NP-76. Although this
could be an explanation for the increased ROS formation, the greater antiviral activity of ZnO-
NP-45 is most likely not due to ROS alone.

Instead, the increased antiviral activity of ZnO-NP-45 may be related to other mechanisms,
such as the strong adsorption of virus particles on the NP surface and the loss during
centrifugation in the neutralization assays. In addition, zinc exhibits strong antiviral properties
such as the prevention of viral protein synthesis and the inhibition of host cell attachment (172).
The large specific surface area of ZnO-NP-45 may further enhance the antiviral effect by
maximizing the exposure of zinc ions to the virus and thus enhancing the overall inhibition.
Optimizing the size of NPs and their surface functionalization could be a promising option for
designing more potent antiviral agents that combine direct inactivation and ROS-mediated

mechanisms.
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One advantage of using ZnO-NPs is that they can be used against a wide range of viruses, not
just SARS-CoV-2, due to their broad spectrum of antiviral properties (160). As observed in this
study, ZnO-NPs generate ROS that can damage viral structures, and they can release Zn?" ions
that further damage viruses. Their ability to interfere with viral replication, attachment and entry
into host cells makes them even more versatile. In addition, ZnO-NPs are stable under various
environmental conditions and can be incorporated into antiviral coatings and materials, making

them suitable for reducing infections with various respiratory viruses.

For future studies, it is important to consider that ZnO-NPs in suspension may behave
differently than ZnO-NPs immobilized on a surface, particularly in applications such as
antiviral surface coatings. The stability and antiviral efficacy of ZnO-NPs can be very different
depending on whether they are freely dispersed in a liquid medium or fixed to a surface. In
suspension, ZnO-NPs can interact with the surrounding medium, which can affect their
dispersion, stability, and overall behavior. For instance, in a liquid medium, factors such as
particle aggregation, the production of ROS, and the ability for direct contact with viral particles
play important roles in determining antiviral activity. Aggregation can reduce the effective
surface area of the NPs available for interaction with viruses, while ROS can contribute to their
antiviral effects but may be influenced by the NPs dispersal state. However, if the ZnO-NPs are
immobilized on a surface, they are exposed to other interactions. The arrangement of the NPs

on a surface may limit their mobility and, consequently, their efficacy in viral neutralization.

Considering these differences, it is important to recognize that the current results obtained
exclusively in suspension do not fully reflect the potential performance of ZnO-NPs when
applied as a surface coating. This represents a potential limitation of the study and highlights
the need for additional experiments evaluating ZnO-NPs under conditions more representative

of their potential application as antiviral coatings.

ZnO-NP-45 shows great potential for antiviral surface coatings, which makes it promising for
applications in personal protective equipment (PPE). This could be particularly interesting for
the coating of PPE to minimize the risk of infection when doffing the PPE, where there is a risk
of getting into contact with the contaminated outside of the material. In addition, coating the

inside of protective suits could be useful to prevent the growth of harmful microorganisms when
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the suits are worn for long periods, which poses a health risk to users (173, 174). Such coated
protective suits could improve working conditions for health care workers in epidemic or
pandemic situations where hot temperatures pose an additional threat, as was the case with

outbreaks of the Ebola virus in Africa (175).

Antiviral coatings for filters or ventilation systems are another promising application for the
ZnO-NPs. Respiratory viruses, such as SARS-CoV-2 are transmitted by droplets that are
emitted when breathing, speaking/singing, coughing and sneezing. The size of the droplets
depends on their generation mechanism and their site of origin (176). Various studies have
shown a correlation between indoor relative humidity (RH) and the incidence of viral
respiratory infections. As RH decreases, particularly during the winter months due to indoor
heating, the risk of viral infections rises (177-180). Heating dries the air and reduces RH, while
at the same time improving the viability of viruses and weakening immune defenses (181).
Respiratory droplets, which range in size from sub micrometers to thousands of micrometers,
behave differently when humidity changes. Larger droplets at high RH settle to the ground in
less than a second (182), while at lower RH smaller droplets shrink and remain airborne longer.
This extended airborne time increases viral viability, as smaller droplets evaporate quickly,
keeping viruses suspended in the air. In contrast, during summer, when RH is higher, larger
droplets have shorter travel distances and settle more quickly. In addition, higher humidity
promotes the formation of ROS at the droplet interface, which are known for their disinfectant
properties. As a result, viruses in the droplets are degraded by ROS, reducing the risk of
infection during summer (183). Consequently, antiviral coatings in air filters, heating and
ventilation systems could help reduce virus transmission, especially during the colder months
when low RH keeps viruses airborne longer and reduces the formation of ROS, limiting natural

disinfection.
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In conclusion, the results of this work show a strong antiviral effect of ZnO-NP-45, although
the exact mechanisms are still unclear. The enhanced antiviral activity of ZnO-NP-45 is
probably due to its smaller size and larger surface area, which allow better interaction with virus
particles. Although ZnO-NP-45 produced high amounts of ROS under light exposure, the
neutralization assays were not performed under continuous light, suggesting that ROS may not
be the main factor for the antiviral effects.

ZnO-NP-45, with its high antiviral activity and sustainable production process using natural
materials like whey, shows promise for future applications, such as antiviral surface coatings

for PPE and filters for air-conditioning and ventilation systems.
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