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Introduction and Objective: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters the nasal cavity, penetrates the
nasal epithelial cells through the interaction of its spike protein with the host cell receptor angiotensin-converting enzyme 2 (ACE2)
and then triggers a cytokine storm. We aimed to assess the biocompatibility of fullerenol nanoparticles Co(OH)4 and ectoine, and to
document their effect on the protection of primary human nasal epithelial cells (HNEpCs) against the effects of interaction with the
fragment of virus - spike protein. This preliminary research is the first step towards the construction of a intranasal medical device with
a protective, mechanical function against SARS-CoV-2 similar to that of personal protective equipment (eg masks).

Methods: We used HNEpCs and the full-length spike protein from SARS-CoV-2 to mimic the first stage of virus infection. We
assessed cell viability with the XTT assay and a spectrophotometer. May—Griinwald Giemsa and periodic acid—Schiff staining served
to evaluate HNEpC morphology. We assessed reactive oxygen species (ROS) production by using 2’,7'-dichlorofluorescin diacetate
and commercial kit. Finally, we employed reverse transcription polymerase chain reaction, Western blotting and confocal microscopy
to determine the expression of angiotensin-converting enzyme 2 (ACE2) and inflammatory cytokines.

Results: There was normal morphology and unchanged viability of HNEpCs after incubation with 10 mg/L Cgo(OH)40, 0.2% ectoine
or their composite for 24 h. The spike protein exerted cytotoxicity via ROS production. Preincubation with the composite protected
HNEpCs against the interaction between the spike protein and the host membrane and prevented the production of key cytokines
characteristic of severe coronavirus disease 2019, including interleukin 6 and 8, monocyte chemotactic protein 1 and 2, tissue inhibitor
of metalloproteinases 2 and macrophage colony-stimulating factor.

Conclusion: In the future, the combination of fullerenol and ectoine may be used to prevent viral infections as an intranasal medical
device for people with reduced immunity and damaged mucous membrane.

Keywords: ACE2, cytokine storm, ectoine, nasal epithelium, polyhydroxylated fullerene, spike

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first appeared in December 2019 in Wuhan, China. This
virus causes the disease known as coronavirus disease 2019 (COVID-19). The high infectiousness of SARS-CoV-2 led to
its rapid spread throughout the world in a very short time and the global coronavirus disease 2019 (COVID-19)
pandemic. Since the beginning of the epidemic, 703 million SARS-CoV-2 infections have been recorded worldwide,
including 6.9 million deaths.'
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SARS-CoV-2 is a betacoronavirus with a size of 120—160 nm. It comprises four structural proteins: spike (S),
envelope (M), membrane (E) and nucleocapsid (N). The N protein is directly associated with viral RNA and is
responsible for viral replication and the host cell’s cellular response during infection. The remaining structural proteins —
S, E and M — are located outside the viral RNA. SARS-CoV-2 is a positive-sense single-stranded RNA (+ssRNA) virus.
Its genome is 30 kilobases (kb) and encodes 29 proteins from 15 open reading frames. Mutations in the S protein,
particularly in its receptor-binding domain (RBD), have resulted in the rapid emergence of numerous variants, including
Alpha, Beta, Gamma, Delta, Omicron and Kraken. The RBD is responsible for the interaction between the virus and host
cells. It is mutated constantly, so it is difficult to acquire collective immunity.' However, the S protein or only its RBD is
highly immunogenic, and is has been used in subunit vaccines to induce humoral (immunoglobulin A [IgA]) and cellular
immunity.> Moreover, in in vitro culture of muscle cells, the S protein caused a cytokine storm and oxidative stress.’

Coronaviruses replicate and synthesise structural proteins inside host cells. To enter the host cell, the S glycoprotein
binds to the host receptor, angiotensin-converting enzyme 2 (ACE2).> Host cell proteases (mainly the transmembrane
serine protease [TMPRSS2]) activate the S protein and cleave it into the ACE2-binding S1 subunit and the S2 subunit
involved in membrane anchoring of the S protein and virus—host cell membrane fusion. This leads to chronic activation
of the renin—angiotensin—aldosterone system (RAAS) and inflammation, apoptosis, fibrosis, the release of antidiuretic
hormone and aldosterone, and water and sodium retention.

The S protein determines tissue tropism and host selection.” The target of SARS-CoV-2 is cells of the nasal cavity
that express ACE2 on the surface, enabling endocytosis, including sustentacular cells, microvilli cells, Bowman’s gland
cells, basal cells and pericytes.*> During SARS-CoV-2 infection, nasal epithelial cells undergo necroptosis and uncon-
trollably release cytokines — chemokines, pro-inflammatory factors and interferons — a phenomenon called the cytokine
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storm. This response aims to oppose viruses and to recruit immune cells.® Moreover, the well-vascularised nasal septum
is a source of leucocytes that recognise viral antigens and enhance inflammation.” A long-lasting cytokine storm leads to
the production of reactive oxygen species (ROS), and the nasal epithelium becomes thin and patchy (epithelial
exfoliation), with fewer cilia, supporting cells and olfactory receptors.® Damage to the nasal cavity and mucosal dryness
are cumulative and may lead to greater susceptibility to pathogens in the future.*’

Polyhydroxylated Cg fullerene (fullerenol) is an allotropic form of carbon consisting of carbon, oxygen and hydrogen
arranged in a truncated icosahedron. A single particle is 1 nm and resembles a football in shape.'® Fullerenes are formed
as natural products during combustion. In the laboratory, Cg, is most often created by electric arc discharge.'’ In turn,
fullerenol is produced as a result of nitration of fullerene and the substitution of OH for NO,.'? The high electro-
negativity of fullerenes resulting from the large number of delocalised m double bonds means that they can accept
electrons and neutralise ROS and reactive nitrogen species. In this way, fullerene and its derivatives suppress intracellular
oxidative stress.> The redox properties, toxicity and reactivity of fullerenols depend on the number of oxygen
substituents, their arrangement and the dose used. The mechanism of Cgo cytotoxicity involves inhibition of tyrosine
kinase activity.'* Intranasal administration of C with a diameter of 50 nm to mice and rats at a concentration of 2 mg/
m® for 13 weeks increased the level of cytokines in the lungs but did not cause systemic effects.'’ In another study,
polyhydroxylated fullerenols administered intratracheally to rats accumulated in the lungs, but only doses above 5 mg per
rat induced a pulmonary inflammatory response as measured by oxidative stress and cytokine expression in the
bronchoalveolar fluid."” The dose-dependent potential of fullerenol to induce lung damage suggested that fullerenol
may be used in the future as an inhaled drug, but only in the short term. Fullerenol in one treatment cycle at a dose of
1 mg per rat does not agglomerate and is well distributed in the lungs, which protects against recognition and absorption
by macrophages.'” Jiao et al'® reported the opposite results: fullerenol had anti-inflammatory effects and inhibited the
migration of tendon cells in a rat model of tendinopathy.

Ectoine — (S)-1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid — is a natural product of bacterial origin and an
extremolyte. Extremolytes act through a “preferential exclusion” mechanism, which means that they are preferentially
excluded from the water—protein interface.!” Halophilic and halotolerant bacteria, including representatives of
Actinobacteria, Firmicutes and Proteobacteria, synthesise ectoine in combination with a 5-hydroxyl derivative. Ectoine is
synthesised in a high-salinity environment and is released outside the cell after the bacteria have been transferred to a low-
salinity environment. Ectoine inside bacterial cells protects against salinity by removing salt from the cytoplasm to ensure
osmotic balance and to strengthen the stability of enzymes. In addition, ectoine protects against ultraviolet (UV) radiation and
therefore has proven anti-ageing and skin barrier protective properties. In the nasal cavity, ectoine inhibits inflammation by
physically protecting the mucous membrane and moisturising it. Ectoine creates a protective water coat on the surface of the
mucous membranes to block the entry of allergens, viruses and bacteria while stabilising the mucous membranes and
protecting against structural changes and water loss. Viruses can be trapped in the water coat and then removed by washing
and/or blowing the nasal cavity. In this way, ectoine has a proven effect on the regression of nasal allergy symptoms such as
runny nose, itching, mucosal congestion and sneezing, as well as the symptoms of rhinosinusitis such as nasal obstruction,
nasal discharge, headache, disturbance of smell/taste and others.'® The cessation of the severity of the above-mentioned
symptoms is comparable to the use of xylometazoline, glucocorticoids and antihistamines, with a high safety profile.

This article documents preclinical research on the development of a potential intranasal medical device containing
fullerenol and ectoine. First, we characterised this novel fullerenol—ectoine composite. We then assessed its toxicity to
primary human nasal epithelial cells (HNEpCs). Finally, we assessed the ability of this composite to physically block the
interaction between the S protein or its RBD and the HNEpC membrane, as assessed by the expression of inflammatory
mediators.

Materials and Methods

Characterisation of Cgo(OH)40 and Ectoine
Polyhydroxylated fullerene Cgo nanoparticles were obtained from US Research Nanomaterials, Inc. (CASRN 99685-96-
8, Houston, TX, USA). The starting material for the synthesis of nanoparticles was fullerene Cgo with a purity of >99%.
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Polyhydroxylated fullerene was created as a result of the functionalisation of fullerene with 40 hydroxyl groups. The
solubility of polyhydroxylated fullerene in water is 5 g/100 mL. The nanoparticles were in the form of a dark brown
powder, which was dissolved in ultrapure water to a working concentration of 10,000 mg/L. The concentrated solution
was diluted to 10, 50 and 100 mg/L and stored at 4°C.

Ectoine (Mw = 142.2 g/mol) in the form of a white powder and with >95.0% purity (high-performance liquid
chromatography [HPLC]) was purchased from Sigma-Aldrich (No. 81619-1G-F, St. Louis, MO, USA). According to the
manufacturer’s data sheet, the source of ectoine was the bacterium Halomonas elongata. The solubility of ectoine in
water is 4.0 mol/L. The powder was dissolved in ultrapure water to a working concentration of 10%. The concentrated
solution was then diluted to 0.2%, 1% or 2%.

Polyhydroxylated fullerene Cgo(OH)49 nanoparticles at a concentration of 10 mg/L were sonicated in an ultrasonic
bath (Bandelin Electronic, Berlin, Germany) for 15 min before their characterisation. The zeta potential of 10 mg/L
nanoparticles, 0.2% ectoine and their composite was measured in triplicate using a Nano-ZS90 Zetasizer (Malvern
Instruments, Malvern, UK). The composite was prepared in water, maintaining a final concentration of 10 mg/L for Cg
(OH)49 and 0.2% for ectoine. A Nano-ZS90 Zetasizer was used for dynamic light scattering. The shape, size and
distribution of Cgy(OH)4o nanoparticles alone and in the fullerenol—ectoine composite were determined by dropping 5 puL
of the colloid on copper grids for transmission electron microscopy (TEM; JEM-1220 JEOL, Tokyo, Japan).

The elemental composition of the surface of fullerenol, ectoine and their composite was analysed using attenuated
total reflectance—Fourier transform infrared (ATR—FTIR) spectroscopy and energy-dispersive X-ray spectroscopy (EDS).
All the samples were prepared by adding 200 pL of the colloid onto a glass slide and drying in an Avantgarde Line Series
ED dryer (Binder GmbH, Tuttlingen, Germany). The following samples were prepared: fullerenol at a concentration of
0.1%, ectoine at a concentration of 10% and a composite with a final concentration of fullerenol 500 mg/L and ectoine
10%. FTIR spectra were recorded using a Tensor 27 FTIR-ATR (Bruker Corporation, Ettlingen, Germany) with a IS50
ATR (Thermo Fisher Scientific, Waltham, MA, USA) from 4500 to 400 cm ' with a resolution of 4 cm™' and 64 scans.
Each side of the sample was measured four times. The background spectrum — that is, water vapor and carbon dioxide
present in the air — was removed. FTIR spectra were generated using the OriginPro 2024 version 10.1.0.170 software
(OriginLab Corporation, Northampton, MA, USA). The chemical composition was also determined by using a second
a Quanta FEG 250 scanning electron microscope combined with an EDAX DX4 for EDS microanalysis; this method has
a lower detection limit of <0.1% per element. Samples were recorded at 10 different locations in triplicate.

NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
was used to determine the transmittance of electromagnetic radiation with a wavelength between 180 and 850 nm in
samples. Two microliters of 10 mg/L fullerenol, 0.2% ectoine and their composite were added to the nanodrop and three
measurements were performed each. The measured light transmittance was then converted to an absorbance measure-
ment using the Beer—Lambert law equation. Surface plasmon resonance provided indirect information about the size and
shape of materials.

HNEpC Culture

HNEpCs, which were originally isolated from normal human nasal mucosa, were purchased from PromoCell (No.
C-12620, Heidelberg, Germany). After thawing, HNEpCs were cultivated under standard conditions (37°C, 5% CO, and
95% relative humidity) in Airway Epithelial Cell Growth Medium (No. C-21160, Sigma-Aldrich) containing bovine
pituitary extract (0.004 mL/mL), epidermal growth factor (10 ng/mL), insulin (5 pg/mL), hydrocortisone (0.5 pg/mL),
epinephrine (0.5 pg/mL), triiodo-L-thyronine (6.7 ng/mL), transferrin (10 pg/mL) and retinoic acid (0.1 ng/mL). The
culture medium was replaced every 2-3 days. HNEpCs were maintained at the recommended planting density 10,000
cells/cm?. Cells were detached from culture flasks when they reached 70-90% confluence using DetachKit (No. C-41200,
Sigma-Aldrich), which contains HEPES-buffered balanced salt solution (BSS), trypsin/ethylenediaminetetraacetic acid
(EDTA) solution (0.04%/0.03%) and trypsin neutralisation solution. HEPES BSS contains 30 mm HEPES, D-Glucose,
NaCl, KCl, sodium phosphate and phenol red. Trypsin neutralisation solution contains 0.05% trypsin inhibitor from
soybean and 0.1% bovine serum albumin (BSA). Trypsinisation was performed at room temperature. Cells were stored in
Cryo-SFM (No. C-29910, Sigma-Aldrich) in liquid nitrogen. Cryo-SFM is a freezing medium that contains
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methylcellulose, dimethyl sulfoxide (DMSO) and other cryoprotectants for the cryopreservation of human and animal
primary cells.

Effect of C¢o(OH)4o, Ectoine and Their Composite on HNEpC Viability

HNEpCs were seeded in 6- and 96-well plates at the recommended testing density of 1.5 x 10° and 1.5 x 10* cells/well,
respectively. After incubation for 24 h, when the cells had adhered to the plates, the culture medium was replaced with
a new medium containing the factors of interest. There were 10 groups: (1) the control group; (2) 10 mg/L Cgo(OH)40; (3)
50 mg/L Cgo(OH)40; (4) 100 mg/L Ceo(OH)40; (5) 0.2% ectoine; (6) 1% ectoine; (7) 2% ectoine; (8) 10 mg/L Cgo(OH)40
and 0.2% ectoine (MIX low); (9) 50 mg/L Cgo(OH)49 and 1% ectoine (MIX medium); and (10) 100 mg/L Cgo(OH)4 and
2% ectoine (MIX high). The concentrations presented above are the final concentrations after dilution in Airway
Epithelial Cell Growth Medium (v/v). Cells were cultured for 24 h before being used for the assays.

(2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2h-Tetrazolium-5-Carboxanilide) (XTT) Assay

The Cell Proliferation Kit II (XTT, Roche, Mannheim, Germany) was used to quantify cell proliferation and viability.
XTT is converted to soluble formazan by succinate dehydrogenase. The XTT labelling and electron-coupling reagents
were thawed in a water bath at 37°C. Then, 5 mL of the XTT labelling reagent and 0.1 mL of the electron coupling
reagent were mixed immediately before use. Cells were cultured and treated as described in the “Effect of Cgo(OH)40,
ectoine and their composite on HNEpC viability” section. Briefly, 50 pL of the XTT labelling mixture (final concentra-
tion 0.3 mg/mL) was added to each well of a 96-well plate containing cells in 100 pL of culture medium (the blank wells
contained only culture medium). After incubation for 1 and 24 h in a humidified atmosphere at 37°C and 5% CO,, the
absorbance was measured at 475 nm using an Infinite 200 microplate reader (Tecan, Durham, NC, USA). The absorbance
from the blank wells was subtracted. Cell viability was determined as the average of triplicates and is expressed relative
to control (%).

Morphology of Cells After May—Griinwald Giemsa (MGG) Staining

After incubation for 24 h, HNEpCs were washed with phosphate-buffered saline (PBS) containing Ca®>* and Mg?" (No.
P4417, Sigma-Aldrich) and then stained with the MGG method (which includes azure, methylene blue and eosin). Cells
were stained for 3 min with May—Griinwald stain (No. 63590, Sigma-Aldrich) and for 30 min with Giemsa stain
(No. 48900, Sigma-Aldrich). After Giemsa staining, excess dye was thoroughly washed out. After evaporating the PBS,
five photos were taken at 10x and 20x magnification using a TI-LED inverted light microscope (Leica, Wetzlar,
Germany) connected to a digital camera (Leica MC190 hD) and the LAS V4.10 software (Leica). Image analysis was
performed using ImageJ 1.54d (National Institutes of Health, Bethesda, MD, USA).

Morphology of Cells After Periodic Acid—Schiff (PAS) Staining

The Periodic Acid—Schiff (PAS) Staining System (No. 395B-1KT, Sigma-Aldrich) was used to stain goblet cells,
epithelial sulfomucins and sialomucins, and neutral mucus substances. Goblet cells are present in the nasal mucosa
tissue; their main function is to secrete mucus. Periodic acid oxidises glycols into aldehydes. After adding Schiff’s
reagent, pararosaniline is released, which colours elements containing glycol purple or red.

Cells were seeded in 6-well plates and incubated as described in the “Effect of C4o(OH)4, ectoine and their composite
on HNEpC viability” section. The PAS staining procedure was performed as described previously.'” Briefly, the cells were
fixed with 4% paraformaldehyde for 10 min and then washed three times with PBS. Periodic acid solution, Schiff’s reagent
and haematoxylin solution were equilibrated to room temperature; the entire procedure was carried out at 22°C. HNEpCs
were stained with 1% periodic acid for 5 min, Schiff’s reagent for 15 min and haematoxylin for 90s. After each staining
step, HNEpCs were washed with PBS. At least 10 photos were taken from different fields of view using an inverted TL-
LED light microscope (Leica). Cells with purple-red cytoplasm were counted as PAS positive.

Effect of the S Protein Concentration on HNEpC Viability
Recombinant human coronavirus SARS-CoV-2 S glycoprotein (His tag) was purchased from Abcam (No. ab281471,
Cambridge, UK). It was synthesised in Chinese hamster ovary cells. The S protein was used to mimic viral infection on
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the surface of the nasal mucosa. For this purpose, HNEpCs were seeded in 96-well plates at 1.5 x 10%/well. After 24 h,
Airway Epithelial Cell Growth Medium was replaced with a fresh medium containing the S protein at a concentration of
0 (control), 1, 2, 3, 4 or 5 pg/mL culture medium.

XTT Assay

The XTT assay kit (Roche) was used to determine the effect of the S protein on HNEpC viability. HNEpCs were
transferred to a 96-well plate, and after adhesion to the plate, they were incubated for 24 h with the S protein at
a concentration of 1, 2, 3, 4 or 5 pug/mL. The XTT assay was performed as described in the “(2,3-Bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2h-tetrazolium-5-carboxanilide) (XTT) assay” section, the incubation time was 1 h.

ROS Assays

One of the cellular defence mechanisms against viral infections is the production of ROS, the level of which was
evaluated using 2',7'-dichlorofluorescin diacetate (DCF-DA, No. D6883, Sigma-Aldrich) and the Fluorometric
Intracellular ROS Kit (No. MAK143, Sigma-Aldrich). HNEpCs were seeded in 96-well black plates and treated with
various concentrations of the S protein, as described in the “Effect of the S protein concentration on HNEpC viability”
section.

For the DCF-DA assay, 10 mm DCF-DA was prepared in DMSO. Next, DCF-DA was diluted in Airway Epithelial
Cell Growth Medium to a concentration of 25 pM. After the cells had been exposed to the S protein for 4 h, the culture
medium was discarded, and 100 pL of 25 uM DCF-DA was added to each well. The cells were incubated at 37°C in the
dark, and measurements at excitation and emission wavelengths of 485 and 535 nm, respectively, were taken every 5 min
for a total of 25 min. Fluorescence intensity is expressed as a per cent relative to the control.

The Fluorometric Intracellular ROS Kit was used to determine the effect of incubation for 24 h with the S protein
on ROS production in cells and in the culture medium. The assay was performed by following the manufacturer’s
instructions. First, the ROS Detection Reagent was dissolved in 40 pL of DMSO. Then, 20 pL of the ROS Detection
Reagent was added to 10 mL of Assay Buffer to create the master reaction mix. The cell culture medium was removed,
and 100 pL of the master reaction mix was added to each well. The cell culture medium was saved to measure the ROS
level; for this purpose, 50 puL of the master reaction mix was added to 50 pL of culture medium. Cells and culture
media were incubated for 1 h in the dark. The fluorescence intensity was measured at excitation and emission
wavelengths of 490 and 525 nm, respectively, using an Infinite 200 microplate reader (Tecan). Fluorescence intensity
is expressed as a per cent relative to the control. The final ROS content is also expressed in relation to the viability
after 24 h.

The Ability of C¢o(OH)40 and Ectoine to Protect HNEpCs Against the S Protein

A modified sensitivity test of cells previously treated with C¢o(OH)40 and ectoine to the S protein was performed (ISO
PN-EN 5.5.4.2). HNEpCs were seeded on culture plates at 2.0 x 10* cells/cm®. After incubation for 24 h, when the cells
had adhered to the surface of the vessel, Airway Epithelial Cell Growth Medium was replaced with fresh medium
containing the appropriate factors. After incubation for 1 h, the S protein was added at a concentration of 2 pg/mL to the
culture medium (v/v); the incubation lasted 24 h. There were five treatment groups: (1) no treatment — negative control;
(2) the S protein — positive control; (3) 10 mg/L Cgo(OH)4 and the S protein; (4) 0.2% ectoine and the S protein; and (5)
10 mg/L Cgo(OH)49, 0.2% ectoine and the S protein. A quantitative reverse transcription polymerase chain reaction (RT-
qPCR) was performed using samples from groups 1, 2 and 5.

Characterisation of the S Protein and lIts Interaction with Nanoparticles

The shape and size of the S protein and its interaction with nanoparticles were assessed with TEM. The S protein alone
(1 pg) or the S protein (1 pg) and fullerenol (10 mg/L) and ectoine (0.2%) was dropped on a copper grid (a total volume
of 5 uL) and examined with a JEM-1220 (JEOL, Tokyo, Japan). After drying the grids, five photos were taken at two
magnifications. The zeta potential and the size of the S protein in water (0.2 pg/mL) were measured using a Nano-ZS90
Zetasizer (Malvern Instruments) in triplicate.
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Inverted Confocal Microscopy

HNEpCs were seeded on 35-mm a p-Dish with a glass coverslip bottom (No. 81158, Animalab, Teltow, Germany). The
next day, the culture medium was replaced with a fresh medium containing the appropriate factors as detailed in “The
ability of Cgo(OH)4o and ectoine to protect HNEpCs against the S protein™ section. After incubation for 24 h, the cells
were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2 (Sigma-Aldrich) for 10 min. The cells were
washed with PBS and then permeabilised with 0.5% Tween 20 in PBS (Sigma-Aldrich) for 10 min. In the next step, the
cells were incubated with PBS containing 2% goat serum, 1% BSA and 0.25% glycine (Sigma-Aldrich) for 30 min to
block free protein-binding sites on the plates. The cells were incubated with 300 puL of a rabbit anti-ACE2 antibody (No.
SAB3500978, Sigma-Aldrich, St. Louis, MO, USA) diluted to 1:100 in 1% BSA overnight at 4°C. The next day, the cells
were washed three times with PBS and then incubated with 300 puL of goat anti-rabbit IgG (H+L) secondary antibody
conjugated to Alexa Fluor 555 (No. A32732, Thermo Fisher Scientific) diluted 1:200 in blocking solution for 3 h at room
temperature. The cells were washed three times with PBS and then stained with 5 pM 4',6-diamidino-2-phenylindole
(DAPI, No. ab228549, Abcam) for 15 min. After rinsing with PBS, the Ibidi Mounting Medium (No. 50001, Animalab,
Teltow, Germany) was used to cover the dishes. The cells were observed at 10x and 40x magnification using an IX 81
FV-1000 confocal microscope (Olympus Corporation, Tokyo, Japan).

Human Inflammation Antibody Array

Inflammatory cytokines in the HNEpC culture medium were assessed using the Human Inflammation Antibody Array
(ab134003, Abcam), which includes a set of 40 antibodies. Culture medium was collected as described previously,
centrifuged at 1600 rpm for 5 min and then used for the array, which was performed according to the manufacturer’s
instructions. Briefly, after blocking the membrane with 1x blocking buffer for 30 min at 22°, 1 mL of undiluted culture
medium was added; the membrane was incubated overnight at 4°C. Following washing, the membrane was incubated
with 1 mL of biotin-conjugated antibodies for 24 h at 4°C. After washing again, the membrane was incubated with 2 mL
of horseradish peroxidase—conjugated streptavidin for 2 h at room temperature. Following the final wash, the membrane
was visualised with Azure c400 (Azure Biosystems, Dublin, CA, USA). Exposure times of 30s to 5 min were used.
Image] 1.54d (National Institutes of Health, Bethesda, MD, USA) was used for semi-quantitative analysis of the
membrane using the Protein Array Analyzer.

RT-gPCR

RNA [solation

RNA was isolated from HNEpCs in groups 1, 2 and 5, as described in “The ability of Cgo(OH)4 and ectoine to
protect HNEpCs against the S protein” section, using the PureLink RNA Mini Kit (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s protocol. Briefly, the culture medium was removed, and the cells were washed with
PBS and detached with trypsin. The cells were collected by centrifugation at 1600 rpm and lysed in a lysis buffer
containing 1% 2-mercaptoethanol. Then, 70% ethanol was added to the lysate in a 1:1 ratio; the lysate was
transferred to the spin cartridge with a collection tube and centrifuged for 15s at 12,000 g. RNA was purified
using wash buffers I and II. RNA was eluted by adding 40 puL of RNase-free water to the dried spin cartridge and
centrifuging for 1 min. at 12,000 g. The RNA concentration and purity were checked using NanoDrop™ One/OneC
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific). The RNA concentration was adjusted to 1000
ng/10 pL (100 ng/puL).

Reverse Transcription

The isolated RNA was reverse transcribed into complementary DNA (cDNA) with the cDNA High Capacity Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA). Each reaction comprised 2 pL of RT buffer, 0.8 pL of the
dNTP mix, 2 pL of random primers, 1 pL of reverse transcriptase, 4.2 uL. of RNase-free water and 10 pL of isolated
RNA. A 2720 thermal cycler (Thermo Fisher Scientific) was used for reverse transcription with the following tempera-
ture programme: 25°C for 10 min, 37°C for 120 min and 85°C for 5 min. The cDNA concentration was measured using
a NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific).
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RT-qPCR
Each qPCR included 5 pL of cDNA (100 ng) and 10 pL of the reaction mixture (0.75 pL of forward primer, 0.75 puL of reverse
primer, 7.5 pL of Syber Green Master Mix, Thermo Fisher Scientific, and 1 pL of water). Lyophilised primers were purchased
from Genomed (Warsaw, Poland) and then reconstituted at a concentration of 10 uM. The sequences of the primers used are
listed in Table 1. A StepOnePlus™ Real-Time PCR System (Applied Biosystems) was used for qPCR, with the following
temperature programme: 95°C for 10 min, followed by 40 cycles of 95°C for 15s and 60°C for 60s. Each sample was run in
quadruplicate. Relative gene expression was determined according to the 24T

CT GAPDH and -AACT = -(ACT gene — ACT control).

method, using the formulae ACT = CT gene —

Statistical Analysis

The data were analysed with one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test using
GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, USA). The results are presented as the mean and standard
deviation of three replicates. The results were considered statistically significant when p < 0.05. In the figures, asterisks
indicate the levels of significance: (*) p < 0.05; (**) p < 0.01 and (***) p < 0.001.

Results
Ectoine Increased the Stability of the Composite, Was a Source of Nitrogen and

Protected Against the Agglomeration of Fullerenol Nanoparticles

The spectra recorded by the Zetasizer showed two peaks for fullerenol nanoparticles: 79.6 and 612.8 nm (Figure 1A).
The fullerenol spectrum changed after the addition of ectoine: there were still two peaks, but at notably smaller sizes,
namely 68.76 and 297.1 nm (Figure 1B). The average hydrodynamic size and polydispersity of fullerenol nanoparticles
were 768.9 £ 6.45 nm and 0.691 + 0.03, respectively. Interestingly, after the incubation of fullerenol nanoparticles with
ectoine, their average size was much lower (347.63 + 62.31 nm; Figure 1C). However, the addition of ectoine did not
affect the polydispersity of the nanoparticles, which was 0.67 + 0.10. Fullerenol nanoparticles formed unstable

Table | Nucleotide Sequences of the Primers Used to Determine the Expression of Genes Associated with Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) Infection

Gene Primer Sequence (5' — 3') Amplicon Size GenBank
(Base Pairs) Accession
Number
Angiotensin-converting enzyme (ACE2) F: TCCATTGGTCTTCTGTCACCCG 133 NM_001389402.1

R: AGACCATCCACCTCCACTTCTC

Monocyte chemotactic protein | (MCP-I) F: AGAATCACCAGCAGCAAGTGTCC 98 NM_002982.4
R: TCCTGAACCCACTTCTGCTTGG

Interleukin 6 (IL-6) F: ATGAACTCCTTCTCCACAAGCGC 628 XM_054358146.1
R: GAAGAGCCCTCAGGCTGGACTG

Tissue inhibitor of metalloproteinases 2 (TIMP-2) F: ACCCTCTGTGACTTCATCGTGC 129 NM_003255.5
R: GGAGATGTAGCACGGGATCATG

Intercellular adhesion molecule (ICAM) F: AGCGGCTGACGTGTGCAGTAAT 115 NM_000201.3
R: TCTGAGACCTCTGGCTTCGTCA

Interleukin 8 (IL-8) F: GAGAGTGATTGAGAGTGGACCAC 112 NM_001354840.3
R: CACAACCCTCTGCACCCAGTTT

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) F: GAGAAGGCTGGGGCTCATTTG 97 NM_002046
R: CATGGTTCACACCCATG
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Figure | Characterisation of fullerenol nanoparticles at a concentration of 10 mg/L. (A) Size distribution of fullerenol nanoparticles suspended in water. (B) Size distribution
of fullerenol nanoparticles in water containing 0.2% ectoine. (C) Average size of fullerenol nanoparticles in water and in water containing 0.2% ectoine (MIX low). (D) Zeta
potential of fullerenol, ectoine and their composite (MIX low).

agglomerates with a zeta potential of —5.26 + 0.82 mV, which increased to —12.73 + 1.46 mV after adding ectoine. The
zeta potential of the aqueous solution of 2% ectoine was —21.1 £ 1.34 mV (Figure 1D).

Based on TEM, fullerenol nanoparticles formed irregularly shaped clusters ranging in size from 25 to 480 nm
(Figure 2A). The addition of ectoine to fullerenol loosened the clusters, and there were round structures with a diameter
of up to several nanometres on their edges.

We scanned fullerenol, ectoine and the fullerenol-ectoine composite using FTIR spectroscopy, between 500 and
4000 cm™ ' (Figure 2B). The fingerprint region of the FTIR spectra (<1400 cm™ ") contained several peaks, but they were
difficult to assign, as previously reported by Tanne et al.>° We noted two distinct bands in this area (500 and 900 cm ™).
In fullerenol, there were weak bands at 1400 and 1380 cm ™' as a result of stretching of the C-O and C-H groups. The

! was from

band at 1625 cm™ ! resulted from the presence and vibration of double carbon bonds, and the band at 2350 cm ™
triple carbon bonds. From 3200 to 2600 cm ™' there were two clearly visible bands corresponding to C-H stretching
vibrations from chain hydrocarbons (2910 and 2950 cm ') and one faintly visible C-H band from the Cg ring (>3000 -
cm ). The broad band, located on the right side of the spectrum, was from the vibrations of OH groups from water and
OH attached to carbon. The arrows in Figure 2B show the water group (3500 cm') and the alcohol-like group
(3350 cm™"). For ectoine, we observed clearly visible bands at 1380 and 1400 cm ' due to stretching of the C-H and
C-O groups. The structured, very strong band at 1625 cm™' was from the stretching of carbon double bonds in ectoine.
The was also a carbon triple bond band at 2350 cm™'. The ectoine FTIR spectrum showed a distinct additional band that
was absent from the fullerenol spectrum, namely the NH stretching region at >2500 cm™'. Further, at <3050 cm ™', there
were as many as five bands corresponding to C-H functional groups (2830, 2870, 2910, 2950 and 3050 cm™ ). There was

an OH stretching vibration band at 3350 cm™

. The fullerenol—ectoine composite FTIR spectrum showed most of the
features of the ectoine spectrum due to the predominance of ectoine in the mixture. However, the composite showed
lower transmittance and higher absorption of infrared radiation compared with the ectoine FTIR spectrum at the same

wavelengths.
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Figure 2 (A) Morphology of (1) fullerenol Cgo(OH)4o nanoparticles and (2) fullerenol C¢o(OH)40 nanoparticles together with ectoine viewed under a transmission electron
microscope. The scale bar is 500 nm (left side) and 200 nm (right side). (B) Characterisation of the surface chemistry of fullerenol using Fourier-transform infrared
spectroscopy. The different colours of the lines indicate the groups: red for fullerenol, green for ectoine and blue for the fullerenol-ectoine composite (MIX low). (C)
Energy-dispersive spectroscopic results for elemental composition of (1) fullerenol C¢o(OH)40, (2) ectoine and (3) their composite.

We analysed the chemical composition of thin layers of fullerenol, ectoine and the fullerenol-ectoine composite by
using EDS (Table 2). The spectra in Figure 2C show that, as expected, carbon (39.79%) and oxygen (58.65%) were the
main components of fullerenol Cgo(OH)4o. Interestingly, we noted nitrogen in the fullerenol spectrum (0.83%). The
carbon, oxygen and nitrogen weight concentration in the ectoine spectrum was 47.14%, 19.58% and 33.12%, respec-
tively. The fullerenol—ectoine composite with a mass ratio of 1:200 presented the highest mass share of carbon (45.5%).
Given the largest share of ectoine in the composite, elemental analysis showed a clear mass increase in nitrogen (31.45%)
and a decrease in oxygen (22.85%) compared with fullerenol alone. Moreover, there were additional peaks of trace
elements with a mass concentration of <0.4%, including magnesium and calcium, which may have resulted from sample

contamination during preparation or occurred during the synthesis stage.

Table 2 Energy-Dispersive Spectrometry Results
of Primary Human Nasal Epithelial Cells
(HNEpCs) Treated with Fullerenol Cgo(OH)4,
Ectoine or Their Composite (MIX Low)

Research Group Element | wg% | at%
Fullerenol Cgo(OH)40 | C 39.79 | 4691
N 0.83 | 0.84
@) 58.65 | 51.91
Mg 036 | 021
Ca 036 | 0.13
(Continued)
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Table 2 (Continued).

Research Group Element | wg% | at%

Ectoine C 47.14 | 52.20
N 33.12 | 31.44
o 19.58 | 16.27
Mg 0.15 | 0.08
Ca 0.01 0.00

MIX low C 45.50 | 50.71
N 31.45 | 30.05
o 22.85 | 19.12
Mg 020 | O.11
Ca 0.00 | 0.00

The UV-Vis spectrum analysis revealed some important features. The spectrum of fullerenol showed a characteristic,
broad peak in the range of 180-300 nm. However, the absorbance maximum for fullerenol was located at 249 nm. The
spectrum of ectoine had one characteristic and narrow peak at 225 nm. Additionally, the UV—Vis spectrum of the
composite was similar to the ectoine peak (Figure 3).

The Fullerenol-Ectoine Composite Was Not Toxic to HNEpCs After Incubation for
24 h and Caused Cytotoxicity After 48 h

The XTT assay results regarding the effect of different concentrations of fullerenol, ectoine and their composite on
HNEpCs are presented in Figure 4. All fullerenol Cgy(OH)4o and fullerenol-ectoine composite concentrations were not
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Figure 3 UV-Vis of 10 mg/L fullerenol (A), 0.2% ectoine (B) and their composite (C). Arrows indicate the absorbance maximum in the wavelength range 180-850.
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Figure 4 Succinate dehydrogenase activity of primary human nasal epithelial cells (HNEpCs) after incubation for (A=C) 24 h and (D-F) 48 h with fullerenol Cgo(OH)40,
ectoine and their composites measured with the XTT assay. MIX low is 10 mg/L of fullerenol and 0.2% of ectoine; MIX medium is 50 mg/L of fullerenol and 1% of ectoine;
MIX high is 100 mg/L of fullerenol and 2% of ectoine. In the figure, asterisks indicate the level of significance: (*) p < 0.05; (**) p < 0.01 and (**¥) p < 0.001.
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toxic to these cells when incubated for 24 h. Incubation with 0.2% or 1% ectoine for 24 h was not toxic to HNEpCs;
however, 2% ectoine significantly reduced cell viability to 71.9% (p = 0.0296). After incubation for 48 h, all tested
fullerenol and ectoine concentrations significantly reduced HNEpC viability. HNEpC viability was most strongly reduced
in the group treated with 100 mg/L fullerenol or 0.2% ectoine. Among the tested fullerenol—ectoine composites, the most
biocompatible contained 0.2% ectoine and 10 mg/L fullerenol (MIX low), which led to a 25% reduction in viability
compared with the control group (p = 0.0249). There was a much more pronounced reduction in viability for the MIX
medium (51%, p = 0.0007) and MIX high (62%, p = 0.0004) groups.

The Fullerenol-Ectoine Composite Increased Intracellular Adhesion Characteristics of

HNEpCs

We assessed the morphology of HNEpCs with MGG staining. The control group showed the typical HNEpC morphol-
ogy, namely a cobblestone pattern. The HNEpCs coculture consisted of cells of various sizes, from several to several
dozen micrometres, which resulted from the different types of cells in the culture. Cells used for the experiments were
from passages 1 to 4.

Fullerenol at 10 mg/L and 50 mg/L was not toxic to HNEpCs and did not affect their morphology (Figure 5, Table 3).
In particular, higher fullerenol concentration (100 mg/L) resulted in the formation of tight cell clusters and a decrease in
the cell nuclei number per square millimeter of the growth surface. However, the quantitative morphological analysis
showed no differences in the total cell surface area after the addition of fullerenol independent of concentration.

Ectoine did not induce drastic changes in HNEpC morphology (Figure 6). The cells resembled control cells in
appearance, but the population of cells with large cell bodies was reduced regardless of the ectoine concentration. All
ectoine concentrations loosened intercellular connections. Compared with the control group, the number of HNEpCs and
cell covered area (%) were similar after the addition of 0.2%, 1% and 2% ectoine (Table 3).

Regarding the fullerenol—ectoine composite, MIX low did not significantly change HNEpC morphology, but there
were more multicellular clusters. MIX medium or MIX high resulted in the formation of large cell clusters in which
individual cells were smaller in size than in the control group and occupied less space. However, the addition of the
fullerenol—ectoine composites did not reduce the number of cells compared with the control group (Figure 7, Table 3).

We also performed PAS staining to determine the effect of ectoine and fullerenol on mucus secretion by HNEpCs.
Compared with the control group, the addition of fullerenol did not alter the intensity of cytoplasmic staining. HNEpCs
exposed to 10 mg/L fullerenol grew singly, similarly to the control group. However, the addition of 50 or 100 mg/L
fullerenol led to the formation of HNEpC clusters (Figure 8).

The addition of 0.2% ectoine did not change the number of mucus-secreting cells. However, the number of PAS-
positive cells decreased after the addition of 1% or 2% ectoine (Figure 9).

For the fullerenol—ectoine composite, incubation with MIX low or MIX medium did not alter cytoplasmic staining.
However, MIX high resulted in weaker staining. Cells were scattered in the control group and formed smaller (MIX low)
or larger (MIX medium and MIX high) clusters when incubated with the composite (Figure 10).

Based on the XTT assay results and morphological assessment, we selected 0.2% ectoine, 10 mg/L fullerenol and the
composite of these two concentrations for the subsequent experiments.

The S Protein Was Cytotoxic to HNEpCs and Induced ROS Production

We evaluated the effect of the full-length recombinant S protein on HNEpC survival and ROS production by adding the
S protein to the culture medium (1, 2, 3, 4 or 5 pg per 1 mL of culture medium). After incubation for 24 h, the S protein
reduced metabolic activity in all groups. However, there was only a significant reduction in HNEpC viability after the
addition of the S protein at 2 pg/mL (82.2%, p = 0.0006; Figure 11A).

The DCF-DA assay showed that after incubation for 4 h with the S protein, intracellular ROS production was reduced
(Figure 11B). A short detection time (5-10 min) did not reveal significantly reduced ROS levels. However, detection at
15 and 25 min revealed a reduction in ROS levels for 5 and 4 pg/mL of the S protein, respectively. There were no
differences for detection at 20 min.
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Figure 5 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after the addition of (A2) 10, (A3) 50 and (A4) 100 mg/L fullerenol
Ce0(OH)40. The cells were stained using May—Grunwald Giemsa method and visualised at two magnifications (the scale bar is 200 pm on the left and 100 uym on the right).
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Table 3 Quantitative Analysis of May—Griinwald Giemsa Morphological Images. In the Table,
Asterisks Indicate the Level of Significance: (*) p < 0.05, (*¥) p < 0.0l

Research Group Number of SE | p-value | Area Covered | SE | p-value
Cell Nuclei/mm? by Cells (%)
Control 394 26.0 | <0.0001 58 9.7 | 0.0023
Fullerenol 10 mg/L 419 54 63 9.8
Fullerenol 50 mg/L 302 433 63 12.1
Fullerenol 100 mg/L 2| 2% 76.3 54 16.4
Ectoine 0.2% 488 49.8 64 10.9
Ectoine 1% 455 9.0 56 1.2
Ectoine 2% 499 26.5 54 16.1
MIX low 369 20.6 62 12.5
MIX medium 308 533 51 16.4
MIX high 314 45.4 32% 74

There were different results after incubation for 24 h with the S protein in the second assay (Figure 11C). In this case,
we considered the reduced HNEpC viability after treatment with the S protein when calculating the ROS level.
Intracellular ROS production was dependent on the S protein concentration; 2 pg/mL caused cellular oxidative stress.
Similarly to the DCF-DA assay, the ROS level was reduced at an S protein concentration of 4 or 5 pg/mL, but the
changes were not significant.

We also assessed ROS in the culture medium after incubation for 24 h with different S protein concentrations
(Figure 11D). There were no significant differences, but there was a trend for an increase in ROS after adding the
S protein at 2 ug/mL. For the subsequent experiments mimicking the adsorption of SARS-CoV-2 to the epithelium, we
used an S protein concentration of 2 pg/mL because it produced the most pronounced increase in ROS production.

The S Protein Had a Negative Charge, Agglomerated in Water and Had an Affinity for

the Fullerenol-Ectoine Composite

TEM showed that the full-length recombinant S protein tended to clump into larger structures ranging in size from 75 to
120 nm. The observed particles were round and had an irregular, spike-like surface (Figure 12A). After mixing the
S protein with the fullerenol-ectoine composite, we observed much smaller particles with a size of approximately several
to several dozen nanometres around the protein (Figure 12B). Zetasizer measurements showed an average S protein size
of 96.7 + 16.8 nm (Figure 12C) and an average zeta potential of —18.7 + 2.7 mV.

Fullerenol Reduced and Ectoine Increased the ACE2 Surface Area on HNEpCs

We evaluated the localisation of ACE2 on HNEpCs by using confocal microscopy. As shown in Figure 13, HNEpCs
expressed ACE2 uniformly on their surface. Next, we added the S protein to each group except the negative control.
Adding the S protein to HNEpCs increased ACE2 expression compared with the negative control (Figure 13B-E),
regardless of the treatment group. We observed lower ACE2 expression in the fullerenol and MIX low groups compared
with the positive control. The positive control and the ectoine groups had the strongest ACE2 expression.
Morphologically, the surface of HNEpCs, and thus the ACE2 surface area, was largest after the addition of ectoine
and the S protein.
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Figure 6 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after incubation for 24 h with (A2) 0.2%, (A3) 1% and (A4) 2%
ectoine. The cells were stained using the May—-Grunwald Giemsa method and visualised at two magnifications (the scale bar is 200 pm on the left and 100 pm on the right).
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Figure 7 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after incubation for 24 h with (A2) 0.2% ectoine and 10 mg/L
fullerenol (MIX low), (A3) 1% ectoine and 50 mg/L fullerenol (MIX medium) and (A4) 2% ectoine and 100 mg/L fullerenol (MIX high). The cells were stained using the May—
Grunwald Giemsa method and visualised at two magnifications (the scale bar is 200 pm on the left and 100 pm on the right).
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Figure 8 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after incubation for 24 h with (A2) 10, (A3) 50 and (A4) 100 mg/L
fullerenol Cgo(OH)4o. The cells were stained with periodic acid-Schiff and haematoxylin and visualised at three magnifications (from left, the scale bar is 500, 200 and
100 um).

The Fullerenol-Ectoine Composite Protected HNEpCs Against the Cytokine Storm
Caused by the S Protein

We analysed 40 cytokines involved in inflammatory processes (Figure 14). HNEpCs incubated with the active S protein
for 24 h showed increased secretion of 24 of these cytokines into the culture medium, with a significant increase in
interleukin 6 (IL-6), monocyte chemotactic protein 1 (MCP-1), tissue inhibitor of metalloproteinases 2 (TIMP-2),
macrophage colony-stimulating factor (M-CSF) and IL-8, and a trend for an increase in the expression of MCP-2 and
eotaxin (Table 4). Pretreatment of HNEpCs with the fullerenol—ectoine for 1 h protected these cells from interaction with
the S protein: these pretreated cells had cytokine levels that were similar to the control. There was only a tendency to
increase the level of the M-CSF cytokine in the cell environment, which was statistically insignificant.

To exclude a potential inflammatory reaction of fullerenol itself, the study also compared the inflammatory profile of
cells for individual components of the MIX-low composite. The results showed that, as we expected, the cytokine profile
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Figure 9 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after incubation for 24 h with (A2) 0.2%, (A3) 1% and (A4) 2%
ectoine. The cells were stained with periodic acid—Schiff and haematoxylin and visualised at three magnifications (from left, the scale bar is 500, 200 and 100 pm).

after the addition of fullerenol was similar to ectoine and even the level of some cytokines such as MCP-2, TIMP-2, IL-8
and granulocyte macrophage colony-stimulating factor (GM-CSF) was reduced. However, fullerenol increased the
expression of IL-6 and MCP-1 compared to ectoine (Figure S1).

Figure 15 shows the expression of genes encoding key proteins involved in viral envelope recognition and fusion with
the host membrane (ACE2) and inflammation in HNEpCs. The addition of the S protein significantly increased the
expression of ACE2 and key tested cytokines, such as IL-6 and TIMP2. However, the S protein did not significantly
change MCP-1 and intercellular adhesion molecule (ICAM) expression and reduced IL-8 expression. The addition of the
S protein to HNEpCs pretreated with the fullerenol—ectoine composite did not change ACE2 expression compared with
the control. Furthermore, the expression of MCP-1, TIMP-2, ICAM and IL-8 was reduced after pretreatment of HNEpCs
with the fullerenol-ectoine composite followed by S protein treatment compared with the control. IL-6 expression was
significantly higher in the group pretreated with the fullerenol-ectoine composite and then treated with the S protein
compared with the control group and was comparable to the group treated with only the S protein.

International Journal of Nanomedicine 2024:19 htepsi/doi.org/10.2147/JN.5482652 1 2239
DovePress


https://www.dovepress.com/get_supplementary_file.php?f=482652.docx
https://www.dovepress.com
https://www.dovepress.com

Sosnowska et al Dovepress

Figure 10 The morphology of (Al) control primary human nasal epithelial cells (HNEpCs) and HNEpCs after incubation for 24 h with (A2) 0.2% ectoine and 10 mg/L
fullerenol (MIX low), (A3) 1% ectoine and 50 mg/L fullerenol (MIX medium) and (A4) 2% ectoine and 100 mg/L fullerenol (MIX high). The cells were stained with periodic
acid-Schiff and haematoxylin and visualised at three magnifications (from left, the scale bar is 500, 200 and 100 pm).

Discussion

The main target of SARS-CoV-2 is respiratory epithelial cells. Therefore, we decided to perform our experiments using
HNEpCs derived from human nasal mucosa; they represent a coculture of ACE2-expressing cells such as sustentacular
cells, microvillous cells, Bowman’s gland cells, basal cells and pericytes.* Respiratory viruses lead to dysfunctional
secretion of cytokines, ions and mucus and increased adenosine triphosphate (ATP) levels.”! COVID-19 is accompanied
by two main clinical phases: viral infection of target cells and the cytokine storm.*? Our study comprised three steps.
First, we performed physicochemical characterisation of fullerenol, ectoine and their composite and assessed their
toxicity towards HNEpCs. Second, we determined the impact of the SARS-CoV-2 S protein on the viability, ROS
production and inflammatory cytokine profile of HNEpCs. Finally, we evaluated the ability of the fullerenol-ectoine
composite to act as a coating to protect cells from the S protein. We have submitted a patent for our novel device (Poland
patent, P.448505).%* According to standard 10993 developed by the International Organization for Standardization,
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Figure 11 The effect of different concentrations of the spike (S) protein from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on (A) primary human nasal
epithelial cell (HNEpC) viability, the intracellular reactive oxygen species (ROS) content after incubation for (B) 4 and (C) 24 h, and (D) the extracellular ROS content after
incubation for 24 h. In the figure, asterisks indicate the level of significance: (*) p < 0.05; (**) p < 0.01 and (**¥) p < 0.001.

a potential medical device should protect cells against viruses mechanically, without pharmacological, immunological or
metabolic effects. In particular, nasal epithelial cells constitute the first protective barrier against damage, foreign bodies
and infections and have secretory and transport functions.”* To strengthen the effect of this natural protective barrier, we
designed a platform consisting of ectoine, which does not penetrate cell membranes, functionalised with fullerenol with
previously proven anti-inflammatory and antioxidant properties.*’

According to Schramm et al,**

the cells most sensitive to the action of the fullerene family (including carbon
nanotubes) are nasal epithelial cells, followed by the cells of the alveoli; bronchial epithelial cells are the least sensitive.
HNEpCs showed approximately 55% metabolic activity after incubation for 24 h with 100 mg/L carbon nanotubes. In
contrast to that study, we demonstrated that fullerenol, as another allotrope of carbon, was safe and did not cause
cytopathic effects on HNEpCs at a concentration of 10, 50 and 100 mg/L after incubation for 24 h. However, its toxicity
increased at a longer exposure time (48 h). Ershova et al*® reported similar observations: a Cgo fullerene derivative
containing 3-phenylpropionic acid and a chlorine atom did not affect the viability of human primary lung fibroblasts
(HELFs) after a short exposure time (3 h), likely because fullerene did not manage to enter the cytoplasm. Wang et al*’
found that the incubation of human lung adenocarcinoma cells with Cgq fullerene at a concentration of up to 200 pg/mL
for 7 h did not affect the metabolic activity of the cells. It seems that the toxicity of fullerenes associated with long
exposure times (>24 h) is conditioned by their ability to penetrate the cell and enter the cytoplasm due to their lipophilic

nature. The concentration of fullerenes is also important: according to Ershova et al,%® a concentration of >0.1 uM slowed
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Figure 12 (A) The morphology of the spike (S) protein from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and (B) the interaction between the S protein
and the fullerenol-ectoine composite observed under a transmission electron microscope. The scale bar is 500 and 200 nm, respectively. (C) The size distribution of the
S protein after suspension in water, measured using a Zetasizer.

down the proliferation of HELFs, and a low nanomolar concentration increased 3-[4,5-dimethylthiazol-2-yl1]-2,5-diphe-
nyltetrazolium bromide reduction, leading to higher viability.”® Reduced HNEpC viability may be associated with
reduced expression of cell cycle markers, including Ki-67 and proliferating cell nuclear antigen, and an increase in
ROS production and DNA strand breaks.? Sayers et al'' showed that fullerenes inhaled by mice and rats for 13 weeks at
a concentration of 2 mg/m’ did not affect the systemic immune function but caused inflammatory reactions in the lungs.
The toxicity of fullerenes is also influenced by their surface chemistry. According to Chen et al,*® polyhydroxylated Cqg
(OH)1., fullerenes, regardless of the dose, protected isolated perfused lungs and RWA 264.7 murine macrophages against
oxidative stress induced by sodium nitroprusside and hydrogen peroxide. Moreover, the uptake and cytotoxicity of
fullerenols depend on the cell line and the serum content of the medium. In one study, the lethal concentration LC50 for
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Figure 13 The presence of angiotensin-converting enzyme 2 (ACE2) on the surface of (A) control primary human nasal epithelial cells (HNEpCs) and HNEpCs incubated
for 24 h with (B) the spike (S) protein, (C) fullerenol and the S protein, (D) ectoine and the S protein and (E) 0.2% ectoine and 10 mg/L fullerenol (MIX low) and the
S protein. ACE2 immunofluorescence is shown in red. Blue staining shows cell nuclei stained with 4',6-diamidino-2-phenylindole (DAPI). The scale bar is 100 pm (left side)
and 20 pm (right side).
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Figure 14 (A) Analysis of cytokines secreted into the culture medium by control primary human nasal epithelial cells (HNEpCs), by HNEpCs incubated for 24 h with the
spike (S) and by HNEpCs pretreated for | h with 0.2% ectoine and 10 mg/L fullerenol (MIX low) and then incubated for 24 h with the S protein. The results were normalised
to control dots and background (blanks) were subtracted in Image] 1.54d. (B) The table shows the list of proteins found on the array.

Abbreviations: RANTES, regulated upon activation; normal T cell expressed; and secreted; IL, interleukin; Pos, positive control; TGF-B1, transforming growth factor Bl;
TNF, tumour necrosis factor; Neg, negative control; sSTNFR, soluble tumour necrosis factor receptor; IP-10, interferon-inducible protein-10; MCP, monocyte chemotactic
protein; PDGF, platelet-derived growth factor; GCSF, granulocyte-colony stimulating factor; TIMP, tissue inhibitor of metalloproteinases; M-CSF, macrophage colony-
stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; MIG, monokine induced by interferon-y; ICAM-1, intercellular adhesion molecule I; MIP,
macrophage inflammatory protein; IFN-y, interferon y; 1-309, small-inducible cytokine Al.

Chinese hamster ovary cells, Chinese hamster lung cells and L929 cells (a mouse fibroblast line) was 199, 75 and 1000 g/
mL respectively. Moreover, fullerenol in the presence of serum is more difficult to penetrate cell membranes.?’ In other
studies, Cgo(OH),(n: 18-22) at a concentration of 1600 pg/mL slightly inhibited the viability of healthy human IMR-90
lung cells (23%), while at a concentration of 25 pug/mL, it was completely non-toxic.*”

Ectoine is a commonly used protective agent against environmental stresses such as heat, radiation and high salinity.
We and Rieckmann et al’' demonstrated a strong relationship between the ectoine concentration and cytotoxicity.
Rieckmann et al*' showed that 70 and 140 mm ectoine, corresponding to 1% and 2%, was cytotoxic to head and neck
squamous cell carcinoma (HNSCC) cells and reduced the proliferation of primary fibroblast cells (F184; NHF) to a lesser
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Table 4 Relative Interleukin 6 (IL-6), Monocyte Chemotactic Protein | (MCP-1), Monocyte
Chemotactic Protein 2 (MCP-2), Tissue Inhibitor of Metalloproteinases 2 (TIMP-2), Macrophage
Colony-Stimulating Factor (M-CSF), Interleukin 8 (IL-8) and Eotaxin Protein Levels

Protein Research GroupANOVA ANOVA

Control | Spike Protein | Fullerenol-Ectoine Composite | Standard Error | p-value

and Spike Protein

IL-6 100 121.19% 102.06 5.598 0.0088
MCP-I| 100 153.06* 116.16 9.549 0.0209
MCP-2 100 127.20 101.07 7.133 0.0611
TIMP-2 100 173.40* 131.34 8.769 0.0327
M-CSF 100 190.37* 148.64 2491 0.012
IL-8 100 135.87* 108.28 9.242 0.0227
Eotaxin 100 117.58 91.21 7912 0.437

Note: In the Table, Asterisks Indicate the Level of Significance: (*) p < 0.05.

extent after 3 days. However, 4% ectoine reduced the number of HNSCC cells to zero. We found that 2% ectoine reduced
HNEpC viability by 30%, while incubation with 0.2% and 1% ectoine for 24 h did not affect HNEpC viability. However,
incubation for 48 h reduced HNEpC viability by 20% regardless of the ectoine concentration. Yao et al*” reported similar
results: 80% viability of mouse B16-FO0 cells and human melanoma A2058 cells after treatment with 500 uM ectoine 3
days.>* The cytotoxic effect of ectoine appears to be complex and depends on the cell line, exposure time and
concentration. Ectoine is an osmolyte and in an environment with normal salt concentrations, it may cause oxidative
stress similar to the effect of NaCl. Moreover, high ectoine concentrations can also inhibit protein functions, as reported
previously for tyrosinase.*

The available studies that have combined ectoine and carbon nanomaterials have only focused on the impact of
carbon materials on ectoine production, as well as the protective effect of ectoine against carbon nanomaterials inhaled

1?* showed that multi-walled

into the lungs, which in the long term cause fibrosis and cancer of lung.** Fatollahi et a
carbon nanotubes at a concentration of 100 mg/L increased the production of ectoine by H. elongata by 67%. Moreover,
carbon nanoparticles increased cytokines, proliferation and apoptosis in vitro and in vivo, and this effect was inhibited by
1 mm ectoine.>® Thus, inhalation of carbon nanoparticles into the lungs has long been associated with adverse health
effects in the respiratory tract. Our study is the first to evaluate a mixture containing ectoine and fullerenol Cgo(OH)4o.
When incubated for 24 h, it was fully biocompatible with HNEpCs and caused only a 25% decrease in cell viability after
48 h. It is worth noting that 2% ectoine alone exerted cytotoxicity after incubation for 24 h; however, this effect was
reversed by combining it with 100 mg/L fullerenol. According to ISO 10993 Biological Evaluation of Medical Devices —
Part 5: Tests for in vitro cytotoxicity, reduction of cell viability by more than 30% is considered a cytotoxic effect in XTT
assay. In both cases, the composite was therefore biocompatible.

The physicochemical properties of fullerenol differ from carbon pollutants inhaled through the lungs. One Cgq
fullerene particle always contains 30 double bonds, which are responsible for the reactivity of the structure. Two
substituents in the fullerenol structure use one carbon double bond,*® so the Cgo(OH)4q structure is much less reactive
than Cgo and, thus, much less toxic. Fullerenol has numerous physicochemical properties that may be useful in protection
against viral antigens, such as electronegativity, ease of functionalisation, good solubility in water and a well-defined
shape and size. As we have shown in this work, both fullerenol and ectoine have a negative charge similar to the
S protein. Therefore, we speculate that fullerenes can block the active sites of membrane receptors, as shown previously
for human immunodeficiency virus 1 protease.>® Moreover, the size and shape of fullerenol can mimic the circular 97-nm

SARS-CoV-2 spike particles and therefore occupy their active sites. In addition, fullerene and its derivatives can generate
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Figure 15 Analysis of angiotensin-converting enzyme 2 (ACE2), monocyte chemotactic protein | (MCP-1), interleukin 6 (IL-6), tissue inhibitor of metalloproteinases 2
(TIMP-2), intercellular adhesion molecule (ICAM) and IL-8 gene expression in the control primary human nasal epithelial cells (HNEpCs), in HNEpCs after incubation for
24 h with the S (spike) protein, and in HNEpCs pretreated for | h with 0.2% ectoine and 10 mg/L fullerenol and then incubation for 24 h with the S protein (MIX low-S). The
results are presented as log, fold-change (FC) in the form of (A) a bar chart with standard deviation and (B) a heat map. Values above/below 0 indicate upregulation/
downregulation of gene expression. Relative expression was calculated using the GAPDH gene expression and the control group (0). In the figure, asterisks indicate the level
of significance: (*) p < 0.05; (*¥) p < 0.01 and (***) p < 0.001.

singlet oxygen when illuminated even in the visible light range (535 nm), which damages the protein structures of the
virus envelope and cannot be controlled during experiments.*®

In this work, we used a composite of fullerenol and ectoine for the first time, and we wanted to check whether there were
any interactions between them. According to our UV-Vis studies and other authors, the aqueous solution of fullerene is
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characterized by peaks at 208, 265 and 347 nm.?” It is known that the UV spectrum of ectoine shows strong absorbance at
about 210 nm and still absorbs light at about 365 nm.** Mixing of ectoine and fullerenol caused a small shift of the peak at 225
nm by 1 nm, which is likely the consequence of the formation of the non-covalent complex. As previously reported by

1* fullerenol can interact with other molecules, such as doxorubicin, via delocalized 7 electrons of the Cgq cage.

Butowska et a
In addition, ectoine has a proven affinity for negatively charged phosphate backbones in DNA. It seems that ectoine can also
interact with fullerene, especially in the environment of water, when ectoine binds with seven water molecules and thus forms
an ectoine-water complex in the environment of bioparticles.*® Another important feature of the UV—Vis spectrum of the
fullerenol and ectoine composite was the increase in absorbance in the whole range of wavelengths studied upon the addition
of ectoine. As reported by Prylutskyy et al,’” this is a common property of fullerene solutions, which is typically associated
with additional light scattering due to ligand-induced additional aggregation of fullerene. The UV—Vis spectrum of the
composite resembled that of ectoine due to the high weight content of this osmolyte in the mixture. Additionally, we showed
that the stability of fullerenol (based on the zeta potential) increased after the addition of ectoine. Specifically, the particles Cgg
(OH)4 repel each other more strongly and their average size is smaller.

HNEpCs are epithelial cells that form tight intercellular connections. However, as a result of chronic rhinitis,
epithelial-mesenchymal transformation (EMT) occurs — that is, the loss of expression of markers responsible for the
epithelial phenotype and the acquisition of migratory, mesenchymal cell characteristics. This remodelling of nasal tissue
leads to the formation of polyps and difficulty breathing.** In our work, we observed tight cell-cell connections after the
addition of fullerenol and the fullerenol-ectoine composite at high concentrations. This is the first evidence that the
materials used — in particular, fullerene derivatives — can inhibit inflammation and EMT, as shown previously in liver
cancer cells, and affect the tightness of the protective barrier. Castro-Ochoa et al*' demonstrated that ectoine reduced
epithelial permeability and protected the architecture of epithelial junctions during colitis as a result of maintaining the
expression of key tight junction proteins (occludin and zonula occludens-1) and reducing the expression of inflammatory
cytokines (interferon-y, tumour necrosis factor a [TNFa], keratinocyte chemoattractant and IL-1p).

The nasal mucosa is the first barrier protecting against the entry of pathogens into the lower respiratory system. Mucolytic
enzymes secreted by bacteria and cytolytic viruses destroy the continuity of the mucosa, which promotes subsequent
infections on the nasal epithelium.** The mucus on the mucous membrane, consisting mainly of mucins, is responsible for
the selective control of the transport of pollutants and viruses. Mucins interact with other mucins and mucus components,
including lipids, immunoglobulins, salts and cellular debris, via electrostatic interactions, hydrophobic interactions, hydrogen
bonds and/or disulfide bonds.** In this way, a viscoelastic layer of mucus is formed on the mucosal surface, which makes it
difficult for the virus to anchor.” On the other hand, excessive secretion of mucins accompanies many pathological conditions
related to inflammation, including asthma and cystic fibrosis.** In our study, fullerenol and ectoine did not affect PAS staining,
which detects glycogen, sulfomucins, epithelial sialomucins and neutral mucosal substances. In the case of ongoing
inflammation, ILs induce mucus secretion and there is an increased proportion of goblet cells in the co-culture; these cells
have a dark purple colour.** Our study provides the first evidence that the tested materials are not pro-inflammatory.

The full-length S protein, or even its S1 subunit or the RBD, alone without other viral components can induce changes in
the signalling of pulmonary artery smooth muscle cells, pulmonary artery endothelium and muscle cells.*** In those
studies, the authors used antigen at concentrations of 5 or 10 pg/mL.**> We used several S protein concentrations — 1,2, 3, 4
and 5 ng/mL — and observed concentration-dependent cytotoxicity to HNEpCs. Interestingly, we observed a mild cytotoxic
effect after adding 2 pg/mL of the S protein; the other concentrations did not reduce the metabolic activity of cells. This
effect could be related to agglomeration of the S protein at high concentrations. In previous studies, researchers have
reported no effect of the S protein subunits on the viability of human brain microvascular endothelial cells, human bronchial
epithelial cells (the BEAS-2B cell line), lung cancer cells and microglia (the HMC3 cell line).***” However, the sustained
metabolic activity of cells after addition of the S protein does not exclude its effect on the loss of epithelial electrical

4648 hromoting inflammation and inducing metalloproteinases.*® Long exposure to the S protein (>72 h) would

resistance,
likely increase the rate of cell death as occurs in severe cases of COVID-19, where oxidative stress and the cytokine storm
promote cytotoxicity. Keturakis et al*’ noticed a relationship between the action of the RBD epitope of the S protein under
normal and hypoxic conditions. The induction of damage to rat cardiomyocytes was associated with impaired mitochon-

drial activity, but under hypoxic conditions. Therefore, in addition to the tight epithelium, the cell microenvironment may
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also determine the sensitivity of cells to infection. In one study, the S1 protein exerted a much greater systemic toxicity
in vivo after intravenous injection of 35 pg into transgenic mice carrying human ACE2 than the toxicity observed in vitro.
Specifically, exposure to the S1 protein for 3 days induced lung damage and fibrosis, the recruitment of inflammatory cells,
endothelial cell dysfunction and the formation of thrombi and emboli in pulmonary vessels.>

Oxidative stress is associated with acute respiratory failure and airway epithelial damage’' as a result of contact of SARS-
CoV-2 or the S protein with ACE2, which stimulates ROS production by activating NADPH oxidases (NOXs). The main
mediator of inflammation, IL-6, is involved in the upregulation of NOXs in cells.’’ Oxidative stress can develop in the
respiratory epithelium and its surroundings, namely the endothelium of pulmonary vessels.”' Consistent with previous studies,
we found that even the S protein itself increased intracellular ROS levels 24 h after its addition. Oxidative stress under the
influence of the S protein has been reported previously.’' > The S protein induces inflammation by increasing intracellular
ROS levels and inhibiting the phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signalling
in bronchial epithelial and vascular endothelial cells.”® In that study, the authors found that both the virus and the S protein
caused apoptosis, suggesting a key role of the S protein—ACE2 connection in the survival of respiratory epithelial cells. In
another study, the S protein induced senescence in ARPE-19 retinal pigmented epithelium cells by upregulating the ROS/p53/
p21 pathway.>* Thus, as a result of contact with the viral envelope and ROS production, the nasal epithelium ages faster and
loses its protective functions due to loss of integrity.

The S protein also increased intestinal ROS in the Caco-2 model; the authors proposed a mechanism related to diarrhoea
during infection. These authors showed a rapid increase in intestinal ROS with a peak ROS within 15 min after spike exposure
and 30 min of incubation with DCF-DA.>* In our work, 4-hour spike exposure caused a decrease in ROS levels and this effect
was dependent on the detection time of DCF-DA and spike concentration. A decrease in ROS was observed after 15 and
25 min for 5 and 4 pg/mL protein S, respectively. Since spike is an oxidative protein, the reduced ROS level could be due to an
imbalance between ROS production and antioxidant systems.>* Jiang et al explained that excessive production of oxygen
radicals triggers the antioxidant defense systems of the cell, which may be the cause of the decrease in ROS with exposure
time.”> Oxygen radicals naturally occur in cells, which are signaling molecules and can be regulated at the cellular level,
specific to a given tissue.’® In addition, DCF-DA acts on the principle of passive diffusion into cells and is oxidized to
a fluorescent form inside the cells. It seems that even small time differences in the addition of DCF-DA can have a significant
effect on the obtained signal. After 20 min of DCF-DA addition, the ROS level in cells, regardless of spike concentration, was
similar to the control as previously described by other authors for 60 min.”” Poeta et al>’ reported that after adding thermally
inactivated SARS-CoV-2 (1 pg/mL) and spike (1 pg/mL) to Caco-2 cells, an initial 2.5-3-fold increase in ROS was observed,
and after 60 min, the level returned to the control level. The authors of this work demonstrated that the normalization of ROS
levels after an hour was independent of intestinal cell viability and apoptosis,”’ so it could have resulted from the action of the
spike as a redox modulator as well as antioxidant defense systems such as superoxide dismutase for O% or peroxidase for
H,0,.°° It should also be remembered that ROS has a millisecond lifespan and their levels change rapidly, which results from
the rate of generation, chemical reactions and diffusion. In addition, fluorescent probes for measuring ROS are sensitive to
oxygen and pH, which is associated with the nonlinearity of their amount over time.>®

We found that the S protein increased ACE2 expression on the surface of HNEpCs, similarly to what was reported for
the BEAS-2B cell line;® this change may facilitate virus entry into cells. ACE2 expression determines the efficiency of
coronavirus infection of host cells; upregulation of this protein by the S protein facilitates invasion. For this reason,
messenger RNA (mRNA)-based vaccines encoding the S protein may carry some danger due to long-term overexpres-
sion of ACE2.”® On the one hand, the S protein can promote viral invasion and, on the other hand, promote cell humoral
immunity. We used the S protein to mimic natural viral infection.

Hyper-inflammation caused by SARS-CoV-2 is a life-threatening condition and causes pulmonary oedema, impaired
oxygen exchange and acute respiratory distress syndrome.”> SARS-CoV-2 infection is associated with increased expres-
sion of cytokines, including IL-13, MCP-1 and interferon y-induced protein (IP-10), in patients with sepsis.®® Because
SARS-CoV-2 infection increases inflammation, we evaluated whether the S protein could cause a similar effect. We
clearly showed that 2 pg/mL of the full-length S protein (1211 amino acids) increased the level of most of the tested
cytokines in the HNEpC culture medium, in particular IL-6, MCP-1, TIMP-2, M-CSF and IL-8. We also noted elevated
IL-6 and TIMP-2 mRNA expression. Thus, the S protein is sufficient to cause inflammation that resembles what occurs
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in patients with COVID-19. Our findings are consistent with a study that reported the N protein could also mimic
inflammation that occurs in COVID-19.%" Interestingly, after the addition of the N protein to A549 cells, a lung epithelial
cell line, the authors observed overproduction of different cytokines relative to our study: IL-5, IL-15, IL-16, IP-10,
macrophage inflammatory protein la (MIP-1a), fibroblast growth factor (FGF) and eotaxin.®’ Xia et al showed that
another coronavirus protein, envelope 2-E, administered into the tail vein of mice caused lung and spleen damage and

a strong immune response associated with the cation channel.®?

Zhang et al reported similar results: both the S protein
and only its ACE2 RBD increased the release of IL-6 and IL-8 from the human bronchial epithelium.?! In another study,
exposure of IB3-1 bronchial epithelial cells to the S protein increased the release of IL-6, IL-8, IL-9, FGF, G-CSF, GM-
CSF, MCP-1 and MIP-1B,** similarly to what we showed for HNEpCs. Surprisingly, the inflammatory effect of the
S protein is similar to that exerted by lipopolysaccharide, which induced the expression of IL-8 and IL-6 in fibroblasts
derived from nasal tissue.®®

In addition to the epithelial cells of the respiratory system, the S protein also affects macrophages, which are the key
cytokine-producing cells. Wang et al®* showed that the S protein caused overproduction of IL-6 and TNF-a in
macrophages.®* In our study, the S protein led to increased production of M-CSF, which is involved in macrophage
differentiation.> Moreover, the S protein increased IL-6 and its receptor in the lung epithelium, changes that resemble
the acute phase of SARS-CoV-2 infection. IL-6 and IL-8 released in the body act as chemoattractants and promote the
influx of immune cells, including monocytes and neutrophils.>'*>? It is believed that during infection and in hospitalised
patients, there is increased production of IL-10, MCP-1, IP-10,%° IL-1p, IL-6, IL-17, TNF-a, MCP-1, Toll-like receptor 3
and Toll-like receptor 7.°® Secreted cytokines lead to tissue damage through pathological remodelling of the extracellular
matrix (ECM). Metalloproteinases and their inhibitors (TIMPs) play a key role in lung diseases by altering the ECM.
TIMP-1 circulating in the serum is associated with the severe course of COVID-19.%" These reports have demonstrated
that the use of the full-length S protein at a concentration of 2 pg/mL can mimic the first stage of viral infection and
justify our use of this model to investigate the protective function of fullerenol and ectoine. The emergence of new
SARS-CoV-2 variants is associated with the high mutability of the S protein. For this reason, vaccines have shown
limited effectiveness over time. During the COVID-19 pandemic, distance, disinfection and masks have been utilised to
limit the spread of the virus and interpersonal contacts. We used fullerenol and ectoine together for the first time to
develop a potential intranasal prophylactic medical device, namely an aqueous, moisturising and protective coating made
of ectoine particles together with fullerene nanoparticles with high affinity for proteins.

Fullerene and its derivatives have previously shown antiviral activity against human immunodeficiency virus,
respiratory syncytial virus (RSV), cytomegalovirus and others.®® Given the high similarity of RSV to SARS-CoV-2 in
terms of genetic material (an RNA virus), structure (an enveloped virus) and tissue tropism (respiratory system), we
assumed that Cgy would also be effective for COVID-19 treatment. Consistently, in the fullerenol treatment groups, there
was a reduction in ACE2 expression on the surface of HNEpCs. This effect is probably related to the occupation of the
active site by the fullerenol core and reduced expression of the M pro-cysteine protease, as reported previously for
fullerene with malonic acid. However, oxygen groups on the fullerene surface weaken the inhibition of enzymes involved
in cleaving the S protein into the S1 and S2 subunits.*” In our study, fullerene (58.65% oxygen and 39.79% carbon)
decreased ACE2 expression on the surface of HNEpCs exposed to the S protein. It can be assumed that fullerene crystals
(79.6 nm) with a size similar to the S protein (96.7 nm) and the same negative charge may occupy the ACE2 active sites

to which the S protein binds. According to Page et al,”®

the RBD contains a cluster of positively charged amino acid
residues that can interact electrostatically with the negatively charged fullerenol.”® Similar data were also obtained for
graphene oxide, which showed affinity for unbound S protein and ACE2.”' Moreover, Ershova et al*® reported that
fullerene did not accumulate inside cells during the first hours after addition, allowing time for it to interact with the cell
membrane or other molecules.”® We have provided evidence that ectoine itself increased the stability of the S protein to
higher temperatures in culture, which resulted in even higher ACE2 expression than in the positive control (the
S protein). After being broken down into intermediates, an unstable S protein may lose its ability to recognise ACE2
and to fuse with the membrane. An ectoine molecule, which is much smaller than fullerene Cgy, contains nitrogen
incorporated into the carbon ring and probably protects the second- and third-order structure of the S protein, limiting its

aggregation and surrounding it with a water shell.”> Ectoine could be important for the treatment of inflammatory
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conditions of the nasal cavity with reduced ACE2 expression, including chronic rhinosinusitis with nasal polyps.”* Using
dynamic light scattering, we confirmed that ectoine limited the agglomeration of the S protein as well as fullerenol
particles in the fullerenol-ectoine composite. Given that increased ACE2 expression in the olfactory neuroepithelium is
associated with anosmia as well as SARS-CoV-2 entry and replication,”* we hypothesise that a fullerenol—ectoine
composite captures and traps the S protein and prevents it from binding to ACE2, thus protecting the nasal epithelium
against uncontrolled production of inflammatory cytokines. Our results support this hypothesis: HNEpCs pretreated with
MIX low followed by the S protein showed similar secretion of IL-6, MCP-1, MCP-2, TIMP-2, M-CSF, IL-8 and eotaxin
as the negative control, and lower secretion compared with the positive control. Further, there was lower MCP-1, TIMP-
2, ICAM and IL-8 gene expression in these cells compared with the negative control. Of note, researchers showed that
fullerenol inhibits inflammation and degeneration in the vertebral bone marrow and explained this by its antioxidant and
anti-inflammatory properties.’”

IL-6 damages the lungs. High levels occur in patients with COVID-19 requiring mechanical ventilation and oxygen.”®
For this reason, IL-6 is the target of many drugs that alleviate COVID-19 symptoms, such as tocilizumab, sirukumab,
sarilumab and siltuximab.”” This cytokine is associated with allergic rhinitis, olfactory dysfunction due to coronaviruses
and Sjogren’s syndrome, and cancer. It participates in the janus kinases/signal transducer and activator of transcription 3
(JAK/STAT3) and nuclear factor kB (NF-xB) signalling pathways in which cells ignore apoptotic signals and proliferate
rapidly by binding to the membrane-bound receptor IL-6Ra and gp130 (the cis pathway).”®”” We showed that IL-
6 secretion by HNEpCs was reduced after the addition of the fullerenol—ectoine composite compared with the positive
control, but IL-6 gene expression was increased. One possible reason is that cells sensing low levels of IL-6 in the ECM
increase IL-6 gene expression via a feedback loop. In another study, stimulation of HNEpCs with IL-6 accelerated wound
closure and cilia beating. IL-6 is also involved in the extracellular signal-regulated kinase 1/2 pathway, through which it
regulates the production of metalloproteinases.® We found that reduced extracellular IL-6 was accompanied by
decreased extracellular TIMP-2 expression. This inhibitor is responsible for the inactivation of zinc-dependent endo-
peptidases capable of degrading ECM components. Reduced TIMP-2 levels activate matrix metalloproteinase 2 (MMP2),
but we did not examine this protein. According to the literature, high levels of angiotensin II increase MMP-2.%! We
demonstrated that the fullerenol—ectoine composite reduced the expression of ACE2, a phenomenon that is associated
with low levels of angiotensin II and MMP2 and correlates with reduced swelling and lack of secretion on the nasal
mucosa.®’®> Moreover, there were increased circulating MMP9/TIMP-1 and MMP2/TIMP-2 ratios in patients with
COVID-19 2 weeks after recovery from the acute phase, with high MMP9 levels dominating in critical COVID-19.%}
The TIMP levels also depend on the characteristics of the tissue from which the cells were collected. For example, low
TIMP-2 levels have been observed in nasal polyps, and high TIMP-2 levels have been observed in patients with allergic
rhinitis after allergen challenge.®!

IL-6 also participates in trans signalling by binding to the soluble form of its receptor (siL-6R) to regulate the IL network. It
increases the secretion of IL-8, vascular endothelial growth factor and MCP-1, and reduces E-cadherin levels.®* IL-8 binds to
G protein-coupled CXC chemokine receptors (CXCR1 and CXCR2), which activate chemotaxis and accumulation of neutro-
phils in tissues. High IL-8 levels in lung tissue correlate negatively with lung function. Potential antibacterial and antiviral drugs
targeting the IL-8/CXCR1/CXCR2 pathway have been sought.®> Fullerene Cg, with antioxidant activity comparable to a-
tocopherol, plays a cytoprotective role in biological systems.*® A composite containing 10 mg/L fullerenol reduced IL-8. Human
epidermal keratinocytes exposed to 42.5 pg/mL Cgo(OH),4 and Cgo(OH)s, for 24 or 48 h showed a decrease in IL-8; there were
no changes in the Cgo(OH),( group. The authors explained these results based on the adsorption of IL-8 on the fullerenol surface.
Moreover, IL-8 suppression increased as hydroxylation of fullerenol and its concentration increased.®® Ectoine also has a proven
anti-inflammatory effect. The commercially available inhalation solution under the trade name Ectoin® reduced IL-8, nitric oxide
and the number of neutrophils in sputum collected from people with mild symptoms of respiratory diseases during the first period
of treatment.®’

We found that the MCP-1 and MCP-2 levels were normalised to those of the negative control by preincubating
HNEpCs with the fullerenol—ectoine composite followed by exposure to the S protein. According to Kovarik et al,*®
these chemokines are produced by fibroblasts, monocytes and macrophages and use many cell receptors to attract and
mature monocytes. Due to the fact that the nasal mucosa is highly vascularised,®” MCP expression seems to be quite
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important. Previously, analysis of serum from 55 patients with SARS-CoV-2 infection showed high levels of MCP-2.%®
According to the literature, pristine fullerene Cgqy increased MCP-1 mRNA expression in mouse lung tissue after
intratracheal instillation, although the increase was significantly lower compared with single-wall carbon nanotubes
and quantum dots.”® However, in the same study, fullerene inhalation did not change MCP-1 levels, similar to our
findings regarding MCP-1 and MCP-2 levels in the culture medium.

M-CSF is also important for the recruitment of immune system cells. Next to IL-6, M-CSF is the main factor involved
in the severe course of COVID-19, pneumonia and organ damage.”” The serum of patients collected 1 month after
SARS-CoV-2 infection contained more M-CSF compared with the reference level.”! Preincubation of HNEpCs with the
fullerenol—ectoine composite followed by exposure to the S protein did not change the M-CSF levels in the HNEpC
culture medium compared with the negative control. These results are consistent with our previous work, where the same
fullerenol did not affect M-CSF in healthy and cancer cells of the liver.”> In contrast, there are limited data regarding the
effect of ectoine on M-CS.

ICAM-1, also known as CD54, is an immunoglobulin, a transmembrane protein responsible for intercellular adhesion.
Takeuchi et al®* reported that [CAM-1 may contribute to the binding of the S1 subunit to the olfactory epithelium of the
nasal cavity of mice. Bataban et al® reported an increase in ICAM-1 after adding 5 pg/mL of the S protein. Therefore, the
reduced ICAM-1 mRNA expression in response to pretreatment with the fullerenol—ectoine composite may be associated
with a weaker interaction between the S protein and the cell membrane. A reduction in ICAM-1 was demonstrated after

adding diamond”® and graphene oxide®”*

to pancreatic cells and muscle fibres. For fullerenols, the situation is not so
simple: the amount of oxygen on the surface of the particles is particularly important, which translates into the
activation”® or inhibition of ICAM-1.% According to Gelderman et al,’* the use of fullerenol Ce0(OH),4 induced the pro-
inflammatory activity of vascular endothelial cells, which resulted in an increase in ICAM-1 expression.”* In another
study, Cgo(OH)34 fullerenol, which has a similar number of hydroxyl groups as the fullerenol we used, reduced the level
of ICAM-1 and counteracted the cytotoxicity of HaCaT cells (a keratinocyte cell line) induced by the addition of urban
particulate matter.”> We found that the effect of fullerenol was enhanced by the addition of ectoine. According to
a previous study, ectoine reduced ICAM-1 in a colitis model.”®

In summary, FTIR and EDS analysis confirmed the presence of carbon and oxygen in fullerenol and carbon, oxygen,
and nitrogen in ectoine, which indicated the purity of the materials used. After 24 h, only 2% ectoine caused a decrease in
the conversion of XTT to formazan in HNEpC cells and a tendency to form large clusters. We found that 10 mg/L
fullerenol, 0.2% ectoine and their composite are fully biocompatible and do not affect the level of mucins. However, the
viability of HNEpC cells depended on the dose of ectoine and fullerenol and the incubation time. The results of XTT and
DCF-DA suggest that the spike ranging in size from 75 to 120 nm at a concentration of 2 pg/mL decreases metabolic
activity and induces oxidative stress of epithelial nasal cells. Confocal microscopy shows that fullerenol reduced and
ectoine increased ACE2 surface area on HNEpCs. In the present study, cytokine analysis using RT-PCR and chemilu-
minescent protein membranes showed that the cytokine profile level was similar in the negative control group and group
spike-treated after precoated cells by fullerenol and ectoine. All these data indicated that fullerenol and ectoine might be
attractive mechanical shell for nasal mucosa until it is fully regenerated.

Conclusion

We hypothesised that a fullerenol—ectoine composite is a safe intranasal medical device that protects HNEpCs against the
first phase of SARS-CoV-2 infection. We demonstrated that 10, 50 and 100 mg/L fullerenol and 0.2% and 1% ectoine
and their composites are biocompatible after 24 h incubation with HNEpCs. The fullerenol-ectoine composite was
dominated by carbon and nitrogen, followed by oxygen, and fullerenol showed a lower tendency to agglomerate when
combined with ectoine. Next, we mimicked SARS-CoV-2 infection by treating HNEpCs with the full-length S protein.
At a concentration of 2 pug/mL, the S protein reduced the mitochondrial activity of HNEpCs and increased intracellular
ROS after 24 h. Moreover, the S increased ACE2 expression on the surface of HNEpCs; the secretion of cytokines IL-6,
MCP-1, TIMP-2, M-CSF, IL-8; and IL-6 and TIMP-2 gene expression. Finally, we demonstrated that preincubation of
HNEpCs with the 10 mg/L fullerenol-0.2% ectoine composite for 1 h protected them against the S protein — perhaps by
preventing the S protein—ACE2 interaction — and maintained cytokine levels similar to those of the negative control. In
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the future, we will evaluate the effect of the fullerenol-ectoine composite on the other coronavirus proteins (E, M or N)
and OC43 human coronavirus and in animals. Confirmation of the results we have reported here could lead to the
availability of the first medical device with a function similar to protective masks, supporting damaged, thin nasal
epithelium after previous viral and bacterial infections.
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