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Background: The high infectivity of coronaviruses has led to increased interest in developing new strategies to prevent virus spread.
Silver nanoparticles (AgNPs) and graphene oxide (GO) have attracted much attention in the antiviral field. We investigated the
potential antiviral activity of GO and AgNPs combined in the nanocomposite GO-Ag against murine betacoronavirus MHV using an
in vitro model.

Methods: GO, AgNPs, and GO-Ag characterization (size distribution, zeta potential, TEM visualization, FT-IR, and EDX analysis)
and XTT assay were performed. The antiviral activity of GO-Ag nanocomposites was evaluated by RT-qPCR and TCIDs, assays. The
results were compared with free AgNPs and pure GO. Cell growth and morphology of MHV-infected hepatocytes treated with GO-Ag
composites were analyzed by JuLI™Br. Immunofluorescence was used to visualize the cell receptor used by MHV. Ultrastructural
SEM analysis was performed to examine cell morphology after MHV infection and GO-Ag composite treatment.

Results: A significant reduction in virus titer was observed for all nanocomposites tested, ranging from 3.2 to 7.3 log10 TCIDsq. The
highest titer reduction was obtained for GO 5 pg/mL - Ag 25 pg/mL in the post-treatment method. These results were confirmed by
RT-qPCR analysis. The results indicate that GO-Ag nanocomposites exhibited better antiviral activity compared to AgNPs and GO.
Moreover, the attachment of AgNPs to the GO flake platform reduced their cytotoxicity. In addition, the GO-Ag composite modulates
the distribution of the Ceacam] cell receptor and can modulate cell morphology.

Conclusion: Graphene oxide sheets act as a stabilizing agent, inhibiting the accumulation of AgNPs and reducing their cellular
toxicity. The GO-Ag composite can physically bind and inhibit murine betacoronavirus from entering cells. Furthermore, the constant
presence of GO-Ag can inhibit MHV replication and significantly limit its extracellular release. In conclusion, GO-Ag shows promise
as an antiviral coating on solid surfaces to minimize virus transmission and spread.
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Introduction
Coronaviruses (CoVs) (order Nidovirales, family Coronaviridae) are enveloped viruses with a positive sense, single-
stranded RNA genome. With genome sizes ranging from 26 to 32 kilobases (kb) in length, CoVs have the largest
genomes for RNA viruses. They have an average diameter of 100 nm with a spherical or oval shape. Based on genetic
and antigenic criteria, CoVs have been organized into four groups: alpha-CoVs (14 subgenera and 19 species), beta-CoVs
(5 subgenera and 14 species), delta-CoVs (3 subgenera and 7 species), and gamma-CoVs (3 subgenera and 5 species).'~
The occurrence of coronaviruses in humans (HCoVs) or other species is not a novel phenomenon. Infections with HCoVs
(229E, OC43) are known to cause approximately 15-29% of all cold-like illnesses with mild upper respiratory tract infections.
Their potential for high virulence was demonstrated during the SARS-CoV epidemic of 2000-2003.> With the emergence of
COVID-19, caused by the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), it became evident that this
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pathogen is significantly more transmissible among humans than its predecessor, SARS-CoV-1.* On March 11, 2020, the
World Health Organization (WHO) declared COVID-19 a pandemic, marking it as first caused by a coronavirus.’

The coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2, is now considered a global public health
emergency. COVID-19 is the first pandemic to occur in the context of an aging population, particularly in several high-
income countries. The majority of COVID-19 cases develop a lower respiratory tract infection, which leads to a high rate
of virus transmission, especially in densely populated areas or in hospitals.® Aerosols are critical for SARS-CoV-2
transmission; however, in highly populated areas, the contaminated surfaces also take an important role.”*

The development of an effective vaccine against SARS-CoV-2 commenced shortly after the onset of the pandemic,
leading to the licensing or advancement into phase three clinical trials of several vaccines. These vaccines employ
various strategies, including the utilization of recombinant spike glycoproteins delivered through mRNA-based plat-
forms, adenoviral vectors, or direct injection of the protein itself. Currently, the registered protocol of recommended
antiviral usage encompasses drugs such as remdesivir, chloroquine/hydroxychloroquine with or without azithromycin,
ritonavir-boosted nirmatrelvir (Paxlovid), dexamethasone, lopinavir/ritonavir and other HIV protease inhibitors.”'® The
main goal of therapeutic management is to prevent progression to severe disease, hospitalization, or death. Other goals
encompass expediting symptom resolution, achieving viral clearance, and preventing long-term sequelae.

It is imperative to underscore that certain patients remain at heightened risk of disease progression, and it is within this
vulnerable population that therapies are most likely to be beneficial. Patients at highest risk are the elderly and those who are
unlikely to have an adequate immune response to COVID-19 vaccines due to moderate to severe immunocompromising
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conditions or the use of immunosuppressive drugs. Other risk factors include unvaccinated or incomplete vaccination, a long
interval since the last dose of vaccine (eg >6 months), and conditions such as obesity, diabetes, and chronic respiratory,
cardiac, or renal disease. Survivors are at great risk of developing neurodegenerative diseases as they age, making the current
pandemic a unique and unprecedented paradigm.®''~'*

Given the substantial number of infected patients worldwide (www.worldometers.info/coronavirus), the ability of

SARS-CoV-2 to rapidly evolve new variants through accelerated genetic mutations, and the heightened rate of human-to-
human transmission, including the possibility of transmission by asymptomatic infected individuals, scientists have been
compelled to devise novel strategies to limit both the transmission and pathogenicity of SARS-CoV-2.">"'#

One promising strategy worth exploring involves the utilization of nanoparticles and their composites as a novel
therapeutic approach. Currently, nanoparticles (NPs) are the most important among various nanomaterials. In the context
of antiviral properties, they exert their activity through multiple mechanisms. NPs are designed with geometric and size
homology to viruses; therefore, they inhibit or inactivate the replication process. In addition, NPs are characterized by
low toxicity, biomimetic properties, easy cell entry (negatively charged), flexible synthesis, biocompatibility, surface
tunability, and chemical and structural composition design.'® %2

The efficacy of silver nanoparticles (AgNPs) as broad-spectrum antimicrobial agents has been well-documented.
AgNPs have been proven to be the most effective antimicrobial agents against bacteria and viruses because of their high
surface-area-to-volume ratio and unique chemical and physical properties.>*** There are two types of interaction between
the AgNPs and the pathogenic virus: (i) the AgNPs bind to the outer coat of the virus, inhibiting virus attachment to cell
receptors, and (ii) the AgNPs bind to the DNA or RNA of the virus, inhibiting virus replication or spread within host
cells.**?"*>2® The antiviral action of AgNPs has been demonstrated against various viruses, including Human
Immunodeficiency Virus Type 1 (HIV-1),%>*° Hepatitis B virus,’' influenza virus,**>* Human herpesvirus type 1,*
respiratory syncytial virus,>® monkeypox virus,>” Tacaribe virus*® and adenoviruses.*’

Numerous factors can determine the antiviral efficacy of AgNPs, including size, shape, and capping agents.***!
Previous studies have shown that a spherical shape is superior to a tubular shape or aggregated forms and that smaller
AgNPs exhibit enhanced cellular uptake via endocytosis, leading to greater toxicity, while larger particles are not
internalized.>**** Several studies have confirmed the size-dependent antiviral effect of AgNPs, with particles between
2 and 15 nm in diameter being the most effective. This has been attributed to the higher stability of interaction with the
viral protein achieved by 2—15 nm particles, which is not possible with larger particles.*'*** In addition, studies have
shown that capping agents that limit the release of free AgNPs would have less viral inhibition.>° Furthermore, the use of
free AgNPs has several major drawbacks, including inherent aggregation among AgNPs and the potential for cytotoxic or
genotoxic damage to the human body upon inhalation or ingestion. The use of silver nanoparticles for disinfecting
a room, clothes, and everyday objects is associated with their contact with the skin.*’ Therefore, in order to achieve
a superior application of AgNPs, novel materials are required to encapsulate and support the AgNPs. Such advances are
critical to overcome these limitations and enhance the therapeutic potential of AgNPs in antiviral applications.

In order to increase the antiviral activity, it is proposed to attach Ag nanoparticles with graphene oxide (GO) for the formation
of a nanocomposite (GO-Ag). Graphene, a carbon allotrope which structure consists of a planar sheet of single carbon atoms,
with each atom bound to three densely packed atoms in a honeycomb crystal lattice, is a promising next-generation nanomaterial
due to its unique high carrier mobility, effective optical transparency, large surface area, and biocompatibility.>**** Studies have
shown that both graphene and graphene oxide have antibacterial and antiviral properties. The antibacterial properties of graphene
derivatives were found to be primarily based on the movement of their electrons in the direction of bacteria. This movement
causes cytoplasmic efflux, reduction in metabolism, effects on lipid membranes, induction of oxidative stress, generation of
reactive oxygen species (ROS), loss of glutathione, and ultimately bacterial death.*”**>!

The antiviral activity of well-dispersed GO sheets has also been evaluated. Several studies have indicated that graphene-
based materials can inhibit the entry of an enveloped DNA virus (eg, HHV-1; pseudorabies virus, PRV) and RNA virus (eg,
porcine epidemic diarrhea virus, coronavirus PEDV) in their target cells.’>>> The potent antiviral activity of GO can be
attributed to the unique single-layer structure and negative charge. Ye et al (2015) suggested that the mechanism underlying
the antiviral action of GO is based on the electrostatic interaction of negatively charged sharp-edged GO with positively
charged virus particles, resulting in viral morphology damage (both the envelope and the spikes were destroyed) and
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subsequent inactivation.>® Song et al (2015) have also demonstrated that negatively charged GO can efficiently capture viruses
(enterovirus 7, EV71; avian influenza virus HIN2), destroy their surface proteins, and extract viral RNA in an aqueous
environment by the superficial bioreduction of GO.>*

The aim of this study was to combine the properties of graphene oxide, characterized by its ultrathin sheets capable
of covering an extensive surface area, with the antiviral efficacy of silver nanoparticles. We decided to investigate the
antiviral properties of GO-Ag composites using an in vitro model comprising murine nonparenchymal hepatocytes
infected with the murine hepatitis virus (MHV), an animal representative of betacoronaviruses. MHV, one of the
better-known members of the Coronaviridae, has emerged as an excellent model for testing new antiviral therapies in
the context of the SARS-CoV-2 pandemic because of its similar tissue tropism and structure. MHYV strains can induce
pulmonary, cardiac, and nephrotic pathologies identical to those observed in human SARS-CoV-2 infections.”>® The
polytropic (pulmonary) strains of MHV: MHV-1, MHV-2, MHV-3, MHV-JHM (MHV-4), MHV-A59 and MHV-S,
initially replicate in the respiratory and olfactory epithelium of the nasal cavity, then develop viremia, and spread to
the lungs, liver, bone marrow, brain, lymphoid tissue and reproductive organs. Enterotropic strains of MHV: MHV-D,
MHV-DVIM, MHV-Y, and MHV-RI, primarily infect the gut and can spread to the liver, lymphoid tissues, and
spleen.’’ > The primary cell receptor used by MHV to attach to the cell surface is the carcinoembryonic antigen-
related cell adhesion molecule (Ceacaml). This receptor is abundantly expressed on the surface of various cells,
including hepatocytes, which explains the increased tropism of the virus towards these cells and the induction of

hepatitis in mice.>”%°

Materials and Methods
Preparation of Silver Nanoparticles Anchored Graphene Oxide (GO-Ag)

Silver nanoparticles were obtained from Nano-Tech (Warsaw, Poland) and graphene oxide from Advanced Graphene Products
(Zielona Gora, Poland). Size distribution and zeta potential of nanomaterials were measured using dynamic light scattering
(DLS) and Doppler electrophoresis, respectively, by ZetaSizer Nano-ZS ZEN 3600 instrument (Malvern Ltd., UK) in
ultrapure water at room temperature (23°C) after ultrasonic treatment for 30 minutes (Sonorex Super RK 514H; Bandelin
Electronic, Berlin, Germany). Visualization of the nanomaterials was conducted using a transmission electron microscope
(TEM; JEM-1220 JEOL, Tokyo, Japan) with an accelerating voltage of 80 kV. Prior to visualization, 10 pL droplets of
hydrocolloids were placed onto TEM grids (Formvar on 3 mm 200 Mesh Cu Grids, Agar Scientific, Stansted, UK), and
samples were observed immediately after air-drying. To perform Fourier transform infrared (FT-IR) spectrum measurements,
the Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used. For this reason, discs were formed of
200 mg of KBr powder (Sigma-Aldrich, Munich, Germany), which was pressed together under 10 Atm. Thereafter, a droplet
of the suspension of nanomaterials was pipetted onto a formed disc, dried in a vacuum overnight, and investigated in
transmittance mode. The FT-IR range was collected in the range 500-4000 cm %!

In addition, the chemical analysis of the nanocomposites was carried out using a Quanta 250 FEG FEI scanning
electron microscope equipped with an Energy Dispersive X-Ray (EDX) detector. First, the nanocomposites were
centrifuged (10000 rpm, 20 min; MPW centrifuge MPW-352R). Subsequently, the droplets (approximately 0.5 puL) of
hydrocolloids were placed on the SEM stages at 10x and dried at 30°C in a vacuum dryer (Vacucell 55, MMM Group).
The analysis was carried out using spot 4.5 and 20kV parameters.®

Cell Culture

Murine nonparenchymal hepatocytes, NCTC Clone 1469 cells, were purchased from the American Type Culture
Collection (ATCC-CCL-9.1). The cell culture was propagated according to the manufacturer’s procedure, aliquoted,
and stored in liquid nitrogen for further studies. Cells were maintained in DMEM-GlutaMax medium with high glucose
(4.5 g/L) (Gibco), supplemented with 1% penicillin-streptomycin, 5% fetal bovine serum, and 5% equine serum (Life
Technologies) in an atmosphere with 95% humidity and 5% CO, at 37°C.
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Virus and Virus Titration

Murine hepatitis virus JHM strain (MHV-JHM) was obtained from the American Type Culture Collection (ATCC-VR-76513).
The virus was propagated in NCTC Clone 1469 cells, followed by 3 cycles of freezing and thawing; the large debris was spun
down, and the supernatant was used as a stock solution (MOI = 1.25).

Endpoint dilution assays were used to measure viral infectivity. Briefly, tenfold serial dilutions of a virus stock were
prepared and inoculated onto cell cultures in multi-well format (96-well plastic plates, Sarstedt). Each dilution of the virus
stock was inoculated into 8 wells, and each TCIDs, (median tissue culture infectious dose) assay was performed in duplicate.
A control with non-infected cells was included in each plate. After 24 hours post infection, cells were fixed with 4%
paraformaldehyde in phosphate buffer solution (PBS), stained with 0.5% crystal violet in 20% pure methanol, and washed
with dH,O. The changes in the cell culture were observed under an inverted phase-contrast microscope (Olympus), and the
MHV-JHM titer was determined by the presence or absence of cytopathic effect (CPE). TCIDs, was defined as the dilution of
a virus required to infect 50% of a given cell culture using the improved Kirber method.®*™*> This method gives the 50%
endpoint as logTCIDsq = log (dilution giving highest CPE) — log (dilution factor) x (X infected rate at each dilution — 0.5).

Cell Viability Assay

Cell viability was detected by sodium 3’-[1- (phenylaminocarbonyl)- 3.4- tetrazolium]-bis (4-methoxy 6-nitro) benzene
sulfonic acid hydrate (XTT) assay (The Cell Proliferation Kit I (XTT), Roche). Briefly, the cells were cultured in 96-well
microplates (at a seeding density of 10° cells per well) in the medium containing different concentrations of silver
nanoparticles (AgNPs), graphene oxide (GO), and GO-Ag composite for a 24- and 48-hour period. Culture medium without
the AgNPs, GO, or GO-Ag served as the control in each experiment. At the end of the exposure, SOuL. XTT labeling reagent
was added to each well and incubated for 4 h at 37°C and 5% CO,. Absorbance measurements of the blank background control
and samples were performed using a microplate reader at a wavelength between 450-500 nm, with a reference wavelength
between 650-690 nm (Infinite M200, Tecan, Durham, NC, USA).>"%¢ Cell viability was expressed as a percentage of the
viability of the control culture.

Virus Inhibition Assay

MHV-JHM titer was determined by the presence or absence of cytopathic effect (CPE) in the murine hepatocytes cell line
using a median tissue culture infectious dose (TCIDsq) assay. TCIDs, was defined as the dilution of a virus required to
infect 50% of a given cell culture using the improved Kirber method.®*

To determine the antiviral activity of GO-Ag composites, MHV-JHM stock solution at indicated titers was mixed with
different concentrations of each nanocomposite’s solutions at various dilutions using two methods (Figure 1). In the first
method — inhibition of entry (Figure 1A), MHV-JHM stock solution was incubated for 1 hour with the following concentra-
tions of GO-Ag composites: GO 3 pg/mL - Ag 3 pg/mL, GO 10 pg/mL - Ag 3 pg/mL, GO 3 pg/mL - Ag 10 pg/mL, GO 10
pg/mL - Ag 10 ug/mL and GO 5 pg/mL - Ag 25 pg/mL. The mixtures were used to infect hepatocytes in 96 well plates. After
1 h of incubation at 37 °C under 5% CO,, the cell cultures were washed twice with PBS, replaced with fresh growth medium,
and incubated for another 24 h at 37 °C under 5% CO,. In the second method — inhibition of viral shedding (Figure 1B), cell
cultures were firstly infected with a viral stock solution for 1 hour under 5% CO,, 37 °C. Then washed twice with PBS and
incubated with mixtures of nanocomposites for 24 hours at 37 °C, 5% CO,. After 24 h, the cells were fixed with 4%
paraformaldehyde in phosphate buffer solution (PBS), stained with 0.5% crystal violet in 20% pure methanol and washed with
dH,0. The antiviral activity of GO-Ag was determined as the ratio of TCIDsy/mL from the group of GO-Ag treatment to
TCIDso/mL from the group of virus-only suspension. Furthermore, the antiviral activity of GO (GO 3 pg/mL, GO 5 ng/mL,
and GO 10 pg/mL) and AgNPs (Ag 3 pg/mL, Ag 10 pg/mL, and Ag25 pg/mL) was tested separately under the same
conditions. This was done for comparison with GO-Ag nanocomposites (positive control).

In addition, further analysis was carried out to assess the number of viral particles shed from the cells after a full replication
cycle (and after the application of GO-Ag) and whether the nanocomposite present in the medium had an inhibitory effect on
the virus. For this purpose, after incubation with MHV-JHM and nanocomposites (as described above; Figure 1), the culture
supernatant was collected from each well and used to infect fresh cultures of murine hepatocytes, according to the scheme
shown in Figure 1. After 24 h incubation, the cells were fixed with 4% paraformaldehyde in phosphate buffer solution (PBS),
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stained with 0.5% crystal violet in 20% pure methanol, and washed with dH,O. The antiviral activity of GO-Ag was
determined as the ratio of TCIDso/mL from the GO-Ag treatment group to TCIDs¢/mL from the virus-only suspension group.

Real-Time Cell Growth Analysis

Cellular growth and morphology of hepatocytes infected with MHV-JHM and treated with various concentrations of GO-Ag
composite were analyzed by the JuLI™Br Live Cell Analyzer system for bright-field analysis (NanoEnTek, Korea).*” Cells
(at a seeding density of 10° cells per 9.6 cm” well) were seeded in a 6-well plate and infected with MHV-JHM, with pre-
incubation or post-incubation with GO-Ag, as described above (Figure 1). Cell-growth images were captured for 24 h with 5 min
intervals. Cell confluence analysis, as well as real-time cell growth curve, were generated using JuLI"™VBr PC software.
Uninfected cells served as a negative control, while untreated cells infected with the MHV-JHM strain constituted a positive
control. All images were captured at a magnification of x40.

Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)

Cells (at a seeding density of 10° cells per 9.6 cm? well) were seeded in a 6-well plate and infected with MHV-JHM,
with pre-incubation or post-incubation with the following concentrations of GO-Ag composites: GO 3 pg/mL - Ag 3
pg/mL, GO 10 pg/mL - Ag 3 pg/mL, GO 3 pg/mL - Ag 10 ug/mL, GO 10 pg/mL - Ag 10 ug/mL and GO 5 pg/mL -
Ag 25 pug/mL, and also GO (GO 3 pg/mL, GO 5 pg/mL and GO 10 ug/mL) and AgNPs (Ag 3 pg/mL, Ag 10 ug/mL
and Ag25 pg/mL) separately (positive control), as described above (Figure 1). At 24 h post infection, the inoculum
was removed, and cell monolayers were washed with PBS. Viral RNA was isolated from cells using RNeasy Mini Kit
(Qiagen, USA), as recommended by the manufacturer. Purified RNA was eluted in 50 pL of RNase-free water. Viral
RNA extracted from each sample was tested by Real-Time RT-qPCR using the QunatiNova RT-qPCR Kit (Qiagen Inc.,
Santa Clarita, CA, USA) on a thermocycler QuantStudio 5 (Applied Biosystems, Foster City, CA, USA). Standard RT-
gPCR was performed according to the manufacturer’s recommendations. 5 uL of extracted RNA (total concentration
500 ng) was mixed with 2 pL Probe RT-PCR MasterMix, 6 uL of RNase-free water, 1.5 pL of each primer: MHV-F
(5> = GGA ACT TCT CGT TGG GGC ATT ATA CT - 3”), MHV-R (5’ — ACC ACA AGATTATCATTT TCA CAA
CAT A —3’), 1 pL of Probe 5 6-FAM 3' TAMRA (5’-6-FAM-ACA TGC TAC GGC TCG TGT AAC CGA ACT GT -
TAMRA-3’) and 0.2 pL QN Probe RT-Mix, and filled with water to a total volume of 20 pL. The following cycle
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conditions were used: RT-step at 45 °C for 10 minutes, PCR initial heat activation at 95 °C for 5 minutes, and 40
cycles of 2-step cycling (denaturation at 95 °C for 5s and combined annealing at 60 °C for 30s). Primers were designed
based on the region encoding membrane protein (nucleotides 29196-29303; product length 108 nt) in the MHV-JHM
genome sequence (GenBank: FJ647226.1). Primers were purchased from IBB PAN (Warsaw, Poland). A standard
curve was prepared using serial 10-fold dilutions of pGEM-T/MHV-JHM standard (108710 copies per reaction). Each
reaction was performed in triplicate.

Immunofluorescence Assay

All antibodies and reagents were purchased from Invitrogen by Thermo Fisher Scientific (Waltham, MA, USA) unless
otherwise specified. A dual immunofluorescence assay for specific viral antigens and host cell receptors was performed.”’
Cells cultured on coverslips in a 6-well plate (10° cells per well) were left uninfected (negative control), infected with MHV-
JHM (positive control), treated with GO-Ag composite without infection (positive control), or: (i) pre-treated with GO-Ag
composite and infected with MHV-JHM for 1 h at 37°C, (ii) infected with MHV-JHM for 1 h at 37°C and post-treated with
GO-Ag composite. After incubation for 2, 18 and, 24 h at 37°C, cells were washed twice with phosphate buffer solution (PBS,
Gibco), fixed in paraformaldehyde PBS for 30 min, and permeabilized with 0.5% Tween/PBS (Sigma-Aldrich), for 15 min.
Unspecific binding sites were blocked using 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS (40 min) prior to
staining. To visualize MHV-JHM antigen, cells were incubated with one of the following antibodies: SARS-CoV-2 Spike
Protein S2 mouse mAb (1 mg/mL, 1:200, 1 h, 37°C) or SARS/SARS-CoV-2 Coronavirus Nucleocapsid mouse mAb (1 mg/
mL, 1:500, 1 h, 37°C) coupled with goat anti-mouse Alexa Fluor 488 antibody (2 mg/mL, 1:500, 1 h, RT). For visualization of
a host cell receptor, CEACAM1 recombinant rabbit mAb (1 mg/mL, 1:100, 4°C, overnight) coupled with secondary goat anti-
rabbit Alexa Fluor 647 antibody (2 mg/mL, 1:200, RT) were used. Nuclear DNA was stained with Bisbenzimidine/Hoechst
33258 (2 ug/mL, 2 min, Sigma-Aldrich) according to the manufacturer’s recommendations. Stained coverslips were mounted
on glass slides in ProLong Gold Antifade Reagent (Thermo Fisher Scientific; Waltham, MA, USA).

Image Acquisition

Fluorescent images were acquired using a FluoView FV10i laser scanning confocal microscope (Olympus Poland Sp.
z 0.0). equipped with ultraviolet/visible light LD lasers and 60x water-immersion objective. Confocal imaging was
carried out in confocal mode using excitation wavelengths of 352 nm, 499 nm, 552 nm, and 653 nm to excite Hoechst,
Alexa Fluor 488, TRITC, and Alexa Fluor 647, respectively. Images were converted to 24-bit tiff files for visualization.
Microscopic analysis was performed using FV10i software (Olympus), ImageJ (NIH Image, version 1.53a, USA), and
Adobe Photoshop CS6 software (Adobe Systems Incorporated).

Image Analysis for Colocalization

To detect the colocalization of the fluorescence signal from cells’ receptor - Ceacam! and the viral antigen, a minimum of
100 images were used. Images were analyzed using the Fiji BIOP JACoP plug-in. The analysis involved two channels:
green fluorescence corresponding to the viral antigen and far-red fluorescence for Ceacaml. The quantitative interpreta-
tion of pixel correlation coefficients, in the form of threshold parameters of Pearson’s correlation coefficient (PCC) and
Manders’ correlation coefficient (M1 and M2) of global statistical analysis, were considered for statistical analysis,
considering pixel intensity distributions from fluorogram plots.®® The degrees of correlation were indicated as perfect for
values near £ 1, strong for values between + 0.50 and + 1, medium for values between + 0.30 and £ 0.49, and low for
values below + 0.29.

Scanning Electron Microscopy (SEM)

Murine hepatocytes were seeded on microscopic slides placed in a 24-well plate at a density of 3x10° cells per well.
Cells were left uninfected or: (i) pre-treated with GO-Ag composite and infected with MHV-JHM for 1 h at 37°C, or (ii)
infected with MHV-JHM for 1 h at 37°C and post-treated with GO-Ag composite for 24 h at 37°C. Next, hepatocytes
grown on microscopic slides were fixed for 2 h with 2.5% glutaraldehyde in phosphate buffer. After that, the coverslips
were washed with phosphate buffer and post-fixed for 1 h in 1% OsO4 with 0.8% potassium ferrocyanide. After another

International Journal of Nanomedicine 2024:19 hetps: 9015
Dove:


https://www.dovepress.com
https://www.dovepress.com

Cymerys et al Dove

washing cycle, the samples were dehydrated through a series of increasing concentrations (30%—100%) of ethanol and
acetone (2x 30 min) and dried in a CPD 7501 critical point drier (Polaron; Hatfield, PA, USA). Cells were then coated
with a gold layer in a JFC-1300 sputter-coater (JEOL, Tokyo, Japan). The SEM imaging was operated under FEI Quanta
200 environmental scanning electron microscope (ESEM) with an EDAX EDS system (FEI, Tokyo, Japan).

Statistical Analysis

The results were statistically evaluated by two-way analysis of variation (ANOVA) using the Tukey multiple comparisons
test or multiple unpaired t-tests using threshold p-value with the Dunnett multiple comparisons correction method. All
experiments were done at least in triplicate. These analyses were performed using GraphPad Prism™ version 9.4.0 (453)
for macOS software (GraphPad Software Inc., San Diego, CA, USA). Statistical differences were interpreted as significant
at p <0.05 (*), highly significant at p < 0.01 (**), extremely significant at p < 0.001 (***) and not significant at p > 0.05.

Results
Characterization of AgNPs, GO, and GO-Ag Composite

The size distribution and morphology features of the nanomaterials are shown in Figure 2. AgNPs exhibited the smallest
hydrodynamic diameter at 108.6 nm, contrasting with GO, which presented the largest at 1235 nm. Nevertheless, GO was
non-spherical, as shown by TEM analysis (Figure 2D). Bare GO showed a size exceeding 1000 nm, while the size of bare
AgNPs ranged from 8 to 97 nm (Figure 2E). Differences between the size values obtained from DLS and TEM analysis
are due to the formation of agglomerates by small-sized AgNPs and the flake-like structure of GO. However, GO was an
excellent carrier for AgNPs. Due to its large surface area, GO provides an excellent platform for bonding with other
metal nanoparticles.®%”°

All nanomaterials used indicated negative zeta potential (Table 1). AgNPs at their lowest concentration (3 pg/mL)

displayed comparatively less negative values than other nanoparticles. The newly formed nanocomposites exhibited zeta
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Figure 2 Particle size and morphology.
Notes: (A-C), size measurement (DLS) of AgNPs, GO, and Ag-GO complex; (D) TEM visualization of Ag-GO; (E) particle size based on TEM visualization.
Abbreviations: DLS, dynamic light scattering; TEM, transmission electron microscope; GO, graphene oxide; AgNPs, silver nanoparticles.
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Table | Zeta Potential Values * Zeta
Concentrations

Deviation of Nanomaterials in Different

Nanomaterial | Concentration [pg/imL] | Zeta Potential + Zeta Deviation [mV]
AgNPs 3 —16.7 £7.6
10 —19.6 + 7.34
25 —24.1 %126
GO 3 -185 + 791
5 -224 %112
10 - 193 +£776
Ag-GO 3-3 -21.9 £ 102
3-10 —22.3 + 239
10-3 -229 + 104
10-10 -21.6 £ 125
25-5 —25.5 + 8.70

Abbreviations: GO, graphene oxide; AgNPs, silver nanoparticles; GO-Ag, graphene oxide-silver nanoparticles

composite.

potential values closer to + 30 mV than nanoparticles used alone, which suggests mutual stability between the two
components, as supported by previous studies.”’ FT-IR analysis showed that the bands at 3400 cm™ ' and 2950 cm™ " are
related to -OH and -CH groups, respectively, and were found in the spectra of all nanomaterials (Figure 3A). The C-O,
C-C, C-0O, and C=C stretches were found in the spectra of GO, AgNPs, and GO-Ag. Energy dispersive X-ray (EDX)
analysis showed that the spectra of the nanocomposites were composed of Ag, C, and O atoms (Figure 3B). The strongest
absorption band peak of Ag was around 3 keV. The presence of C and O is due to the structure of graphene oxide. Based
on the weight (%), there was 4 times more Ag than carbon, which is consistent with the concentration of the

nanocomposite (GO:

5 pg/mL and Ag 25 pg/mL).
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Figure 3 Chemical characteristics of the AgNPs, GO, and GO-Ag composite.
Notes: (A) FT-IR spectra of the particles. Color markings: red, AgNPs; green, GO; and black GO-Ag composite, (B) EDX analysis used to identify the elemental

composition of the particles.

130

Abbreviations: FT-IR, Fourier-transform infrared spectroscopy; EDX, Energy Dispersive X-ray detector attached with SEM; GO, graphene oxide; AgNPs, silver

nanoparticles.
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Cytotoxicity of AgNPs, GO and GO-Ag

The cytotoxicity of AgNPs, GO, and GO-Ag composite on murine hepatocytes was determined by an XTT-based cell
proliferation assay (Figure 4). In GO-treated cells, the most significant reduction in cell viability was observed at
a concentration of 50 pg/mL. After 24 and 48 hours of incubation, GO 50 pg/mL caused a 50% decrease in hepatocyte
proliferation compared to the control. For the remaining GO concentrations used (3, 5, 10, and 25 pg/mL), a level of
hepatocyte viability comparable to the control (100%) was observed (Figure 4A). In Ag-treated cells, the lowest viability
after 24 hours was observed at 50 pg/mL, which has been shown to be highly cytotoxic to hepatocytes. The remaining
concentrations of AgNPs (3, 5, 10, and 25 pg/mL) had no cytotoxic effect on hepatocyte viability (Figure 4B). However,
the same tendency was not observed after incubation with AgNPs for 48 hours. Ag 10 ug/mL was found to reduce
hepatocyte viability by 75% and Ag 25 pg/mL by up to 10%. The results of the XTT assay showed that the
concentrations of GO-Ag nanocomposites used to determine its antiviral activity were non-cytotoxic. Following 24
and 48 hours of incubation with all concentrations of GO-Ag nanocomposite, the viability of cultured hepatocytes
remained at a level comparable to the control (100%) (Figure 4C).

Cytopathic Effect and MHV-JHM Titer
The morphology and cytopathic effect (CPE) induced by the MHV-JHM strain on hepatocytes were examined using the
JuLI™Br Live Cell Analyzer. The typical cytopathic effect (CPE) of coronavirus infection, including MHV-JHM, is the
formation of multinucleated giant cells due to intercellular fusion (Figure 5). The formation of syncytial cells can be
observed as early as 8 h p.i. (hour post infection) (Figure 5C; red circles), followed by the rounding of the cells and
finally their detachment until the entire monolayer has been destroyed (18-24 h p.i). (Figure 5E and F). These results
were confirmed by a graph of the confluence level of cells — starting from 8 h p.i., an intense decrease in the confluence
level was observed (from 90% to 20%) (Figure 5G).

The titer of MHV-JHM, using 0.1 mL of viral inoculum, evaluated according to the improved Kérber method, was
107 TCIDs,.

Virus Inhibition of GO-Ag Composite

In order to determine the potential antiviral effect of the GO-Ag composite, the MHV-JHM titer was examined using the
method of the presence/absence of CPE in murine hepatocytes. The MHV-JHM titer was evaluated in cell culture with
varying concentrations of each nanocomposite solution, using two distinct methods (Figure 1). Moreover, the antiviral
activity of GO (GO 3 ug/mL, GO 5 ug/mL, and GO 10 pg/mL) and AgNPs (Ag 3 pg/mL, Ag 10 pg/mL, and Ag25 ng/
mL) was tested separately under the same conditions for comparison with GO-Ag nanocomposites (positive control). The
principle of the study was to determine the possibility of MHV-JHM inactivation by graphene oxide-silver nanoparticle
composites, graphene oxide, and AgNPs based on the decrease in infectious titer of the virus.
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Figure 4 Cell viability after exposure to different concentrations of GO (A), AgNPs (B), and GO-Ag composite (C), evaluated using cell proliferation XTT assay.
Abbreviations: GO, graphene oxide; AgNPs, silver nanoparticles; GO-Ag, graphene oxide-silver nanoparticles composite; XTT, cytotoxicity test, cell viability test.
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Figure 5 Real-time cell growth analysis of murine hepatocytes infected with MHV-JHM performed by using live image move analyzer JuLi™Br.

Notes: Cultures were observed for 24 h from initial seeding (A-F). Syncytia formation is indicated by red circles. The generated graph shows the percentage of cells’
confluence level [%] during the complete analysis (G). All images were recorded every 5 min, and monolayer confluence was analyzed. Objective magnification x 40.
Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; hpi, hour post infection.
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The studies showed that all of the GO-Ag composites tested resulted in a statistically significant reduction of the virus
titer between 3.2 and 7.3 logarithms (logl0 TCIDsq) (Figure 6). In the first method (pre-incubation and infection), the
greatest virus titer reduction was obtained for GO 5 pg/mL - Ag 25 pg/mL composite (reduction of 5.8 logl0 TCIDs,
compared to the stock virus titer) (Figure 6A). In the second method (infection and post-incubation), the greatest MHV-
JHM titer reduction was also obtained for GO 5 pg/mL - Ag 25 pg/mL composite (reduction of 7.3 logl0 TCIDsy
compared to the stock virus titer) (Figure 6B).

When the nanocomposite components were used separately, a reduction in virus titer was also observed, but at a lower
level compared to the GO-Ag composite (Figures 8 and 9). In the first method (pre-incubation and infection), the greatest
reduction in virus titer was obtained for Ag 25 ug/mL (reduction of 3.3 logl0 TCIDs, compared to the stock virus titer)
(Figure 8A). In the second method (infection and post-incubation), the greatest MHV-JHM titer reduction was also obtained
for Ag 25 pg/mL (reduction of 4.2 log10 TCIDs, compared to the stock virus titer) (Figure 8B). All GO concentrations tested
resulted in statistically insignificant reductions in virus titer ranging from 0.8 to 1.4 log10 TCIDs, (Figure 9).

Further experiments were performed to determine whether the MHV-JHM titer underwent changes after completing
a full replication cycle in hepatocytes and following the application of GO-Ag. For this purpose, after incubation with
MHV-JHM and nanocomposites, the culture supernatant was collected from each well and used to infect fresh cultures of
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Figure 6 The antiviral activity of GO-Ag composites. Virus titration on murine hepatocytes (24 h p.i.).

Notes: (A) pre-incubation and infection (MHV-JHM was incubated for | hour with the following concentrations of GO-Ag composites); (B) infection and post-incubation
with GO-Ag composites. Data are presented as mean # standard deviation (SD) (n = 3). Tukey’s multiple comparison test is highly significant at p < 0.01 ** and extremally
significant at p < 0.001 *¥*,

Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-silver nanoparticles composite; log, logarithm; TCID, tissue culture infectious dose;
SD, standard deviation.
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murine hepatocytes according to the scheme shown in Figure 1. All tested GO-Ag composites resulted in a statistically
significant reduction in virus titer, ranging between 3.2 and 8.14 logl0 TCIDs after the second passage in hepatocyte
cells (Figure 7). In the first method (pre-incubation and infection), the most substantial reduction in virus titer was
obtained for the GO 5 ug/mL - Ag 25 pg/mL composite (reduction of 8.14 logarithm compared to the control virus titer)
(Figure 7A). In the second method (infection and post-incubation), remarkably high MHV-JHM titer reduction was also
obtained for all GO-Ag composites (reduction of 7.47-8.14 logl0 TCIDsy, compared to the control virus titer)
(Figure 7B).

Reverse transcription quantitative real-time PCR (RT-qPCR) was used to detect viral RNA in hepatocyte cells pre- and post-
incubated with various concentrations of GO-Ag composites, GO and, AgNPs to determine their effect on virus replication
(Figures 10 and 11). The RT-qPCR analysis showed a significant decrease in MHV-JHM RNA copy number in GO-Ag treated
cells compared to infected GO-Ag untreated control (7.67+2.08 x 10'* copies/ng RNA) (Figure 10A and B). The highest
significant decrease in viral RNA copy number in hepatocytes was observed after post-incubation with the following composites:
GO 3 ug/mL - Ag 3 pg/mL (1.48+1.0 x 10° copies/ug RNA), GO 10 pg/mL - Ag 3 pg/mL (5.03£6.86 x 10° copies/ug RNA),
GO 3 pg/mL - Ag 10 pg/mL (3.94+5.56 x 10* copies/ug RNA) and GO 5 pg/mL - Ag 25 pg/mL (1.07+1.37 x 10° copies/ug
RNA) (Figure 10B). Additionally, a significant decrease in viral RNA copy number was noted in cells pre-incubated with GO-Ag
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Figure 7 Virus titration in the cell culture supernatant collected at 24 h p.i,, after initial (24 h) incubation of cells with GO-Ag nanocomposite.

Notes: (A) pre-incubation and infection (MHV-JHM was incubated for | hour with the following concentrations of GO-Ag composites); (B) infection and post-incubation
with GO-Ag composites. Data are presented as mean + standard deviation (SD) (n = 3). Tukey’s multiple comparison test was significant at p < 0.01 ** and extremally
significant at p < 0.00] ¥,

Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-silver nanoparticles composite; log, logarithm; TCID, tissue culture infectious dose;
SD, standard deviation.
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Figure 8 The antiviral activity of silver nanoparticles (AgNPs). Virus titration on murine hepatocytes (24 h p.i.).

Notes: (A) pre-incubation and infection (MHV-JHM was incubated for | hour with the following concentrations of AgNPs); (B) infection and post-incubation with AgNPs.
Data are presented as mean * standard deviation (SD) (n = 3). Tukey’s multiple comparison test is significant at p < 0.01* and highly significant at p < 0.001 **.
Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; AgNPs, silver nanoparticles; log, logarithm; TCID, tissue culture infectious dose; SD, standard deviation.

composites and infected at 24 h. The highest decrease in viral RNA copy number was observed after pre-incubation with GO 5
pg/mL - Ag 25 pg/mL composite (2.24+4.49 x 10° copies/ug RNA) compared to control untreated cells (7.67+2.08 x 10'°
copies/pug RNA) (Figure 10A).

After using AgNPs, the highest statistically significant decrease in viral RNA copy number in hepatocytes was observed
after pre-incubation with Ag 10 pg/mL (7.22+4.7 x 10° copies/ug RNA) and Ag 25 pg/mL (9.26+7.84 x 10° copies/pg
RNA) and post-incubation with the following concentrations: Ag 3 pg/mL (9.76+7.31 x 10° copies/ug RNA), Ag 10 pg/mL
(7.17£7.2 x 10° copies/ug RNA) and Ag 25 pg/mL (1.25+9.5 x 10° copies/ug RNA) compared to control untreated cells
(7.67+2.08 x 10'° copies/ug RNA) (Figure 11A and B). In addition, a significant decrease in viral RNA copy number was
observed in cells pre-incubated with GO 3 pg/mL and GO 5 pg/mL (9.33+8.37 x 107 copies/ug RNA and 8.87+4.87 x 107
copies/ug RNA, respectively) compared to untreated control cells (7.67+2.08 x 10'° copies/ug RNA) (Figure 11A).

To determine and confirm the inhibitory effect of GO 5 pg/mL - Ag 25 pg/mL composite treatment on cell growth
and morphology of MHV-JHM-infected hepatocytes, real-time cell growth analysis (JuLI™ Br) was performed
(Figure 12). Hepatocytes infected with MHV-JHM and incubated with GO 5 pg/mL - Ag 25 pg/mL composite remained
unchanged with retained ability to proliferate. The cytopathic effect of syncytia formation was not observed. These
observations were confirmed by quantifying cell confluence and generating a growth curve using image-based analysis
(Figure 12).
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Figure 9 The antiviral activity of graphene oxide (GO). Virus titration on murine hepatocytes (24h p.i.).

Notes: (A) pre-incubation and infection (MHV-JHM was incubated for | hour with the following concentrations of GO); (B) infection and post-incubation with GO. Data
are presented as mean * standard deviation (SD) (n = 3).

Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO, graphene oxide; log, logarithm; TCID, tissue culture infectious dose; SD, standard deviation.

Effect of GO-Ag Composite on the Distribution of the Viral Antigen and the Entry
Receptor of MHV-JHM in Murine Hepatocytes

The distribution of the viral antigen and the entry receptor of MHV-JHM in murine hepatocytes was examined by
confocal microscopy at 2, 18, and 24 h p.i. (Figure 13). In uninfected and untreated cells, a uniform distribution of the
antigen for the Ceacaml receptor was observed over the entire cell surface (Figure 13B). In the infected cells, where the
viral antigen was already present in the early hours after infection (2 h), the distribution of the Ceacaml receptor was
similar in the form of intense, evenly distributed punctate fluorescence (Figure 13B). In the images of cells pre- and post-
treated with GO-Ag composite, the viral antigen was also visible, but the changes in the distribution of the Ceacaml
receptor could be observed (Figure 13A). It was no longer evenly distributed on the cell surface but appeared in the form
of intensely fluorescent accumulations.

Bioinformatic analysis of the Pearson correlation coefficient (PCC) of the hepatocyte Ceacaml cell receptor with viral
antigen was used to test how GO 5 pg/mL - Ag 25 pg/mL composite modulate the distribution of the Ceacaml receptor
and whether they affect the efficiency of virus entry into the cell (pre-treatment method; A) or release progeny virions
after treatment with nanocomposites (post-treatment method; B) (Figure 13C). Untreated controls were MHV-JHM-

infected cells without nanocomposite addition. In these samples, PCC showed a high correlation of 0.8, indicating
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Figure 10 RT-qPCR analysis of MHV-JHM viral RNA copies per pg during 24 h p.i. in murine hepatocytes.

Notes: Treatment effect of different concentrations of each GO-Ag nanocomposite solution on MHV-JHM replication. (A) pre-incubation with GO-Ag and infection,
(B) infection and post-incubation with GO-Ag. Data are the mean of three independent experiments (n = 3). Data are presented as mean * standard deviation (SD) (n = 3).
Tukey’s multiple comparison test extremally significant at p < 0.001 *¥*,

Abbreviations: RT-qPCR, reverse transcription quantitative real-time polymerase chain reaction; MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-
silver nanoparticles composite; SD, standard deviation, h p.i., hour post infection.
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Figure |1 RT-qPCR analysis of MHV-JHM viral RNA copies per pg during 24 h p.i. in murine hepatocytes.

Notes: Treatment effect of different concentrations of AgNPs and pure GO on MHV-JHM replication. (A) pre-incubation with AgNPs or GO and infection, (B) infection and
post-incubation with AgNPs or GO. Data are the mean of three independent experiments (n = 3). Data are presented as mean * standard deviation (SD) (n = 3). Tukey’s
multiple comparison test is highly significant at p < 0.01 ** and extremally significant at p < 0.001 *¥¥,

Abbreviations: RT-qPCR, reverse transcription quantitative real-time polymerase chain reaction; MHV-JHM, murine hepatitis virus JHM strain; AgNPs, silver nanoparticles;
GO, graphene oxide; SD, standard deviation, h p.i., hour post infection.
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Figure 12 Real-time cell growth analysis of murine hepatocytes infected with MHV-JHM and treated with GO 5 pg/mL - Ag 25 pg/mL composite, performed by using live
image move analyzer JuLi™Br.

Notes: (A) pre-incubation with GO-Ag and infection, (B) infection and post-incubation with GO-Ag. Cultures were observed from initial seeding for 18 h. The generated
graph shows the percentage of cells’ confluence level [%] during complete analysis. All images were recorded every 5 min and analysed for monolayer confluence. Objective
magnification x 40.

Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-silver nanoparticles composite; hpi, hour post infection.

colocalization of the cell receptor with the viral antigen. In contrast, in hepatocyte cells pre- and post-incubated with GO
5 pg/mL - Ag 25 pg/mL composite, a highly significant decrease in PCC was observed, which oscillated below 0.4 at all-
time points after infection. These values are defined as no correlation. The most significant decrease in values was
observed in the pre-treatment method (A) 18 h p.i. with MHV-JHM (Figure 13C).

Ultrastructural Analysis of Cell Morphology After MHV-JHM Infection and GO-Ag
Composite Treatment by High-Resolution SEM

Consistent with the above observation, we performed an analysis of the cell surface of infected hepatocytes pre- and post-
incubated with GO 5 pg/mL - Ag 25 pg/mL composite using scanning electron microscopy (SEM). As determined by SEM,
hepatocytes in the control untreated sample had multiple protrusions, and in positive control (cells treated with nanocompo-
site), the cells were covered by GO-Ag sheets, and a thinning of protrusions was observed (Figure 14, red boxes and
arrowheads). The GO-Ag treated cells were more oval and denser compared to the control cells (Figure 14). In positive
control, MHV-JHM infected hepatocytes maintained the ability to form filopodia and connection between neighboring cells
(supporting efficient virus spread) (Figure 14, red boxes and arrowheads). 18 h p.i. the entire replication cycle of MHV-JHM
occurs, which is present in cell morphology as numerous cell blebbing and formation of apoptotic bodies. In the pre-treatment
method, which implies limiting virus entry into the cell, the protrusions were visible, but the apparent change in cell
morphology was present. No blebbing or apoptosis was noted. In the post-treatment method, in which the budding of progeny
virions should be interrupted, it was possible to notice less prominent cell projections. The morphology of cells was rounded,
but no apoptotic bodies or blebbing occurred even at 18 h p.i. (Figure 14).
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Figure 13 Confocal representative images of MHV-JHM infected hepatocytes treated with nanocomposites GO 5 pg/mL - Ag 25 pg/mL in pre-treatment (A), and post-
treatment (B) method.

Notes: Indirect and direct immunofluorescence staining; viral antigen — green; Ceacam| receptor — deep blue; cell nuclei - blue;. Microscope magnification 60x, scale 30 pm
(A and B). Grouped colocalization analysis for entry receptor — Ceacam| with MHV-JHM viral antigen. Thresholded Pearson correlation coefficient analyses (presented as
the mean and standard deviation) as a function of time for data from 2100 cells in three independent experiments for each experimental condition. Histograms comparing
correlations (presented as the mean and standard deviation) at 2, 18 and 24 h p.i. (C). Tukey’s multiple comparison test extremally significant at p < 0.001 ***
Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-silver nanoparticles composite; Ceacam|, carcinoembryonic antigen related cell
adhesion molecules; mock, non-infected and non-treated cells; h p.i., hour post infection; PCC, Pearson correlation coefficient.
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control -

control + GO-Ag

Figure 14 Scanning electron microscopy micrograph of hepatocyte surface.
Notes: Effect of MHV-JHM infection and nanocomposite GO 5 pg/mL - Ag 25 pg/mL treatment on host cell surface at |, 2 and 18 h p.i. Red squares show magnified regions

of cell protrusions morphology with and without surface treatment. Red arrowheads indicate a major change in cell protrusions number and architecture. Scale 20 pym.
Abbreviations: MHV-JHM, murine hepatitis virus JHM strain; GO-Ag, graphene oxide-silver nanoparticles composite; h p.i., hour post infection.
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Discussion
Coronaviruses, in particular SARS-CoV2, are mainly transmitted by respiratory droplets and aerosols during direct
person-to-person contact, and due to their high stability, contaminated surfaces can also pose a real threat of
transmission.”>’* Approaches to combat the pandemic include exposure reduction, vaccination, and the development
and evaluation of novel or already approved drugs that reduce the infectivity of the virus. Apart from the use of antiviral
drugs, the decontamination of surfaces and personal protective equipment (PPE) is critical to reducing infections.””
The field of nanotechnology has been growing rapidly over the past decade and nanomaterials are now being used in
a variety of applications. They exhibit a broad spectrum of antiviral activities, such as inhibiting receptor binding of viral
particles to host cell surface structures, interacting with the viral envelope and degrading its structure, or degrading viral

20:21.25.27.44.76.77 These properties make them highly promising

particles by generating reactive oxygen species (ROS).
candidates for virus neutralization by therapeutics or surface coatings.

Extensive experimental evidence supports the antiviral activity of silver nanoparticles (AgNPs)?"**? and graphene
oxide (GO).>'**%* In this study, we investigated the potential antiviral activity of GO and AgNPs combined in
a nanocomposite GO-Ag, against murine coronavirus MHV-JHM using an in vitro model.

Previous studies have shown that the formation of complexes of AgNPs and GO ensures better stabilization of the
components, which is particularly important in the case of silver nanoparticles, which are known for their tendency to form
agglomerates that can weaken their antimicrobial properties.*>='¢"-"%"8 This was evident in our study, as the GO-Ag complex
exhibited a zeta potential close to £26 mV, indicating that the complex was characterized by better colloidal stability than the
individual components (Table 1). The size distribution of GO indicated the presence of large nanoparticles/agglomerates
exceeding 1000 nm in diameter. The TEM analysis showed that GO was in the form of flakes, and GO provided a large
platform for attaching AgNPs to its surface, creating a carrier to transport smaller particles (Figure 2). The presented spectra
from FT-IR analysis are characteristic of all nanomaterials. The stretches C-O, C-C, C-O, and C=C were found in the spectra
of GO, AgNPs, and GO-Ag. (Figure 3). In addition, silver particles anchored on graphene oxide sheets showed non-cytotoxic
effects on cells susceptible to the coronavirus used. After incubation with all investigated concentrations of GO-Ag
nanocomposite, the viability of cultured hepatocytes remained at a level comparable to the control (100%) (Figure 4). It
should be noted that after 48 hours of incubation with non-complexed AgNPs, the viability of cultured hepatocytes decreased
up to 75% for (Ag 10 ug/mL) and 10% (for Ag 25 ug/mL), whereas the GO concentrations used (3, 5, 10 and 25 pg/mL)
maintained a level of hepatocyte viability comparable to the control (100%). It seems that the attachment of AgNP to the
graphene oxide (GO) flake platform reduces its toxicity. Moreover, due to its low toxicity and remarkable physical properties,
GO seems to be an excellent carrier for AgNP. Obtained results are in agreement with previous study by Jaworski et al (2018)
in which they investigated the toxicity of a foil dressing to which the AgNP-GO complex was applied.”>®! The introduction of
GO into the complex reduced the cytotoxicity of silver without reducing its antimicrobial properties. In addition, results from
zebrafish studies suggest that GO is a preferred delivery platform due to its low toxicity and also reduces AgNP toxicity.*

To determine the antiviral effect of the different concentrations of each GO-Ag nanocomposite, as well as its
components (AgNP and GO), after pre-treatment (pre-incubation and infection) and post-treatment (infection and post-
incubation), the virus titer was assessed by the presence or absence of cytopathic effect (CPE) in a murine hepatocyte cell
line using a TCIDs, assay. The results obtained indicate a statistically significant reduction in virus titer ranging between
3.2 and 7.3 log (log10 TCIDs) for all the nanocomposites tested. The greatest reduction in MHV-JHM titer was observed
for the GO 5 pg/mL - Ag 25 pg/mL composite, particularly in the post-treatment method (Figure 6).

The question arises as to whether the antiviral effect of the GO-Ag composite is greater than that of its individual
components - GO and AgNPs. Our data showed that when the components of the nanocomposite were used separately,
a reduction in the titer of the virus was also observed, but at a lower level than in the case of GO-Ag composite. The
results obtained indicate a statistically significant reduction in virus titer ranging from 2.4 to 4.2 log (log10 TCIDs) for
AgNPs and from 0.8 to 1.2 log (logl0 TCIDsy) for GO. The greatest reduction in the titer of MHV-JHM was observed
for Ag 25 pg/mL and GO 5 pg/mL, GO 10 ug/mL, especially in the post-treatment method (Figures 8 and 9). These
results were further confirmed by RT-qPCR analysis (Figure 10). The higher significant decrease in viral RNA copy
number in hepatocytes was observed after post-incubation with the following composites: GO 3 ng/mL - Ag 3 pg/mL,
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GO 10 pg/mL - Ag 3 pg/mL, GO 3 pg/mL - Ag 10 ug/mL and GO 5 pg/mL - Ag 25 pg/mL compared to untreated
control cells and compared to the effects of AgNPs and GO separately (Figure 11).

A particularly strong antiviral effect of the GO-Ag composite and its components in the post-treatment method is probably
due to the fact that the continuous presence of the composite interferes with the efficiency of viral replication. Our hypothesis
that the GO-Ag composite interferes with the processes between virus entry and exit from the cell is also supported by results
of the experiment in which we used culture medium from infected cells treated with GO-Ag (according to the scheme shown
in Figure 1) to perform a TCIDs, assay in a new hepatocyte culture. The results showed that all the GO-Ag composites tested
resulted in a statistically significant reduction in virus titer - ranging from 3.2 to 8.14 log10 TCIDs after the second passage in
hepatocytes, which was particularly marked after the post-treatment method (Figure 7). This reduction was significantly
higher than that observed during the first MHV-JHM infection (Figure 6).

The strongest antiviral activity of the GO 5 pg/mL - Ag 25 pg/mL composite was further validated through real-time
cell growth analysis (JuLI™ Br). Hepatocytes infected with MHV-JHM and incubated with the nanocomposite remained
unchanged, devoid of characteristic morphological alterations associated with cytopathic effects, and retained their
proliferative capacity (Figure 12).

The results presented also indicate that pre-incubation of the virus with the GO-Ag composite reduces, but does not
completely inhibit, the efficiency of virus adsorption into the cell (Figure 6). Graphene-based nanocomposites can inhibit
viral infection in several ways, including blocking the binding of viruses to their host receptors, preventing viral
replication, and directly inactivating viruses.*> The antiviral effects of silver nanoparticles are also attributed to the
disruption of the outer layer of the coronavirus.®* The results obtained indicate that the GO 5 pg/mL - Ag 25 pg/mL
composite modulates the distribution of the Ceacam1 cell receptor, which may affect the efficiency of virus entry into the
cell (pre-treatment method) or the release of progeny virions after treatment with nanocomposites (post-treatment
method) (Figure 13). Bioinformatic analysis of the correlation coefficient of hepatocyte Ceacaml cell receptor with
viral antigen showed a significant decrease in PCC, defined as no correlation, after GO-Ag composite treatment
(Figure 13C). In addition, scanning electron microscopy visualization showed the adherence of GO-Ag composite
platelets to hepatocytes. The GO-Ag treated cells exhibited a more oval and dense morphology with shorter processes
compared to the control cells, which could potentially affect the efficient spread of the virus (Figure 14).

Current research on the interaction between GO-Ag nanocomposites and viruses is still limited. In the literature
reviewed for this study, one of the first reports by Chen et al (2016) found that GO sheets incorporated with silver
particles exhibited antiviral activity against both enveloped and non-enveloped viruses, whereas GO sheets alone could
only inhibit infection of enveloped viruses at non-cytotoxic concentrations.*® It was shown that the unique structure of
graphene oxide sheets may contribute to the inhibition of infection by lipid-enveloped feline coronaviruses (FCOV).*®
Studies of interactions between GO and lipid membranes have shown that negatively charged GO can adsorb to
positively charged lipid membranes, leading to lipid membrane rupture.® The exposed lipid tails from the ruptured
lipid membrane would strongly associate with the aromatic plane of the GO sheet, facilitating the absorption of more
lipid membranes.®>*® Du et al (2018) by, using the porcine reproductive and respiratory syndrome virus (PRRSV) as
a pattern, showed that exposure to GO-Ag nanocomposites could suppress PRRSV infection.®” It was found that GO-Ag
nanocomposites exhibited a better inhibitory effect compared to AgNPs and GO. Mechanism studies showed that GO-
AgNPs nanocomposites might prevent PRRSV from entering the host cells, with 59.2% inhibition efficiency.®’

In our case, it seems that GO acts as a trap, reducing the surface area of virus attachment to the cell membrane,
covering the surface receptors, and by direct interaction, permanently binding the virus to the GO surface, thus
deactivating it. On the other hand, the constant presence of the GO-Ag composite can inhibit the replication of the
murine coronavirus and significantly limit its release from the cell.

Conclusion

The most common route of contracting a respiratory virus, like a coronavirus, is through direct contact with an infected
person or through contaminated surfaces where the virus has settled. Therefore, the development of substrates, surfaces,
and surface coatings capable of inactivating viral pathogens is critical for disinfecting high-touch surfaces in public
transport systems and healthcare facilities. Graphene oxide (GO) presents itself as a promising candidate due to its
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biocompatibility, non-toxic nature, cost-effectiveness, high specific surface area, and remarkable ability to serve as
a chemically tunable platform for conjugation, facilitated by its strong non-covalent interactions with adsorbed biomo-
lecules, such as silver nanoparticles. In addition, graphene oxide sheets act as a stabilizing agent, inhibiting the
agglomeration of silver nanoparticles and reducing cellular toxicity.

The present study shows that graphene oxide-silver nanocomposites exhibit remarkable inhibitory effects on murine
coronavirus in vitro. Our results showed that the interaction of GO-Ag nanocomposite with cells is based on direct
interaction with the cell membrane and interaction with surface receptors. Therefore, the use of the composite can inhibit
viruses in physical binding and block the entry of MHV-JHM into the cells. In addition, the constant presence of the GO-
Ag composite can inhibit murine coronavirus replication and significantly limit its release from the cell. To conclude, the
application of such nanocomposites as antiviral coatings on solid surfaces could help minimize the transmission and
spread of viruses, for example in public spaces or medical facilities, and reduce viral infections by limiting their adhesion
to the cell or trapping them, for example from moving air.
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