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ABSTRACT

Shroff, Sailee

Virus persistence on surfaces: studies on nature-based solutions

Jyvaskyla: University of Jyvaskyld, 2024, 74 p.+ original papers

(JYU Dissertations

ISSN 2489-9003; 753)

ISBN 978-951-39-9945-2 (PDF)

Yhteenveto: Virus persistence on surfaces: studies on nature-based solutions
Diss.

The emergence of new viruses is always a global health threat, as they have the
potential to cause widespread outbreaks. Viruses can spread through direct
transmission but also via contaminated surfaces. The recent COVID-19
pandemic, in particular, highlighted the importance of maintaining clean public
spaces to minimize the transmission risk through surfaces. While surface
disinfection remains a practical solution, it can be laborious, time-consuming,
costly, and environmentally harmful. This dissertation has examined nature-
derived antiviral surface solutions to complement traditional strategies. Six wood
species were investigated for their antiviral properties in the first study. Most of
the wood species displayed broad-spectrum antiviral activity, with varying
capacities to inactivate both enveloped and non-enveloped viruses. The antiviral
efficacy of wood was hypothesized to be attributed to its porous nature and the
presence of wood extractives. The second study evaluated the efficacy of a tall oil
rosin-functionalized plastic surface against coronaviruses. The active component
rosin rapidly reduced the infectivity of both seasonal human coronavirus OC43
and SARS-CoV-2 without apparent changes in the virion structure, as evidenced
by different imaging techniques. The third study demonstrated that polyphenols
have potent antiviral activity against different serotypes of enteroviruses. The
efficacy of these polyphenols significantly increased when functionalized on the
surface of gold nanoparticles. The antiviral activity is hypothesized to be
associated with their ability to bind to multiple sites on the capsid. This
interaction may result in the super stabilization of the virion, preventing the
virus's binding to its host cells.

Keywords: antiviral solutions; coronavirus; enterovirus; gold nanoparticles;
polyphenols; rosin; plastic; wood.

Sailee Shroff, University of Jyvdskyld, Department of Biological and Environmental
Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland



TIIVISTELMA

Shroff, Sailee

Virusten sdilyminen infektiokykyisind pinnoilla: tutkimuksia luontoperdisilld
ratkaisuilla

Jyvaskyla: Jyvaskyldn yliopisto, 2024, 74 s. + alkuperdiset artikkelit

(JYU Dissertations

ISSN 2489-9003; 753)

ISBN 978-951-39-9945-2 (PDF)

Diss.

Viime vuosina virukset ovat aiheuttaneet merkittdvid maailmanlaajuisia
terveysuhkia, koska ne voivat aiheuttaa laajoja epidemioita. Tuorein SARS-CoV-
2:n aiheuttama COVID-19-pandemia on korostanut julkisten tilojen puhtauden
yllapitamisen tdrkeyttd pintojen kautta levidmisen riskin minimoimiseksi.
Vaikka pintojen desinfiointi on edelleen tehokas ratkaisu, se voi olla
tyovoimavaltaista, aikaa vievdd, kallista ja ympdristolle haitallista. Téssd
vditoskirjatyossd tutkittiin kolmea luonnosta perdisin olevaa antiviraalista
pintaratkaisua, jotka voisivat tdydentdd perinteisid desinfiointistrategioita.
Ensimmadisessd osatydssd tutkimme eri puulajien antiviraalisia ominaisuuksia.
Suurin osa puulajeista osoitti laajakirjoista antiviraalista aktiivisuutta, mutta eri
puulajeilla oli vaihteleva kyky inaktivoida vaipallisia ja vaipattomia viruksia.
Puun antiviraalinen teho johtui ensisijaisesti sen huokoisuudesta ja puun
uuteaineiden ldsndolosta. Toisessa osatytssd tutkittiin méntyoljyhartsia
sisdltivin muovin tehoa koronaviruksia vastaan. Aktiivista ainesosaa, hartsia,
uuttui muovipinnasta ja se kykeni vihentdmadn sekd kausiluonteisen ihmisen
koronaviruksen (HCoV-OC43) ettd SARS-CoV-2:n infektiokykyé& nopeasti ilman
ndkyvid muutoksia  virionin  rakenteessa, mikd varmistettiin  eri
kuvantamistekniikoilla. Kaésitellyt virukset kykenividt kulkeutumaan solujen
sisddn, mutta ne eivdt ndyttdneet etenevan endosomivaiheesta eteenpdin. Tama
viittaa siihen, ettd estomekanismi voisi liittyd viruksen ja endosomaalisten
kalvojen vihentyneeseen fuusioon, miké estdd viruksen genomin vapautumisen
sytoplasmaan. Viimeisessd osatyossd polyfenolit osoittivat voimakasta
antiviraalista aktiivisuutta erilaisia enteroviruksia vastaan. Tehokkuus
monikertaistui, mikali kdytettiin polyfenoleilla padllystettyja kultapartikkeleita.
Polyfenolien antiviraalinen teho perustui siihen, ettd ne sitoutuivat useaan
kohtaan viruksen pinnassa, mikd voimakkaasti stabiloi viruspartikkeleita ja
vdhensi niiden sitoutumista solujen pintaan.

Avainsanat: Antiviraali; koronavirus; enterovirus; muovi; polyfenolit; hartsi;
puu.

Sailee Shroff, Jyvdskylin yliopisto, Bio- ja ympidristotieteiden laitos PL 35, 40014
Jyviskylin yliopisto
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1 INTRODUCTION

Every few years, the world has witnessed an alarming number of viral outbreaks
in various regions. The most recent example of the pandemic caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to a
death toll of approximately 6.9 million and counting (WHO, 2023). Early into the
pandemic, the scientific community realized that contaminated surfaces could
play a significant role in the transmission of viruses. While conventional methods
like surface disinfection can help prevent fomite-based transmission, they have
their own set of limitations (Gebel et al. 2013). To strengthen and complement the
existing strategies, it is essential to explore additional antiviral solutions. One
approach is to use natural surfaces with antiviral properties, while another is to
develop antiviral surfaces by coating or embedding nature-based compounds
into everyday surfaces.

This thesis explores the antiviral capabilities of nature-derived compounds
and surfaces and elucidates the underlying antiviral mechanisms. Our study
found that, of the six wood species tested, most of them could inactivate both
enveloped and non-enveloped viruses. We also found that the distinct chemical
compositions of wood species, besides their absorption properties, might govern
their antiviral functionality. A rosin-functionalized plastic surface demonstrated
remarkable ability to rapidly inactivate coronaviruses in a relatively short time
frame compared to regular plastic surfaces. While this surface treatment did not
induce apparent changes in virion structure, it effectively hindered the viruses
from progressing beyond the entry and internalization stages in their infection
cycle.

Furthermore, our investigations into polyphenols revealed their potent
antiviral activity against enteroviruses. Notably, their efficacy was significantly
enhanced when they were functionalized onto the surface of gold nanoparticles.
These compounds functioned by super stabilizing the viruses, preventing their
attachment to host cell receptors, and preventing the release of their genetic
material. Together, these innovative approaches provide a comprehensive
defense against enveloped and non-enveloped viruses.
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2 REVIEW OF THE LITERATURE

2.1 Enteroviruses

21.1 Overview and health implications

The Enterovirus genus is part of the Picornaviridae family, found within the
Picornavirales order. There are 15 species of Enteroviruses, namely enterovirus A-
L and rhinovirus A-C, with 7 of these species (enterovirus A-D and rhinovirus
A-C) associated with human diseases (B’Krong et al. 2018). Our study focuses on
coxsackievirus A9 (CVAY), coxsackievirus Bl (CVB1), and B3 (CVB3), which
belong to the enterovirus B species. Enteroviruses primarily infect through the
faecal-oral route and replicate within gastrointestinal tract cells, aligning with the
Greek origin of their name "enteros" meaning "intestine". However, enterovirus
D68 is an exception, as it replicates in the respiratory tract (Jacobs et al. 2013).
From these primary sites of infection, these viruses can spread to and affect other
organs, including the nervous system (CNS) (Lee 2016, B’Krong et al. 2018).

Enteroviruses can cause various human diseases, ranging from mild flu-like
symptoms to severe cases of meningitis, encephalitis, acute flaccid paralysis, to
name a few (Nikonov et al. 2017, Simons-Linares et al. 2021). Additionally,
enteroviruses have been linked to type I diabetes (Nekoua et al. 2022) and
myocarditis (Bouin et al. 2019). Enteroviruses became popular in the last century
mainly due to the deadly outbreaks of the poliovirus. In the 21st century, non-
polio enteroviruses have also emerged as global health concerns, like EV-A71,
which caused hand-foot-and-mouth disease outbreaks in children in Southeast
Asia and EV-D68, which caused severe lower respiratory tract disease in children
in North America (Lee 2016, Baggen et al. 2018).

Recurrent outbreaks of these virus infections impose a significant burden
on society. There are currently no vaccines against enteroviruses, except
poliovirus vaccines and an EV71 vaccine that was approved only in China. There

14



are also no antivirals against enteroviruses. Therefore, effective prevention
strategies with timely, accurate surveillance are needed to mitigate future viral
outbreaks.

2.1.2 Structure and genome

Enteroviruses are small, non-enveloped viruses, measuring roughly 30 nm in size
(Muckelbauer et al. 1995). They have a single-stranded RNA genome with
positive polarity, measuring around 7.9 kilobase in length, flanked by
untranslated regions (UTRs) at both ends. At the 5' end of the genome, there is a
virion protein, genome linked (VPg), that acts as a primer during RNA
replication, and at the 3' end, there is a poly(A) tail. The genome is translated as
a single large polyprotein, which is then proteolytically processed by viral
proteinases to yield structural and non-structural proteins.

The viral genome is enclosed within an icosahedral capsid made up of four
structural viral proteins (VP1-VP4), with VP1, VP2, and VP3 forming the outer
part of the capsid and VP4 located on the inside (Rossmann et al. 1985, Hogle et
al. 1985). Most enteroviruses have a deep, circular depression surrounding each
of the fivefold axes of symmetry, called the "canyon", which is a critical site for
virus receptor binding (Rossmann et al. 2002). The floor of this canyon houses a
small hydrophobic pocket filled with a lipid moiety, often referred to as the
"pocket factor," which has been associated with virus stability (Smyth et al. 2003).

2.1.3 Lifecycle

Enteroviruses usually replicate in the mucosal cells of the gastrointestinal tract,
although for some types, like rhinoviruses and EV-D68, the primary replication
occurs in the respiratory tract (Wells and Coyne 2019). The lifecycle of a virus,
sometimes also addressed as the infection cycle, refers to the process in which the
virus reproduces inside the host cell to create new viruses. Fig. 1 illustrates a
schematic of the enterovirus lifecycle.

(1) Attachment: The enterovirus life cycle is initiated by the binding of the
virus to its host cell receptor. Depending on the serotype of the virus and
the host cell type, a plethora of enterovirus receptors have been
identified (Vuorinen et al. 1999). These receptors facilitate cell
attachment and entry, and some of them also contribute to the virus
uncoating step by inducing conformational changes in the capsid
(Yamauchi and Greber 2016). Most enterovirus receptors are proteins
and belong to the immunoglobulin-like or integrin receptor family. For
example, cluster of differentiation 155 (CD155) protein, also known as
poliovirus receptor (PVR), is used by poliovirus. Coxsackie adenovirus
receptor (CAR), is used for the entry and uncoating of coxsackie B group
viruses (Laajala and Marjomaki 2019).

(2) Endocytosis: Following receptor binding, the virus is engulfed inside
vesicles and enters the cell via receptor-mediated endocytosis (Wells
and Coyne 2019). The widely known endocytic mechanisms recognized
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for picornaviruses involve clathrin-(CME-) and caveolin-1 (CAV1)-
mediated pathways (Marjomaéki et al. 2002, Kim and Bergelson 2012).
However, some studies have explored endocytic mechanisms that
operate independently of CME and CAV1 (Brandenburg et al. 2007,
Khan et al. 2010).

(3) Uncoating: Receptor binding, heat, acidic pH, ion concentrations inside
the endosome, or exposure to albumin are some of the cues for the virus
to uncoat and release its genome into the cytoplasm (Ruokolainen et al.
2019). The externalized N-terminus of VPl in conjugation with
myristoyl-VP4 facilitate pore formation in the endosomal membrane
through which the RNA genome can be released into the cytoplasm
(Tuthill et al. 2006, Brandenburg et al. 2007).

Enterovirus

@

| Attachment | (0 Release

@ Non-Lytic Lytic Release

Endocytosis Release '\/
;\4— Receptor B
Mature virion

Replication Organelle

Uncoating SDKNAN (+) strand synthesis
.
Hj’ @ SDOOCOCN dsRNA intermediate \
VPg
NS

VPg

-) strand synthesis [ VaVa VN Provirion
Y 5‘
(+) RNA strand < (+) RNA strand L
(3| Replication
(® Assembly
Rlbosome
(® | Translation ;)
Nonstructural

Autocatalync proteins

Pol tei Pentamer
\,, £t

Protomer
Structural ———

Nucleus proteins

FIGURE1 Enterovirus lifecycle. The image is adapted and modified from Baggen et al.
2018. The main stages of viral infection can be summarised in 7 steps, which
include: 1. Attachment of the virus to its host cell receptor. 2. Internalisation of
the virus through endocytosis. 3. Viral uncoating inside the endosome and
release of the RNA genome through the endosomal membrane into the
cytoplasm. 4. Translation of the (+) ssRNA using the host ribosome into a single
long polyprotein. Proteolytic processing of the polyprotein generates some
viral structural and non-structural proteins. 5. Replication of the (+) ssSRNA
inside replication organelles (RO). 6. Packaging the structural proteins and the
newly synthesised (+) ssRNA to form provirions. Additional RNA-regulated
processing of the structural proteins matures the provirion into a fully
infectious virion. 7. Finally, the fully matured virions exit through lytic or non-
lytic release from the cell. This image was created using BioRender.com.
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(4) Translation: The (+) ssRNA viral genome is translated into one
continuous long polyprotein in the cytoplasm. The polyprotein is
cleaved by three viral proteinases, namely 2Apr, 3Cpro, and 3CDrr°, into
three precursor proteins, P1, P2 and P3, which are further processed into
smaller polypeptides. P1 encodes for the structural proteins, while P2
and P3 encode the non-structural proteins that participate in the viral
RNA translation and replication and also interfere with some cellular
processes to optimize viral replication (Teterina et al. 2011, Baggen et al.
2018). P1 is cleaved into viral capsid proteins VP1, VP3, and VPO.
Despite the proteolytic cleavage, VP1, VP3, and VPO do not physically
separate from each other; rather stay together as a protomer unit
(Fernandez-Tomas and Baltimore 1973, Palmenberg 1982).

(5) Replication: RNA replication occurs inside replication organelles (ROs)
that are generated by the remodeling of host cell membranes (mostly
endoplasmic reticulum or Golgi membranes) by the viral non-structural
proteins such as 3A and 2BC (Dales et al. 1965, van der Schaar et al. 2016).
The RNA-dependent RNA polymerase (3Drol) initiates replication
inside these ROs, generating a complementary negative strand (Yin-
Murphy and Almond 1996). The negative strand serves as a template for
synthesizing more positive strands (Novak and Kirkegaard 1991). The
newly synthesized positive strands can have multiple fates; these can (a)
act as a template for more genome replication, (b) be used for translating
polyproteins, or (c) combine with the structural proteins to assemble
into a progeny virion (Chase and Semler 2012).

(6) Assembly: The assembly of the virus takes place in the cytoplasm, where
protomers collate into pentamers, and 12 pentamers assemble around
the newly synthesized (+) ssSRNA to form a provirion (Fernandez-Tomas
and Baltimore 1973). The packaging of the RNA inside the "provirion"
occurs by a mechanism that is not well understood. The packed RNA is
thought to trigger an autocatalytic cleavage, splitting VPO into VP2 and
VP4, resulting in mature virions (Basavappa et al. 1994). Sometimes, the
capsids can assemble without the genome, which results in a dead end
for particle assembly (Verlinden et al. 2000).

(7) Release: Traditionally, it has been believed that the enteroviruses
egressed through the lytic pathway only; however, recent evidence
shows that some enteroviruses like the Hepatitis A virus (HAV) can also
egress through a non-lytic pathway using exosomes during early
infection. They primarily do this to evade the immune system and infect
neighboring cells by inducing autophagy (Lai et al. 2016).
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2.2 Coronaviruses

221 Overview and health implications

According to the most recent classification by the International Committee on
Taxonomy of Viruses (ICTV), coronaviruses fall under the family Coronaviridae
and subfamily Orthocoronavirinae (Woo et al. 2023). The subfamily is further
divided into four genera: Alpha-, Beta-, Gamma-, and Delta Coronavirus. While
Alpha Coronaviruses and Beta Coronaviruses primarily infect mammalian species,
Gamma and Delta Coronaviruses have a broader host range that includes avian
species too (V’'kovski et al. 2021). Amongst the Alpha and Beta Coronaviruses, seven
coronaviruses are associated with human diseases: HCoV-NL63, HCoV-229E,
MERS-CoV, HCoV-HKU1, SARS-CoV, HCoV-OC43, and the latest SARS-CoV-2
(Liu et al. 2021). HCoV-NL63 and HCoV-229E belong to Alpha Coronaviruses,
while the remaining five belong to the Beta Coronaviruses.

Coronaviruses transmit mainly through direct contact or respiratory
aerosols, but recently their transmission through faecal-oral route and from
contaminated surfaces was also highlighted (Guo et al. 2021). When surfaces get
contaminated by bodily secretions of infected people, they are known as fomites
(Geng and Wang 2023). Among coronaviruses, HCoV-HKU1, HCoV-OC43,
HCoV-NL63, and HCoV-229E are well-documented to circulate in the population
and tend to resurge seasonally, with the highest prevalence during the winter
months (Aldridge et al. 2020). These viruses typically cause mild upper
respiratory tract symptoms that resolve on their own (Liu et al. 2021). However,
in some cases, they can lead to severe complications, particularly in vulnerable
groups such as infants, individuals with underlying health conditions, or those
with compromised immune systems, affecting the lower respiratory tract and
central nervous system (Dominguez et al. 2009, Zhang et al. 2018, Almqvist et al.
2020).

On the other hand, the three other coronaviruses that have emerged over
the past two decades, namely SARS-CoV, MERS, and SARS-CoV-2, are highly
pathogenic and have been associated with severe outbreaks, including epidemics
and a pandemic. Patients infected with these coronaviruses typically exhibit
symptoms resembling the flu, but some cases reported severe illness like
pneumonia, acute respiratory distress syndrome (ARDS), liver damage, acute
renal failure, gastroenteritis, cardiac failure to name a few (Gulati et al. 2020).

2.2.2 Structure and genome

Human coronaviruses are quasi-spherical to pleomorphic, with an average
diameter of 80-120 nm (Prasad et al. 2020). They possess a positive-sense, single-
stranded RNA genome ranging from 27 to 32 kb, which is one of the largest
genomes among RNA viruses (Denison et al. 2011). The first two-thirds of the
genome has two open reading frames (ORFs), a and b (ORFla and ORF1b), which
encode 16 non-structural proteins (nsps) required for viral replication, and the
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remaining third of the genome encodes the structural proteins. The RNA is
bound to multiple copies of the nucleocapsid (IN) protein in a beads-on-a-string
arrangement to form a helical ribonucleoprotein (RNP) within the lipid envelope
(Fields 2013). The envelope of coronaviruses house three proteins that include
the membrane protein (M), the envelope protein (E), and the spike protein (S),
and in certain beta coronaviruses such as HCoV-OC43 and HCoV-HKU1, a
haemagglutinin-esterase (HE) glycoprotein is also present (Woo et al. 2023).

The S protein is a type I transmembrane fusion protein primarily
responsible for recognizing and binding to host-cell receptors and facilitating
membrane fusion during viral infection. The S protein assembles into
homotrimers, creating bulb-like structures protruding from the lipid envelope
called spikes or peplomers, which gives the virus its name (Masters 2006). During
assembly, the S protein of the spike is synthesized as a single polypeptide chain,
which is then cleaved by host furin-like proteases into an amino (N)-terminal S1
subunit and a carboxyl (C)-terminal S2 subunit, which remains non-covalently
associated (Jackson et al. 2022). The S1 subunit harbors the receptor-binding
domain (RBD) responsible for engaging with the host cell receptor. The RBD of
the S1 subunit undergoes hinge-like conformational changes, alternately hiding
or exposing the determinants of the binding site. The "down" conformation
represents the receptor-inaccessible state, while the "up" conformation signifies
the receptor-accessible state, which is a highly unstable state (Wrapp et al. 2020).

The S2 subunit anchors the S protein to the viral membrane. Within the S2
subunit, the fusion peptide and heptad repeats are crucial in mediating
membrane fusion between the viral and cellular membranes (Song et al. 2023).
The M and E proteins are involved in virus assembly (Fields 2013). Additionally,
the HE protein has also been identified to support the S protein's activity in
receptor binding and the egress of newly synthesized progeny virions (Vlasak et
al. 1988, Liu et al. 2021).

2.2.3 Lifecycle

The coronavirus life cycle includes several key stages, such as host receptor
binding, cell entry, virion uncoating, protein translation, RNA replication and
transcription, virion assembly, and the release of mature virions outside the cell.
Although the various coronaviruses that infect humans follow a similar life cycle,
differences can be observed in their entry routes and the production of specific
structural and accessory proteins (V'kovski et al. 2021). Fig. 2 illustrates the
lifecycle of the coronavirus.

(1) Virus attachment: The coronavirus life cycle starts with the
engagement of the virus spike protein with the host cell receptors.
Scientists have identified several molecules that serve as primary
receptors for virus attachment. For instance, HCoV-OC43 uses 9-
acetyl-9-O-acetyl neuraminic acid, HCoV-HKU1 uses O-acetylated
sialic acid, HCoV-229E uses amino peptidase N, and HCoV-NL63,
SARS-CoV and SARS-CoV-2 have a common receptor, which is the
angiotensin-converting enzyme 2 (ACE2) (Vlasak et al. 1988, Yeager et
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al. 1992, Li et al. 2003, Raj et al. 2013, Hulswit et al. 2019, Hoffmann et al.
2020). In addition to these primary receptors, other molecules such as
neuropilin 1 (NRP1), phosphatidylserine receptors, heparan sulphate,
and extracellular vimentin are also involved in the attachment process
(Clausen et al. 2020, Cantuti-Castelvetri et al. 2020, Wang et al. 2020,
Suprewicz et al. 2021, Bohan et al. 2021).
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FIGURE 2  Coronavirus life cycle. This image was adapted and modified from a review by
V’kovski et al. 2021. The general lifecycle of coronaviruses can be classified into
primarily six steps. 1. The first step is the engagement of the virus to its host
receptor. 2. The second step is the entry; SARS-CoV-2 uses either endocytosis
or membrane fusion and HCoV-OC43 uses mainly caveolin-mediated
endocytosis. 3. The host cell ribosomes in the cytoplasm translate the viral
genome into non-structural proteins (nsps). The nsps serve to build the
replication-transcription complex inside double-membrane vesicles (DMVs)
derived from the ER. 4. The RNA replication and transcription of subgenomic
mRNAs occur simultaneously inside the DMVs. 5. Newly synthesized viral
RNA bound to N-protein is condensed and encapsulated within the ERGIG
membrane, expressing the viral structural proteins to assemble into mature
virions. 6. Virions egress from the host cell through exocytosis. This image was
created using BioRender.com.

(2) Virus entry: After the binding of the S-protein to the ACE2 receptor,
the internal S2' site within the S2 subunit is exposed in the case of
SARS-CoV-2 (Jackson et al. 2022). The virus can enter the host cell at
this stage through endocytosis or plasma membrane fusion (Simmons
et al. 2005, Inoue et al. 2007). Plasma membrane fusion is contingent
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upon the presence of the transmembrane serine protease 2 (TMPRSS2)
on the cell surface (Simmons et al. 2005, Shulla et al. 2011). TMPRSS2
cleaves at the S2’ site, inducing conformational changes in S2,
dissociation of S1, and the insertion of the fusion peptide into the host
cell membrane (Thunders and Delahunt, 2020). Alternatively, in cases
where cell surface proteases are absent or insufficient, most
coronaviruses have demonstrated the ability to internalize into cells
via receptor-mediated endocytosis involving clathrin-dependent,
caveolae-dependent, or clathrin- and caveolae-independent pathways
(Nomura et al. 2004, Inoue et al. 2007, Wang et al. 2008, Milewska et al.
2018, Owczarek et al. 2018). Once virions are internalized into
endosomes, the acidic pH activates the cysteine protease cathepsin L
(CatL), leading to the cleavage of the spike protein within the S2
subunit. This is followed by the insertion of the fusion peptide into the
endosomal membrane (Bosch et al. 2008). Once the fusion peptide is
inserted into the (plasma/endosomal) membrane, conformational
changes in the S2 subunit push the S protein into a more stable post-
fusion conformation (Walls et al. 2017). The a-helical heptad repeats
(HR1 and HR?2) in the S2 subunit fold back, forming a six-helix bundle,
which pulls both membranes together, facilitating fusion and creating
a fusion pore for the release of the viral RNA to the cytoplasm (White
and Whittaker 2016, Jackson et al. 2022).

(3) Primary translation: The coronavirus RNA encodes both structural
and non-structural proteins. Once the viral RNA is released into the
cytoplasm, host ribosomes translate the viral RNA genes ORFla and
ORF1b, forming two polyproteins, ppla and pplab, respectively
(V'kovski et al. 2021). These polyproteins undergo cleavage by viral
proteases, including the Papain-like protease (PLpro, Nsp3) and the
3C-like protease or chymotrypsin-like protease (3CLpro or Mpro,
Nsp5) (Thiel et al. 2003). This cleavage results in the generation of
sixteen nsps that are required for the viral replication and along with
other host factors collectively form the viral replication and
transcription complex (RTC) (Pizzato et al. 2022). Some notable
functions of the nsps include: nsp1 shuts down the host cell translation
machinery (Kamitani et al. 2006). Nsp 12 is the RNA-dependent RNA
polymerase (RARP) whose role is to synthesize viral RNA, and nsp7
and nsp8 act as cofactors for polymerase activity (Snijder et al. 2016).
Nsp 13 has helicase activity. Nspl4 possesses a 3'-5' exonuclease
activity, functioning as a proofreading mechanism to correct errors
that may occur during the replication of the viral RNA genome
(Eckerle et al. 2007). Thus, coronaviruses are less mutation-prone than
most RNA viruses, although they are still more prone to mutation than
most DNA viruses.

(4) Replication and Transcription: To protect viral replication products
from the host defense system, nsps generated during primary
translation remodel host cell membranes, forming a specialized
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replication organelle (RO) (Hagemeijer et al. 2014). SARS-CoV-2 has
been exhibited to induce the formation of ROs called double-
membrane vesicles (DMVs) on the host cell endoplasmic reticulum
(ER) membrane (Cortese et al. 2020). Within these DMVs, viral RNA
replication and transcription of subgenomic mRNAs (sgRNA) occur.
Inside the DMVs, the RdRp (nsp12) initiates the synthesis of a full-
length negative-sense RNA copy of the viral mRNA (Snijder et al.
2016). This negative-sense RNA then serves as a template for
generating positive-sense genomic RNA. The newly synthesized
genomes can have multiple fates. They can be utilized either for the
translation of additional viral nsps or directed for packaging into new
virions (V'kovski et al. 2021). Concurrently, within the DMVs, the
negative strand can undergo discontinuous transcription to form
sgRINA that encodes for viral structural and accessory proteins. Nsp3
has been demonstrated to create pores facilitating the import of
metabolites essential for replication and transcription. Additionally,
these pores serve as exit points for the viral RNA from which viral
RNA leaves the DMVs for virion assembly (Wolff et al. 2020). The host
ribosomes in the ER translate the sgRNAs into viral structural proteins
such as S, E, M, and HE, while free ribosomes translate the N protein.

(5) Virus assembly: These structural proteins are then expressed on the
ER-Golgi intermediate compartment (ERGIG) (Stertz et al. 2007). An
exception is made for the N protein, which is directed to the cytoplasm
to package viral genomic RNA into a helical structure, forming the
ribonucleoprotein complex (Lu et al. 2021). Among all structural
proteins, the M protein plays a pivotal role in orchestrating virion
assembly (Neuman et al. 2011). Interactions amongst the M proteins
form the fundamental framework of the viral envelope. Together with
the E protein, M proteins induce membrane curving and budding.
Alongside the N protein and viral genome, they encapsulate the
ribonucleoprotein complex, completing the formation of the virion (Lu
et al. 2021).

(6) Egress: The virus buds off from the lumen of the ERGIC compartment
and is secreted from the infected cell by exocytosis in two ways: by
using vesicles of the biosynthetic secretory pathway or through the
incorporation in deacidified lysosomes that fuse with the plasma
membrane and release the virions into the extracellular space (Ghosh
et al. 2020, Liu et al. 2021). The structural protein HE in HCoV-OC43
has been identified to have acetyl esterase activity, which aids in
releasing viral progeny from infected cells (Vlasak et al. 1988).
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2.3 Virus transmission and persistence

When individuals infected with a virus release bodily secretions into the
immediate environment, some of the smaller virus-laden aerosols remain
suspended in the air, while the heavier droplets settle on surfaces and objects
(Morawska and Cao 2020, Leung 2021). Transmission that occurs by directly
inhaling these aerosols is called as airborne transmission, while viruses that
spread through contaminated surfaces are associated with fomite transmission
(Castario et al. 2021). Although viruses cannot replicate outside their host cells,
they can remain infectious on surfaces for varying durations (Kramer et al. 2006,
Taylor 2014). Understanding how long viruses persist on surfaces and their
potential for transmission via fomites is crucial when devising strategies to
prevent the indirect spread of viruses. The persistence of viruses on surfaces and
their potential for transmission via fomites relies on many factors, including the
virus itself, fomite properties, and extrinsic environmental factors such as
temperature or relative humidity (RH). These factors will be discussed in detail
in the following chapters.

Researching pathogenic viruses is always accompanied by a risk to human
health. Therefore, surrogate viruses are commonly used as models for such
studies (Schirtzinger et al. 2022). Previous studies related to SARS-CoV-2 have
utilized surrogate viruses, such as HCoV-HKU1, HCoV-OC43, and porcine
respiratory coronavirus (PCRV), as well as murine hepatitis virus (MHV),
transmissible gastroenteritis virus (TGEV), and bacteriophage ®6 (Owen et al.
2021). For our research, we have chosen HCoV-OC43 as a study model as it
belongs to the same genus as SARS-CoV-2 and shares a maximum genetic
similarity of 68.93% (Lu et al. 2020, Kaur et al. 2021). Also, the American Society
for Testing and Materials (ASTM) has identified HCoV-OC43 as a preferred
surrogate for SARS-CoV-2 due to their shared characteristics (Schirtzinger et al.
2022).

2.4 Factors affecting virus persistence

24.1 Environmental factors: temperature and relative humidity

Recent studies have shown that temperature and relative humidity (RH) are
important environmental factors affecting virus persistence (Kumar et al. 2021).
In particular, their impact on aerosolized viruses has been well explored, but
their influence on larger droplets settling on surfaces remains limited (Wang et
al. 2021). Researchers have employed two primary methods to investigate the
persistence of virus in these larger droplets on surfaces. The first involves
applying a virus droplet to a surface and incubating it under selected conditions
(Riddell et al. 2020), while the second allows natural drying of the virus droplet
on the surface before subjecting it to specific conditions (Casanova et al. 2010a,

23



Chan et al. 2011, Biryukov et al. 2020). It's important to understand how viruses
behave in desiccated conditions, as surfaces may not always remain wet or moist,
and desiccation can significantly impact virus survival (Abad et al. 2001). Table 1
summarizes studies on coronavirus persistence under varying temperature and
humidity conditions, indicating whether viruses were dried on surfaces or in
suspension before incubation.

TABLE 1 The effect of temperature and humidity on coronavirus persistence
Surface(s) virus(es) method Temp RH  observed effect Reference
WS (%)

Stainless steel, SARS- virus in 20, 30, 50 decrease in Riddell
paper note,  CoV-2 ASTM E2197 40 persistence with et al. 2020
polymer note, dried on the increase in
cotton, glass, surface 1h temp
vinyl before testing
Stainless steel, SARS- virus in simu- 24, 28, 20, 40, 60 decrease in Biryukov
ABS plastic, CoV-2 lated saliva 35 80 persistence et al. 2020
nitrile glove with increase in

temp and RH
Plastic SARS virus dried 28,33 80~89,  decreasein Chan

CoV-2 on the surface 38 >95 persistence et al. 2011
before testing with increase in

temp and RH

Stainless steel TGEV virus dried 4, 20, 20,50,  decrease in Casanova
MHV on the surface 40 80 persistence et al. 2010
before testing with increase

in temp

RH: U shaped

relation

SARS-CoV-2-severe acute respiratory syndrome coronavirus 2, TGEV-transmissible
gastroenteritis coronavirus, MHV-murine hepatitis virus

Table 1 reveals distinct trends in how environmental conditions affect the
persistence of coronaviruses on various surfaces. Regarding temperature, the
studies indicate that higher temperatures tend to inactivate the viruses faster
than lower temperatures (Casanova et al. 2010, Chan et al. 2011, Biryukov et al.
2020, Riddell et al. 2020). In contrast, the impact of RH on virus persistence lacks
a unanimous consensus. Chan et al. and Biryulov et al. reported a linear decrease
in virus persistence with increasing RH levels, whereas Casanova et al. proposed
a U-shaped model (Casanova et al. 2010, Chan et al. 2011, Biryukov et al. 2020).
According to the U-shaped model, the virus persists longer at extreme humidities
than at moderate levels. This variability in findings suggests that the relationship
between RH and virus persistence is complex and needs more detailed
investigation. Non-enveloped viruses have not received as much research focus
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regarding the influence of environmental conditions on their survival on various
surfaces. Table 2 summarizes studies that have explored the persistence of
different non-enveloped viruses under different temperature and humidity
conditions.

TABLE 2 The effect of temperature and humidity on non-enveloped virus persistence

Surface (s) virus(es) method Temp RH observed effect Reference
WY (%)
stainless HAV &  virus droplet 5,20 25, 55 HAV: decrease Mbithi
steel disk PV-lin  added on the 35 80, 95 in persistence et al. 1991
faecal surface and with increase in
suspe- kept for temp and RH
nsion incubation PV-1: persistence

increases at high RH

glass, HRV in virus dried 4,22 25,50, decrease in Sattar
stainless  faecal on the surface 85 persistence et al. 1986
steel, suspe- before testing with increase in
smooth  nsion temp and RH
& rough
plastic,
cloth,
postcard,
currency
note,
4 types
of paper
lacquer NoV, virus droplet 15,25 30,50, NoV & HAV: Kim
coated HAV added on the 32,40 70 decrease in etal. 2012
rubber surface and persistence
tree kept for with increase
wood, incubation in temp
stainless NoV: higher
steel persistence at

higher RH

HAV: higher

persistence at
medium RH

HAV-hepatitis A virus, PV-1- poliovirus 1, HRV-human rhinovirus, NoV-norovirus

All the studies summarized in Table 2 consistently indicate that higher
temperatures reduce the persistence of non-enveloped viruses, aligning with the
trends observed in previous studies on coronaviruses (Sattar et al. 1986, Mbithi et
al. 1991, Casanova et al. 2010, Chan et al. 2011, Kim et al. 2012, Biryukov et al. 2020,
Riddell et al. 2020). However, the influence of RH on non-enveloped viruses
exhibits a more diverse pattern. For instance, norovirus (NoV) and poliovirus
(PV) exhibit enhanced persistence at higher humidity levels, whereas human
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rhinovirus (HRV) shows the same at lower humidity. Results concerning
hepatitis A virus (HAV) were more varied, with Mbithi et al. (1991) observing
that lower humidity favored HAV survival on stainless steel surfaces, while Kim
et al. (2012) showed that HAV survived best at moderate humidity on the same
surface (Mbithi ef al. 1991, Kim et al. 2012).

It is worth noting that studies have shown that virus persistence on
surfaces, regardless of whether they are enveloped or non-enveloped, generally
decreases with higher temperatures (Sattar et al. 1986, Mbithi et al. 1991, Casanova
et al. 2010, Chan et al. 2011, Kim et al. 2012, Biryukov et al. 2020, Riddell et al. 2020).
However, when it comes to RH, no consistent patterns were identified.
Additionally, virus persistence is a complex process that can be influenced by a
variety of factors at the same time, such as virus concentration, surface
composition, the presence of organic materials, and the type of solution in which
the virus is suspended (e.g., saliva, serum buffer) (Oswin et al. 2022). It is essential
to recognize that all these factors collectively exert a significant influence on the
overall duration that a virus remains viable on a surface, rather than any single
factor in isolation. Therefore, future studies should aim to replicate real-world
conditions more closely to provide a more comprehensive perspective on virus
persistence and transmission.

24.2 Persistence of enveloped versus non-enveloped viruses

The stability of viruses is influenced by several factors, with one of the key factors
being the presence or absence of an envelope. According to a review by Kramer
et al. (2006), non-enveloped viruses are generally more stable than their
enveloped counterparts (Kramer et al. 2006). The lipid membrane in enveloped
viruses is fragile and makes them more vulnerable to inactivation compared to
non-enveloped viruses, which have a strong protein capsid (van Engelenburg et
al. 2002, Watts et al. 2021). Further supporting this distinction, a study by Firquet
et al. (2015) investigating the stability of various viruses on plastic surfaces found
that enveloped viruses such as influenza A (H1N1) and herpes simplex virus type
1 (HSV-1) retained infectivity for less than 5 days, while non-enveloped viruses
like minute virus of mice (MVM) and coxsackievirus B4 (CVB4) persisted for 5
weeks (Firquet et al. 2015). The fragility of the lipid membrane even made them
vulnerable to destruction by disinfectants. For example, Lin and colleagues
showed that numerous alcohol-based disinfecting agents and surfactants could
inactivate enveloped viruses more easily than non-enveloped viruses (Lin et al.
2020). Enveloped viruses can also be easily inactivated with lower UV-C
radiation doses, while non-enveloped viruses exhibit partial inactivation even
with higher doses (Blazquez et al. 2019). In summary, these studies suggest that
non-enveloped viruses are generally more stable and are comparatively more
difficult to inactivate.
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24.3 Surface composition

Surface composition is another well-documented factor influencing virus
persistence on surfaces. (Hall et al. 1980, Tiwari et al. 2006, Watanabe et al. 2022).
Surfaces can be classified as either porous or non-porous based on their ability to
absorb liquids (Chatterjee et al. 2021). Porous surfaces can be attributed to small
holes, pits, crevices, or interconnected spaces inside a material. Examples of
commonly used porous surfaces include paper, cardboard, and cotton textiles.
Examples of non-porous surface include plastic, stainless steel, glass, copper,
latex gloves, and surgical gloves. Table 3 is a compilation of studies that assessed
the persistence of coronaviruses on different porous and non-porous surfaces.

TABLE 3 Persistence of coronaviruses on porous and non-porous surfaces

Surface Virus Persistence Reference

Non-Porous

Plastic SARS-CoV-2 3 days van Doremalen et al. 2020
SARS-CoV-2 4 days Chin et al. 2020
SARS-CoV-1 28 days Chan et al. 2011
SARS-CoV-1 4 days Duan et al. 2003
SARS-CoV-1 6 days Rabenau et al. 2005
SARS-CoV-1 3 days van Doremalen et al. 2020
HCoV-229E 2 days Rabenau et al. 2005
MERS 1 day van Doremalen et al. 2013

Glass SARS-CoV-2 2 days Chin et al. 2020

stainless steel SARS-CoV-2 3 days van Doremalen et al. 2020

copper SARS-CoV-2 4h van Doremalen ef al. 2020

surgical gloves HCoV-OC43 <lh Sizun et al. 2000
TGV 4h Casanova et al. 2010

Porous

Surgical mask SARS-CoV-2 7 days Chin et al. 2020

paper SARS-CoV-2 30 min Chin et al. 2020

Cardboard SARS-CoV-2 1 day van Doremalen et al. 2020

Wood SARS-CoV-2 1 day Chin et al. 2020

Cloth SARS-CoV-2 1 day Chin et al. 2020

SARS-CoV-2/-1-severe acute respiratory syndrome coronavirus 2/1, HCoV-229E-human
coronavirus 229E, MERS-Middle East respiratory syndrome, HCoV-OC43-human coronavirus
0OC43, TGV-transmissible gastroenteritis virus

These studies highlight the fact that different surfaces vary in their capacity to
retain and transmit coronaviruses (Sizun et al. 2000, Duan et al. 2003, Rabenau et
al. 2005, Casanova et al. 2010, Chan et al. 2011, van Doremalen et al. 2020, Chin et
al. 2020). Generally, non-porous surfaces exhibited extended persistence of
coronaviruses, often exceeding 24 h, except for copper and surgical gloves.
Copper, known for its antimicrobial properties (Grass et al. 2011), demonstrated
a 4-log reduction in Influenza A (H1N1) virus titer after 6 h of contact (Noyce et
al. 2007). In contrast, porous surfaces led to quicker virus inactivation, typically
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within 24 h or less. The absorption of the virus into the material, coupled with
rapid evaporation and drying of the liquid containing the virus on porous
surfaces, contributed to their faster inactivation (Owen et al. 2021). Fewer studies
have investigated the persistence of non-enveloped viruses on various surfaces
compared to enveloped viruses, and some examples are provided in Table 4.

TABLE 4 Persistence of non-enveloped viruses on porous and non-porous surfaces

Surface Virus Persistence Reference
Non-Porous
plastic CVB4 6 weeks (Firquet et al. 2015)
MVM >6 weeks
CVAle6 3h (Sittikul et al. 2023)
EV-A71 4h
HRV >10 days (Sattar et al. 1986)
stainless steel CVA1le6 6h (Sittikul et al. 2023)
EV-A71 3h
HRV >10 days (Sattar et al. 1986)
toilet china human AsV-4 7 days (Abad et al. 2001)
glass HRV >10 days (Sattar et al. 1986)
Porous
cellulose paper human AsV-4 60 days at RT (Abad et al. 2001)
wood CVAl6 6h (Sittikul et al. 2023)
EV-A71 >7 h
postcard HRV <3h (Sattar et al. 1986)
cloth HRV 2 days

CVB4-coxsackievirus B4, MVM-minute virus of mouse, CVA16-coxsackievirus A16, EV-A71-
enterovirus A71, AsV-Astrovirus, HRV- human rotavirus

From the data presented in Table 4, there is no clear trends emerging from the
persistence of non-enveloped viruses on porous and non-porous surfaces. HRV
seems to follow a patter similar to that reported earlier for enveloped viruses
where it persists for over 10 days on non-porous surfaces such as plastic and
stainless steel but only 2 days on porous cloth (Sattar et al. 1986). Consistent with
the resilience commonly associated with non-enveloped viruses, MVM and
CVB4 exhibited prolonged persistence on non-porous plastic for at least 6 weeks
(Firquet et al. 2015). However, CVA16, EV-A71, and human AsV-4 demonstrated
more variable responses compared to other non-enveloped viruses (Abad et al.
2001, Sittikul et al. 2023). It is difficult to corelate the finding between all these
studies due to several reasons such as differences in the specific type of non-
enveloped virus, variations in type of material (especially in the case of plastic,
polymer type was not specified), diverse environmental conditions, and
differences in testing methodologies among studies. These challenges of data
comparison highlight the need for researchers to adopt more standardized
testing conditions to enhance the comparability of data across studies.
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2.5 Antiviral solutions

Managing viral diseases presents considerable challenges, mainly because of
limited availability of vaccines and antivirals approved for treating them.
Developing vaccines for all known viruses is not economically feasible and the
constant mutation in viruses leads to the emergence of new variants that may
render existing vaccines ineffective (Hayawi et al. 2021). As of today, there are no
approved antivirals for enteroviruses. In the case of coronaviruses, a handful of
drugs received emergency use authorization during the pandemic (Malin et al.
2020). It is worth noting that a typical timeline for a drug to transition from
laboratory development to reaching the consumer market spans approximately
10 to 12 years (Cassidy et al. 2020). This just shows how time-consuming and
challenging antiviral drug discovery could be. Given these challenges,
implementing community-level strategies would be key in enhancing the overall
management of viral diseases and preparation for future viral outbreaks.

2.5.1 Existing strategies

At the community level, there are several key strategies for managing viral
diseases, including the use of face masks, hand sanitization, surface disinfection,
isolation, travel restrictions, and vaccination (WHO 2020). Among these
strategies, surface disinfection plays a vital role in preventing transmission
through fomites. Traditional disinfection methods include chemical agents, heat,
and UV radiation (Choi et al. 2021). However, traditional disinfection methods
do have limitations, such as the need for repeated applications, potential health
and environmental risks associated with prolonged use of chemical disinfectants,
and adverse effects of UV exposure (Rai et al. 2020, Mahmood et al. 2020).
Therefore, innovative solutions to complement the existing strategies are always
needed. One such solution is the implementation of antiviral surfaces that can
reduce the persistence of viruses on fomites. These surfaces can be particularly
useful in high-risk environments, such as healthcare facilities and enclosed public
spaces. Nature provides inspiring examples of unique antimicrobial surfaces,
such as lotus leaves and frog skin, which can serve as role model for building
such surfaces artificially (Conlon et al. 2007, Li and Xu 2008).

Previous research has primarily focused on developing surfaces that can
inactivate bacteria. In a recent review by Mahanta and colleagues, they explored
various strategies, including physical and chemical modifications, to develop
antimicrobial surfaces that can inhibit microbial adhesion, growth, and
proliferation (Mahanta et al. 2021). Physical modifications involve changing the
roughness of the surface, which can either prevent microbes from coming into
contact with it due to steric hindrance or destroy the microbe by penetrating it
with the surface feature. For instance, Hasan and colleagues designed a
nanopatterned aluminum alloy surface, which was successful in eliminating both
gram-positive and gram-negative bacteria within 3 h of contact and significantly
reducing rhinovirus titers after 24 h (Hasan et al. 2020). Chemical modification
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involve coating or integrating biocidal compounds into surfaces (Borkow and
Gabbay 2004). Biocidal compounds commonly used include N-halamine (Chen
and Sun 2006), quaternary ammonium compounds (QACs) (Tuladhar et al. 2012),
chitosan (Ciejka et al. 2017), halogenated phenols (Dhiman and Chakraborty
2015), L-cysteine (Caldeira et al. 2013), and metals such as silver and copper
(Borkow and Gabbay 2004, Bajpai 2013).

Surfaces that have been incorporated with biocidal compounds can either
be classified as leaching or non-leaching, depending on how they interact with
the pathogen (Bruenke et al. 2016). In the leaching method, the biocidal
compound is embedded inside the surface and slowly releases out into the
environment. For example, Delgado and colleagues created an antibacterial
surface by incorporating copper metal and copper oxide nanoparticles into a
polypropylene matrix (Delgado et al. 2011). The surface released copper ions
(Cu?*) upon exposure to oxygen and water, killing Escherichia coli bacteria. Non-
leaching surfaces, on the other hand, physically anchor biocidal compounds
through strong covalent or ionic interactions and prevent their release. Haldar
and coworkers demonstrated the antimicrobial effect of a non-leaching glass
surface functionalized with N-dodecyl methyl-polyethyleneimines (PEIs), that
effectively inactivated E. coli, Staphylococcus aureus, and influenza virus (HINT1)
upon contact (Haldar et al. 2006).

While current antimicrobial strategies do show promise, they do come with
their own set of limitations. For example, the scalability of nanopatterning for
large commercial applications remains a challenge, and harsh weather conditions
can lead to a degradation of nanopattern durability (Mahanta et al. 2021).
Additionally, biocidal compounds that leach into the environment can pose risks
not only to target organisms but also non-target ones and contribute to overall
environmental toxicity. In light of these challenges, exploring alternative
strategies which are nature-based could provide a more sustainable and safer
means of mitigating the spread of infectious pathogens via surfaces.

2.5.2 Secondary metabolites as nature-based antiviral solutions

Plants possess a remarkable ability to produce a wide variety of structurally
diverse chemical compounds that orchestrate different functions for them. Those
that are required for the fundamental process such as growth and development
are called as primary metabolites. In contrast, those that serve specialized
functions of defense from predators and parasites, attracting pollinators and
protect the plant from harsh environmental conditions, are called as secondary
metabolites (Rodrigues et al. 2016, Nawrot-Chorabik et al. 2022). Plants can
produce a diverse set of these compounds in response to different stressors, and
this adaptability makes them interesting for different human applications. Even
in the field of medicine, many modern-age drugs owe their existence to chemical
compounds initially discovered in plants (Veeresham 2012). Notable examples
include aspirin for pain relief, quinine for malaria treatment, and paclitaxel and
camptothecin for cancer (Bourgaud et al. 2001). Interestingly, even traditional
medicine practices in cultures such as Indian Ayurveda and Chinese medicine

30



have long recognized the healing properties of herbs and plants (Atanasov et al.
2021). For instance, the Ashwagandha (Withania somnifera) in Indian Ayurveda
demonstrates a versatile range of applications from anti-cancer properties to aid
in the management of memory loss associated with Alzheimer's disease, and
reducing cortisol levels induced by stress (Bhattacharya et al. 1987, Sumantran et
al. 2007, Pandey et al. 2018, Lopresti et al. 2019).

Plant secondary metabolites can be broadly categorized into three major
groups of chemical compounds: alkaloids, phenolic compounds, and terpenes
and each of these groups have a range of individual compounds (Ebenezer et al.
2019). Secondary metabolites can be obtained as plant extracts or isolated from
these extracts as individual compounds. While numerous prior studies have
illuminated the efficacy of both extracts and isolated secondary metabolites
against bacteria, their potential in combating viruses has received comparatively
little attention (Kumar and Pandey 2013). In one such study, for example, Silva
and colleagues reported the antiviral activity of six plant extracts against Herpes
simplex virus type 1 (HSV-1) and African swine fever virus (ASFV). However,
one challenge in studying plant extracts lies in the absence of chemical
characterization, hindering the identification of the specific bioactive compounds
responsible for the antimicrobial activity. Once the structures of these bioactive
compounds are elucidated, they can be further modified to enhance their
bioactivity through in silico and synthetic chemistry approaches. Therefore, a
comprehensive process should include the initial screening of plant extracts to
assess their pharmacological activity, followed by fractionation and chemical
characterization to isolate the bioactive compound (Atanasov et al. 2021).
Alternatively, an in silico approach can be employed to screen natural product
libraries for potential compounds, followed by in vitro testing (Romano and
Tatonetti 2019).

Most researchers only report the antiviral efficacy of screened natural
compounds but fail to elaborate on the mechanism of antiviral action. A study by
Flechas and coworkers showed that $-Caryophyllene, a secondary metabolite
found in essential oils from medicinal plants exhibited very good antiviral
activity against four serotypes of dengue virus (Flechas et al. 2017). Investigating
the antiviral mechanism of action provides insights into whether the bioactive
compound has viral or cellular targets. This information proves invaluable in
anticipating potential resistance that the virus may develop against the bioactive
compound. Additionally, it is also useful in the context of designing antiviral
materials (e.g., functionalization of surfaces to make them antiviral would only
work if the target was viral and not cellular). Furthermore, understanding how
the bioactive agent interacts enables researchers to refine and optimize the
compound's design, potentially making it more effective and safer.

2521 Polyphenols

Phenolic compounds constitute the most prominent family of plant secondary
metabolites, encompassing over 8,000 structurally distinct variants across diverse
plant species (Cavar Zeljkovi¢ et al. 2021). Polyphenols range from simple
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structures with one or more aromatic rings to more complex polymeric structures
with carboxyl or methoxy group modifications (Hussein et al. 2018). Based on the
number of aromatic rings and the elements that anchor to the rings, polyphenols
can broadly be classified into three groups: phenolic acids, flavonoids, and non-
flavonoids (Singla et al. 2019). Fig. 3 shows a classification scheme for different
polyphenol groups with representative examples. Polyphenols are naturally
present in fruits, vegetables, coffee, tea, wine, dry fruits, and cacao (Singla et al.
2019). Numerous reports highlight their therapeutic potential. For instance,
laboratory studies have demonstrated that polyphenols can lower blood glucose
levels, LDL cholesterol, blood pressure, and platelet aggregation (Liu et al. 2010,
Choi et al. 2015). They also can inhibit the growth of tumor cells, enhance HDL
cholesterol, and improve overall brain function due to their antioxidant and anti-
inflammatory properties (Yang et al. 1998, Zhuang et al. 2003, Grassi et al. 2016).

Apart from these health benefits, polyphenols have been recognized as
potent compounds with antiviral activity (Chojnacka et al. 2021). For example, in
a study by Ciesek and colleagues, Epigallocatechin gallate (EGCG) from green
tea strongly reduced hepatitis C virus (HCV) infectivity by inhibiting virus
attachment to a host cell (Ciesek et al. 2011). Another exciting aspect of
polyphenols is that due to their structural diversity, they not only target various
stages of viral infection but also impact host cell processes. For example,
Mastromarino and colleagues showed that resveratrol was not only able to
inhibit the production of human rhinovirus 16 (HRV16) protein (VP2), but also
reduce the levels of HRV infection induced cytokines (IL-6 and IL-8)
(Mastromarino et al. 2015). Despite their wide-ranging therapeutic potential, the
practical use of polyphenols is restricted due to their limited bioavailability and
poor water solubility (Chen et al. 2018, Di Lorenzo et al. 2021). Several strategies
have been proposed to address this challenge. These include slightly modifying
the chemical structure to improve solubility. Another approach includes
encapsulating polyphenols within nanoparticles, enhancing their water
solubility, and thereby increasing their absorption by the gastrointestinal tract
(Penalva et al. 2018, Layas et al. 2022).
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FIGURE 3 Classification of naturally occurring polyphenols. This image has been adapted
and modified from Beconcini et al. 2020.
2522 Rosin

Rosin is another natural product obtained mainly from coniferous trees and is a
mixture of different secondary metabolites (Sipponen and Laitinen 2011). Rosin
products have a rich history of being used in diverse applications due to their
unique properties and versatility (Kugler et al. 2019). For example, rosin is
commonly used by musicians to enhance the friction between bow hair and
string instruments and by athletes in sports like baseball and weightlifting to
improve grip (Guettler 2011). Rosin has found application even as antibacterial,
in soaps and as binding agent in drugs and cosmetics (Soderberg et al. 1990, Bell
et al. 2021). While the conventional method of rosin extraction involved tapping
live pine trees for sap (gum rosin), technological advances have unveiled two
more eco-friendly and sustainable sources: tree stumps (wood rosin) and
pulpwood (tall oil rosin) (Paul 2002). Fig. 4 schematically illustrates different
sources of rosin from coniferous trees.

Tall oil rosin (TOR), considered a more sustainable source than gum rosin,
is a by-product of paper production, making it environmentally favorable due to
its association with existing industrial processes (Kugler et al. 2019). Paper
manufacturing involves several steps, with pulping being the first and most
crucial for rosin production (Hofer 2015a). During pulping, softwood undergoes
alkaline digestion to yield pulp. Simultaneously, a secondary product called
black liquor is generated on a large scale, which in former times was discarded
as waste. Using black liquor as a source for tall oil rosin production is a step
towards circular economy. Lignin is separated by subjecting black liquor to
acidification with sulphates, and the resulting liquid is called crude tall oil (CTO).
CTO comprises 15-55% rosin acids, 5-50% fatty acids, and 5-35% unsaponifiable
and neutral materials (Bajpai 2018). The exact composition can vary based on tree
species, age, and the extraction process. Fractional distillation of CTO yields a
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mixture of five distinct components, each separable based on their boiling points:
TOR, distilled tall oil (DTO), tall oil fatty acids (TOFAs), pitch and tall oil heads.
TOR is made up of 9 resin acids or rosin isomers, namely isopimaric, levopimaric,
neoabietic, dehydroabietic, abietic, pimaric, sandaracopimaric, and palustric
acids, all of which belong to the class of phenolic compounds (Hofer 2015).
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FIGURE 4  Schematic of different sources of rosin (wood, gum and tall oil) from coniferous
trees.

For centuries, rosin derived from coniferous trees has been widely used in
traditional medicine to treat a variety of ailments. (Barnett 2004). However,
recently, there has been a resurgence of interest in their antimicrobial properties.
For example, Sipponen and coworkers were able to show that a minimum of 10%
coniferous rosin salve mixture could demonstrate a bactericidal effect against
both gram-positive and gram-negative bacteria, as well as antifungal effects
against Trichophyton species (Sipponen and Laitinen 2011). While the literature
mainly focusses on the antibacterial attributes of rosin, its antiviral and
antifungal properties have received limited attention. One study highlighted the
activity of commercial resin acids and their analogues against Herpes Simplex
Virus types 1 and 2 (HSV-1 and HSV-2 (Agudelo Goémez et al. 2012). However, in
these studies, the mechanism of antiviral action was not investigated.
Interestingly, rosin has been functionalized onto materials to impart
antimicrobials properties. For example, Kanerva and colleagues incorporated
industrially refined rosin into different thermoplastics to produce functional
tibers. Amongst the different fibers tested, only polyethylene fibers doped with
10 wt% rosin demonstrated an antibacterial effect against both S. aureus and E.
coli (Kanerva et al. 2019). Hence, rosin-based functionalization of materials might
be another promising strategy to achieve antimicrobial surfaces.
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2.5.3 Wood as a natural antiviral surface

Wood is one of the earliest known materials utilized by humanity. Its versatility
has seamlessly integrated it into our everyday lives. While the 20th century saw
a shift towards materials like glass, metals, and plastic,c, wood has regained
popularity due to its renewable nature and low carbon footprint that contribute
to sustainability (Franzini et al. 2018). Due to the organic and porous nature of
wood, its use in sanitary environments places has been questionable, however,
plenty of studies have debunked this myth and highlighted the antimicrobial
properties of wood (Munir et al. 2019). Fundamentally wood is made up of
cellulose, hemicellulose, lignin, and extractives (Nhuchhen et al. 2014). Cellulose
and hemicellulose, while essential structural components, do not exhibit
antimicrobial properties. In contrast, both lignin and extractives have been found
to possess significant antimicrobial activity (Dong et al. 2011, Laireiter et al. 2013).
Solvent extraction studies conducted on various wood species reveal that the
extractives consist of a blend of plant secondary metabolites, including alkaloids,
waxes, di- and triglycerides, proteins, phenolics, gums, pectins, resin acid,
terpenes, and essential oils (Kadir and Hassan 2020). Given that the primary role
of these extractives is to defend trees against pathogens and physical damage, it
is reasonable to anticipate that these secondary metabolites might be contributing
to the antimicrobial properties of wood.

Understanding how viruses behave on wood is important in today’s
urbanizing world characterized by a rising trend in the emergence of pathogens.
However, a knowledge gap exists about how different wood species influence
viruses. To the best of our knowledge, only two studies have highlighted the
antiviral aspects of wood. In the first study, no infectious influenza A virus was
detected after 4 h of contact with pine wood surface. (Greatorex et al. 2011),
whereas the other study conducted by Chin et al. (2020), found that there were
no detectable infectious SARS-CoV-2 on a treated wood surface after 48 h (Chin
et al. 2020). Further exploration is needed to identify the antiviral capabilities of
different wood species. This investigation would highlight wood's utility and
offer a greener and safer nature-based surface solution in our ongoing battle
against viral infections.
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3 AIMS OF THE STUDY

Exploring the use of nature-derived compounds to design antiviral surfaces
paves the way toward a healthier and environmentally conscious tomorrow. Our
study involved screening various natural compounds and surfaces for their
antiviral potential. Additionally, we aimed to shed light on the mechanism of
action of these antiviral surfaces and compounds, contributing towards a
comprehensive understanding of their potential applications. To address these,
we aimed:

I To study the persistence of enveloped and non-enveloped viruses on six
wood species, and to identify the secondary metabolite profile specific to
each wood species.

I To determine whether a rosin-functionalized plastic surface has antiviral
activity against HCoV-OC43 and SARS-CoV-2 and to reveal the effect of the
antiviral surface on the virion structure and life cycle.

III  To explore the antiviral efficacy of two polyphenols (EGCG and RES) and

polyphenol functionalized nanoparticles against enteroviruses and find the
antiviral mechanism of action.
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4 SUMMARY OF THE METHODS

The methods used in all the articles related to this thesis are summarized in Table
5. A more detailed description of these methods can be found in the original

publications, depicted by Roman numerals.

TABLE 5 Summary of methods used in the original publications I-III of this thesis.
Methods Publications
Cell culture, virus production and purification I, 11, ITI
Statistical analysis I 1L, 11T
Antiviral assays for enterovirus I
Time and temperature assay III
Particle stability thermal release assay I
Transmission electron microscopy II, III
Gradient centrifugation I
Real-time fluorescence uncoating assay I
Binding assay with radioactive enterovirus I
Dynamic light scattering I
Nanoparticle synthesis 11
Time of addition assay I
Dilution and temperature assay I
Ellman’s assay II
Molecular docking 11
Virus persistence studies on surfaces L1I
RT-qPCR L1I
Atomic force microscopy II
Helium ion microscopy II
Contact angle measurements II
Cryogenic electron microscopy II
Sedimentation assay I
Binding assay for coronavirus I
Immunofluorescence and confocal microscopy LI
UV-Visible spectroscopy I
Thermal desorption-gas chromatography-mass spectrometry I
timTOF I
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5 RESULTS AND DISCUSSION

For a long time, the scientific community believed that viruses majorly spread
through direct person-to-person contact. However, fomite-based transmission
gained significant attention during the recent pandemic, especially when the
Centers for Disease Control and Prevention (CDC) highlighted the potential risk
of coronavirus spread through contaminated surfaces (CDC, 2020). Although
disinfection methods are in place, there are limitations to their effectiveness.
Therefore, there is a need to develop sustainable antiviral solutions that can
complement existing strategies. One promising approach is to functionalize
surfaces with nature-based compounds that exhibit antiviral properties. Another
approach is to identify surfaces of natural origin that have inherent antiviral
properties. This thesis explores three independent investigations that examine
the potential of such compounds and surfaces with antiviral properties. Through
a combination of in vitro experiments and imaging techniques, we demonstrate
the ability of wood, tall oil rosin-functionalized plastic, and polyphenolic
compounds to exhibit antiviral efficacy against enveloped and non-enveloped
viruses while shedding some light on their mechanism of action.

5.1 Antiviral efficacy studies

5.1.1 Six wood species

At first, we conducted investigations to examine the persistence of enveloped
(HCoV-0OC43) and non-enveloped (CVAY) viruses on six different types of wood
commonly used in everyday life and commercial settings. The wood species we
tested included Scots pine (Pinus sylvestris), silver birch (Betula pendula), grey
alder (Alnus incana), eucalyptus (Eucalyptus globulus), spruce (Picea abies), and
pedunculate oak (Quercus robur). To conduct our persistence studies, we
incubated the viruses on the surface of each wood species for varying periods
under different temperature and humidity conditions. We wused room
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temperature and high RH (>90%), which are the conditions used in standardized
testing protocols (ISO 21702:2019 2020). Standardized methodology helped
ensure uniform testing conditions and reproducibility and provided a
comparative baseline for subsequent studies with antiviral surfaces. After
incubation, we flushed the viruses from the surfaces and added them to host
cells. We then evaluated the infectivity of the viruses using the cytopathic effect
(CPE) inhibition assay.

Our findings revealed notable differences in the persistence of enveloped
and non-enveloped viruses on various wood species (I, Fig. 1 and Fig. 4).
Specifically, HCoV-OC43 infectivity on pine and spruce surfaces declined almost
immediately, within 5 and 10 minof incubation on the surface (I, Fig. 1A). Birch
and alder showed a gradual reduction in virus infectivity over a 15-min period,
but we did not see complete inactivation. Oak and eucalyptus, on the other hand,
did not exhibit any inactivation within the 15-min time period. Interestingly,
when we extended the incubation period of the virus to a minimum of 1 h, all the
wood species were able to completely inactivate HCoV-OC43 except for
eucalyptus, which required at least 2 h to achieve comparable inactivation (I, Fig.
1B).

Our study results revealed a significant difference in the persistence time
of coronavirus on various wood species compared to previous research studies
conducted by other researchers (Duan et al. 2003, Chin et al. 2020). Duan and
colleagues reported a 75% decrease in SARS-CoV infectivity after 12 h, with
complete inactivation only after 3 days. Similarly, Chin and colleagues found that
infectious SARS-CoV-2 persisted for at least 2 days. However, it is essential to
note that comparing these studies is challenging for several reasons. Firstly, Chin
and colleagues used a treated wood surface, and the type of treatment used was
not disclosed. Secondly, both studies evaluated viral persistence at different time
intervals from ours, with initial measurements taken only after 12 and 24 h.

Our persistence studies with CVA9 on six different wood species yielded
contrasting results compared to HCoV-OC43. Among the tested wood species,
only oak exhibited remarkable CVA9 inactivation within a notably short span of
7.5 min (I, Fig. 4A). On the other hand, pine, spruce, birch, and eucalyptus
required extended exposure times of at least 1 or 2 h to achieve comparable CVA9
inactivation (I, Fig. 4B). Interestingly, alder was the only wood species where
CVA9 persisted even after 4 h of incubation. Comparing our results with
previous studies was challenging due to the limited number of studies with
enteroviruses and wood. However, we came across one study by Sittikul and
colleagues who reported a reduction of 50% and 75% in EVA-71 and CVA16
infectivity on a painted wood surface after 7 h of incubation (Sittikul et al. 2023).
Compared to ours, the prolonged persistence observed in their study may be
attributed to the use of a painted wood surface, which could alter the wood's
natural properties and influence the virus interaction with the surface.

In summary, different wood species displayed selective abilities towards
inactivating enveloped and non-enveloped viruses on their surface. While some
surfaces like pine and spruce were very efficient at inactivating enveloped
coronaviruses, oak displayed its potential at inactivating the non-enveloped
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enterovirus. Alder was one surface that could not inactivate the enteroviruses
even after 4 h, suggesting that it could act as a potential fomite for virus
transmission during this duration.

Wood products can undergo different modifications and treatments, such
as polishing, high-temperature treatment, or incorporation of other materials like
plastic (as seen in composite woods), to enhance their appearance and durability
depending on their intended use. We conducted a study to determine the
persistence of HCoV-OC43 on modified surfaces, including pine wood with
different coarseness, thermally treated S- and D-wood, spruce wood, and wood-
plastic composite (WPC). Our findings revealed that pine wood's impressive
antiviral properties against coronaviruses were unaffected by variations in wood
coarseness (I, Supplementary Fig. 5). However, the antiviral properties of some
wood species were affected by thermal treatment and the incorporation of plastic
materials into the wood (I, Supplementary Fig. 6A and Fig. 9).

Two thermal treatments were tested: Thermo-S, which involves heat
treatment at 190 °C for indoor wood products to enhance stability, and Thermo-
D, which involves treatment at 212 °C for outdoor wood products to ensure
durability. Our results demonstrated that the antiviral activity of pine was still
maintained on both S- and D-treated surfaces, comparable to an untreated pine
surface. However, there was a marginal delay in the inactivation of HCoV-OC43
on the S-treated spruce surface (I, Supplementary Fig. 6A and 6B). Surprisingly,
D-treated spruce surfaces did not show any antiviral activity during the tested
timeframe (I, Supplementary Fig. 6B).

Furthermore, WPC surfaces did not exhibit any antiviral effects, indicating
that the incorporation of plastic had negated the wood's antiviral properties. This
could be due to the significant alteration of the wood's architecture caused by the
integration of plastic, rendering the wood completely non-porous and making
the antiviral compounds within the wood inaccessible for virus inactivation.
Further details regarding the explanation for the loss in antiviral activity
observed on the thermally treated D-spruce surface are discussed in Section 5.3.3.

5.1.2 Rosin-functionalized plastic surface

We also investigated the persistence of seasonal coronavirus (HCoV-OC43) and
pathogenic SARS-CoV-2 on a plastic surface that was functionalized with tall oil
rosin provided by a company called Premix Oy. Previous research has yielded
varying results on coronavirus persistence on plastic surfaces, making it difficult
to establish a baseline for comparison (Rabenau et al. 2005, Warnes et al. 2015,
Terio et al. 2021). Therefore, we first examined the persistence of HCoV-OC43 on
six industrial-grade plastic surfaces before studying the functionalized surface.
Our findings showed that infectious HCoV-OC43 could be recovered from all six
plastic surfaces up to 48 h (II, Fig. 1A). Our results closely aligned with those
reported by Rabenau et al. (2005) and van Doremalen et al. (2020), who reported
the persistence of HCoV-229E for 2 days and SARS-CoV-1 and SARS-CoV-2 for
3 days, respectively (Rabenau et al. 2005, van Doremalen et al. 2020).
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Next, we evaluated the persistence of HCoV-OC43 on a rosin-
functionalized plastic surface under standardized testing conditions. As a
reference, we always included a non-functionalized plastic (LDPE) and an
untreated virus as controls. The findings demonstrated a significant contrast
between the functionalized and non-functionalized surfaces. The virus infectivity
declined as early as after 15 min of interaction with the rosin-functionalized
surface, and complete inactivation was observed at 30 min (II, Fig. 1B). The
antiviral effect was sustained even after 24 h of incubation, while the non-
functionalized LDPE did not decrease the viral infectivity during the 24 h
incubation period. Furthermore, the functionalized surface had no toxic effects
on MRC-5 cells. The rosin-functionalized plastic surface also showed excellent
efficacy against the pathogenic SARS-CoV-2, reducing the initial viral titer by
2.59 logs within 5 min of contact. After 4 h, the virus infectivity further reduced
to 3.67 logs. According to the ISO standard, compounds that produce a 3-log
reduction in viral titer are considered good, while compounds producing a 4-log
reduction are considered excellent antiviral agents, indicating that our rosin-
functionalized plastic surface had very good antiviral efficacy.

5.1.3 Polyphenols and polyphenol functionalized on the surface of gold
nanoparticles

Finally, we opted to test two of the most widely recognized polyphenols, namely
resveratrol (RES) and epigallocatechin gallate (EGCG), against three different
enteroviruses (CVB1, CVB3, CVA9). In addition to free polyphenols, we tested
their efficacy when functionalized on the surface of gold nanoparticles (AuNPs).

In our study, we utilized a green chemistry approach to functionalize
polyphenols on the surface of AuNPs. We then thoroughly characterized the
resulting particles, including their size, stability, and ligand concentration (I1I,
Fig. 1C and 1D). The hydrodynamic radius and core diameter of the
functionalized AuNPs were determined using dynamic light scattering and
transmission electron microscopy, and their stability was confirmed using a zeta
potential. We also estimated the Au concentration of the particles using
inductively coupled plasma mass spectroscopy (ICP-MS). Ligand concentration
on the surface of AuNPs was determined both theoretically and using a
biochemistry assay. Using the information from the TEM data (diameter of NPs)
and ICP-MS (Au concentration), the ligand concentration was determined
theoretically to be 5.61 uM for EGCG and 34.4 uM for RES (IlI, Supplementary
calculation). Using the titration-based biochemistry assay it was found to be
5.5£0.1 uM for EGCG and 42.9+1.1 uM for RES. From here onwards, free
polyphenols and polyphenol functionalized nanoparticles will be collectively
addressed as polyphenolic compounds.

The results of the antiviral tests showed that all the polyphenolic
compounds were very effective in inhibiting the infectivity of all the enterovirus
(IIL, Fig. 2 A, 2B and 2C). Except for free RES, all the polyphenolic compounds
had very low 50 % effective concentration (EC50) values (III, Table 2). Only free
EGCG showed slight toxicity at high concentrations, while none of the other
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compounds exhibited toxicity (III, Table 2 and Fig. 2D). Regarding the antiviral
efficacy, EGCG outperformed RES, likely due to its higher availability of
hydroxyl groups for interactions with viruses. A prior study by Li and colleagues
established a direct correlation between the quantity of hydroxyl groups and the
antiviral effectiveness of phenolic compounds (Li et al. 2018). Furthermore,
EGCG's molecular structure comprises two planar aromatic ring systems with a
third ring oriented perpendicular to them. This configuration would enable
EGCG to crosslink with multiple viruses.

We also found that polyphenol-functionalized nanoparticles exhibited
greater efficacy than free polyphenols, particularly with RES (III, Table 2). This
may be due to the enhanced solubility of RES when bound to the nanoparticle
surface, as well as the high surface-to-volume ratio of nanoparticles.
Significantly, immobilization on the surface of gold nanoparticles greatly
reduced the cytotoxicity observed with soluble EGCG at high concentrations. We
also demonstrated that a short incubation period of just 5 min was enough for
the polyphenolic compounds to show their antiviral effect (III, Fig. 3D). We also
wanted to identify whether the antiviral activity originated from the
functionalized nanoparticles or from the free ligands in the supernatant. To study
this, we pelleted the nanoparticles using ultracentrifugation, resuspended them
in ddH20, and immediately evaluated their antiviral activity. The results showed
that the freshly resuspended nanoparticles still displayed antiviral activity,
confirming that the antiviral activity originated from the functionalized
nanoparticles (III, Supplementary Fig. 1).

5.2 Factors affecting antiviral efficacy

It is worth noting that several factors can impact the efficacy of the antiviral
compounds and surfaces. These factors include environmental conditions,
surface characteristics, and the structural features and concentration of the virus.
For example, antiviral products may not work as well under certain conditions,
such as when the antiviral is diluted by body fluids (McCormack et al. 2010). This
dilution effect can decrease the ability of the antiviral molecule to bind with and
neutralize the virus, which can increase the risk of some viruses not being
inactivated by the antiviral or the infectious viruses being released after the
detachment of the antiviral. In our research, we have investigated the impact of
environmental factors and the effect of dilution (in the case of polyphenolic
compounds) on the performance of our antiviral surfaces and compounds.

5.2.1 Impact of environmental condition and porosity on wood

The preliminary persistence studies with the six different wood species and
HCoV-OC43 were performed at room temperature and high RH conditions, as
per the ISO standard requirements. To understand if different environmental
conditions impact the different wood species' antiviral capabilities, we conducted
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further testing at lower and moderate humidity levels of 20%, 40%, and 60% at
both room temperature and 37 °C. We chose these humidity levels to simulate
the range of conditions from the dry, low humidity of winter (20%) to the higher
humidity of summer (50-70%). Similarly, we selected temperatures to mimic the
typical indoor temperature extremes experienced in Europe throughout the year.
Our findings showed that HCoV-OC43 survived longer on different wood
species at lower temperatures (21 °C) compared to higher temperatures (37 °C)
(I, Fig. 2 and Fig. 3). For instance, the eucalyptus surface demonstrated little or
no antiviral activity in the first hour of contact with the surface at 21 °C. In
contrast, the virus was inactivated within the same duration at 37 °C. There has
been a significant amount of research conducted by various researchers in the
past to study the impact of temperature on virus persistence on different surfaces
(Aboubakr et al. 2021). The general consensus among these researchers is that the
virus tends to survive longer at lower temperatures than higher temperatures.

We hypothesized that humidity levels would have an impact on virus
persistence by affecting the wood's absorption properties. However, our findings
suggested otherwise. We observed that humidity had a negligible effect on virus
persistence on wood at room temperature (I, Fig. 2). However, at 37 °C, the virus
persisted longer on the wood surface at very low (20%) and moderately high
(60%) humidity levels, compared to moderate humidity (40%) (I, Fig. 3). This U-
shaped relationship between RH and virus persistence had also been previously
reported by Casanova et al. for coronaviruses on non-porous surfaces (Casanova
et al. 2010). Given the fact that the virus is inactivated on wood within a relatively
short period of time, RH appears to play a minor role, likely because it takes more
time for humidity to manifest its effects.

As the persistence of viruses could be influenced by porosity, we
hypothesized that there might be a relationship between the virus persistence
and the porosity of the wood (Geng and Wang 2023). A prominent result that
supports the role of porosity in virus inactivation on wood is from the wood
plastic composite (WPC). Comprising 50% wood flour and 50% polypropylene,
WPC had lost its natural wood porosity due to a significant amount of plastic
infusion. Consequently, WPC could not inactivate viruses on its surface, and the
virus persisted for a similar time on the surface as it did on a regular plastic
(LDPE) surface (I, Fig. 9). The degree of porosity is connected to the wood's
capacity to absorb moisture, which varies among wood species (Plotze and
Niemz 2011). For instance, Norway spruce has a porosity of 73.68%, Scots pine
69.7%, birch 60.45%, and oak 53.8%. Interestingly, wood species with higher
porosity, such as pine and spruce, demonstrated quicker coronavirus
inactivation compared to less porous woods like oak (I, Fig. 1). This suggested
that there might be a direct correlation between the porosity of wood and its
efficiency in inactivating enveloped viruses. However, our studies with non-
enveloped enteroviruses suggested otherwise: enteroviruses were inactivated
more efficiently on less porous oak in comparison to pine and spruce (I, Fig. 4).
Therefore, porosity alone cannot be responsible for virus inactivation on various
wood surfaces and other factors might be contributing towards complete
inactivation, some of which are discussed in the upcoming chapters.
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5.2.2 Impact of environmental conditions on the rosin-functionalized plastic

We investigated the impact of environmental conditions on the effectiveness of
the rosin-functionalized plastic surface by assessing the antiviral efficacy under
reduced humidity conditions of 20% and 40% at room temperature (II, Fig. 2A
and 2B). We found that humidity did not affect the effectiveness of the rosin-
functionalized surface, even though previous research has suggested that lower
humidity levels can promote longer virus persistence (Biryukov et al. 2020).
Casanova et al. and Biryukov et al. examined the influence of humidity on virus
persistence over various time intervals, ranging from a few hours to several days
(Casanova et al. 2010, Biryukov et al. 2020). Their findings indicated that a
noticeable difference in virus persistence due to humidity was only observed
after a minimum of 24 h of incubation. However, we observed that our rosin-
functionalized plastic inactivated the virus within just 15 min, and the maximum
time-point studied was only 1 h of incubation. Therefore, humidity did not have
enough time to show its effect in our case.

5.2.3 Impact of dilution and temperature on polyphenolic compounds

As the antiviral properties of polyphenolic compounds may have a wide range
of applications in the future such as oral antivirals, or in antiviral creams, or as
surface coatings. Hence, it was crucial to ensure that the observed antiviral effect
of these compounds remains unchanged by variables like time, temperature, and
dilutions. To accomplish this, we first evaluated the antiviral efficacy of these
compounds at different temperatures (8 °C, 21 °C, and 37 °C) up to 72 h. We chose
these temperatures as they are relevant to applications like coatings and antiviral
creams and to account for the stability of enteroviruses at lower temperatures.
After pretreating the polyphenolic compounds with the viruses and incubating
them at the respective temperatures for 6, 24, 48, or 72 h, we found that the
compounds were able to inactivate the virus at all time points and temperatures
tested (IIL, Fig. 3A and 3B). These findings demonstrate that the effectiveness of
the polyphenolic compounds remains constant despite temperature changes,
which is a significant finding for their potential use in various applications.

To examine the impact of dilution, the virus was treated with polyphenolic
compounds for 1 h at 37 °C before being diluted by a factor of 50 and left to
incubate for 72 h. This experiment aimed to determine whether a significant
dilution would eventually disrupt the interaction between the virus and the
polyphenolic compounds, resulting in the virus infectivity to be re-established.
The assay results demonstrated that despite the dilution of the virus-compound
mixture, the polyphenolic compounds maintained their antiviral efficacy, with
no reduction in effect over time (III, Fig. 3C). A similar study was conducted by
Zacheo et al. (2020), in which six different multi-sulfonated ligands coated on the
surface of gold nanoparticles were tested against the dengue virus (Zacheo et al.
2020). While all of the ligands effectively inhibited virus infection, only two of the
compounds retained their efficacy when subjected to dilution, highlighting the
importance of testing dilution in antiviral research.
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5.3 Mechanism of antiviral action

5.3.1 Wood and rosin-functionalized plastic have different abilities to
absorb viruses

To decipher the mechanism of antiviral action of wood and rosin-functionalized
plastic surfaces, we initially proposed a hypothesis that the observed reduction
in infectivity on the wood and rosin-functionalized plastic surface could be due
to the binding and absorption of viruses by the surfaces. To test this hypothesis,
HCoV-OC43 and CVA9 were added on pine wood and oak wood, followed by
incubation of the virus for 15 min on these surfaces. In the case of the plastic
surfaces, HCoV-OC43 was added to the rosin-functionalized and non-
functionalized LDPE plastic and incubated for up to 4 h. After the specific
incubation periods, the surfaces were gently flushed with cell culture media, and
the amount of viral RNA in the flush was quantified using qPCR. In the case of
wood surfaces, the results showed that there was a difference in the amount of
viral RNA recovered from pine and oak wood compared to non-surface treated
HCoV-OC43, which supported the hypothesis of viral absorption contributing to
antiviral activity (I, Fig. 5). However, no absorption was seen for CVA9.
Altogether, these results suggest that viral absorption inside the surface is only a
partial reason for the loss in viral infectivity on wood surfaces.

As for the plastic surfaces, the results showed similar amounts of viral RNA
recovered from both rosin-functionalized and non-functionalized surfaces and
the amounts were comparable to the virus control (II, Fig. 3). These results
indicated that the rosin-functionalized plastic still retains the non-porous, non-
absorbing nature of plastics and viral absorption is not the reason behind the
antiviral action of the rosin-functionalized surface. If there is any interaction
between the virus and the rosin-functionalized plastic surface, it can be
considered weak based on these results.

5.3.2 Rosin leaching from the surface contributes towards the antiviral
activity

Once we confirmed that the rosin-functionalized plastic did not absorb the virus,
we proceeded to investigate whether the rosin was functioning solely at the
surface or if it was leaching into the surrounding environment and inactivating
the virus. To study this, we flushed the antiviral surface with ddH20 for 1 h and
overnight and then used UV-Vis Spectroscopy to measure the absorption spectra
of these samples. The absorption spectrum of only rosin (elemental conifer pitch)
dissolved in 94% v /v ethanol served as a reference. The 1 h and overnight flushed
samples showed similar spectra, but they deviated slightly from the reference
spectrum (II, Fig. 7A). The deviations could be due to the different solvents used
in the reference compound and flushing media or the additives or fillers
incorporated by the company producing the functionalized plastic surface.
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Nevertheless, the absorption spectra indicated that the rosin leached into the
surrounding liquid environment over time.

To determine if the leached rosin was responsible for the antiviral activity
of the rosin-functionalized plastic, we conducted an experiment where the plastic
was flushed with ddH20 for an hour, and the resulting flush was incubated with
HCoV-OC43 for another hour. Post incubation the infectivity of the virus was
tested using the CPE assay. The test results indicated that the virus was
completely inactivated by the leached solution containing the active ingredient.
This suggests that the antiviral activity of the rosin-functionalized plastic was
due to the rosin leaching from the surface (I, Fig. 7B).

5.3.3 Difference in virus persistence likely linked to the bioactive
compounds present in wood

After discovering that porosity alone cannot explain the loss in virus infectivity
on different wood surfaces, we shifted our focus to analyze the chemical
compounds present in different wood species. Previous research has highlighted
the antiviral properties of certain wood extractives, which provided us with a
clear direction to explore (Granato et al. 2022). We focused on isolating the wood-
specific volatile organic compounds (VOCs) using two techniques. The first
technique was gas chromatography coupled with mass spectrometry (GC-MS),
which detected the total volatile organic compounds (TVOCs). The second
technique was Direct-Inlet Probe Atmospheric Pressure Chemical Ionization
Quadrupole Time-of-Flight Mass Spectrometry (DIP-APCI-QTOF MS), which
detected the semi-volatile organic compounds (SVOCs).

Our analysis using GC-MS showed differences in the type and quantity of
total volatile organic compounds (TVOCs) emitted from dry and wet wood at 25
and 40 °C (I, Fig. 7 and Supplementary Table 1 and 2). Notably, the wet wood
sample emitted more TVOCs than the dry wood samples, and the higher
temperature of 40 °C emitted more TVOCs than the lower temperature of 25 °C.
Pine wood emitted the largest number of chemical compounds in both cases. Our
research places particular significance on the wet wood analysis, as it closely
resembles wood that virus droplets have moistened during our prior persistence
studies (I, Fig. 1).

Our study using DIP-APCI-QTOF MS generated Van Krevelen diagrams of
the semi-volatile organic compounds (SVOCs) emitted from different wood
species surfaces at three distinct temperatures ranging from 200 to 300 °C (I, Fig.
8 and Supplementary Fig. 4). This technique primarily detected the broader class
of chemical components. The results from both DIP-APCI-QTOF MS and GC-MS
analysis complemented each other, leading to a more comprehensive
understanding of the wood-specific VOCs and their potential role in the antiviral
properties of wood. The analysis showed little difference between wood species
in the SVOCs desorbed at 200 °C. At 250 °C, pine and oak began to desorb some
resin acids and phenolics, respectively. The most significant differences were
observed at 300 °C, where some SVOCs, such as phenolics, were commonly
desorbed by all wood species, while others were unique to a particular wood
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species. For example, resin acids were desorbed by pine and spruce,
carbohydrates were desorbed only by oak, and triterpenoids were desorbed by
birch. Interestingly, pine and spruce showed a very similar profile of SVOCs.

Previous research has established a link between resin acids and antiviral
activity against enveloped viruses, such as herpes simplex virus (Gonzalez et al.
2010, Agudelo Gémez et al. 2012). Even our study with the rosin-functionalized
plastic, in which rosin is a mixture of resin acids, demonstrated antiviral activity
against HCoV-OC43. Based on these studies, resin acids in pine and spruce wood
surfaces likely could be linked to the rapid inactivation of enveloped viruses.
Furthermore, since all wood species commonly emitted phenolics, they could
contribute to the antiviral action against both enveloped and non-enveloped
viruses. Polyphenols, to which phenolics belong, are known for their antiviral
potential against both enveloped and non-enveloped viruses. Some polyphenols
exhibit broad-spectrum antiviral activity, while others are more specific to certain
viruses (Chojnacka et al. 2021). For example, EGCG displayed broad-spectrum
antiviral activity (Wang et al. 2021). In our study also, polyphenols have
demonstrated antiviral activity against the non-enveloped enteroviruses (I1I, Fig.
2). We hypothesize that the antiviral activity of different wood species against
enteroviruses could arise from the presence of different phenolics. Oak surfaces
were mainly enriched with phenolics, which correlated well with the higher
antiviral efficacy of oak against enteroviruses when compared to other wood
surfaces. It is likely that the antiviral properties of pine and spruce against both
enveloped and non-enveloped viruses are due to the significant amounts of resin
acids and phenolics, both present in both wood species. Further studies involving
isolated fractions should be evaluated for their specific efficacy against both
kinds of viruses to prove this hypothesis.

Given that thermal treatments improve wood's stability and durability, it
has become a common practice nowadays to subject wood to such treatments.
Our research on thermally treated wood surfaces revealed a significant decrease
in antiviral activity in Thermo-D treated spruce compared to Pine-D, Pine-S, and
Spruce-S (I, Supplementary Fig. 6). Using DIP-APCI-QTOF-MS analysis, we
found that thermally treated pine and Spruce-S still maintained high levels of
resin acids and phenolic compounds compared to Spruce-D (I, Supplementary
Fig. 7). Additionally, we observed an increase in carbohydrate levels in Spruce-
D, possibly due to the decomposition of hemicellulose into sugar monomers.
However, the interaction between carbohydrates and viruses is not yet fully
understood. Based on our findings, we propose that the reduction in SVOCs like
resin acids and phenolics, along with the increase in carbohydrate content, could
be the reason for the loss of antiviral activity on the Spruce-D surface. Further
investigation is needed to confirm this hypothesis.

5.3.4 Polyphenols stabilize the virus and prevent genome release

To understand how polyphenols work against enteroviruses, we first wanted to
understand the stage of the virus lifecycle, at which the polyphenols exert their
antiviral effect. To test this hypothesis, we conducted a time of addition assay.
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Polyphenolic compounds were added to the cells 1 h post-infection (p.i.). Results
of the time of addition assay showed that these polyphenolic compounds could
not rescue the cells from the virus infection when they were added post infection
(IIL, Fig. 4A). However, when the virus was treated with the compounds for 1 h,
the virus was unable to complete its infection cycle (III, Fig. 2). This suggested
that the polyphenolic compounds were targeting early stages of viral infection
such as virus attachment or internalization.

Having established the direct effect of the polyphenolic compounds on the
virus, we proposed the following possible mechanisms: (i) the polyphenolic
compounds inactivate the virus by causing premature release of the viral genome
from the capsid or (ii) the polyphenolic compounds stabilize the virus,
preventing its opening and genome release, thus rendering it incapable of
infecting host cells. To explore these mechanisms, we used two fluorescence-
based assays - Particle Stability Thermal Release Assay (PaSTRy) and an in-house
developed uncoating assay, which uses SYBR Green II (SGII) to detect genomic
RNA. This nucleic acid dye fluoresces brightly when bound to the RNA and
offers several advantages over traditional RNA dyes: lower cytotoxicity, high
specificity for RNA and is cost-effective (Kiltie and Ryan 1997, Kirsanov et al.
2010).

The PaSTRy/Thermal assay was conducted using a PCR machine to
investigate the release of RNA at increasing temperatures. The interaction
between the released RNA and SGII was recorded and plotted as a function of
temperature, resulting in a bell-shaped melt curve. The first derivative plot of
this data was useful in determining the melting temperature (Tm), which was
altered if there was any difference in virus stability due to the interaction of the
antiviral compound with the capsid (Martikainen et al. 2015). To serve as a
positive control during the study, untreated virus in storage buffer (PBS with
2mM MgClz) was used. The virus control in storage buffer showed a typical bell-
shaped curve with a Tm of 42 °C (III, Fig. 4B), which was calculated from the melt
peak data (data not shown). However, polyphenol-treated viruses generated
very low fluorescence, with no significant change in the Tm. This is unusual
because normally, stabilization results in an increase in Tm. It is possible that a
strong stabilization in this case may have blocked the expansion and opening of
the virus. It was confirmed in a separate control assay that polyphenols did not
directly affect the fluorescence emitted by SGII binding to nucleic acids,
indicating that the reduced fluorescence was due to the low accessibility to viral
RNA (data not shown).

The effect of the polyphenols on virus stability was also tested under a
special condition using an opening buffer. This buffer is a mixture of low
sodium/high potassium ions and albumin (20 mM NaCl, 6 mM KH2POs, 12 mM
KoHPOy4, and 0.01% fatty acid-free bovine serum albumin [faf-BSA]), which
promotes the opening of the virus by releasing the pocket factor (Ruokolainen et
al. 2019). When the virus was present in the opening buffer, it immediately
showed very high fluorescence as compared to the virus in storage buffer,
indicating that the viral RNA was readily accessible to SGII for binding.
However, when the polyphenols were present with the virus in opening
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conditions, lower fluorescence was recorded, with no significant variation in the
Tm. Interestingly, the polyphenols seemed to prevent the opening up of the virus
even under these strong ionic conditions, as the opening buffer was added after
the polyphenols treatment to the virus. This suggested that the polyphenolic
compounds effectively prevented majority of the virus from opening and
releasing its genome, even in the presence of the ionic conditions.

To gain additional confirmation that polyphenolic compounds stabilize the
virus and prevent genome release, we used an spectroscopy based, in-house
developed real-time uncoating assay (Ruokolainen et al. 2020). Enteroviruses
exhibit three distinct virion forms: intact, intermediate (or primed), and broken
(Myllynen et al. 2016). Intact particles contain the RNA within the protein capsid.
Intermediate particles still contain the RNA, but the capsid undergoes structural
changes and expands. Broken particles no longer contain the viral genome. Our
hypothesis was that the presence of antiviral polyphenolic compounds could
influence the virus's structural state and its transition into an expanded or empty
state. To test this hypothesis, we utilized two reporter molecules. The first, SGII,
which binds to viral RNA and emits fluorescence upon contact. The second is
RNase, which degrades viral RNA if it is released outside the capsid. Intact
capsids would not emit fluorescence. In expanded capsids, SGII can penetrate the
capsid and emit fluorescence, while RNase being a large molecule cannot access
the expanded capsids to digest the RNA. For empty capsids, a high level of
fluorescence is recorded with SGII, but the addition of RNase degrades the RNA,
thus significantly reducing the fluorescence.

In our experiment, we studied the viruses in three different conditions:
virus control in storage buffer, virus in uncoating buffer, and virus treated with
polyphenols in storage buffer. For each condition, fluorescence was recorded
from a sample with and without the addition of RNase [see the protocol in more
detail in (Ruokolainen et al. 2020)]. We subtracted the fluorescence results of the
samples with RNase from the ones without RNase to measure the amount of net
RNA released from the virions. Our findings showed that in the virus control,
the fluorescence level was very low and remained constant throughout the 1-h
assay (III, Fig. 4C). Also, we observed minimal difference in fluorescence between
the samples with and without RN Aase, indicating that the virus control mainly
contained intact capsids with some expanded capsids. On the other hand, in
viruses subjected to uncoating conditions, we observed very high fluorescence
without the RNase and there was a significant lowering of the fluorescence after
the addition of RNase. This suggests that the ionic conditions of the opening
buffer compelled most of the viruses to either open or expand. In the third
condition when viruses were treated with polyphenolic compounds, the
fluorescence signal without RNase was low, and there was not much difference
in the fluorescence after RNase addition. This indicated that the viruses remained
mostly intact, just like the virus control and the treatment with the polyphenolic
compounds did not induce genome release. Thus, aligning with the results from
the thermal assay.
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5.4 The effect of antiviral treatment on virion structure

5.4.1 Coronaviruses

To study the impact of antiviral surfaces and polyphenolic compounds on the
native virion structure, we utilized several imaging techniques. Our initial focus
was on the structure of coronaviruses that had been flushed from the rosin
functionalized plastic surface. To do this, we employed Atomic Force Microscopy
(AFM) and Transmission Electron Microscopy (TEM). Surprisingly, no apparent
changes were observed in the virion structure of the viruses flushed from the
rosin-functionalized surface compared to the control virus that had not
undergone any treatment or viruses flushed from the LDPE surface (II, Fig. 4A
and 4B). The spikes and envelope membrane appeared to remain intact. AFM
revealed the presence of small virus clusters and some donut-shaped viruses that
had flattened out on the surface. It is worth noting that a previous study
examining the impact of purified spruce resin on bacteria observed that bacterial
cells underwent aggregation, displayed thicker-than-normal cell walls, and
ultimately degraded when exposed to the resin (Jokinen and Sipponen 2016).
However, unlike bacterial cells, we did not observe a similar thickening of the
viral envelope or aggregation of viruses on rosin treatment.

The AFM and TEM studies on viral structure were limited to imaging
viruses flushed from surfaces. However, helium ion microscopy (HIM) allowed
the direct visualization of the viruses while on the surface. HIM imaging revealed
that viruses on the antiviral surface appeared flatter than those on the LDPE
surface (II, Fig. 5A). To quantify this difference, we measured the aspect ratio
(width/height) of the viruses on each surface. The aspect ratio for viruses on
LDPE was 1.6+0.3 (S.D.), while those on the antiviral surface were 2.5+0.5 (S.D.).
The appearance of flatter viruses on the antiviral surface could be related to the
surface's wettability that was assessed by measuring the droplet contact angle on
the surface (II, Fig. 5B). The contact angle measurement provides information
about surface properties like hydrophilicity or hydrophobicity. The contact angle
of the droplet on LDPE was 95°, while the rosin-functionalized plastic surface
had a contact angle of 55° indicating that the antiviral surface was more
hydrophilic than the LDPE surface (Law 2014). Hydrophilic surfaces promote
liquid spreading, which could have caused the viruses within the droplet to
appear flatter due to the surface's affinity.

Next, Cryo-EM was used to resolve the ultra-structure of the viruses
flushed from the rosin-functionalized plastic and LDPE surfaces and to
determine whether the virus genome was still present inside the virus. The
viruses flushed from both surfaces appeared similar to the virus control,
retaining spikes on the surface of the envelope and appearing intact with no
apparent changes in the virion (II, Fig. 6A). Also, there was no visible thickening
or alteration in the viral envelope, as observed previously by Jokinen and
Sipponen (2016) in bacterial cells (Jokinen and Sipponen 2016). Additionally, an
in vitro sedimentation assay confirmed the presence of viral RNA inside the
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virion, with quantities of viral RNA recovered from the LDPE surface, virus
control, and the antiviral surface all being similar (II, Fig. 6B). Both the Cryo-EM
tindings and the in vitro sedimentation assay complemented each other findings
and confirmed the presence of the viral RNA inside the virion.

5.4.2 Enteroviruses

To investigate the impact of polyphenolic compounds on enterovirus structure,
transmission electron microscopy (TEM) studies were conducted. The negative-
stained control virus images revealed uniformly distributed, intact viruses on the
grid that appeared bright against a dark background. A few broken virions that
lacked a genome were also observed (III, Fig. 5B). In contrast, the viruses treated
with polyphenolic compounds were mostly intact but formed large aggregates.
The Dynamic Light Scattering (DLS) data supported the TEM findings, revealing
that polyphenolic compound-treated viruses formed aggregates of about 1 pym in
diameter (III, Fig. 5C). On the other hand, untreated viruses had a peak closer to
30 nm, which is the average diameter of intact enterovirus virions (Hogle et al.
1985). Taken together, these results suggested that the interaction between the
virus and the polyphenolic compounds caused the viruses to aggregate, while
keeping the virion intact. To support our findings, we found previous research
by Ueda et al that demonstrated antiviral activity of a persimmon extract against
non-enveloped virus (Ueda et al. 2013). The authors proposed that the antiviral
action of the extract is associated with the aggregation of viral proteins.

To explore the potential interactions between the polyphenols and the
enterovirus capsid, docking studies were conducted using an in house developed
algorithm. Due to the computational complexity of docking the entire capsid
surface, we targeted larger areas around the 2-fold and 3-fold axes of symmetry
of CVB3 and CVA9. The analysis identified 159 docking poses based on
tavourable binding energies, hydrogen bonds, and hydrophobic interactions (I1I,
Fig.9). Overall, six distinct binding sites were observed, of which four were novel
(51,52, S3, and 3-fold axis pore), and two had been reported earlier (hydrophobic
pocket and the Butcher-Neyts pocket) (Abdelnabi et al. 2019). Interestingly,
EGCG and RES shared some docking poses on CVB3 and CVA9, while others
were specific to each virus. EGCG showed a higher propensity to bind to multiple
sites across both viruses. Both polyphenols interacted favorably with the
hydrophobic pocket, a well-known target for previously studied capsid binders
(Oberste et al. 2009, Matz 2013, Makarov et al. 2015). Furthermore, CVB3 exhibited
fewer docking poses in the hydrophobic pocket than CVA9, likely due to the
collapsed hydrophobic pocket in the Nancy strain of CVB3 used in our study
(Abdelnabi et al. 2019). RES displayed a higher affinity for binding within the
hydrophobic pocket due to its small size and linear molecular structure. Overall,
our docking studies provide insights into the possible binding sites for
polyphenols on the enterovirus surface that contribute to the strong stabilization
effect.
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5.5 Effect of antiviral treatment on virus life cycle

Confocal microscopy was used to determine the specific stage of the HCoV-OC43
life cycle that was affected because of their interaction with the antiviral wood
and rosin-functionalized plastic surfaces. We immunolabeled the virus's spike
protein and the cell's nuclei and tubulin to follow the infection cycle. Two set of
experiments were conducted, one where the viruses flushed from the surfaces
(wood and rosin-functionalized plastic) were allowed to infect the cells for only
2 h, while the other for 15 h. The 2 h time point was used to study binding and
entry, while the longer time point allowed to study virus replication and protein
translation. In all the confocal studies, a virus without any surface treatment and
a virus flushed from the LDPE surface were used as controls.

In the 2 h time point study with the pine wood surface, no S protein signal
(red dots) was detected in cells incubated with the virus flushed from the wood
surface (I, Fig. 6A). In contrast, in the case of the untreated virus control and virus
flushed from the LDPE surface, a very strong S protein signal (red dots) was
observed around the cell boundaries, suggesting successful viral attachment
and/or internalization. In the 15 h time point study, in the case of both the
untreated virus control and virus flushed from the LDPE surface, a significantly
high amount of S protein signal was detected, suggesting that protein translation
had occurred to produce more S proteins for new virions (I, Fig. 6B). However,
no signal was detected in cells incubated with the virus flushed from the pine
wood surface. Results from the confocal studies suggests that either the
coronaviruses flushed from the pine wood surface were too few to infect and
show up in the confocal studies or then the interaction of the coronavirus with
the pine surface hindered the initial stage of viral attachment.

A similar study was performed with HCoV-OC43 viruses flushed from the
rosin-functionalized plastic surface. In the 2 h time point study, a very strong S
protein signal (red dots) was observed around the cell boundaries for cells
infected with virus flushed from the rosin-functionalized plastic surface, LDPE
surface and virus control (II, Fig. 8B). This suggested that the virus was successful
in binding to its host cell. An in vitro binding assay was also conducted, wherein
the viral infection was carried out at a low temperature of 4 °C to synchronize its
entry into the cells. After removing the unbound viruses, the cells were lysed,
and the amount of viral RNA was quantified using RT-qPCR to determine the
amount of virus bound to the cells. Viruses flushed from the LDPE surface and
untreated virus served as controls in this experiment. The results suggested that
the virus flushed from the rosin-functionalized plastic surface bound to its host
cell similarly to the untreated virus control and the virus flushed from the LDPE
surface (II, Fig. 8A). This observation indicated that the virus flushed from the
rosin-functionalized surface does not affect the virus's binding ability, thus
supporting the results obtained from the confocal studies.

In the 15 h time point study, a significantly high amount of S protein signal
was detected from cells infected with virus flushed from the LDPE surface and
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the untreated virus control (II, Fig. 9A). Interestingly, the viruses flushed from
the rosin-functionalized plastic surface still appeared to be present bound to the
surface or inside vesicles. The infection % of the samples was quantified by using
the software Cell Profiler 4.2.1. Results showed that the amount of infection in
the wells with the virus flushed from the LDPE surface was comparable to the
virus control (II, Fig. 9B), while the infection in the wells with the virus flushed
from the rosin-functionalized plastic surface was significantly lower. These
results corelated well with the persistence studies of HCoV-OC43 on LDPE and
the rosin-functionalized surface (II, Fig. 1B). As protein translation and RNA
replication occur simultaneously, we also immunolabeled dsRNA intermediates
to check if replication was initiated. Analysis of the confocal images showed no
signal in cells infected with the virus flushed from the antiviral surface as
opposed to abundant dsRNA signal in cells inoculated with the untreated virus
and virus flushed from the LDPE plastic surface (I, Fig. 9C). These findings
suggested that the virus collected from the rosin-functionalized surface was
unable to progress in the life cycle after virus attachment and vesicle-entry. Thus,
it seems probable that the antiviral treatment affected the uncoating/fusion
ability of the virus. However, further experiments would be required to confirm
this.

In case of enteroviruses treated with the polyphenolic compounds, the first
stage of infection i.e., virus attachment to its host cell was studied using a binding
assay with metabolically radiolabeled CVA9. The virus treated with
polyphenolic compounds were allowed to infect the cells at low temperature to
synchronize their entry inside the host. After cell lysis, the radioactivity from the
viruses was detected using a scintillation analyzer. Results from the binding
assay demonstrated that the interaction with the polyphenolic compounds
significantly prevented the virus from binding to its host cells, just like in the case
of viruses treated on the wood surface (I, Fig. 4D).
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6 CONCLUDING REMARKS

In summary, this thesis sheds light on three antiviral approaches aimed at
reducing indirect transmission of viruses through surfaces. Two of the
approaches were surface based, while the third focused on compounds in
solution that could be applied as a coating to impart antiviral properties to a
surface.

In the first study, we explored the antiviral properties of different wood
species. While most woods displayed antiviral traits, there were significant
variations between species. We found that pine and spruce wood displayed
extraordinary inactivation capabilities against coronaviruses within a contact
time of 15 min, while the hardwood oak displayed similar effectiveness against
the non-enveloped enteroviruses. Wood modification like different coarseness
did not impact the antiviral properties of wood, however, thermal treatments or
integration of plastic materials influenced the antiviral efficacy of wood. Both
pine and oak wood showed the ability to absorb enveloped coronaviruses, but
not the non-enveloped enteroviruses. This suggested that virus absorption is not
the only reason for loss in antiviral activity. Through the profiling of VOCs from
various wood species, certain differences and similarities between the species
were discovered. These VOCs signatures may help explain the differences in
virus persistence observed across different wood species. Thus, we hypothesized
that the antiviral properties of wood species could be tied to the absorption of
viruses and the presence of different VOCs. However, future studies would
determine whether the antiviral activity of certain wood species is linked to a
specific compound or if the result is a synergistic effect of multiple compounds.

In the second study, we demonstrated that a regular plastic surface
functionalized with tall oil rosin could inactivate both seasonal HCoV-OC43 and
SARS-CoV-2 within a very short time, while virus on regular plastic stayed
infective for about 2 days. The efficacy of the antiviral surface was not
compromised under different humidity levels. We also found that the active
component, rosin, leached out into the surroundings to mediate the antiviral
effect. Interestingly, rosin seemingly did not alter the virion structure, as
visualized by different imaging techniques and the virus retained its ability to
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bind and enter the cells, suggesting that the mechanism of inhibition relies on the
prevention of fusion with the cellular membranes or direct effect on S protein or
even viral RNA. Future studies focusing on each of the infection cycle events post
internalization would help reveal the real targets and the molecular mechanism
of action.

Lastly, polyphenols also showcased remarkable antiviral efficacy against
non-enveloped enteroviruses within a few min of contact at room temperature.
The efficacy enhanced many folds when the polyphenols were functionalized on
the surface of gold nanoparticles. Investigations into the mechanism of action
revealed that both the polyphenols and polyphenol-functionalized nanoparticles
acted directly on the viruses, stabilized them, and prevented their genome
release. The interaction between the compounds and viruses resulted also in
aggregation of intact virions. Further, docking studies predicted six binding sites
on the enterovirus surface, amongst which two were previously identified
targets, namely the hydrophobic pocket and Butcher-Neyts pocket, while four
were new target sites.

This dissertation provides evidence that nature can provide us with highly
effective antiviral surfaces in the form of wood, and one should consider using
more wooden products to increase the hygiene standards in the surroundings. In
situations where plastics, glass or metals are required, the introduction of natural
products such as rosin or polyphenols, either by embedding or surface-
functionalization, offers a viable approach to introduce antiviral functionality.
Together, these strategies contribute to the arsenal of possible countermeasures
against both enveloped and non-enveloped viruses. As a future prospect, wood
and rosin-functionalized plastic could be used as antiviral surfaces. Moreover,
antiviral polyphenolic compounds hold great potential as antiviral coatings for
surfaces, potential oral antiviral agents, and could be valuable in wastewater
treatment, surface disinfection, and vaccine development too.
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Abstract:

The ongoing challenge of viral transmission, exemplified by the Covid pandemic and
recurrent viral outbreaks, necessitates the exploration of sustainable antiviral solutions.
This study investigates the under-explored antiviral potential of wooden surfaces. We
evaluated the antiviral efficacy of various wood types, including coniferous and
deciduous trees against enveloped coronaviruses and non-enveloped enteroviruses like
coxsackie virus A9. Our findings revealed excellent antiviral activity manifesting already
within 10 to 15 minutes in Scots pine and Norway spruce, particularly against enveloped
viruses. In contrast, other hardwoods displayed varied efficacy, with oak showing
effectiveness against enterovirus. This antiviral activity was consistently observed across
a spectrum of humidity levels (20 to 90 RH%), while the antiviral efficacy manifested
itself more rapidly at 37 °C v/s 21 °C. Key to our findings is the chemical composition of
these woods. Resin acids and terpenes were prevalent in pine and spruce, correlating with
their antiviral performance, while oak's high phenolic content mirrored its efficacy against
enterovirus. The pine surface absorbed a higher fraction of the corona virus in contrast to
oak, whereas enteroviruses were not absorbed on those surfaces. This study highlights the
role of bioactive chemicals in the antiviral action of wood and opens new avenues for
employing wood surfaces as a natural, sustainable barrier against viral transmissions.

Key words: antiviral, coronavirus, enterovirus, persistence, solid surface, wood.



1. Introduction

Since prehistoric times, wood has played an essential role in tools, utilities and built
environment. The 20" century witnessed excessive exploitation of wood that together
with rapid industrial advancements provided several alternatives like plastics and metals
in interior surfacing and utilities in our built environment. Recent trends, underlined by
sustainability concerns and appreciation for wood's unique aesthetic and haptic properties
are reclaiming the use of wood in many daily uses !,

Parallel to these material trends, the 21% century is marked by emerging health challenges,
notably viral outbreaks such as SARS and COVID-19. Transmission mechanisms for
these viruses include not only direct human-to-human contact but also interactions with
contaminated surfaces >=. Viruses do not replicate outside their host cells; however, they
are able to persist for a long period of time on different surfaces as fomites 6. While
enveloped viruses, such as coronaviruses, exhibit quite short surface persistence up to 5
days, non-enveloped viruses on the other hand, shielded by robust protein capsids, can
endure for weeks, often resisting standard disinfection techniques. This is due to the
presence of a strong protein capsid which is difficult to break down with disinfectants
78 While disinfectants remain the primary strategy for neutralizing surface pathogens,
their efficacy is limited and their continuous use poses environmental, health, and
material degradation concerns *'°.

The intersection of these trends points to a need for research into antiviral surfaces and
this has sparked a new interest amongst scientists to reduce the circulating viral load.
Wood holds promise as a material capable of mitigating the spread of pathogens due to
its intricate composition and architecture. Currently, the few commercially available
antiviral surfaces and disinfectants present the only way to reduce the number of
pathogens on solid surfaces. Disinfectants usually exhibit limited efficacy, prolonged use
raises health concerns for the user, they have adverse environmental impact, carry the
potential for pathogen resistance and destroy the natural microbiota as well °.
Additionally, repeated use of disinfectants reduces the longevity of the surface, for
example, disinfectants are known to harden plastic and crack rubber °.

Historical practices have showcased wood’s inherent antimicrobial properties, evidenced
in traditional methods like the use of wooden boards in cheese and wine production '!.
The underlying antimicrobial mechanisms are believed to arise from wood’s hygroscopic
nature, which promotes rapid drying, and the antimicrobial compounds it naturally
contains >3, However, the interplay of various factors, such as wood type, surface
condition, and ambient conditions, necessitates more comprehensive research '4.

While the antibacterial and antifungal properties of wood have been documented across
cultures and time periods, the investigation into its antiviral potential has remained
relatively unexplored until recent years. In one study, Greatorex and colleagues showed
a reduction of more than seven logs of Influenza A viral titer on pine surface after 24 h 1>,



In another study by Chin and colleagues at the beginning of the COVID-19 pandemic
suggested that SARS-CoV-2 viral titer could be reduced by four logs post 24 h treatment
on a wood surface '¢. To the best of our knowledge, there is no literature that demonstrates
the persistence of enveloped and non-enveloped viruses on different wood species and
after short contact times. Also, the effect of environmental factors like temperature and
relative humidity (RH) or modification of wood surface properties on the persistence of
viruses on wood has not been comprehensively tested.

This work aimed to bridge the knowledge gap by investigating the antiviral properties of
wood surfaces, emphasizing both enveloped and non-enveloped viruses. Through
rigorous analysis, we explored the impact of different wood species, treatments, and
environmental conditions on viral persistence. Our findings offer insights into the
intricate relationship between the organic chemical compounds of wood and their
potential to mitigate viral loads.

2. Materials and Methods

2.1 Cells, viruses, and surfaces

We used two cell lines, MRC-5 and A549 cells, which were obtained from the American
Type Culture Collection (Manassas, VA, USA). MRC-5 cells are fibroblast-like cells
derived from normal lung tissue obtained from a 14-week-old male foetus. While A549
cells are adenocarcinoma human alveolar basal epithelial cells. MRC-5 cells were
cultured in Minimum Essential Medium (MEM), while A549 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM). Both culture media were supplemented
with 10% Foetal Bovine Serum (FBS), 1% penicillin-streptomycin, and 1% GlutaMAX,
all from Gibco (Paisley, UK). The cultures were maintained in a humidified incubator
with 5% CO; at 37 °C.

Beta Coronavirus 1 (OC43 strain; ATCC®VR-1558™)(Manassas, VA, USA) was
propagated following the protocol by Dent and Neuman (2015) with minor modification
while coxsackie virus A9 (CVA9; Griggs strain; ATCC) was produced and purified as
described previously by Myllynen et al (2016) !”.

Six different varieties of wood species were used in this study: Scots pine (Pinus
sylvestris), silver birch (Betula pendula), grey alder (Alnus incana), eucalyptus
(Eucalyptus globulus), pedunculate oak (Quercus robur) and Norway spruce (Picea
abies). In addition, different coarseness of pine (coarseness: 80, 120, 320, 1000 and
planned grit sanded surfaces), wood-plastic composite (about 50% wood flour, 50%
polypropylene) and two differently thermo-treated spruce (Picea abies) and pine samples
(ThermoWood® S and D modified timber, see e.g., Cai et al. 2019) were also tested.
Industrial grade polyethylene (PE) was used as a plastic control sample. The wood
materials were sterilized by y-radiation and the plastic with 70% ethanol.



2.2 Surface persistence studies

For the persistence studies, test samples (wood and plastic surfaces) were placed in 12-
well plates. A 5 pl droplet of the virus (corresponding to 8x10* PFU) was inoculated onto
the centre of each sample's surface. These plates were then transferred to a custom-built
humidity chamber (Kenttiviiva Ltd, Finland) for specified time intervals. The chamber's
temperature and relative humidity were adjusted as needed for the experiments (e.g.,
21/37 °C and 20/40/60% RH). To achieve higher RH conditions (>90% RH), 6 mL of
ddH20 was added to each 12-well plate, which was then sealed with parafilm during
incubation. After the specified time points, the samples were gently flushed with media
and rocked for 1 minute to release the virus particles into the medium. The flushed media
was collected into Eppendorf tubes placed on ice and further diluted 100 times with
media. A 2% MEM solution was used as the flushing media for coronaviruses, while a
1% DMEM solution was used for enteroviruses.

2.3 Cytopathic effect (CPE)

To determine the infectivity of the flushed viruses, we employed the Cytopathic Effect
(CPE) assay. For coronaviruses, MRC-5 cells were cultured for 24 hours at 37 °C in 96-
well flat-bottomed microtiter plates (Sarstedt, Numbrecht, Germany) at a density of
15,000 cells/well in 100 pl of 10% MEM. Meanwhile, for enteroviruses, A549 cells were
cultured under similar conditions with 10% DMEM at a density of 12,000 cells/well.

Following the surface persistence studies, the flushed media from the surfaces and virus
control was added to the cultured cells. The plates were then incubated for five days at 34
°C for coronaviruses and two days at 37 °C for enteroviruses, or until the cytopathic effect
was visible. Once the cytopathic effect was observed, the cells were washed twice with
PBS and then stained for 10 minutes using a CPE dye solution (comprising 0.03% crystal
violet, 2% ethanol, and 36.5% formaldehyde). Post this, excess stain was removed with
two washes of ddH20. Stained cells were lysed using a CPE lysis buffer (0.8979 g of
sodium citrate and 1N HCI in 47.5% ethanol). The absorbance from the plates was
subsequently read at 570 nm using the VICTORTM X4 multilabel reader from
PerkinElmer (Turku, Finland).

2.4 Statistical analysis

The results from the CPE assay were plotted as a column graph of the cell viability with
standard error means using GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA). The CPE results were normalized against the cell control. The statistical
significance was calculated using the one-way analysis of variance (ANOVA), followed
by the Bonferroni test (* p <0.05, ** p <0.01, *** p <0.001 and **** p <0.0001).



2.5 Direct flushing

To assess potential differential absorption of HCoV-OC43 and CVA9 within different
wood surfaces, a direct flushing experiment was devised. A 5 pl droplet containing HCoV-
0C43 (8x10* PFU) and CVA9 (1x10° PFU) was applied to the surfaces of pine and oak,
followed by a 15-minute incubation at room temperature under high RH conditions
(>90% RH). Subsequently, the surfaces bearing HCoV-OC43 and CVA9 were flushed
with 2% MEM and 1% DMEM, respectively. The quantification of viral RNA in the flush
samples was performed using RT-PCR and qPCR methods.

2.6 RT-PCR and qPCR

The protocol for the cDNA synthesis using RT-PCR and amplification using qPCR was
performed as described previously by Turkki et al (2019) '8. The reverse primer specific
to HCoV-OC43 was 5’-AATGTAAAGATGRCCGCGTATT, and the corresponding
forward primer was 5’-TGTTAGGCCRATAATTGAGGAC (Merck). For enterovirus, the
reverse primer was 5’-GAAACACGGACACCCAAAGTA and forward primer was 5’-
CGGCCCCTGAATGCGGCTAA. gPCR was used for determining relative amounts of
viral RNA or virus infection between samples in two ways. To evaluate effects on virus
infection, samples were taken from 3 day cultivation from MRC-5 cells after the flushed
samples were applied on cells. In contrast, in evaluating the relative amount of viruses
that were absorbed on the surfaces, the qPCR was performed directly from the flushed
samples, without cultivation on cells.

2.7 Immunolabeling and confocal microscopy

Confocal microscopy was employed to examine various stages of the coronavirus
infection cycle. In this study, two separate experiments were conducted: one with a total
infection time of 2 hours, and the other with a total infection time of 15 hours. At first, a
5 pl droplet of purified HCoV-OC43 virus (2x10° PFU) was applied to the Pine and PE
surfaces and incubated for 1 hour at room temperature with approximately 92% RH. A fter
incubation, the viruses were flushed from the surfaces and added into two 96-well plates
containing sub-confluent MRC-5 cells at a multiplicity of infection (MOI) of 100. The
virus in the 96-well plates were allowed to settle on the host cell surface for 1 hour at
room temperature. Following this the plates were transferred to 34 °C for another 1 hour.
At the end of this incubation period, the cells were gently flushed with PBS to remove
any unbound virus. Cells in the plate one were fixed with 4% paraformaldehyde and
permeabilized with 0.2% Triton X-100 for 5 minutes, as this was the end of the 2 hour
infection time. In the other plate, PBS was replaced with 2% MEM, and the infection
continued for the remaining 13 hours at 34 °C. At the end of the 15 hour incubation period,
the cells were similarly fixed and permeabilized as mentioned above to proceed for
immunolabeling.



The cells were labelled with primary antibodies against the coronavirus spike protein and
the cellular tubulin (#sc-58886, Santa Cruz Biotechnology) for 1 hour at room
temperature. The S-protein antibody was generously provided by Moona Huttunen and
Ilkka Julkunen (University of Turku). For secondary labelling, Alexa Fluor 555 goat
polyclonal IgG against rabbit (catalog no. A-21429; Thermo Fisher Scientific) and Alexa
Fluor 488 goat polyclonal IgG against mouse (catalog no. A-21121; Thermo Fisher
Scientific) antibodies were used. Secondary antibodies were added to the cells for 50
minutes and incubated under dark conditions. Following the secondary antibody
labelling, three cycles of PBS washes were given to remove any unbound secondary
antibodies. The second PBS wash contained 4',6-diamidino-2-phenylindole (DAPI)
(Invitrogen/Molecular Probes, ref. D3571) at a dilution of 1:40000 to stain the cellular
nuclei. Imaging was conducted using a Nikon A1R confocal microscope equipped with a
40x objective and 1.25 Numerical Aperture (NA). Three lasers were employed: a 405 nm
diode laser, a 488 nm multiline argon laser, and a 561 nm sapphire laser. Montages of the
images were generated using Fiji2 software (Imagel).

2.8 Volatile organic compounds from wood specimen

In order to study easily evaporated chemical components from wood specimen that can
interact with virus deposits on the surface, (total) volatile organic compounds ((T)VOCs)
emitted by wood specimens (25%x25x10 mm in dimensions) at fixed 25 °C and 40 °C
temperatures were collected in two consecutive tests using Tenax® TA adsorbent tubes
(Markes International Inc., Sacramento, CA) containing 200 mg of sorbent (Figure S1A).
The first test employed untreated, dry wood specimens. The specimens were dampened
before the second test by submerging them in water for one hour and sealing them in
airtight zip bags for 24 hours. The specimens were left to sit for two hours under normal
laboratory conditions before the second set of VOC sampling after the 24 hours of
moisture absorption to get rid of excess surface moisture. Hence a total of four samples
were collected from each wood species. Sample collection adopts features from the
Finnish Building Information Foundation’s (2023) method to evaluate and classify
chemical emissions from building materials and the ISO 16000-6:2021 standard
(International Organization for Standardization 2021) for active VOC sampling.

VOC emission sampling was preceded by placing the wood specimens on tinfoil plates
inside the chambers (V = 114 mL) of a Micro-Chamber/Thermal Extractor M-CTE250
apparatus (Markes International Inc.) equilibrating to the target sampling temperature
over 5 minutes. The VOC samples were drawn from the chambers’ dedicated sampling
outlets, while nitrogen served as the inert carrier gas at a 75 mL/min flow rate. Sampling
lasted for 10 minutes at 25°C, and for 4 minutes at 40 °C to prevent adsorbent tube
saturation.

The samples were analyzed using a thermal desorption-gas chromatography-mass
spectrometry (TD-GC-MS) system consisting of a TD100 thermal desorber (Markes
International Inc.) (Figure S1B), a 7890A gas chromatograph (Agilent Technologies Inc.,



Santa Clara, CA) equipped with an HP-5 ms UI column with 60 m length, 0.25 mm inner
diameter and 0.25 pum film thickness (Agilent Technologies Inc.), and a 5975C mass
spectrometer (Agilent Technologies Inc.) running on scan mode. VOC species were
identified by their retention times and ion fingerprints using the MSD ChemStation
software (Agilent Technologies Inc.) and NIST20 MS-library (National Institute of
Standards and Technology, Gaithersburg, MD). A four-point calibration curve was
constructed using HC 48 component 40,353-U standard solution samples (Supelco Inc.,
Bellefonte, PA). The individual compound concentrations were calculated as toluene
equivalents, according to the ISO 16000-6:2021 standard. The results were background-
corrected using blank tinfoil plate samples collected concurrently with the wood
specimen VOC samples.

2.9 Chemical fingerprinting of semivolatile chemicals from wood specimen

To further characterize and classify the wood specimen chemical composition, the most
abundant semivolatile organic compounds (SVOCs) were determined using thermal
desorption connected directly to the high-resolution mass spectrometer. Experiments
were performed on a Bruker timsTOF quadrupole time-of-flight (Q-TOF) instrument
(Bruker Daltonics GmbH, Bremen, Germany), equipped with a direct insertion probe
(DIP) fitted into an atmospheric-pressure chemical ionization (APCI) source (Figure
S2A). The DIP device allows direct analysis of semivolatile (polar and nonpolar)
compounds without the need for sample preparation, which well complements the
conventional VOC analysis using TD-GC-MS.

In this work, a small amount of wood for each species (~1.5 mg) was placed inside a tip
of a pre-combusted quartz capillary, sealed with a thin layer of clean quartz filter (Figure
S2B). The capillary was placed inside the DIP-APCI source and vaporizer temperature
was then ramped from 100 to 450 °C with 50 °C steps. After each step, the temperature
was held at the target temperature for 1.5 minute before the next increment. The total
heating time was therefore ~11.5 minute (Figure S3A). Three different temperature
regimes can be distinguished; at 100-150 °C residual moisture and most VOC compounds
are liberated (drying phase), at 200-300 °C SVOC compounds (e.g., small oxygenates,
fatty/resin acids, and phenolic compounds and their derivatives) desorb (desorption
phase), while at >300 °C, decomposition of hemicellulose, cellulose and lignin occurs
(pyrolysis phase), which liberates a complex mixture of high-mass oxygenates and
aromatic/polyaromatic hydrocarbons (HCs). The liberated compounds are then ionized in
the APCI source, and their accurate masses are determined by the Q-TOF analyzer (Figure
S3B, lower panel).

APCI source was operated in the negative-ion mode to obtain optimal response for
oxygenated compounds. The instrument was externally mass calibrated prior to the
experiments with sodium perfluoroheptanoic acid clusters within the mass (m/z) range of
50-1000. The mass spectra were further internally re-calibrated using a custom-made
reference mass list (wood extractives and typical mild pyrolysis components). Following



the re-calibration, extracted ion chromatograms (all ions) of the selected time regions of
the desorption phase at 200, 250, and 300 °C were obtained, and elemental formulae for
the compounds were obtained using the following parameters; elemental formula: >C.
100'Ho-500'°00-20; H/C ratio = 0-3; mSigma score < 1000; relative abundance > 0.01%;
mass error < 15 ppm; both odd and even electron ions allowed.

The instrument was operated, and the data acquired using Bruker qtofControl 2.1 software
and the data post-processing was accomplished by Bruker DataAnalysis 5.2 software. The
van Krevelen (VK) diagrams (i.e., a plot of atomic H/C to O/C ratio for each detected
compound) was made using Ceres View. The compound classifications were based on the
criteria proposed elsewhere (Wu et al. 2004). Some compounds were further identified
by using the CompoundCrawler database search engine.

3. Results

3.1 Persistence of human coronavirus on different wood species

We used the CPE assay to determine the persistence of HCoV-OC43 on various wood
species. The tested wood species included Scots pine, silver birch, grey alder, eucalyptus,
pedunculate oak, and Norway spruce. We examined both shorter (1 — 15 min) and longer
(1 — 4 h) incubation times of the virus with the wood surface. The results obtained from
the CPE assay highlighted significant differences in the persistence of HCoV-OC43 on
different wood surfaces especially in the shorter time intervals.

Notably, on the pine surface, the viral infectivity started to reduce as early as after 5
minutes of incubation on the surface (Figure 1A), while on the spruce surface, the
infectivity declined drastically starting after 10 minutes. In case of birch and alder
surfaces, virus infectivity decreased within the tested shorter incubation times but did not
reach as high effectivity as pine and spruce. Strikingly, eucalyptus and oak surfaces could
not reduce the infectivity of the HCoV-OC43 virus within the shorter incubation times.
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Figure 1. Infectivity of HCoV-OC43 recovered from six different wood species after (A) shorter incubation
times (1 — 15 min) and (B) longer incubation times (1 —4 h). The results have been normalized against the
cell control (CC) which was set to 100% cell viability. Virus without any surface treatment was used as a
virus control (VC). All the results are presented as an average + standard errors of the mean (SEM). The
statistically significant differences between the test samples and VC are indicated with asterisks: * p <0.05,
*¥*E p <0.001, ¥*** p < 0.0001, ns is not significant (analyzed with one-way ANOVA with Bonferroni
test).

When we extended the incubation times of the virus on the surface to 1 hour, pine, spruce,
birch and alder exhibited full reduction of infectivity, while eucalyptus and oak exhibited
full activity only after 2 hours (Figure 1B). These results indicated that eucalyptus and
oak were not as expeditious as other wood species in inactivating HCoV-OC43 on its
surface and they could be potential fomites to transmit coronaviruses during the first few
hours.



3.2 Effect of relative humidity and temperature on persistence on HCoV-OC43 on
different wood species

Initial assessments on wood surfaces were conducted under conditions of elevated
humidity (exceeding 90% RH) at room temperature (Figure 1A and B). Recognizing that
real-world conditions vary considerably, it was imperative to examine how fluctuations
in temperature and humidity might influence our observations. To this end, experiments
were orchestrated across two distinct temperatures, 21 °C (reflective of Nordic indoor
environments) and 37 °C (reminiscent of tropical climates). Furthermore, we selected
three RH levels: 20%, 40%, and 60%, thereby encompassing a spectrum ranging from
20% to 90%, which aligns with the range frequently encountered both indoors and
outdoors, irrespective of seasonal variations.

Comparative analyses between the two temperature settings revealed an intriguing
pattern: viral infectivity was markedly reduced at 37 °C relative to 21 °C (Figures 2 & 3).
Eucalyptus wood offered a striking illustration of this trend. Here, the virus was entirely
inactivated post one hour of exposure at 37 °C. However, the viral entities persisted and
remained infectious under similar conditions at 21 °C. Similarly, the silver birch surface
demonstrated total viral inactivation within a mere 15 minutes at 37 °C, a stark contrast
to its behaviour at 21 °C. This thermal effect aligns with extant literature. For instance,
Wang et al. (2020) delineated how reduced temperatures, coupled with heightened
humidity, often prolong the survivability of coronaviruses on surfaces.
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Figure 2: Infectivity of HCoV-OC43 recovered from pine, birch, alder and eucalyptus surfaces after
incubating for various durations (5 minutes, 10 minutes, 15 minutes and 1 hour) at 21 °C under different
RHs: (A) 20% (B) 40% and (C) 60%. The results have been normalized against the cell control (CC) which
was set to 100% cell viability. Virus (VC) without any surface treatment was used as a positive control. All
the results are presented as an average + standard errors of the mean (SEM). The statistically significant
differences between the test samples and VC are indicated with asterisks: * p < 0.05, ** p <0.01, **** p <
0.0001, ns is not significant (analyzed with one-way ANOVA with Bonferroni test).

In contrast to the influence of temperature, there appears to be no direct linear relationship
between different humidity levels and the loss of virus infectivity. At 21°C, variations in
humidity, from low to high, appeared inconsequential in terms of influencing virus



infectivity. However, at higher temperatures, extreme RHs, such as 20% and 90%,
supported the virus's persistence for a longer duration compared to 40%. A salient
observation emerged when assessing virus behaviour on alder wood at 37 °C. While at
both 20% and 90% RH, the virus was rendered non-infectious after a 15-minute exposure
(as seen in Figure 3A and 3C), a swifter inactivation occurred at 40% humidity, where the
virus lost its infectivity in under 10 minutes (Figure 3B). These results suggest that RH
plays a minor role at 21 °C but its impact becomes accentuated at heightened
temperatures.
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Figure 3: Infectivity of HCoV-OC43 recovered from pine, birch, alder and eucalyptus surfaces after
incubating for various durations (5 minutes, 10 minutes, 15 minutes and 1 hour) at 37 °C under different
RHs: (A) 20% (B) 40% and (C) 60%. The results have been normalized against the cell control (CC) which
was set to 100% cell viability. Virus (VC) without any surface treatment was used as a positive control. All
the results are presented as an average + standard errors of the mean (SEM). The statistically significant
differences between the test samples and VC are indicated with asterisks: ** p <0.01, *** p <(0.001, ****
p <0.0001, ns is not significant (analyzed with one-way ANOVA with Bonferroni test).

3.3 Delayed inactivation of non-enveloped viruses on different wood surfaces
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Figure 4: Infectivity of CVA9 recovered from six different wood species after (A) shorter incubation times
(1 — 15 min) and (B) longer incubation times (1 — 4 h). The results have been normalized against the cell
control (CC) which was set to 100% cell viability. Virus (VC) without any surface treatment was used as a
positive control. All the results are presented as an average + standard errors of the mean (SEM). The
statistically significant differences between the test samples and VC are indicated with asterisks: * p <0.05,



** p <0.01, *** p <0.001, **** p < 0.0001, ns is not significant (analyzed with one-way ANOVA with
Bonferroni test).

In addition to the enveloped viruses, it was equally important to also test more stable non-
enveloped viruses like Coxsackievirus A9 (CVA9) on the same surfaces. The persistence
of CVA9 was tested in two separate experiments, one was for a shorter time ranging from
1 to 15 minutes and the other was for longer period ranging from 1 to 4 hours (Figure 4A
and 4B). The results with the shorter time of incubation on the surface showed no
significant loss of infectivity on any of the tested wood surfaces except for oak, which
showed loss in viral infectivity already starting at 7.5 minutes (Figure 4A). The results
with the longer time of incubation on the surface showed varying results for the different
wood species (Figure 4B). The virus on the spruce surface showed a complete loss of
infectivity after 1 h of incubation, while pine, birch and eucalyptus showed a good loss
of infectivity only after 4 h. Alder showed negligible effect even after long incubation
periods. These results demonstrate that specific wood species can affect the persistence
of non-enveloped viruses on its surface, but these species are interestingly different from
those affecting the enveloped coronaviruses. Oak wood showed the fastest inactivation
capability followed by pine, birch and eucalyptus, while some surfaces like alder showed
no antiviral effect.

3.4 Coronaviruses and enteroviruses differ in their absorption to wood surfaces

In order to decipher the mechanism by which the wood surface demonstrate the antiviral
effect, the RNA of the viruses flushed from the wood surface was quantified using qPCR.
In addition to pine, oak was chosen as these surfaces had such differing abilities to
inactivate coronaviruses and enteroviruses. The viral RNA flushed from the surfaces after
a 15 min incubation was first converted to a more stable form of cDNA and then the
cDNA was amplified using qPCR. The results from the qPCR revealed that both pine and
oak absorbed coronaviruses on the surfaces as their relative amount was clearly lower
than the amount of input virus, respectively (Figure 5). A difference of 2.5 and 1.1 logs
corresponds to a 99.68% and 92.37% reduction in viral RNA on the pine and oak surfaces,
respectively, compared to the input virus. Interestingly, enteroviruses showed no
difference between the pine and oak surfaces and showed that the virus load was totally
flushed away from the surface after 15 min incubation. This is interesting, as oak showed
great efficacy against enteroviruses already after 15 min (Figure 4A). These results
indicate that pine wood absorbs more coronaviruses but not non-enveloped
enteroviruses.
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Figure 5: Detection of viral RNA after flushing directly from the (A) pine and (B) Oak surface. HCoV-043
and CVA9 was incubated on the different wood surfaces for 15 min after which the viral RNA in the flush
was quantified using RT-PCR and qPCR techniques. In the virus control (VC) sample, the virus has not
been incubated on any surface and the input virus has directly been quantified using PCR. All the results
are presented as an average + standard errors of the mean (SEM).

3.5 Coronaviruses flushed from the pine surface lose their ability to initiate infection

We tested the infection potential from samples flushed from the pine surface after 1 h
treatment by confocal microscopy. In order to follow the infection cycle of coronaviruses
inside MRC-5 cells, the spike protein of the virion was labelled and imaged. Two time
points were followed in cells: the virus was allowed to proceed with infection up to 2
hours while in the other case it was allowed to proceed for 15 hours. A virus without
surface treatment and viruses flushed from the PE surface were used as control for
comparison. The results from the confocal images after 2 h of infection showed bright red
spots within the cellular boundaries in case of the virus control and viruses flushed from
the PE surface, indicating that virus attachment and internalization was initiated in these
two cases (Figure 6A). In the case of the viruses flushed from the pine surface, no such
observation was made. Further, after 15 hour incubation inside cells, the viruses flushed
from the pine surface did not show cells full of newly synthetised spike proteins like the
other samples. This confirmed that the viruses flushed from the pine surface had lost their
infection potential (Figure 6B).
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Figure 6. Confocal images of MRC-5 cells infected with HCoV-OC43 flushed from pine and PE surfaces.
Time when images were acquired is A) 2 h and B) 15 h post infection. The presence of viral spike protein
is visible in red, nucleus in blue and cytoskeletal tubulin in green colour. Scale bar - 30 um.
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3.6 Wood species have significantly different organic chemical compositions

Wood samples exhibited notable variations in the emission of total volatile organic
compounds (TVOCs). To investigate the dissimilarities in chemical composition,
particularly regarding easily evaporable substances, emissions were collected and
analyzed from both dry and wetted wood specimens. The findings revealed a distinct
correlation between the emitted chemical compounds at temperatures of 25 °C and 40 °C
and the samples' ability to deactivate viruses. Of the species assessed, Scots pine stood
out by registering the highest cumulative emission rate, accompanied by an expansive
range of identified chemical entities across both dry and wetted samples (see Figure 7A
and 7B). Similarly, silver birch and spruce posted elevated emission figures,
predominantly evident in the wetted samples (as depicted in Figure 7B). Contrarily, the

alder, eucalyptus, and oak samples marked significantly subdued emission figures across
the board.

Dry wood samples predominantly emitted aldehydes, alcohols, organic acids, and
terpenes, although the overall number of components and their volume were relatively
low. Conversely, wetted wood specimens consistently showcased more diverse and
abundant chemical emissions, with the test temperature also exerting a notable influence.
The identified components were very similar to those found in dry wood, including
terpenes (in pine), aldehydes, alcohols, organic acids, as well as some cyclic
hydrocarbons and ketones.
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Figure 7: Total volatile organic compound (TVOC) emissions for A) dry wood specimen and B) wetted
wood specimen, both averages of two samples analysed. The bars reflect the total emission from wood in
25 °C and 40 °C conditions while the numbers on top of the bar indicate how many chemical components
were identified from each specimen. More detailed results on 20 most abundant chemicals and total
emissions from specimens are provided in supplementary Tables S1 and S2.

Chemical fingerprinting of SVOC compounds by DIP-APCI-QTOF mass spectrometry
revealed considerable differences between wood species studied. The temperature region
0f'200-300 °C (desorption phase) was selected for a more detailed analysis because most
SVOC compounds are liberated at these temperatures. Thus, DIP-APCI-QTOF MS is
complementary to the TD-GC-MS analysis. Figure 8 represents the van Krevelen
diagrams for the compounds detected upon thermal desorption of pine, birch, oak, and
eucalyptus samples at 200 °C (2.8-3.0 minutes), 250 °C (4.3-4.5 minutes), and 300 °C
(5.8-6.0 minutes) (for spruce and alder, see Figure S4).
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Figure 8: Van Krevelen diagrams for the semivolatile organic compound (SVOCs) from model species of
wood analyzed by DIP-APCI-QTOF system. Here pine and birch represent cases of excellent-to-good
antiviral activity, whereas oak and eucalyptus represent cases of low-to-none in terms of antivirality. Similar



summary of detected component groups for alder and spruce can be found in supplementary Figure S4. Key
differences arise from presence of resin components in pine and rather abundant presence of phenolic
compounds in both pine and birch in comparison to other tree species.

The main compounds desorbed at 200 °C were saturated and non-saturated fatty acids,
showing no marked differences between the wood species. In contrast, at 250 °C pine
wood showed desorption of compounds at H/C = 0.1-0.3 and O/C = 1-1.5, representing
different resin acids and other diterpenoids. At 250 °C, the other three wood species
showed very little difference to those observed at 200 °C. The biggest differences were
observed at 300 °C, where pine wood liberates a mixture of phenolic acids and aldehydes
(e.g., cinnamate and coniferyl aldehyde), stilbenes and flavonoids (e.g., flavan-3-ol), and
anumber of resin acids. In contrast to the other wood species, pine also showed desorption
of different terpene hydrocarbons, observed at O/C = 0 and H/C = 0.2-0.8. All hardwood
species also liberated phenolic extractives at 300 °C, and oak wood also showed some
condensed hydrocarbon (HC) species as well as a small number of hemicellulose-derived
monosaccharides. In addition, birch wood showed presence of triterpenoids and
hydroxy/epoxy fatty acids. Spruce showed rather similar characteristics to that of pine,
although considerably less resin acids were observed, and alder was very similar to the
other hardwood species (Figure S4).

3.7 Modification to natural wood can significantly alter virus persistence

Wood materials used in household and commercial settings are modified physically
and/or chemically to increase their shelf life and protect them from the adverse impacts
of weathering, pests, and biological degradation. To examine whether modifications like
reducing the coarseness, combining with plastic or thermal treatments would retain its
antiviral efficacy against viruses, we tested the persistence of HCoV-OC43 on these
modified wood surfaces. The first tests were made with a wood-plastic composite and as
a control we used PE plastic for comparison. The HCoV-OC43 virus was added to the
two surfaces and incubated for up to an hour, after which the infectivity of the viruses
flushed from these surfaces from each timepoint was evaluated using the CPE assay. As
per the CPE assay results, the viral infectivity remained unchanged even after one hour
of incubation on both these surfaces (Figure 9A and Figure 9B). These results indicate
that due to the presence of plastic in the wood composite, the wood composite surface
acted just like the polyethylene plastic and completely lost its ability to inactivate viruses
on its surface.
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Figure 9. Infectivity of HCoV-OC43 recovered from (A) wood plastic composite and (B) PE plastic
determined using CPE assay. Wood composite is about 50% wood and 50% plastic, PE is used as a control
plastic sample. The non-infected cell controls have been set as 100% cell viability. Results are presented as
an average of four sample replicates, each including three technical replicates on MRC-5 cells. Statistical
significance of the samples against virus control are shown above the bars (ns means no statistical
significance).

The effect of different coarseness levels (Pine 80, 120, 320, 1000 and planed) on the
persistence of HCoV-OC43 was also tested similarly. The CPE assay demonstrated that
there were no differences in how the viral infectivity declined on the differently polished
surfaces compared to the unpolished surface (Figure 1 and Figure S5). For all the polished
pine wood surfaces, the infectivity of the virus was lost closer to the 15 minute time point.
These results suggest that surface coarseness did not play a major role in altering the
persistence of HCoV-OC43 on pine wood surface.

In the third type of wood modifications, we tested two types of thermally treated
ThermoWood® (Thermo-S and Thermo-D) pine and spruce surfaces. Thermo-S referring
to indoor use product class where the dimensional stability was improved with milder
temperatures (190 °C), and outdoor uses targeting Thermo-D (D stands for durability)
applying a higher temperature regime (212 °C). Viruses were incubated on various
surfaces for durations of 5, 10, and 15 minutes, and their infectivity was assessed using
the CPE assay. For Thermo-S and Thermo-D pine surfaces, complete viral inactivation
occurred within 15 minutes (Figure S6A), similar to untreated pine (Figure 1A). However,
Thermo-S and Thermo-D treated spruce showed different outcomes. While untreated
spruce inactivated the virus within 10 minutes, Thermo-S required 15 minutes, and
Thermo-D preserved viral infectivity throughout the incubation (Figure S6B). This
implies that the thermal treatment effects vary across wood species, with Thermo-D
treated spruce potentially aiding in virus transmission. Thermo-D treatment on spruce
surface allows the viruses to persist on its surface and can be a potential fomite surface
for virus transmission.

DIP-APCI-QTOF MS analysis was conducted on thermally treated wood. The van
Krevelen diagrams for SVOC compounds from Thermo-D and Thermo-S treated pine
and spruce are shown in Figure S7. The results indicate that there were no marked
differences between pine and either thermally treated samples. Both, Thermo-S and
Thermo-D samples liberated slightly higher amounts of resins at 250 and 300 °C and
lower amount of phenolics at 300 °C, as compared to the untreated wood. In contrast,



different results were observed with the spruce samples. Thermo-S sample did not have
marked differences to that of the untreated spruce, but Thermo-D treated spruce liberated
much higher content of resin acids and phenolics as well as some carbohydrates (mono-
and disaccharides), suggesting that more severe lignin and hemicellulose degradation
occurs upon thermal treatment at 212 °C.

4. Discussion

While the antibacterial activity of wood has been extensively studied, there are only few
antiviral studies on wood materials, and especially the differences between wood species
are largely unknown. Also studies in which wood surface topography or chemical
modification would have been assessed as factors to contribute to antivirality are scarce.
We show here that native wood materials are in general very good in their antiviral
efficacy. Many wood species that are commonly used in indoor and outdoor housing, such
as pine, spruce, and birch, killed coronavirus infectivity within a 15 minute time frame.
However, species like oak, eucalyptus and alder showed much lower efficacy. Notably,
enveloped, and non-enveloped viruses responded differently to these surfaces.

Our CPE assay results showed that pine and spruce are the most challenging surfaces for
coronaviruses to stay infectious. The infectivity was already destroyed after 5-10 minutes
compared to alder, oak, and eucalyptus, in which viruses stayed infectious during the
shortest incubation times at room temperature. It is challenging to compare these results
to previous studies since only a few studies have been done with wood surfaces, and, in
previous studies, wood species were not described in detail. Chin et al. (2020) reported
that after two days, no infective SARS-CoV-2 was detected on the treated wood surface
in their experiments (room temperature, RH 65%) while Duan et al. (2003) reported that
SARS-CoV stayed infectious for 4-5 days at room temperature on wood board 6%,

In our studies, we simulated standardized test conditions by incubating the virus on the
surface at room temperature and over 90% RH. Additionally, it was important to note that
indoor humidity levels can vary significantly, especially in Nordic countries. Wintertime
conditions may see indoor humidity drop to very low levels, even below 20%, while
summertime conditions typically range between 50% and 70%. In southern European
countries, where temperatures can soar up to 40 °C during the summer, the environmental
factors are distinctly different. To account for this variability, we conducted experiments
incubating viruses on four different wood species under three different RH conditions
(20%, 40%, and 60%) at two different temperatures (21 °C and 37 °C)

We observed, expectedly, that the virus persists less at higher temperatures. This has been
shown by several other studies '°2!. We expected that humidity conditions could affect
the results. Humidity conditions can, for example, influence the water absorption
properties of wood, which could further affect the virus's survival on the wood surface.
However, it was surprising to find out that humidity played such a small role in the tested
time frame. Our studies found that the relationship between RH and infectivity reduction
was not so clear at room temperature. However, at 37 °C, we observed that moderate RH



conditions destroy viral infectivity most efficiently. Thus, the relationship between RH
and viral infectivity seems to be not linear, but U-shaped, as reported earlier by Casanova
et al. (2010) 2. They also suggested that the relationship between temperature and RH is
different depending on temperature conditions.

It is known that the porosity of wood and pore diameters vary among species. This might
affect the faster drying of viruses on the wood surface. For example, the total porosity of
birch is determined to be 60.5%, and pine is 69.7%, whereas the total porosity of oak is
only 53.8% 23. When comparing these porosities to our coronavirus persistence results, it
seems that the higher the porosity, the more quickly coronavirus infectivity got destroyed
on the surface. We also tested the wood composite and found that virus persistence was
very similar to plastic. These results match well with previous studies showing that
viruses stay viable longer on nonporous materials than on porous materials >*’. One of
the explanations for faster inactivation could be the drying of the viruses. Cox (1993)
reported over decades ago that dehydration causes damage to the bilayer membrane of
viruses and leads to other violating structural changes such as Maillard reactions of
proteins and oxidation of lipids %%. The envelope proteins are needed in cell penetration,
and thus the damage to the viral envelope makes them inactive. Porous materials draw
moisture away from absorbed viruses more efficiently, whereas, on non-porous surfaces,
a moist microenvironment might enable prolonged virus survival. Chatterjee et al. (2021)
reported that the bulk liquid in the respiratory droplets evaporate in minutes on both
porous and non-porous surfaces 2°. They pointed out that the critical factor is a
microscopic thin residual liquid film that enables the virus to survive despite the drying
of bulk droplets. Porous materials absorb these thin films more efficiently because of the
material's fibres and pores, and thus viruses are inactivated faster. However, more specific
studies supporting these physiochemical hypotheses are needed.

Our gPCR flushing experiment results indicated that wood could also retain more viral
RNA than plastic. Viral particles may be physically trapped on the wood surface, which
could also explain why the viral infection potential was weaker in virus samples incubated
on the porous wood surfaces. The viruses might stay infectious on the surface but were
stuck or absorbed inside the wood surface and did not get released to the flushing medium.
This way, the number of infective viruses added to the cells was smaller and thus not so
infectious for the cells in the CPE experiments. Interestingly, however, we observed that
pine could not absorb enteroviruses and flushed viruses in a similar manner from pine
and for the hardwood oak, which showed high antiviral efficacy despite of low
absorbance. Furthermore, the porosity is not that different between species, e.g., pine vs
oak, that it would explain all loss of infectivity also in the case of coronaviruses.
Therefore, the results clearly pointed to other mechanisms, i.e., antiviral compounds in
the wood species themselves.

The chemical composition of wood typically includes around 40-45% cellulose, 20-25%
hemicellulose, and 20-30% lignin. The rest (around 5%) of wood composition is known
as extractives. Extractives are organic compounds such as resins, flavonoids, terpenoids,



essential oils, sterols, alkaloids, fatty alcohols, phenolics (such as tannins), and gums
which can be extracted from the wood using polar or non-polar solvents **. While
cellulose does not show any antimicrobial properties 3!, hemicellulose has demonstrated
indirect antimicrobial activity 2, and lignans and extractives have repeatedly
demonstrated very good antimicrobial effects '>*3. These extractives are known to play a
major role in many functional aspects of the plant cells and improve wood's natural
resistance against decay organisms 4. There are some studies about the antiviral
properties of extractives in the literature. For example, some diterpenoids extracted from
pine are studied to inhibit viral RNA expression of influenza virus A *. Tannins extracted
from spruce and pine are also proven to have antiviral efficacy against non-enveloped
coxsackievirus A9, as we found recently .

We conducted analysis on volatile organic components from six wood species under both
dry and wet conditions at two distinct temperature settings. Notably, the species with the
highest antiviral activity, namely pine, spruce, and birch, also exhibited the most
significant chemical emissions in terms of both variety and volume. While certain
abundant chemicals were identified, the contribution of individual components to
antiviral activity remains unspecified. Distinctly, pine and spruce contained natural resin
acids and displayed a higher count of phenolic compounds and hydrocarbons compared
to the other species.

Chemical analysis of spruce and Scots pine within the temperature range of 150 to 300
°Crevealed an increasing presence of resin acids and phenolic compounds, characteristics
of coniferous species (Figure S8). Previous studies have suggested the antiviral efficacy
of lignin constituents, possibly through reactive oxygen species generated from lignin
phenol oxidation *’. Confirming prior research by Willfor et al. (2003ab) and Esteves et
al. (2013), our findings indicated that pine emitted more resin acids, phenolic
components, and certain hydrocarbons than spruce ***°. However, a variation was
observed in the retention of some resins at higher temperatures. The prominence of
phenolic compounds likely originates from lignin breakdown.

Furthermore, in thermally modified wood samples, the emergence of carbohydrates
suggests the decomposition of hemicelluloses into sugar monomers *'. Despite a decrease
in the absolute volume of chemicals in thermally modified samples, their composition
exhibited greater diversity. It appears that pine retains a higher count of antiviral resin and
phenol components than spruce, potentially explaining their varied antiviral performance.
The elevated presence of hemicellulose monomers in thermally modified spruce and its
subsequent reduced antiviral activity might be associated with carbohydrate chain
cleavage, a concept discussed by Li et al. (2021) **. However, the interplay between
carbohydrates and viruses warrants further investigation. Our upcoming research will
assess virus viability in response to specific pure substances at defined concentrations on
surfaces. Current findings, although informative, do not sufficiently pinpoint which
components, lost during thermal modification, impact antiviral efficiency. The DIP-
APCI-QTOF analysis (see Figure 8) demonstrates that diverse non-structural components



vaporize at varying temperatures across different wood species. Such compositional
alterations can be meticulously traced, as recently shown by Castillia et al. (2020) 4.

Wood materials encountered in daily environments are often subjected to various
chemical or mechanical treatments. Consequently, it is imperative to investigate the
influence of these treatments on the antiviral properties of wood. Heat treatments, known
to alter the physical characteristics of wood**, for example, can affect the wood's ability
to absorb moisture. Our investigation of two thermally treated wood samples, pine and
spruce, revealed that pine retains its antiviral efficacy post-thermal treatment. However,
in the case of spruce, increased thermal treatment was observed to diminish its antiviral
efficacy, though the specific chemical mechanisms underlying this reduction remain to be
clarified.

Altogether, our results reveal remarkable differences in the antiviral efficacy between
wood species and between coronaviruses and enteroviruses. It is evident that while
porosity and absorption disparities of a material contribute to its antiviral efficacy, it is
primarily the chemical composition of the wood surfaces that governs the antiviral
functionality. Future research will focus on identifying the most effective antiviral
compounds present in wood and understanding how they interact with viruses. This could
lead to innovative developments in antiviral materials inspired by these natural properties.
Meanwhile, our findings also illuminate the practical utility of untreated wood surfaces
as a natural, effective barrier against viral transmissions, opening avenues for their
application in public health strategies.
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Supplementary materials

Chemical analyses — TVOC measurements using TD-GC-MS system

Figure S1. Measurement setup for TVOC emissions from wood specimen at 25 and 40 °C placing the wood
specimens on tinfoil plates inside the chambers of a Micro-Chamber/Thermal Extractor M-CTE250
apparatus (Markes International Inc.), equilibrating to the target sampling temperature and drawing emitted
VOC s via the chambers’ dedicated sampling outlets.

Table S1. Total volatile organic compounds (TVOC) emissions (top 20 selected components and total
number of identified emitted chemicals) from dry (moisture content ca. 8%) wood specimens in 25 °C and

40 °C incubation.

. . Alder Birch Eucalyptus Oak Pine Spruce

Chemical compounds emitted

25°C  40°C | 25°C  40°C | 25°C  40°C [ 25°C  40°C | 25°C  40°C | 25°C  40°C
1-Nonene 2.1 2.6 - - - - - - - - - -
3-Carene - - - - - - - - - 35.3 - -
3-Ethylpyrazoline - - - - - - - - - 15.9 - 10.4
Acetic acid 3.8 2.6 - 47.8 30.2 44.0 - 79.8 9.7 41.2 0.5 5.5
Alpha-pinene - - - - - - - - 21.1 73.9 - -
Benzaldehyde - - - - - - - - - 28.5 - -
Benzoic acid - 1.5 - - - - - 15.9 - 9.1 - -
Butenone - - - - - - - - 10.7 11.1 - -
Decalactone - - - - - - - 23.2 - - - -
Decanal 9.7 33.1 - 5.0 22.4 42.1 - 16.7 8.5 61.9 4.0 6.8
Decanoic acid - - - - - - - 33.2 - - - -
Ethylhexanol 3.1 - - - - - - - - 10.1 - -
Hexanal 1.8 2.7 - - - - - - 6.7 22.8 - -
Linalool 3.1 3.5 - 7.7 - - - - - - - -
Menthofuran - - - - - 15.0 - - 33 14.7 - -
Nonanal 7.5 12.2 - 4.0 10.7 11.5 - 7.7 9.4 47.3 0.3 9.1
Nonene - - - - - 15.0 - - - 11.5 - -
Octanal 4.1 64 - - 4.8 30.5 - - 4.3 21.5 - -
Hexenyl acetate - - - - 3.1 10.9 - - - - - -
TVOC (ug/malmz) 35.2 64.5 0.0 64.5 713  168.9 0.0 176.5 | 73.7 4049 4.8 31.8
No. of components ] 10 0.0 4 5.0 7 0.0 ] 8.0 192 3.0 4




Table S2. Total volatile organic compounds (TVOC) emissions (top 20 selected components and total
number of identified emitted chemicals) from briefly wetted wood specimens in 25 °C and 40 °C

incubation.
. . Alder Birch Eucalyptus Oak Pine Spruce

Chemical compounds emitted

25°C  40°C | 25°C  40°C | 25°C  40°C | 25°C  40°C | 25°C 40°C | 25°C  40°C
3-Carene - - - - - - - - 934 1838 - -
Acetic acid 66 134 271 292 40 141 446 542 - - 207 326
Alpha-pinene - - - - - - - - 1645 3573 290 692
Alpha-terpeniol - - - - - - - - - - 134 321
Butanol - - 27 64 - - - - - 314 - -
Decanal 14 22 - - 18 56 9 51 - - - 52
Heptanal 12 20 39 83 - - - - 160 283 - 72
Heptanone - - 33 66 - - - - 107 203 - -
Heptenone - - 22 50 - - - - - - - -
Hexanal 437 829 656 1429 5 19 72 144 3318 7343 414 1055
Hexanoic acid - - - 72 - - - 106 400 88 -
Limonene - - - - - - - - - - 139 279
Nonanal 15 22 24 61 10 38 9 43 120 283 - -
Octanal - - 30 59 - 12 9 15 389 396 - -
Octenal 17 28 26 72 - - - - 220 314 32 58
Pentanal 51 90 81 146 - - 5 11 758 1478 R 209
Pentanol 47 91 - - - - 5 11 1045 2309 106 293
Pentenol - - 286 759 - - - - - - - -
Pentylfuran - - 33 - - - - - 129 - - -
Styrene 42 67 68 124 - - 35 60 - - - -
TVOC (ug/m/m?) 808 1566 | 2041 4179 97 398 615 979 | 10782 21816 | 2051 4442
No. of components 23 27 42 47 8 12 11 11 65 76 47 49

Chemical analyses — SVOC measurements using DIP-APCI-QTOF setup

A

Bruker timsTOF instrument Q-TOF instrument

B

DIP-APCI ion source for thermodesorption-MS

Wood sample in
quartz capillary
(after analysis)

Figure S2. A) Measurement setup for DIP-APCI-QTOF chemical analysis for wood specimen and B) the
outlook of wood sample in sample capillary before and after analysis (specimens were charred after
measurements at 450 °C but the analyses consider only the desorption phase (see also Fig. S2).
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Figure S5 Infectivity of HCoV-OC43 virus recovered from different coarseness of pine (A) Pine 80, (B)
Pine 120, (C) Pine 320, (D) Pine 1000 and (E) Pine planed determined using the CPE assay. The graphs
have been normalized against the cell control. All the results are presented as an average of three biological
replicates. Each replicate included three technical repeats on the cells. Statistical significances of the
samples against virus control are shown as stars above the bars (****p <0.0001 and ns means no statistical
significance).
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Figure S7. Van Krevelen diagrams for the compounds detected from the Thermo-S and Thermo-D treated
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Figure S8: Van Krevelen diagrams for the semivolatile organic compound (SVOCs) from native pine and
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ABSTRACT Viruses may persist on solid surfaces for long periods, which may contrib-
ute to indirect transmission. Thus, it is imperative to develop functionalized surfaces
that will lower the infectious viral load in everyday life. Here, we have tested a plastic
surface functionalized with tall oil rosin against the seasonal human coronavirus OC43
as well as severe acute respiratory syndrome coronavirus 2. All tested non-functionalized
plastic surfaces showed virus persistence up to 48 h. In contrast, the functionalized
plastic showed good antiviral action already within 15 min of contact and excellent
efficacy after 30 min over 90% humidity. Excellent antiviral effects were also observed at
lower humidities of 20% and 40%. Despite the hydrophilic nature of the functionalized
plastic, viruses did not adhere strongly to it. According to helium ion microscopy, viruses
appeared flatter on the rosin-functionalized surface, but after flushing away from the
rosin-functionalized surface, they showed no apparent structural changes when imaged
by transmission electron microscopy of cryogenic or negatively stained specimens or by
atomic force microscopy. Flushed viruses were able to bind to their host cell surface and
enter endosomes, suggesting that the fusion with the endosomal membrane was halted.
The eluted rosin from the functionalized surface demonstrated its ability to inactivate
viruses, indicating that the antiviral efficacy relied on the active leaching of the antiviral
substances, which acted on the viruses coming into contact. The rosin-functionalized
plastic thus serves as a promising candidate as an antiviral surface for enveloped viruses.

IMPORTANCE During seasonal and viral outbreaks, the implementation of antiviral
plastics can serve as a proactive strategy to limit the spread of viruses from contaminated
surfaces, complementing existing hygiene practices. In this study, we show the efficacy
of a rosin-functionalized plastic surface that kills the viral infectivity of human corona-
viruses within 15 min of contact time, irrespective of the humidity levels. In contrast,
non-functionalized plastic surfaces retain viral infectivity for an extended period of up
to 48 h. The transient attachment on the surface or the leached active components do
not cause major structural changes in the virus or prevent receptor binding; instead, they
effectively block viral infection at the endosomal stage.

KEYWORDS antiviral surface, virus persistence, human coronavirus, plastic, tall oil rosin

uring the past few decades, the threat of infectious diseases has been on the rise.

A recent example is the COVID-19 pandemic, which was caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing high mortality (1).
Development of strategies to combat the transmission of these contagious pathogens
is currently a global priority. During the COVID-19 pandemic, preventive strategies like
the use of face masks, travel restrictions, surface disinfection, hand sanitization, and
mass vaccination were used (2). Vaccines reduced morbidity and mortality to a large
extent but did not help eliminate the virus. Thus, to complement these strategies, we
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need novel antiviral surfaces that lower the virus load directly on contaminated surfaces,
decreasing the probability of virus transmission.

Respiratory viruses, like coronaviruses, are transmitted mainly through large droplets
and small aerosols from infected people when they breathe, cough, sneeze, and
converse. Every cough or sneeze produces about 3,000 or 40,000 droplets, respectively,
with an average viral load of 7 x 10° copies/mL, subject to the size of the droplet, severity
of infection, and type of respiratory activity (3). Smaller aerosols can stay in the air for
a longer duration and actively transmit the virus, while larger droplets quickly settle
on inanimate objects and contaminate the surface (3). Contaminated fomite surfaces
can be classified into two categories, i.e., porous and non-porous surfaces. Studies have
suggested that viruses stay infectious on porous surfaces only from minutes to hours due
to the capillary action of the pores and faster evaporation rate from the surface (4). On
the other hand, viruses may stay active on non-porous surfaces for days to several weeks
(5-7).

To reduce the viral load on non-porous surfaces like plastic, several disinfectants
or surfactants, such as quaternary ammonium, sodium hypochlorite, and hydrogen
peroxides, are used (8). However, due to the health hazards associated with the regular
use of strong disinfectants, laborious repetitive cleaning, crazing in plastics, and a direct,
negative impact on biodiversity, we need safer and more sustainable options (9, 10).
Some strategies have been developed in the past to design self-cleaning plastics with
anti-microbial properties (11). However, these methods can be expensive and toxic to
humans and the environment (12). An alternate approach is to explore natural organic
products as potential antivirals.

Coniferous tree-derived resin and rosin compounds have been explored for their
therapeutic potential in the past (13). Rosins come from tall oil, which is a side stream
product obtained by a process called kraft pulping of coniferous tree barks (14). Tall oil
contains a mixture of 5%-50% fatty acids, 15%-55% resin acids, and 5%-35% unsaponi-
fiable and neutral materials. Rosin components have demonstrated excellent anti-inflam-
matory, antitumor, antifungal, and antibacterial activities (15-19). The antiviral nature
of rosin and its components has also been recognized, for example, against influenza,
respiratory syncytial virus, SARS-CoV-2, and herpes simplex virus (20-22). Despite the
widespread use of rosin compounds in various industrial applications, such as adhesives,
rubbers, paints, coatings, soaps, detergents, paper cutting, varnishes, and emulsions,
their potential as antiviral agents in applications has been relatively overlooked (14).

In our study, we show that a plastic surface functionalized with tall-oil rosin effectively
inactivates the seasonal human coronavirus OC43 (HCoV-0OC43) and the more virulent
SARS-CoV-2. Through molecular virology assays and different imaging modalities, we
demonstrate that the rosin-functionalized plastic leads to efficient loss of virus infectivity
by actively releasing rosin.

MATERIALS AND METHODS
Cells

Human lung fibroblast (MRC-5) cells and green monkey kidney epithelial (Vero E6) cells
were both obtained from the American type of culture collection (ATCC, Manassa, VA,
USA). Both cell lines were propagated in Eagle’s Minimum Essential Medium (MEM)
(Gibco, Paisley, UK) supplemented with 10% fetal bovine serum (Gibco, Paisley, UK), 1%
L-GlutaMAX (Gibco, Paisley, UK), 1% antibiotics (penicillin/streptomycin) (Gibco, Paisley,
UK) and stored in a humidified 5% CO, incubator at 37°C.

Viruses

Severe acute respiratory syndrome coronavirus 2 used in our experiments was
kindly provided by the University of Helsinki. The SARS-CoV-2 virus (SARS-CoV-2/
Finland/1/2020) was an isolate from the first COVID-19 patient in Finland (GenBank:
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MT020781.2) (23). HCoV-OC43 (ATCC VR1558) was obtained from the American Type
Culture Collection (Manassa, VA, USA). The virus was cultured in MRC-5 cells containing
2% MEM with a multiplicity of infection (MOI) of 2. The inoculum was replaced after 2 h
of infection with fresh 2% MEM. The supernatant containing the cultured crude virus was
collected 2 days post-infection (p.i.). The cell debris was pelleted using a swing-out rotor
at 2,700 x g for 3 min at room temperature (RT) (Heraeus Megafuge 1.0 R, Germany). The
supernatant was flash frozen and stored as a crude working stock at —80°C.

Purification of HCoV-0OC43 virus

The purification protocol for the HCoV-OC43 virus was adapted and modified from
Dent et al. (24). A subconfluent layer of MRC-5 cells cultivated in a 175 cm? flask was
infected with HCoV-OC43 (ATCC) at an MOI of 3 for 72 h, after which the supernatant
was collected and the cell debris was pelleted by centrifugation at 10,000 x g at 4°C for
20 min. The virus in the supernatant was precipitated using 10%, wt/vol polyethylene
glycol 6000 and 2.2% of NaCl (25). The solution was stirred for 30 min at 4°C, after
which the precipitate was centrifuged at 10,000 x g at 4°C, for 30 min. The pellet was
dissolved in 3 mL HEPES saline buffer [1 mM HEPES pH 6.7, 0.9% NaCl (wt/vol)] and
stored on ice. The solution containing the virus appeared viscous in consistency. The
virus was concentrated by pelleting through a stepwise sucrose gradient (10%-20%-
30%) at 100,000 x g at 4 “C for 2 h. The gradient was prepared by adding 3 mL of 30%
sucrose to the bottom, followed by the same amount of 20% and then 10% on the top.
The pellet was dissolved in 100 pL of cold HEPES saline buffer and stored at =80 “C. The
infectivity of the virus batch was calculated using the end-point titration method (26).

Plastic samples

We used two types of plastic surfaces for our study: low-density polyethylene (standard
LDPE) and PREXELENT, generously provided by Premix Ltd. The plastic surfaces were
dimensioned as 1 cm? PREXELENT is a functional plastic that is prepared by incorpo-
rating 10 wt% of rosin extracted from coniferous trees into standard LDPE (patent
W02018229190A1). Throughout our article, we will refer to PREXELENT as rosin-function-
alized plastic and in the figure sets as rosin. Standard LDPE was chosen as a control to
compare the results of the rosin-functionalized plastic. “Conifer pitch,” which is the active
ingredient inside the rosin-functionalized plastic, was also provided in powder form by
Premix Ltd. Additionally, a variety of industrial grade plastic varieties like acrylonitrile
butadiene styrene (ABS), polyamide (PA6), polycarbonate (PC), polypropylene (PP), and
polymethyl methacrylate (PMMA) were obtained via Aikolon Ltd. Prior to the experi-
ments, all samples were sterilized with 70% ethanol for 30 s.

Infectivity of HCoV-OC43 studied on different surfaces using a cytopathic
effect inhibition assay and RT-qPCR

The persistence of HCoV-OC43 and the antiviral effect of the rosin-functionalized plastic
against HCoV-OC43 were studied using the cytopathic effect (CPE) inhibition assay,
modified from Schmidtke et al. (27). The experiments were conducted following the
international standard ISO 21702, which is a test method to determine the antiviral
activity on plastic surfaces, with slight modifications. Ethanol-sterilized plastic samples
were added to a 12-well plate with relative humidity (RH) of ~92%, maintained using
6 mL of ddH,0. The RH maintained inside the plate assembly was measured with
a commercial RuuviTag wireless sensor (Ruuvi Ltd, Finland). MRC-5 cells were seeded
at a density of 15,000 cells/well in a 96-well flat-bottomed microtiter plate (Sarstedt,
Numbrecht, Germany) and allowed to grow overnight (O/N) in an incubator at 37°C, with
5% CO,. On the following day, a droplet of 5 pL of HCoV-OC43 virus (1.60 x 10°~10° PFU)
was loaded onto the different plastic surfaces and incubated for different time points (24,
48, and 72 h) at RT and ~92% RH inside the 12-well plates. We used several controls in
the experiment (i) an equivalent amount of virus without any surface treatment was used
as a positive control. (i) MRC-5 cells without any virus infection were used as a negative
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control (or mock infection). (iii) Additionally, a sample control without the addition of the
virus was used to test the cytotoxicity of the surfaces on MRC-5 cells. A glass coverslip
was gently placed on the virus-loaded surfaces to ensure maximum contact of the virus
with the surface. At the end of each incubation time point, the surface was rinsed with
995 uL of 2% MEM, followed by gentle rocking of the 12-well plate for 1 min to facilitate
the detachment of the virus from the surface. The medium containing the flushed virus
was added to the cultured MRC-5 cells (MOI: 0.01-0.1) in a 96-well plate. The cells were
incubated for 5 days in a humidified 5% CO; incubator at 34°C until the cytopathic effect
(rounding and detachment of cells) was seen. After the development of the cytopathic
effect, the cells were washed twice with phosphate buffer saline (PBS), after which they
were stained with a CPE stain (containing 0.03% crystal violet, 2% ethanol, and 3.5%
formaldehyde in ddH,0) for 12-15 min. Next, the cells were washed twice with ddH,0 to
get rid of excess stain, and finally, the cells were lysed for 5 min to elute the stain out of
healthy cells with the help of CPE lysis buffer (0.03 M sodium citrate and 1 N HCl in 47.5%
ethanol). Thereafter, the viable cells were quantified by measuring the absorbance of the
stain in the 96-well plate at 570 nm (Victor X4 2030 Multilabel Reader, PerkinElmer). The
amount of infectious viral RNA in the sample was also quantified using RT-qPCR from the
cell culture supernatant collected 3 days p.i. The protocol for RT-PCR and qPCR has been
elaborately described in “Quantification of HCoV-OC43 viral RNA directly flushed from
the surfaces using RT-qPCR” section.

The effect of humidity on the antiviral function of the rosin-functionalized plastic was
studied similarly as above, with the exception that the incubation of the virus-loaded
surface was done inside a custom-made chamber fitted in a laminar in the BSL2 facility,
capable of accurate measurements of temperature and relative humidity (Kenttaviiva
Ltd, Finland). In addition, the coverslip was not used on the surface in order to allow
various humidities to act on the surface and on the viruses. During the experiment, the
RH was controlled to either 20% or 40% and the incubation times were shorter (5, 15, 30,
and 60 min) compared to those tested earlier.

Persistence of SARS-CoV-2 measured using RT-qPCR

The persistence studies of SARS-CoV-2 on the standard LDPE and rosin-functionalized
plastic were carried out in a Biosafety level-3 unit. Vero E6 cells were grown in a 96-well
flat-bottomed microtiter plate, with each well containing 50,000 cells. The cell cultures
were maintained for 24 h at 37°C in an environment with 5% CO,. On the following day, a
5 uL droplet (5 x 10° PFU) of the SARS-CoV-2 was added on top of both the surfaces and
incubated for different time points (5 min, 30 min, 1 h, 2 h, and 4 h) at RT and ~92% RH.
At the end of each time point, the surface containing the virus was flushed with 2%
MEM and gently mixed for 1 min to detach any virus from the surface. The flushed virus
was then added to the Vero E6 cells at an MOI of 0.005. The cells were then placed in
a humidified incubator with 5% CO, at a temperature of 34°C for a 3-day incubation
period. After 3 days post-infection, the supernatant was collected and the viral RNA was
extracted.

The RNA from the supernatant was extracted using the Chemagic viral DNA/RNA kit
(Perkin Elmer) and the Chemagic 360 instrument. For the RNA extraction, a master mix
containing Poly (A) RNA, Proteinase K, and Lysis buffer 1 was mixed in the proportion
mentioned inside the kit by the manufacturer. The samples were initially diluted 10 times
in ddH,0. The diluted samples and the master mix were added into deep-well Chemagic
plates. In a different low-well plate, 15 pyL of magnetic beads was pipetted, and in a
deep-well Chemagic plate, 80 pL of elution buffer was added. The RNA was extracted
using the Chemagic 360 machine as per the manufacturer’s instructions. The extracted
RNA was stored at —80°C. After the RNA isolation, a TagMan-based real time RT-PCR assay
was used to transcribe the viral RNA, amplify it, and detect the SARS-CoV-2 genes using
the SARS-CoV-2 RT-qPCR reagent kit (Perkin Elmer, Turku, Finland).

In order to compare the relative amounts of viral RNA (number of infective viruses)
present in the culture supernatant after 3 days of cultivation in cells, we used the Cq
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values obtained from the gPCR experiment. Cq values obtained from the qPCR reaction
of the virus flushed from the standard LDPE and rosin-functionalized plastic surfaces
were placed into the following self-derived equation to obtain the difference in the RNA
amount, ARNA:

ARNA = 0.9646e%6%48 .ACa

where ACq is the Cq value difference between the mean of the rosin-functionalized
plastic surface to the mean of the standard LDPE surface. A log value of ACq was then
calculated to describe the difference in virus amounts.

Statistical analysis

The results from the CPE assays were plotted as a column graph of cell viability, and the
statistical analysis was performed using GraphPad Prism software 6 (GraphPad Software,
San Diego, CA, USA). The CPE results were normalized against the mock infection and
are presented as mean + standard error of the mean (SEM). The statistical significance
was calculated by performing a one-way analysis of variance (ANOVA) of all test samples
against the virus control followed by the Bonferroni tests (*P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001).

Quantification of HCoV-OC43 viral RNA directly flushed from the surfaces
using RT-qPCR

A droplet of 5 uL of HCoV-0C43 (1.60 x 10° PFU) was loaded onto the standard LDPE and
rosin-functionalized surface and incubated for different time points (1, 5, 15, and 30 min
and 1, 2, and 4 h) at RT, ~92% RH inside 12-well plates. A similar amount of virus without
any surface treatment was used as a positive control. At the end of each time point,
the virus on the surface was rinsed with 995 pL of culture media (2% MEM) and gently
agitated for 1 min to facilitate the detachment of the virus from the surface. RT-qPCR
was then used to measure the amount of viral RNA in the flushed samples. Processing
of the flushed samples to measure the viral RNA was done through the following steps:
(i) the samples were diluted five times with RNase-free water (J71768, Thermo Fisher
Scientific, Geel, Belgium) and heat treated for 5 min at 75°C to release the RNA from the
viruses. (ii) Reverse transcription (RT’) was carried out to make cDNA from the viral RNA
using 20U M-MLYV reverse transcriptase enzyme (Promega, WI, USA), RT-buffer (Promega,
WI, USA), RNase-free water (J71768, Thermo Fisher Scientific), 4U RNAsin ribonuclease
inhibitor (Promega, WI, USA), 0.5 mM dNTPs (Promega, WI, USA), and 1.2 uM reverse
primer (5-AATGTAAAGATGRCCGCGTATT) (Merck, Darmstadt, Germany). The RT’ reaction
was carried out for 1 h at 42°C, and then the RT' enzyme was inactivated at 70°C for
10 min. (iii) Finally, the cDNA was amplified using qPCR. A master mix containing SYBR
Green Supermix (BioRad), 600 nM forward (5-TGTTAGGCCRATAATTGAGGAC) (Merck,
Darmstadt, Germany) and reverse primers (5-AATGTAAAGATGRCCGCGTATT) (Merck,
Darmstadt, Germany) and the RNase-free water was prepared as per the manufacturer’s
protocol. cDNA template (5 uL) from the RT’ reaction was added to the prepared master
mix and run through the Touch Thermal Cycler (BioRad C100, BioRad, Helsinki, Finland).
The amplification steps were as follows: 10 min at 95°C, 40 cycles of 15 s at 95°C and
1 min at 50°C, 5 s at 72°C, 1 min at 95°C, followed by cooling at 12°C for 10 min.

Transmission electron microscopy

Purified HCoV-OC43 (10 pL of 1.09 x 10° PFU) was added on the sterilized standard LDPE
and rosin-functionalized plastic and incubated for 1 h at RT with ~92% RH. Post-incuba-
tion, 10 pL of PBS was added to the surface and the droplet was gently mixed. A virus
control of the same amount without any surface treatment was also prepared. For-
mvar-coated copper grids were glow discharged (EMS/SC7620 mini-sputter coater), and
negative staining was done as previously described (28). Briefly, 5 pL of virus (control,
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standard LDPE, and rosin-functionalized plastic) was added onto the copper grids for 30
s and blotted with Whatman paper (Whatman 3 MM). The samples were negatively
stained using 1% (wt/vol) phosphotungstic acid for 10 s and blotted. The samples
were dried O/N before imaging in a JEOL JEM-1400 transmission electron microscope
(JEOL, Tokyo, Japan) equipped with a LaBg filament. The images were captured using a
bottom-mounted Quemesa 4,008 x 2,664-pixel CCD camera.

Atomic force microscopy

A volume of 10 pL of purified HCoV-OC43 virus (1.09 x 10’ PFU) was deposited on the
standard LDPE and rosin-functionalized plastic surfaces and incubated for 1 h at RT with
a RH of ~92%. Post-incubation, 10 puL of 2.5% glutaraldehyde (GA) was added to fix
the virus and maintain the morphology. Post-fixation, the droplet containing the virus
was transferred onto the silicon surface that was pretreated with air (oxygen/nitrogen)
plasma (Electron Microscopy Sciences, Hatfield, PA, USA) and 0.01% poly-I-lysine for
15 min to enhance the attachment of the viruses to the surface. Virus without any
surface treatment was used as a control and was added directly onto poly-I-lysine-coated
silicon chips for atomic force microscopy (AFM) measurements. Bruker Dimension Icon
atomic force microscope (Bruker Corporation, Billerica, MA, USA) and Scanasyst fluid tips
(nominal radius 20 nm) were used during the liquid AFM measurements. Peak force
quantitative nanomechanical mapping mode was used in all the measurements. Imaging
was done in PBS (scan size of 5 um, scan rate varying between 0.332 and 0.939 Hz, and
peak force amplitude between 100 and 200 nm). The peak force setpoint was kept below
1 nN and the scan rate, peak force, and peak force amplitude were adjusted to minimize
the forces between the tip and the virus to obtain the best image quality. Bruker analysis
software 1.9 version was used to plot and analyze the data. In addition, the data were
plotted and tested for statistical significance in Origin Pro 2022. Viruses that appeared in
large clusters were excluded from the measurements.

Helium ion microscopy

A 5 pL droplet of HCoV-0C43 virus (5.45 x 10° PFU) was loaded onto the standard LDPE
and rosin-functionalized plastic surfaces on ice and fixed in 2 mL of 2.5% GA + 0.1 M
sodium cacodylate (NaCaC) solution for 30 min. After three washes with 0.1 M NaCaC
solution, 3 min each, the surfaces were stained for 30 min with 1% OsOg4 prepared in 0.1
M NaCaC. After two washes with 0.1 M NaCaC solution, the surfaces were subjected to
increasing ethanol series (50%, 70%, 96%, and 99%) and dried using a critical point dryer
(Leica Microsystems EM CPD300). The samples were stored in a vacuum chamber until
they were taken for helium ion microscopy (HIM) (Zeiss Orion Nanofab) imaging, where
the acceleration voltage of 30 kV and an aperture of 10 mm were used. Spot size 6 was
used, giving an ion current of 0.2 pA. It was possible to image the plastic samples without
a flood gun, but on the rosin-functionalized plastic, the charge compensation was used
with line averaging. Imaging was done from an 85° tilted angle. The aspect ratio of the
particles was calculated by measuring their maximum height and the width of the single
particles from the images.

Hydrophobicity measurements

A water droplet of 40 uL was added on top of the standard LDPE and rosin-functional-
ized plastic. Images of the droplet were taken from the side and top angle using a
smartphone camera (Xiaomi MI 8). The contact angle was measured from the base of the
surface using Inkscape drawing software (Inkscape Project 2020).

Cryo-electron microscopy

Purified HCoV-OC43 virus (5 L, 5.45 x 107 PFU) was added to the surfaces and incubated
for 1 h at RT with ~92% RH. Post-incubation, 5 pL of HEPES saline was added to the
surface and the droplet was gently mixed. A virus control without any surface treatment
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and with the same amount was also prepared. A total of 10 uL of the virus collected
from the surface was exposed to ultraviolet (UV)-C irradiation at 100 mJ cm™ using a
UVP crosslinker CL-1000 (Analytik Jena, Jena, Germany) at Ay54 nm for inactivation before
plunge freezing (29). The virus samples were loaded on a glow-discharged Quantifoil
electron microscopy grid with 2 nm carbon film R1.2/1.3, mesh 300 and incubated for
1 min before plunging at 22°C, 85% humidity, and 1.5 s blotting time with the Leica
EM GP plunger. Cryo-electron microscopy (CryoEM) data were collected using a FEI
Talos Arctica field emission transmission electron microscope (TEM), equipped with a
Falcon Il direct electron detector at the Instruct-FI Centre’s CryoEM Core Facility. Data
were collected in counting mode at 150,000 nominal magnification at a 0.97 A/pixel
sampling rate using a total dose of 30 e~ A% Movies were motion corrected using
Relion’s motion correction (30-36) implemented in Scipion 3.0.12 (37, 38) and the
contrast transfer function was estimated using ctffind4 (39-41). Images were further
adjusted in Corel Draw 2023 to improve the contrast of viral features.

Sedimentation assay

Genome release from the virus capsid was studied using ultracentrifugation. For this
experiment, 5 pL of the purified HCoV-OC43 virus (2 x 10° PFU) was added to the surface
with a glass coverslip and incubated for 1 h at RT with ~92% RH. Post-incubation, the
samples were flushed with 2% MEM and collected into polyallomer centrifuge tubes
(Beckman, Palo Alto, CA, USA). The flushed content was ultracentrifuged (A-95 rotor, 20
psig, 30 min) using the Beckman Coulter Airfuge centrifuge (Brea, CA, USA). A virus of
the same amount, without any pretreatment on the surface, was used as an experimental
control. Post-centrifugation, the supernatant was collected in a separate tube, and the
pellet was redissolved in 2% MEM. The RNA from both the pellet and supernatant was
isolated using the QlAamp Viral RNA Mini kit (Qiagen, Hilden, Germany, ref. 52906).
The isolated RNA was converted into cDNA and amplified using RT-PCR and qPCR as
described above. The cDNA was diluted 100 times before performing the qPCR.

Binding assay

MRC-5 cells were cultured in a 6-well plate with a flat glass bottom (Fisher Scientific) at
a density of 350,000 cells/well and incubated O/N at 37°C. On the subsequent day, 10 pL
of the purified HCoV-OC43 virus (1.89 x 107 PFU) was added to the surface with a glass
coverslip and incubated for 1 h at RT with ~92% RH. Post-incubation, the samples were
flushed with 2% MEM and the flushed virus was added to the MRC-5 cells on ice for
1 h while rocking. After three washes with 0.5% BSA/PBS, 5 min each, the 6-well plate
was subjected to three cycles of freeze-thaw by alternating between —80°C and RT to
detach the cells from the bottom of the plate. The viral RNA from the virus bound to cells
was isolated using the QlAamp Viral RNA Mini kit (Qiagen, Hilden, Germany, ref. 52906).
The isolated RNA was converted into cDNA and amplified using RT-PCR and gPCR as
described above. The cDNA was diluted 1,000 times before performing the qPCR.

Immunofluorescence and confocal microscopy

Confocal microscopy was applied to study the different stages of the virus infection
cycle. Purified HCoV-OC43 virus (5 uL, 2 x 10° PFU) was added to the surfaces and
incubated for 1 h at RT with ~92% RH. Viruses flushed from the surfaces were added
onto cells (MOI: 100) into 96-well plates and kept at RT for 1 h, followed by 1 h at 34°C.
Infection was allowed to proceed for 1 or 15 h at 34°C and then the cells were fixed with
4% paraformaldehyde in PBS. Cells were permeabilized with 0.2% Triton X-100 for 5 min,
followed by antibody labeling with affinity-purified rabbit monoclonal antiserum against
the S protein (1:16 diluted), mouse monoclonal antisera against human beta-tubulin
(#sc-58886, Santa Cruz Biotechnology) or J2 (Scicons, Hungary) against the dsRNA. The
secondary antibodies used were Alexa Fluor 555 goat polyclonal IgG against rabbit
(catalog no. A-21429; Thermo Fisher Scientific) and Alexa Fluor 488 goat polyclonal IgG
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against mouse (catalog no. A-21121; Thermo Fisher Scientific). The second PBS wash was
supplemented with 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen/Molecular Probes,
ref. D3571) (1:40,000) in PBS to stain the cellular nucleus. All antibody dilutions were
made in 3% BSA in PBS. The cells were imaged using a Nikon A1R confocal microscope.
Images were taken with a 40x objective and numerical aperture of 1.25. Three lasers
were used: a 405 nm diode laser, a 488 nm multiline argon laser, and a 561 nm sapphire
laser. The virus spike protein and dsRNA channels were adjusted with the cell control,
such that the cell control had a very low signal. Several images were taken using
the automation option in the software to accumulate at least 700 cells per case. The
montages from the images were made with Fiji2 (ImageJ). Cell profiler 4.2.1 was used
to quantify the amount of infection in the wells. The nuclei were selected as primary
objects, and the infected cells were then identified as secondary objects if they were
present around the previously identified primary object (nuclei). The primary objects
were identified using the Otsu thresholding method. Once the primary and secondary
objects were classified, the software automatically calculated the area and the intensity
of the secondary objects, which were then exported as an Excel data sheet. At this point,
manual thresholding was done to differentiate infected cells from non-infected cells
having some background signal. The data were subsequently plotted as a column graph
and represented as infection (%).

UV-vis spectroscopy

To measure the rosin content secreted to the flush medium, rosin-functionalized plastic
was flushed with ddH,0 for 1 h and O/N using gentle rocking. As a reference of
the patented compound embedded inside the rosin-functionalized plastic, Premix Ltd.
provided us with a powdered sample of elemental conifer pitch (secreted and cured
oleoresin mixture) that was dissolved in 94%, vol/vol of ethanol and 10-fold serial
dilutions were made to obtain a final concentration of 0.0001%, wt/vol of conifer pitch.
The UV-vis spectra of the flushed material without any further dilution were measured
with LAMBDA 850 UV-Vis spectrometer (Perkin Elmer Life Sciences) and Quartz cuvettes
(Hellma) with optical pathlength of 1 cm. The measured raw spectra were background
corrected with the measured spectrum of EtOH using Origin 2022 software.

RESULTS
Virus persistence and antiviral studies

Rapid loss of coronavirus infectivity on rosin-functionalized plastic compared to
other plastic surfaces

The persistence of HCoV-OC43 on different plastic surfaces was evaluated at multiple
time points using a CPE inhibition assay. The results showed a similar trend of virus
persistence on all the plastic surfaces for the first 24 h (Fig. 1A). Highly infectious viruses
were recovered from all the surfaces at 24 h. At 48 h, the amount of virus infectivity
recovered from the ABS, PA6, and PC surfaces was not statistically different from the
virus control; however, there were statistical differences in the virus infectivity recovered
from the PMMA, PP, and LDPE surfaces. This suggests that there was some loss of
virus infectivity on these surfaces. Almost full loss of infectivity of HCoV-OC43 from all
the above-mentioned surfaces was seen at 72 h. To ensure that the results from the
persistence of the virus come solely from the virus infectivity and not from any toxicity
associated with the different plastic surfaces, we measured their cytotoxicity as well.
Cytotoxicity was measured by flushing the surface with media and adding it to the cells.
The results showed that none of the plastic surfaces were cytotoxic (data not shown).
These findings revealed the actual extent of HCoV-OC43 persistence on various plastic
surfaces.

As mentioned in the Materials and Methods section, rosin-functionalized plastic was
prepared by incorporating tall-oil rosin into standard LDPE plastic through a patented
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FIG 1 Persistence of HCoV-OC43 on (A) different plastic surfaces measured up to 72 h. Virus titer on various plastic surfaces—1.6 x 10" PFU. (B) Standard LDPE
and rosin-functionalized plastic measured up to 24 h of contact time with the surface. Virus titer on standard LDPE and rosin-functionalized plastic surface—1.6 x
10° PFU. In both (A) and (B), a CPE assay was conducted to assess cell viability post-infection, and the treated samples and virus control were normalized against
the cell control. The experiments were replicated three times, with each condition having three technical replicates. (C) Infectivity of HCoV-OC43 and SARS-CoV-2
on standard LDPE and rosin-functionalized plastic, measured up to 24 and 4 h of contact time, respectively, using RT-qPCR (see Materials and Methods). The qPCR
experiment was conducted twice, each with three technical replicates. For all panels (A through C), the results are presented as average values + SEM. Statistical
analysis employed one-way ANOVA, followed by the Bonferroni test (*P < 0.05, ***P < 0.001, and ****P < 0.0001). ns, not significant; VC, virus control; CC, cell
control; and cyt, cytotoxicity.

technology (Patent no. WO2018229190A1). Industrial grade standard LDPE was selected
as one of the controls in all our experiments to enable comparison of the results with
those obtained using the rosin-functionalized plastic. The persistence of the HCoV-OC43
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virus on the rosin-functionalized plastic was also tested at different time points. From
the CPE assay result (Fig. 1B), there was a gradual loss of virus infectivity starting at
15 min and a complete loss of infectivity at 30 mins. Even with an extended incubation of
24 h on the surface, the antiviral effect of the rosin-functionalized plastic surface against
HCoV-0C43 was sustained. In contrast, the virus on the standard LDPE surface remained
infectious until the maximum time point tested (24 h). The cytotoxicity results of the
standard LDPE and rosin-functionalized plastic indicated that they were both non-toxic
toward MRC-5 cells (Fig. 1B).

To compare the relative amount of infectious viral RNA recovered from the stand-
ard LDPE and rosin-functionalized plastic surfaces for HCoV-OC43 and SARS-CoV-2, we
collected the supernatant from virus-infected cells after 3 days p.i. and performed qPCR
analysis, as shown in Fig. 1C. The results were presented as bar graphs of the quantifi-
cation cycle (Cq) values. Cq values are inversely related to the amount of RNA in the
sample, meaning higher Cq values correspond to lower detected viral RNA levels. For
both HCoV-OC43 and SARS-CoV-2, the Cq values of the virus samples flushed from the
standard LDPE surface were quite similar to the virus control. This indicated that highly
infectious virus was recovered from the standard LDPE surface at all time points. In the
case of HCoV-0C43, low Cq values were reported for the virus sample recovered from the
rosin-functionalized plastic surface after 5 min of incubation. Beyond this initial period,
Cq values from virus samples were much higher after 15 min and undetectable after
30 min and later, indicating a rapid decline in viral titers on the rosin-functionalized
plastic surface. A similar pattern was observed for SARS-CoV-2, except the virus was
inactivated even earlier, within 5 min on this surface.

Using the Cq values, we calculated the logarithmic reduction in virus infectivity on the
rosin-functionalized plastic surface compared to standard LDPE. For HCoV-OC43, there
was a 3.54 logarithmic reduction of infective viruses after just 15 min of contact with the
rosin-functionalized plastic surface. Since Cq values were undetectable for subsequent
time points, we considered the upper limit of detection for the gPCR machine (Cq value
of 40) and estimated a reduction of more than 4 logs. For SARS-CoV-2, there was a
2.59 logarithmic reduction within 5 min of contact with the rosin-functionalized surface.
Thereafter (up to 4 h), infectivity continued to decrease, reaching a reduction of 3.67 logs.

Humidity does not affect the antiviral efficacy of rosin-functionalized plastic

The previous assays to determine the antiviral activity of the rosin-functionalized plastic
surface were performed at exceedingly high RH (over 90%), as per the ISO standards.
However, we were also interested to know if lower humidity would have any effect on
the antiviral activity of the surfaces containing rosin compounds. For this, the virus
persistence at lower RHs (20% and 40%) was studied. The results depict no major
difference in the infectivity of the viruses recovered from the standard LDPE surface
compared to the virus control at 20% or 40% RH (Fig. 2A and B). However, there
was a difference in the persistence of HCoV-OC43 on the rosin-functionalized plastic
at lower humidity (20% and 40%) compared to higher humidity (over 90%). At the
lower humidities, the virus lost its infectivity already at 15 min of contact time (Fig. 2A
and B) with the rosin-functionalized plastic, whereas at higher humidity, the virus was
completely inactivated only after 15 min (Fig. 1B). Altogether, these results indicate that
at higher humidity, the virus can persist for a longer period, delaying its inactivation on
the rosin-functionalized plastic.

Antiviral mechanism of action and virus morphology studies

Viruses do not bind strongly on the rosin-functionalized plastic surface

One of the plausible explanations for the loss of virus infectivity could be the strong
interaction/binding between the rosin-functionalized plastic and the virus. To study this,
an experiment was designed to recover the virus from the surface by gentle flushing and
then quantifying the relative amounts of viral RNA in the flushed media using qPCR. The
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FIG 2 The impact of lower humidity (A) 20% and (B) 40% on the antiviral activity of the rosin-functionalized plastic surface against HCoV-OC43. The experiments

were conducted three times, with each condition including three technical replicates. The CPE results are presented as average values + standard error of the

mean. Statistical analysis utilized one-way ANOVA, followed by the Bonferroni test (****P < 0.0001). ns, not significant; VC, virus control; and CC, cell control.

results showed that the media flushed from the standard LDPE and rosin-functionalized
plastic contained a similar amount of viral RNA. This amount was also comparable to the
virus control, which was not added on any surface (Fig. 3). This result indicated that the
virus did not strongly adhere to either of the surfaces and the reason for the loss of
infectivity on the rosin-functionalized plastic was not surface binding.

AFM and TEM studies show no apparent changes in the coronavirus structure

Another reason for the loss of virus infectivity could be that the rosin from the function-
alized plastic might have caused some structural changes to the virus. TEM and AFM
were used to study these changes. Negatively stained images of the viruses collected
from the standard LDPE and the rosin-functionalized plastic appeared similar to that of
the control viruses (Fig. 4A). Viruses appeared mostly spherical to elliptical in shape with
finger-like projections (spikes) originating from its envelope. In addition, the center of
the virus appeared darkly stained. The mean diameter of the viruses was calculated to be
an average of 110 nm.

For AFM studies, the flushed viruses were transferred onto a silicon surface to ease
imaging while using the tapping mode in liquid. Viruses flushed from the surfaces
were found to bind very quickly to the silicon surface because of poly-I-lysine, which
makes the surface hydrophilic. AFM studies showed that the virus was spherical to
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FIG 3 Detection of HCoV-OC43 viral RNA using gPCR from samples flushed from standard LDPE and rosin-functionalized plastic, measured at various contact

time points. The experiments were conducted twice, including three technical replicates. VC, virus control.
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FIG 4 Studying the impact of rosin-functionalized plastic and standard LDPE on the structure of HCoV-OC43 using (A) TEM and (B) AFM in liquid. The scale bar
corresponds to 100 nm and 1 pm in the TEM and AFM images, respectively. In panel B, the blue circle highlights a doughnut-shaped virus. (C) The histogram
derived from the AFM images illustrates the average size distribution of the height of individual viruses after being flushed from their respective surfaces. The
average mean heights for the control virus, viruses flushed from standard LDPE, and rosin-functionalized plastic were 60.1 + 1.6, 54.7 + 0.8, and 59.9 + 1.3 nm,
respectively.

ellipsoidal, which was consistent with the TEM results. Also, most of these viruses seemed
to be present as single particles (Fig. 4B). Sometimes a doughnut-shaped virus was also
observed, and an example of one is highlighted in a blue circle in the control virus image
(Fig. 4B). A histogram (Fig. 4C) depicting the height distribution of single viruses flushed
from the standard LDPE, rosin-functionalized plastic, and control virus was plotted. The
black lines (in the histogram) depict the mean value of the height of the virus, which
were calculated as 60.1 + 1.6, 54.7 + 0.8, and 59.9 + 1.3 nm for the control, standard
LDPE, and rosin-functionalized plastic samples, respectively. The size distribution of the
viruses was wider in the case of control and rosin-functionalized plastic compared to the
standard LDPE sample, but the mean sizes remained similar for all samples. Overall, no
major changes in the virus structure were observed after being recovered from either the
standard LDPE or rosin-functionalized plastic.
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Coronaviruses appear flatter on rosin-functionalized plastic compared to that
on standard LDPE

Until this stage, structural studies focused on the viruses that were flushed from the
surfaces. However, it was equally important to observe the virus in its native form while
it was still present on those surfaces. To accomplish this, HIM was employed, which
allows for the visualization of material topology without the need for additional metal
coating. As seen in Fig. 5A (i) and (ii), the standard LDPE and rosin-functionalized plastic
are densely populated with about 70 nm sized virus particles. The density of the virus
particles between the surfaces was quite similar, but, on the rosin-functionalized plastic,
the viruses appeared to be flatter compared to those on the standard LDPE surface. To
quantify this, width-to-height aspect ratios were measured from the HIM images (data
not shown). Ratio of the virus on the rosin-functionalized plastic result was 2.5 + 0.5 (S.D.)
and on the standard LDPE surface was 1.6 + 0.3(S.D.). These results demonstrated that
adding the virus on top of the rosin-functionalized plastic resulted in significantly flatter
virus particles. Images of the plain LDPE and rosin-functionalized plastic surfaces were
taken as controls to show that the bumps seen on the surfaces were contours of the
viruses and not of any surface artifacts/irregularities (data not shown).

It was important to understand whether the flattening out of the viruses on the
functionalized surface was due to the hydrophilic/hydrophobic nature of the surface. For
this, we took images of a droplet of water on the standard LDPE and rosin-functionalized
plastic and measured the contact angle of the droplet on the surface using the Inkscape
software (Fig. 5B). The contact angle measured for the standard LDPE surface was 95°
and for rosin-functionalized plastic was 55°. These results suggested that the rosin-func-
tionalized plastic is more hydrophilic than the standard LDPE surface and gives support
to the reasoning for flattening of the viruses on the functionalized surface.

(A)

(B)

Microbiology Spectrum

FIG 5 (A) HIM images of HCoV-OC43 on (i) standard LDPE and (ii) rosin-functionalized plastic. The viruses underwent a 1-h treatment on these surfaces before

imaging with the HIM. Scale bar: 200 nm. (B) Camera-captured images of a water droplet on the surfaces of standard LDPE (left) and rosin-functionalized plastic

(right) to measure the droplet contact angle. (i) Side view and (ii) top view.
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HCoV-0C43 flushed from the rosin-functionalized plastic retains its spikes and
genome

High-resolution cryoEM was also used to examine the ultrastructure of HCoV-OC43
post-treatment on the standard LDPE and rosin-functionalized plastic surfaces. The
virus flushed from both these surfaces looked structurally similar to the virus control
(Fig. 6A). It retained its spikes on the surface, primarily in the prefusion state, and the
nucleocapsid inside the virion was clearly visible containing the genome inside the
viral envelope. Sedimentation assay was also performed to detect the presence of the
genome using ultracentrifugation. The viral RNA in the pellet was quantified using qPCR.
The gPCR results (Fig. 6B) showed that the amount of viral RNA recovered from the
viruses flushed from the standard LDPE (Cq 21.04) and rosin-functionalized plastic (Cq
22.75) was comparable to the virus control (Cq 20.96), suggesting that the genome of the
virus flushed from these surfaces was present inside the envelope. The sedimentation
assay results confirmed the presence of genome inside virions, a representative of which
can be seen by cryoEM.

(A) Virus Control

N - nucleoprotein with genome
pre - S - pre fusion S protein
post-S - post fusion S protein

(B)
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FIG 6 Investigation of HCoV-OC43 viral genome release through (A) CryoEM and (B) qPCR. (A) Representative CryoEM micrographs of virus control and from

viruses flushed from LPDE and rosin-functionalized plastic. The arrows indicate a prefusion conformation spike, while “N” indicates the nucleocapsid containing

the genome. Over 700 images (each with two to three viruses) were examined and analyzed to study the viruses flushed from the rosin-functionalized plastic

surface. (B) Viruses flushed from both the surfaces and control viruses were all sedimented by airfuge, and the amount of pelleted RNA was measured using

qPCR.
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The active component inside the functionalized surface leaches out of the
surface and contributes toward the antiviral activity

Absorption spectroscopy was performed to the flushed material in comparison to the
reference compound (kindly provided by Premix Ltd) to study if the material leaches
significant amounts of rosin from the surface. We measured the absorption spectra
of three samples, 1 h flush from the rosin-functionalized plastic, O/N flush from the
rosin-functionalized plastic, and the reference compound (0.0001, wt/vol conifer pitch).
The 1 h and O/N-flushed samples had RNase-free water as a solvent, and the reference
compound was dissolved in 94%, vol/vol ethanol. The data in the graph in Fig. 7A have
been plotted after normalizing the O/N-flushed sample with the 1 h sample. The O/N and
1-h-flushed samples show remarkably similar spectra, but they deviated slightly from the
absorption spectrum of the reference sample. The reference sample shows hardly any
absorption near 300 nm unlike the flushed samples with a broad absorption band at
about 310 nm. The flushed samples have two absorption bands at 245 and 220 nm, like
the reference sample with maxima near 240 and 216 nm. The small difference to the
reference sample is likely due to some additives/fillers that the company uses to embed
the rosin inside the plastic surface. Another explanation is that the molecules behave
differently in different solvents due to the difference in solubility, and thus, they absorb
differently due to different extinction coefficients.

To confirm that the active ingredient from the functionalized surface is responsible for
the antiviral activity, we evaluated the 1 h flushed media against the HCoV-OC43 virus.
From the CPE results (Fig. 7B), we could see that the flush was able to effectively rescue
the cells from the virus infection. Both these results suggest that the antiviral activity
of the functionalized surface comes from the leaching of the active ingredient to the
surface and a direct interaction with the virus.
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FIG 7 The active component inside the functionalized surface leaches out into the media and can be detected using UV-vis spectroscopy and can inhibit the

HCoV-0C43 virus infection. (A) The spectrum of the O/N rosin-functionalized plastic flushed sample (blue line) was normalized with the 1 h rosin-functionalized

plastic flushed sample (black line). The reference spectrum of 0.0001% wt/vol conifer pitch in EtOH sample is shown in red. (B) Evaluation of the antiviral activity

of 1 h flushed media against HCoV-OC43. The experiment was done once with three technical repeats. Results are plotted as average values + SEM. Statistical
analysis employed one-way ANOVA, followed by the Bonferroni test (****P < 0.0001). VC, virus control and CC, cell control.
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Effects on the HCoV-OC43 infection cycle

Viruses flushed from the rosin-functionalized plastic can enter cells, but the
infection does not proceed beyond the endosomal stage

As there were only minor changes in the virus structure despite a complete loss of
infection, we wanted to study if the virions were able to still bind to their receptors
and enter cells. To study this, an in vitro binding assay was performed. The results from
the qPCR-based binding assay (Fig. 8A) demonstrated that the viruses flushed from the
standard LDPE and rosin-functionalized plastic surfaces were able to bind to its host
cells similarly to the control virus, suggesting that the spikes in the coronavirus surface
were intact to promote binding to its host cell receptors. We further confirmed the
virus binding and internalization using confocal microscopy. The viruses flushed from
the standard LDPE and rosin-functionalized plastic surfaces were added onto MRC-5 cells
and allowed to bind for a certain amount of time before they were fixed and immuno-
labeled for imaging. Normal binding to the host cells was followed by internalization
over a period of 2 h (Fig. 8B). The internalized virus appeared to be lining the cellular
boundaries as well as accumulating in small vesicles close to the plasma membrane.
There was no apparent difference observed between the viruses flushed from the surface
samples and the virus control. These results support the previous TEM, cryoEM, and
sedimentation assay results that the viruses were intact, could promote receptor binding
through the presence of prefusion state spikes on the viral surface, and enter cells (Fig.
4A, 6A, and B).

To study the fate of the bound virus, in another experiment, the virus was allowed
to internalize for 15 h inside the cells after 1 h of binding at RT. Post 15 h, the cells
were similarly fixed, permeabilized, and labeled. From Fig. 9A we can see that the virus
control and the virus flushed from the standard LDPE surface produced a high amount of
S-protein, indicating that the translation of proteins occurred normally inside these cells.
In contrast, the virus flushed from the rosin-functionalized plastic remained accumulated
inside the vesicles (endosomes).

The percentage of infection in the standard LDPE-treated and rosin-functionalized
plastic-treated viruses was normalized against the virus control. There were no apparent
differences in the infectivity between the cells infected with the standard LDPE-treated
surface and the virus control, as also seen with the CPE assay previously (Fig. 1B).
However, the viruses treated on the rosin-functionalized surface were incapable of
infecting the MRC-5 cells (Fig. 9B). Furthermore, we saw that the virus accumulated
inside the vesicles did not proceed with replication, as no signal for dsRNA (green) was
detected (Fig. 9C). These results indicated that the virus flushed from the rosin-function-
alized plastic successfully binds onto the host cell, internalizes inside vesicles, but due
to interactions with rosin compounds becomes incapable of proceeding with protein
translation and viral replication.

DISCUSSION

Respiratory viruses can spread through direct and indirect transmission routes. While
various strategies are in place to limit direct transmission, such as travel restrictions,
usage of face masks, and routine sanitization practices, there are fewer options available
to address the indirect route of transmission through fomite surfaces. Repeated surface
disinfection and the use of biocidal agents are commonly employed measures. The
indirect route of virus transmission depends on several factors, most notably, the ability
of the virus to remain active on the surface of a material. It is thus important to prepare
for future outbreaks by designing antiviral surfaces that would effectively reduce the
spread in the community. Functionalizing surfaces with biologically derived materials
from nature to reduce indirect transmission is still relatively uncommon. However, due
to their natural origin, such materials hold great promise as sustainable alternatives for
microbial inactivation.
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FIG 8 HCoV-0C43 virus binding onto its host cell receptors studied using (A) binding assay. The virus binding to host cell receptors was examined by facilitating
synchronized virus binding onto the host cells, followed by recovery of the bound virus using RNA extraction, RT-PCR, and gPCR techniques. The experiment
was performed three times with three technical replicates. VC, virus control. (B) Confocal microscopy. The viruses flushed from the surfaces were allowed to bind
to MRC-5 cells for 1 h at RT and then internalize for another hour at 34°C. The virus-infected cells were fixed, permeabilized, and labeled with affinity-purified
monoclonal rabbit anti-OC43-S protein, followed by a secondary goat anti-rabbit antibody (Alexa 555). The nucleus was stained blue with DAPI, and the
cytoskeleton tubulin (gray) was labeled with a J2 primary antibody and goat anti-mouse secondary antibody (Alexa 488). Scale bar: 30 um.

When studying antiviral surfaces, it is essential to first have a detailed understanding
of the persistence of the virus on different fomite surfaces. Among the different known
fomite surfaces, plastic demands particular attention. Although plastic is susceptible
to degradation by disinfectants and UV-C, different grades of plastic have widespread
use in household, commercial, and industrial settings. In the past, several studies
have demonstrated good persistence of different human coronavirus species on plastic
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ized surface. Viruses from both surfaces and the control virus were allowed to infect cells for 15 h, followed by fixing, permeabilizing, and immuno-labeling
with antibodies. The S protein of the virus is labeled in red, the cell nucleus in blue, and the cell cytoskeleton tubulin in gray. (B) Percentage of virus-infected
cells calculated from confocal images using Cell Profiler. (C) Detection of dsRNA in HCoV-OC43-infected MRC-5 cells 15 h p.i. The nuclei are shown in blue
and the dsRNA in green. dsRNA is present in the virus control and the viruses flushed from the standard LDPE surface; however, the viruses flushed from the
rosin-functionalized plastic do not show any dsRNA. Scale bar: 30 um.

surfaces. For instance, Warnes and colleagues reported infective HCoV-229E on PTFE
and polyvinyl chloride plastic surface for 5 days at 21°C and RH of 40%-50% (42).
Independent studies by Duan et al. (43) and Rabenau et al. (44) reported the persistence
of SARS-CoV (strain P9 and FFM1) on plastic at RT for up to 4 and 6 days, respectively
(43, 44). Rabenau and colleagues reported further that the HCoV-229E could persist on
plastic only for 24 h at RT. These variations in coronavirus persistence can be attributed
to the interplay of multiple factors such as environmental conditions (temperature,
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relative humidity, wind speed, etc.), type and surface topology of the plastic, virus type
and concentration, and mode of deposition used in the experiments (11). While some
publications do not specify the type of plastic being used in the study and generalize
it as just “plastic,” the type of polymers may affect the surface properties, such as
hydrophobicity/hydrophilicity, which could also affect the persistence. While we lack
standardized methods and conditions for testing, all the previous studies suggest that
non-functionalized plastic retains the infectivity of coronaviruses well.

We focused here to explore the antiviral properties of a plastic surface functionalized
with rosin (resin acid mixture) against human coronaviruses. HCoV-OC43 was chosen as
a model for the study due to its structural and genetic similarity to the more virulent
SARS-CoV-2 (45), allowing for work in a BSL-2 laboratory, although we also verified
the results with SARS-CoV-2 as well. All the non-functionalized surfaces sustained high
virus infectivity for the first 48 h, which was expected in the light of the previous
studies (42-44). However, strikingly, the rosin-functionalized plastic exhibited remarkable
antiviral efficacy against both the seasonal coronavirus and SARS-CoV-2 already within
15 min of contact time. Previously, several efforts have been made to add antiviral
properties to surfaces, e.g., through functionalization with biocidal compounds (46),
antiviral polymers (47, 48), metallic and nanoparticle coatings (49), and surface texturing
(46, 50). In a study performed by Zhou and colleagues (50), an antiviral plastic surface
designed by nanopatterning and coating of silver nanoparticles showed antiviral effect
against SARS-CoV-2 after 1 h of contact time. In another recent study by Butot and
colleagues (51), the antiviral activity of quaternary ammonium compounds (QACs) and
copper-coated polyethylene terephthalate surface against HCoV-229E and SARS-CoV-2
was shown. Both surfaces were able to reduce viral titers, but the QAC-coated surface
did not work after one round of washing. Here, we present a more sustainable solution
using rosin-functionalized plastic. This surface showed an excellent 3-4 log reduction of
SARS-CoV-2 and low toxicity against cells.

The survival time of the virus on a surface is influenced by various factors, among
which RH plays a crucial role (11). RH can vary significantly across different seasons
and indoor environments, impacting virus persistence. Previous studies have reported
diverse patterns of virus persistence under different conditions of RH. For instance,
Biryukov and colleagues (52) observed a linear decrease in SARS-CoV-2 persistence on
an ABS plastic surface with increasing RH. In contrast, Morris and colleagues (53) found
that the SARS-CoV-2 persisted for a longer period at extreme humidities, indicating a
U-shaped relation with RH. However, we observed little effect of RH on the antiviral
efficacy of the rosin-functionalized surface. The virus was inactivated at an earlier time
point at lower humidities of 20% and 40% compared to higher humidity levels of
92%. However, rosin-functionalized plastic showed excellent inactivation within the first
30 min of contact with the functionalized surface in all tested humidities.

To gain a better understanding of the antiviral mechanism of the rosin-functionalized
plastic, our study employed advanced imaging techniques such as AFM, TEM, HIM, and
cryoEM to investigate the status and morphology of the flushed viruses. Interestingly, our
investigations did not reveal any apparent structural changes in the virus, which could
explain the observed loss of infectivity. This suggested that the rosin-functionalized
surface had minimal impact on the size, shape, and physical dimensions of individual
virus particles. Additionally, we investigated the structure of the virus on rosin-func-
tionalized plastic using HIM. Notably, we observed distinct differences between the
virus on the functionalized and the non-functionalized surfaces. On the functionalized
surface, the viruses appear flatter in shape. This observation could be explained by the
contact angle measurements, which suggested that the functionalized plastic was more
hydrophilic (contact angle: 55°) compared to the non-functionalized one (contact angle:
95°). The hydrophilic nature of the functionalized plastic caused the droplets containing
the virus to spread out, resulting in the flattening of the viruses. Despite this flattening,
flushed viruses from rosin-functionalized surface did not appear different from the
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viruses flushed from the non-functionalized plastic, suggesting that the hydrophilicity
may play a minor role in killing the virus infectivity.

It is known that viruses tend to persist for longer periods on hydrophobic surfaces
as opposed to hydrophilic surfaces (4). This behavior has been explained by Paton and
colleagues (54), who proposed that on hydrophobic surfaces, droplets dry in a beaded
shape, creating a higher volume-to-surface ratio. This drying process brings the virus
particles, organic material, and salts in proximity, offering a protective environment
against desiccation. Owen and colleagues (55) suggest further that faster desiccation
from hydrophilic surfaces can potentially alter the pH and salt concentration inside the
droplet, thereby affecting the stability of the lipids in the viral envelope. However, the
hydrophilicity of the rosin-functionalized surface does not solely explain the observed
antiviral effect. Namely, the quantification of viral RNA using qPCR demonstrated that the
virus added to the surface was easily flushed off into the surrounding media, indicating a
weak and temporary interaction between the virus and the hydrophilic surface.

Our imaging results as well as the fact that even short periods of encounter with the
functionalized surface caused a strong antiviral effect, both pointed out to the direction
that active rosin leaching out from the surface could be the cause of action. Indeed, we
could demonstrate through absorption spectroscopy that the active ingredient inside
the functionalized plastic leached out into the flush medium. Importantly, the leached
flush was independently capable of causing the antiviral effect. Thus, it is likely that the
leached rosin components contribute to most of the antiviral effect.

Previously, in addition to SARS-CoV-2, other enveloped viruses such as influenza
A virus and respiratory syncytial virus have been shown to be affected by products
derived from tall oil. However, non-enveloped viruses like encephalomyocarditis virus
(EMCV) were not affected (20). Bell and colleagues, therefore, proposed that the lack
of efficacy against non-enveloped viruses suggests the involvement of the lipids in
the viral envelope by inhibiting the fusion between the viral envelope and host cell
membranes. As bacteria also have membranes, it is no wonder that resin could have
effects also on bacterial survival. Indeed, Sipponen and colleagues (56) showed the effect
of Norway spruce-derived resin salves on bacterial membranes. The interaction of the
resin salve caused the thickening of the bacterial membrane in Staphylococcus aureus.
They additionally reported changes in the branching of the fatty acids and an altered
membrane potential. Another study by Jokinen and Siponen (57) also demonstrated the
antibacterial activity of refined spruce resin in treating chronic wounds. Tall oil rosin is
a mixture of eight closely related resin acids, of which abietic acid and dehydroabietic
acid have been more heavily studied for their antimicrobial properties. In a study by
Agudelo-Gomez and colleagues (21), they not only showed antiherpetic activity (HHV-1
and HHV-2) of commercial abietic acid and dehydroabietic acid but also developed
their analogs that displayed enhanced antiviral activity. Another study by Fonseca and
colleagues (58) demonstrated the antiviral activity of dehydroabietic acid and their
analogs against varicella-zoster virus and cytomegalovirus. We have preliminary results
showing excellent antiviral efficacy of the rosin-functionalized plastic against the African
Swine Fever Virus (J. D. Hemmink, S. Shroff, N. Chege, M. Haapakoski, L. K. Dixon, and V.
Marjomaki, unpublished results). As this virus is known to be very difficult to decontami-
nate, these results suggest that rosin-functionalized plastic may also serve as an antiviral
surface for more stable viruses and a larger variety of enveloped viruses. Furthermore,
rosin chemicals are biobased, easy to apply to conventional polymer matrices, available
in bulk, and very affordable, especially in comparison to several proposed nanomaterial
applications. So, the industrial applications of this approach have promise in locations
where surface contact plays a role in the transfer of pathogens like public spaces,
hospitals, shops, transport, etc.

Using confocal microscopy, we show that, despite the 1 h encounter on the rosin
surface with HCoV-OC43 and the resulting total block in infectivity, the viruses were
successful in binding to MRC-5 cells. This indicates that the leached rosin components
were not altering the functionality of the spike proteins to promote receptor binding.
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This is in line with our cryoEM evaluation of the flushed viruses, which showed intact
spikes that were mostly in the prefusion stage. As the binding to receptors was not
inhibited, the virions were able to proceed and enter cytoplasmic vesicles. However,
importantly, post entry, the viruses were stuck inside vesicles and did not proceed
with replication and translation in the cytoplasm, which was demonstrated by confocal
labeling of replication intermediates. It thus seems obvious that the block in infectivity
was in the endosomal membrane fusion step that occurs between the viral envelope
and the endosomal membrane. The two major sites on the virus surface involved in
membrane fusion are the S2 subunit of the viral spike protein and the viral lipid-rich
envelope (59). The S2 subunit has two heptad repeats HR1 and HR2 that form a six-helix
bundle, which are responsible for membrane fusion and genome release. In addition to
a possible direct effect on spike proteins and their processing, the viral membrane is
likely to be affected due to interactions between the envelope lipids and the bioactive
rosin components. This study was not able to pinpoint the mechanism of action by the
leaching rosin; however, it did confirm its effective response in inactivating viruses on
treated surfaces. It will be remarkably interesting to study and identify in the future what
exact steps in the fusion process are affected by the rosin components.

Through this study, we demonstrate that the plastic surface functionalized with rosin
effectively compromises the infectivity of coronaviruses. Importantly, the rosin-function-
alized surface leaches enough rosin components to kill the fusion capability of coronavi-
ruses when they have been in contact with the surface even for a relatively brief time.
Due to the conserved nature of membrane fusion of enveloped viruses from different
virus families, this rosin-functionalized plastic might serve as a broadly acting antiviral
solution for a larger variety of viruses. Altogether, we propose that the rosin-functional-
ized plastic is a promising candidate as an antiviral surface for enveloped viruses.
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Abstract: To efficiently lower virus infectivity and combat virus epidemics or pandemics, it is
important to discover broadly acting antivirals. Here, we investigated two naturally occurring
polyphenols, Epigallocatechin gallate (EGCG) and Resveratrol (RES), and polyphenol-functionalized
nanoparticles for their antiviral efficacy. Concentrations in the low micromolar range permanently
inhibited the infectivity of high doses of enteroviruses (107 PEU/mL). Sucrose gradient separation
of radiolabeled viruses, dynamic light scattering, transmission electron microscopic imaging and
an in-house developed real-time fluorescence assay revealed that polyphenols prevented infection
mainly through clustering of the virions into very stable assemblies. Clustering and stabilization
were not compromised even in dilute virus solutions or after diluting the polyphenols-clustered
virions by 50-fold. In addition, the polyphenols lowered virus binding on cells. In silico docking
experiments of these molecules against 2- and 3-fold symmetry axes of the capsid, using an algorithm
developed for this study, discovered five binding sites for polyphenols, out of which three were novel
binding sites. Our results altogether suggest that polyphenols exert their antiviral effect through
binding to multiple sites on the virion surface, leading to aggregation of the virions and preventing
RNA release and reducing cell surface binding.

Keywords: polyphenols; functionalized gold nanoparticles; antiviral efficacy; enteroviruses;
stabilization

1. Introduction

The gold standard in viral disease management is prevention, which is vaccination.
Pandemics with new viruses remind us that the development and approval of vaccines
takes time. Moreover, vaccines are not 100% efficient, and especially elderly people and
immunocompromised individuals may not generate sufficient protection against infectious
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agents. Therefore, powerful broadly acting antivirals with a more general inhibitory
mechanism of action are required.

Non-enveloped enteroviruses are very stable and stay infective on surfaces and in
the environment for long periods. Their entry is mostly via the gastro-intestinal tract, but
also through the upper respiratory system. They cause a high number of acute infections
such as flu, aseptic meningitis and myocarditis, but also contribute to chronic diseases such
as dilated cardiomyopathy, asthma or type I diabetes [1]. For enteroviruses, no approved
antivirals exist, and there are vaccines available only against poliovirus and EV71 [1].
Therefore, it is necessary to reduce the viral load on the surfaces and in the environment
and prevent infection in the primary infection sites. An optimal solution to tackle virus
infection would be a drug that directly kills virus infectivity and additionally prevents the
virus from entering cells.

Nature provides a large variety of potential antimicrobials and antivirals. Those may
be of endophyte origin, secreted by the symbiotic fungi or bacteria living in plants [2].
One example is Resveratrol (3,5,4'-trihydroxy-trans-stilbene), which is a polyphenol, non-
flavonoid compound and is produced by plants in response to cellular damage or pathogen
attacks [3]. Resveratrol (RES) is found in strongly pigmented vegetables and fruits such
as the skin of grapes, blueberries and peanuts, and it has strong bioactive potential [3-5].
Like RES, flavonoids are polyphenols found as secondary metabolites in vegetables, fruits,
nuts, red wine and tea. They share great similarity in structure to RES and great promise to
be used as antivirals [6-8].

In the present study, EGCG and RES were tested for their antiviral efficacy, and the
mechanisms of action was elucidated against the stable non-enveloped enterovirus B group
viruses. While RES is considered completely non-toxic [9], high amounts of free EGCG
show in vitro hepatotoxic effects, and in particular in cases in vivo [10,11]. Therefore, here,
free polyphenols as well as polyphenols functionalized onto gold nanoparticles (AuNPs)
were studied for their antiviral efficiency, as binding polyphenols to AuNPs can reduce
toxicity. The effect of reduced toxicity by nanoparticle binding has been shown previously
for molecules with a known hepatotoxic profile [12]. AuNPs were synthesized by green
chemistry using the polyphenols as redox agents to further reduce the toxic components in
the preparations. AuNPs synthesized using green chemistry have been previously reported
to act as antivirals [13].

In this work, we show that both RES and EGCG have a direct and long-lived antiviral
effect through binding to multiple sites on the virus particles, preventing the virus from
opening, reducing the binding to the cell surface and inducing clustering of the virions.

2. Materials and Methods
2.1. Cells

Human alveolar basal epithelial adenocarcinoma (A549) cells and Green Monkey
Kidney (GMK) cells were obtained from American type culture collection (ATCC, Man-
assas, VA, USA). The A549 and GMK cell lines were propagated in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Paisley, UK) and Eagle’s Minimum Essential Medium
(MEM) (Gibco, Paisley, UK) respectively, supplemented with 10% Fetal Bovine Serum
(FBS, Gibco, Paisley, UK), 1% L-GlutaMAX (Gibco, Paisley, UK) and 1% antibiotics (peni-
cillin/streptomycin) (Gibco, Paisley, UK) in a humidified 5% CO, incubator at 37 °C.

2.2. Viruses

Coxsackievirus B3 (CVB3; Nancy strain), Coxsackie virus B1 (CVB1, CONN 5 strain)
and Coxsackievirus A9 strain (CVA9; Griggs strain), obtained from ATCC, were produced
and purified as described before [14-16], with the only exception of adding 0.1% (v/v)
TWEEN® 80 (Sigma-Aldrich, Steinheim, Germany) during the freeze-thaw cycle.
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2.3. Polyphenols

Epigallocatechin gallate (EGCG) and Resveratrol (RES) were purchased from Sigma-
Aldrich (Munich, Germany). EGCG was dissolved in water and Resveratrol in 0.02 M
NaOH. Stock concentrations of EGCG and RES were 6.5 mM (3 mg/mL) and 8.8 mM
(2 mg/mL) respectively, and were stored at —20 °C.

2.4. Nanoparticle Preparations

The green chemistry approach using the polyphenolic compounds as redox agents
was chosen to reduce the number of potentially toxic molecules present on the surface
of the gold nanoparticles (AuNPs). These polyphenols are supposed to form a stable
and stabilizing layer on the AuNPs, as it was observed for citrate AuNPs shown by
Mandal et al. [17]. For the preparation of RES-coated gold nanoparticles (RES-AuNPs),
we used a modified protocol by Sanna et al. [18]. In brief, 20.8 mg of HAuCl4-3 H,O
(Sigma-Aldrich, Milan Italy) was dissolved in 12 mL of bi-distilled water on ice. Next,
an ice-cold light-yellow solution of 3.0 mg of RES in 1.5 mL of 0.02 M NaOH solution
was quickly added under vortexing. Under continuous vortexing, the temperature of the
solution was slowly raised to room temperature (RT). Immediately after RES addition, the
solution became brownish, after 10 min reddish, and after vortexing at 500 rpm for 1 h, the
color turned into wine red. Unbound RES was removed by a series of washing (first wash:
0.02 M NaOH; second wash: H,O) and centrifugation steps (2 x 14,000 rpm, 20 min at
4 °C to remove NaOH; 1 x 12,000 rpm, 20 min at 4 °C to remove H,O), and the pellet was
finally resuspended in water. The centrifugation was carried out by a Microfuge 40R with
a Fiberlite F21-48 x2 Fixed Angle Rotor, 45°, Rmax 97 mm (ThermoFisher, Rome, Italy). The
final gold concentration was 5.3 mg/mL, as determined by ICP-MS. The concentration of
RES in the stock solution was calculated (Supplementary Material) to be 34.4 uM.

For the preparation of EGCG-AuNPs, 5.9 mg of EGCG was dissolved in 15 mL of
bi-distilled water and cooled on ice. An ice-cold solution of 12.9 mg of HAuCly-3 H,O in
2 mL of HyO was added quickly and mixed by shaking on ice for another 10 min. After
the color changed from bright yellow to red within 1 min, the temperature of the solution
was slowly increased to RT for 2 h under continuous vortexing at 500 rpm. The excess
EGCG was removed by a series of washing and centrifugation steps (2 x centrifugation at
14,000 rpm for 20 min at 4 °C addition of ddH,O, 1x centrifugation at 12,000 rpm for 20 min
at 4 °C). The deep red pellet was resuspended in water. The final gold concentration was
1.64 mg/mL, as determined by ICP-MS. The concentration of EGCG in the stock solution
was calculated (Supplementary Material) to be 5.61 uM.

Quantitative Analysis of EGCG and RES Bound to the AuNP Surface

The amount of EGCG and RES present on the surface of the gold nanoparticles was
estimated indirectly by the substitution with L-cysteine. The thiol group of the cysteine
binds stronger to the gold than the aromatic ring system of polyphenols, and therefore
will replace it. The colorimetric method finally determines the remaining free thiol groups
of the L-cysteine, assuming a complete substitution of the polyphenols by cysteine [19].
The residual-free thiol groups of L-cysteine in solution after polyphenol exchange on the
nanoparticle surface were quantified photometrically using Ellman’s reagent (5,5 -dithio-
bis (2-nitrobenzoic acid)). The amount of polyphenols was then calculated considering a
1:1 ratio of replacement (1 cysteine replaces 1 polyphenol).

For its determination, a fresh stock solution of 1 mg of cysteine in 1 mL of 0.5 M
phosphate buffer, pH 8.0, was diluted to a final concentration in L-cysteine of 102 mM.
100 pL of this solution was mixed with different volumes of EGCG-AuNPs or RES-AuNDPs
stock solution (ranging from 10 to 100 uL) and 0.5 M phosphate buffer solution at pH 8.0 to
reach a final solution volume of 500 uL. This was mixed with 500 mL of Ellman’s reagent
solution (3 mg dissolved in 10 mL of 0.5 M phosphate buffer, pH 8.0). The resulting mixture
was incubated in the dark and at room temperature for 2 h. After this time, the samples
were centrifuged at 13,000 rpm for 5 min (Mikro 22 R, Hettich Zentrifugen, Germany) and
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100 uL of each sample was transferred into a microplate reader (PerkinElmer VICTOR X3
Multilabel) to measure absorbance at 450 nm. The amount of thiol groups was estimated
from a standard curve of L-cysteine.

2.5. Dynamic Light Scattering Measurements

For dynamic light scattering (DLS) measurements, CVA9 virus samples were di-
luted in PBS from a stock solution (5 x 101° PFU/mL) to 2 x 10%, 2 x 108, 5 x 107 and
2 x 107 PFU/mL. EGCG was added to each of these dilutions such that its final concen-
tration was 6.5 uM. Experimental virus controls with the same dilutions but without the
EGCG were also prepared. Both the control virus and EGCG-treated virus were incubated
for 1 h at 37 °C. Post-incubation, the virus/virus cluster size distribution was measured by
DLS at 25 °C with the Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK).
The attenuator was set by the system according to scattering intensity of the sample and
set measurement position at 3 mm. As controls, we measured both EGCG and PBS buffer
alone. As expected, no particles were observed in the controls.

2.6. Antiviral Activity Assay

The antiviral activity of the polyphenols against species B enteroviruses was deter-
mined using a cytopathic effect (CPE) inhibition assay, modified from Schmidtke et al. [20].
Briefly, A549 cells were cultured for 24 h at 37 °C in 96-well flat-bottomed microtiter
plate (Sarstedt, Numbrecht, Germany) at a density of 12,000 cells/well in 100 uL of
DMEM supplemented with 10% FBS, 1% GlutaMAX and 1% penicillin/streptomycin
antibiotics. The following day, each of the viruses (2 x 10’ PFU/mL for CVB3 and CVB1
and 2 x 108 PFU/mL for CVA9) were pre-incubated with the compounds for 1 h at 37 °C.
The virus—compound mixture was further diluted 10 times with DMEM to obtain a final
MOI of 10 for CVB3 and CVB1 and 100 for CVA9. This mix was then added to cells for
24 h in a humidified 5% CO; incubator at 37 °C. A virus without the compound was
used as a positive control and a mock infection without the virus and compound as a
negative control for the experiments. The development of a cytopathic effect (CPE) was
monitored using light microscopy. The next day, the cells were fixed and stained for 10 min
with CPE dye (0.03% crystal violet, 2% ethanol and 36.5% formaldehyde) after washing
twice with PBS. After two washes with water, the stained viable cells were lysed using a
lysis buffer (0.8979 g of sodium citrate and 1N HCl in 47.5% ethanol) to elute the crystal
violet. Then, the absorbance was measured spectrophotometrically at 570 nm using the
VICTOR™ X4 multilabel reader (PerkinElmer, Turku, Finland). This assay was performed
twice independently for each of the virus—compound concentrations.

2.7. Cytotixicity Assay

Cytotoxicity studies were performed using the CPE inhibition assay by adding the
compounds (without any virus) to A549 cells. Mock infection was used as a negative
control. This assay was performed twice independently.

2.8. Time of Addition Studies

Time of addition studies were performed using the CPE inhibition assay. Briefly,
Ab49 cells were cultured for 24 h in 96-well flat-bottomed microtiter plate at a density of
12,000 cells/well in 100 uL of DMEM supplemented with 10% FBS, 1% GlutaMAX and 1%
penicillin/streptomycin antibiotics. On the subsequent day, cells were infected with CVB3
(MOI'10) for 1 hat 37 °C. Afterwards, excess virus was removed by repeated washing. Then,
fresh media (supplemented with 10% FBS, 1% GlutaMAX and 1% penicillin/streptomycin)
containing EGCG (65 uM) and RES (880 uM) were added, and cells were incubated for
24 h. Virus control (without the compounds), compound control (without virus) and
mock infection were used as controls for the studies. This assay was performed twice
independently for each of the virus—compound concentrations, with 5 technical replicates
in each experiment.
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2.9. Radioactive Labeling of CVA9

The radioactive virus was produced in confluent monolayers of GMK cells, which
were washed and incubated with PBS for 15 min at 37 °C and infected with CVA9 (Griggs
strain; ATCC) diluted in low-methionine-cysteine medium (MP Biomedicals, Illkrich,
France) supplemented with 1% FBS and 1% Glutamax. After 3 h of infection, 40 uCi/mL
of radioactive [*°S] methionine/ cysteine (PerkinElmer, Boston, MA, USA) diluted in low-
methionine-cysteine medium supplemented with 1% FBS was added to the cells, and virus
replication was allowed to proceed for 24 h at 37 °C. After three freeze—thaw cycles, the
supernatant was cleared by pelleting at 2500x ¢ for 10 min. TWEEN® 80 (0.1% v/v) was
added to the pellet and incubated on ice for 30 min. Post-incubation, centrifugation was
performed for 10 min with 4000x g at 4 °C. The collected supernatant was added on a
2 mL sucrose cushion (40%). The cushions were ultracentrifuged with an SW-41 rotor at
151,263 x g for 2.5 h (4 °C). All the liquid up until the cushion and first 500 uL fraction
from the top were discarded, and the next 3 x 500 puL fractions were collected, which were
pelleted with a 70Ti rotor at 90,140 g for 2 h at 4 °C. The concentrated virus was then
layered on top of the 10 mL sucrose gradient (5-20%) and ultracentrifuged with a SW-41
rotor at 151,263 x g for 2 h (4 °C). Fractions (500 nL) were collected from the top to the
bottom of the cushion and small samples from each fraction were mixed with a scintillation
cocktail UltimaGold™ (PerkinElmer, Waltham, MA, USA) for counting the radioactivity
(counts per minute) using a Tri-Carb® 2910TR liquid scintillation analyzer (PerkinElmer,
Downers Grove, IL, USA). The 160S-containing fractions were pooled and used for the
experiments (7000 CPM/uL; 1.4 x 10° PFU/mL).

2.10. Gradient Assay

Metabolically labeled CVA9 (70,000 CPM corresponding to 1.4 x 108 PFU/mL) was
pre-treated with EGCG (6.5 uM) and RES (1.8 mM) for 1 h at 37 °C. A virus control (without
the compounds but the same treatment) and fresh virus (without the polyphenols and
without treatment) were used as positive controls for the assay. The test and control samples
were further diluted 10 times using a buffer, PBS-MgCl, (PBS containing 2 mM MgCly).
The samples were then layered over 10 mL sucrose (5-20%) gradients and ultracentrifuged
with a SW-41 rotor at 151,263 x g (average g value) for 2 h (4 °C) using the SW-41 rotor.
Gradients were fractionated from top to bottom (500 pL fractions) and mixed with a
scintillation cocktail for counting the radioactivity using a PerkinElmer Tri-Carb® 2910TR
liquid scintillation analyzer.

2.11. Real-Time Fluorescence Uncoating Assay

The real-time fluorescence uncoating assay has been previously described for mea-
suring uncoating of enteroviruses at 37 °C [16,21]. The assay is based on the fluorescence
emitted by SYBR Green II (SGII) when bound to viral genomic RNA. The experiment was
carried out in a 96-well plate with a total reaction volume of 100 uL. Each well contained
0.5 pg of Coxsackievirus B3, 10x SGII (Life Technologies, Eugene, OR, USA) diluted in
double-distilled water (ddH,0O), polyphenol-functionalized nanoparticles EGCG-AuNPs
(Au concentration 16.4 pug/mL, ligand concentration 5.61 x 10~2 uM) and RES-AuNPs
(Au concentration 53 pg/mL, ligand concentration 3.44 x 10~! pM) in storage buffer
PBS-MgCl, and opening buffer (20 mM NaCl, 6 mM KH,POy, 12 mM K,HPO, and 0.01%
faf-BSA). We had two experimental controls: one was a virus in the storage buffer and
the other contained a virus in the opening buffer. The samples were prepared on ice to
prevent any effect of temperature on uncoating. Additionally, we had controls to exclude
fluorescence quenching/enhancement from other molecules in the reaction mix. RNAse
at a final concentration of 10 pg/mL was used to distinguish between the fluorescence
originating from porous intermediate virions (allowing entry of SGII inside) and the RNA
in solution. The fluorescence was recorded every 15 min for an hour at 37 °C using the
PerkinElmer Multilabel Reader Victor X4 installed with a F485 lamp filter, F535 emission
filter and a counting time of 1 s.
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2.12. Particle Stability Thermal Release Assay (PaSTRy)

The PaSTRy assay was performed as described before [22]. The experiment was
carried out in thin-walled PCR plates (Agilent, Amstelveen, Netherlands). A reaction
mixture containing 0.5 pg of Coxsackievirus B3 and EGCG (65 uM) in storage buffer or
opening buffer was preincubated for 1 h at 37 °C and 5% CO,. Post-incubation, 10 x SGII
(Invitrogen) in ddH,O was added to the reaction mix, and a final volume of 50 uL was
aliquoted into the thin-walled PCR plates. The thermal cycler (BioRad C100, Helsinki,
Finland) recorded the fluorescence in quadruple from 20 to 90 °C with 0.5 °C intervals.
The fluorescence data output was extracted from the BioRad CFX manager (2.1 software,
accessed on 10 October 2020) and processed in Microsoft Excel (2016). The melt curve was
obtained by plotting the relative fluorescence units (RFU) values versus temperature. The
melting temperature (Tm) was determined from the melt peak, which was plotted using
the derivative of the RFU as a function of temperature (d(RFU)/dT).

2.13. Transmission Electron Microscopy

A reaction mixture containing the CVA9 (1.6 x 1010 PFU/mL), polyphenols (EGCG,
650 uM; RES, 880 uM), polyphenol-functionalized nanoparticles EGCG-AuNPs (Au con-
centration 164 pg/mL, ligand concentration 5.61 X 10! uM) and RES-AuNPs (Au concen-
tration 530 pug/mL, ligand concentration 3.44 uM) in buffer (PBS-MgCl,) was incubated for
1hat 37 °C and 5% CO;. During the incubation, the Formvar-coated copper grids were
glow-discharged using the EMS/SC7620 Mini sputter coater (Electron Microscopy Sciences,
Hatfield, PA, USA). Post-incubation, 5 uL of the reaction mixture was pipetted on the
glow-discharged grids for 20 s and then blotted away using Whatman paper. To negatively
stain the sample, 5 uL of 1% (w/v) Phosphotungstic acid (PTA in water, pH adjusted to
neutrality) (Sigma-Aldrich, Shinagawa-ku, Japan) or 2% (w/v) Uranyl acetate (Electron
Microscopy Sciences, Hatfield, PA, USA) was pipetted on grids and incubated for 30 s, and
blotted away using Whatman paper. The samples were visualized in a JEOL JEM-1400
transmission electron microscope (JEOI, Tokyo, Japan). The diameter of functionalized gold
nanoparticles from the images taken using the TEM was measured by automated counting
using the BioImageXD software (www.bioimagexd.net, accessed on 16 January 2021).

2.14. Radioactive Binding Assay

A549 cells were cultured for 24 h in 96-well flat-bottomed microtiter plates at a density
of 12,000 cells/well in 100 uL of DMEM supplemented with 10% FBS, 1% GlutaMAX and
1% penicillin/streptomycin antibiotics. On day 2, >>SMet/Cys-CVA9 (28,000 CPM corre-
sponding to 1.38 x 108 PFU/mL) was pre-treated with the polyphenols and polyphenol-
functionalized nanoparticles EGCG (65 uM), RES (880 uM), EGCG-AuNPs (Au concentra-
tion 16.4 pg/mL, ligand concentration 5.61 x 1072 uM) and RES-AuNPs (Au concentration
53 ug/mL, ligand concentration 3.44 x 10~ uM) in buffer (PBS-MgCl,), and incubated
at 37 °C for 1 h. Virus control without the compound was also prepared and incubated.
Post-incubation, the sample tubes were placed on ice and 1% DMEM was added to make
the final volume reach 100 pL. Following this, the samples with DMEM were added to
the cells. Then, the 96-well plate was kept on ice while rocking for 1 h to ensure uniform
binding of the virus on the cell surface. Next, the media was aspirated from each well and
three washes with ice-cold PBS were performed to remove any unbound virus from the cell
surface. To detach the cells, 150 uL of 1% Triton was added to the wells and incubated for
30 min. The entire liquid was transferred to a tube containing 4 mL of scintillation cocktail
UltimaGold™ and measured using the Tri-Carb® 2910TR liquid scintillation analyzer.

2.15. Dilution and Temperature Assays

Dilution and temperature assays were performed using the CPE inhibition assay. For
the dilution assay, CVB3 (4.4 x 108 PFU/mL), polyphenol-functionalized nanoparticles
EGCG-AuNPs (Au concentration 164 ug/mL, ligand concentration 5.61 x 10~ uM) and
RES-AuNPs (Au concentration 530 pg/mlL, ligand concentration 3.44 M) in buffer (PBS-
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MgCl,) were incubated at 37 °C for 1 h. An experimental virus control (without the
compounds) and fresh virus control (without the compounds and without any incubation)
were used as two controls for the assay. Post-incubation, each of the test samples and the
experimental virus control were divided equally into two tubes, one was diluted 50 times
using a buffer (PBS-MgCl,) and the other part was stored at —20 °C (as an undiluted
sample). The diluted samples were incubated over 72 h at 37 °C, such that equal fractions
from them were collected at regular time-intervals (1, 6, 24, 48 and 72 h) and stored at
—20 °C. At the end of 72 h, all the diluted and undiluted samples were further diluted with
DMEM and added onto the cells, to obtain a final MOI of 15. On the subsequent day, the
plates were stained for CPE as explained before.

When testing the effect of temperatures, two approaches were used. One with longer
and the other with shorter times of incubation. For testing the longer periods of incubation,
CVB3 (4.4 x 108 PFU/mL) was pre-treated with EGCG (650 uM), RES (880 uM), EGCG-
AuNPs (Au concentration 164 pg/mL, ligand concentration 5.61 x 10~! uM) and RES-
AuNPs (Au concentration 530 pg/mL, ligand concentration 3.44 uM) in buffer (PBS-MgCl,)
atRT (21 °C), 8 and 37 °C for 72 h. An experimental virus control (without the compounds)
and fresh virus control (without the compounds and without any incubation) were used as
two controls for the assay. Test samples and the experimental virus control were collected
after incubating at the above-mentioned temperatures for 6, 24, 48 and 72 h and stored at
—20 °C. After 72 h, all the samples were further diluted with DMEM and added to the
cells, to obtain a final MOI of 15. On the subsequent day, the plates were stained for CPE,
as explained before. In case of shorter incubation times, CVA9 (2 x 107 PFU/mL) was
pre-treated with EGCG (6.5 M) at 21 or 37 °C for 1 min, 5 min and 1 h and then added to
the cells.

2.16. Blind Docking of Polyphenolic Compounds against CVA9 and CVB3
2.16.1. The Experimental Design

For the in silico docking experiment, the polyphenols Epigallocatechin gallate (EGCG)
and Resveratrol (RES) were to be blindly docked over large external surfaces of the viral
capsids of CVA9 and CVB3. Due to the overly large surfaces to be scanned, the capsids
were segmented into relatively large grid boxes centered around their fold axes (2, 3 and 5)
of rotational symmetry. This strategy was used in order to obtain overlapping segments
spanning as much of the viral capsid surfaces as possible.

2.16.2. Ligand Preparation

The molecular structures of the polyphenolic compounds, Epigallocatechin gallate
(Drug Bank ID: DB03823) and Resveratrol (Drug Bank ID: DB02709), were reconstituted and
protonated from their SMILE strings using the RDKit library. The MGLTools software [23]
was then used to assign Gasteiger partial charges and merge non-polar hydrogen atoms.

2.16.3. Capsid Preparation

Full capsids for the CVA9 Griggs strain (PDB ID: 1D4M) [24] and CVB3 Nancy strain
(PDB ID: 6GZV) [25] were reconstituted from their first biological assemblies using the
PyMOL software. While the CVA9 capsid was already protonated, the PDB2PQR tool was
used to protonate the CVB3 capsid to pH 7. However, as this altered the chain labels and
segment identifiers, an in-house Python script (capsidockprep.py) was designed to restore
these labels. In order to screen the maximum outer surface area from the capsid, the grid
box center was placed at each individual capsid fold axis of rotational symmetry, with the
box y-z plane being perpendicular to the axis of rotation and partially embedded within
the capsid. In order to do so, centroids (x, y and z coordinates measured in angstroms) for
each of the fold axes were selected, before shifting the box along the x-axis by 10 A to the
right. Internally, before shifting, the capsid centroid is centered at the origin (0, 0, 0) prior
to rotating the capsid centroid position vector to be along the x-axis. For simplicity, the
PDB2PQR tool is wrapped within an in-house Python script to enable protonation when
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the “ph” parameter is set. Similar to AutoDock Vina, a grid interval size of 0.375 A is used.
The “gridsize” parameter is specified in grid points. The grid parameters for all of the
fold axes are provided in Table 1. The AutoDock Vina plugin from PyMOL was used to
visualize the effects of shifting and grid sizing.

Table 1. Parameters for grid placement along the fold capsid fold axes.

Strain Fold Centroid Grid Size Shift along x Axis
Axis (A) (in Grid Points) (A)
CVA9 2 —75.446,105.465, —13.389 40 x 100 x 100 10
3 —103.647, 73.405, 5.830 40 x 120 x 120 10
5 —44.878,108.985, 50.228 90 x 180 x 180 10
CVB3 2 118.389, 223.579, 288.589 40 x 100 x 100 10
3 110.197, 256.603, 256.603 40 x 120 x 120 10
5 183.400, 251.025, 292.820 90 x 180 x 180 10

The preprocessing by the in-house Python script greatly reduced the number of atoms
by including protein chains belonging to any atom within the grid box, whilst keeping
chain labels and segment IDs. Due to the high number of atoms required to capture the
complete protomers in their protonated form for the 5-fold axis (beyond the limit of the PDB
format), the experiment was focused around the 2- and 3-fold axes of rotation symmetry.
As performed for the ligands, charges were assigned, and non-polar hydrogen atoms were
merged using MGLTools.

2.16.4. Capsid Ligand Docking

QuickVina-W [26] was used for docking the polyphenolic compounds, with a grid
center of (0, 0, 0) and grid dimensions as defined in Table 1. The runs were performed at
an exhaustiveness of 1000 with 24 cores per job, using GNU Parallel [27] at the Centre for
High-Performance Computing (CHPC). A maximum of 20 top ligand binding poses were
retained in each case run.

2.16.5. Analysis of Docking Results

The Arpeggio tool [28] was then used to estimate the protein-ligand interactions
around a subset of the complex trimmed at a maximum radius of 14 A around the ligand
atoms. An in-house Python script (without any external library dependency) was used
to extract this subset, retaining the chain label and segment ID. Hydrogen bonding, hy-
drophobic interactions and the binding energy scores were then used to characterize ligand
binding. The distributions of these measurements across the entire docking experiment
were arranged according to the strains and the detected binding sites. In order to differenti-
ate the binding sites from existing ones, both the canonical hydrophobic pocket [24] and
the VP1-VP3 druggable interprotomer pocket (the Butcher Neyts’” pocket) from Abdelnabi
and co-workers [25] were carefully mapped on all 3D structures, as their compositions
and locations were not identical in each strain. In the case of the hydrophobic pocket, the
PyVOL plugin [29] in PyMOL was used, specifying VP1 as the search space and a minimal
pocket volume of 400 A, in addition to the default parameters. The minimum volume
had been determined beforehand using the palmitic acid-contacting residues (any protein
atom within 4 A of each ligand atom) from a 3D structure of the CVB3 Woodruff strain
(PDB ID: 1COV) [30] to guide the cavity search. In the case of the interprotomer pocket,
the PROMALS3D web server [31] was used to align the VP1 sequences and correct for
any misaligned residue positions using 3D structural information. The ligand-interacting
residues (binding the benzene sulfonamide derivative) from CVB3 (6GZV) identified by
PDB were used as a reference in a sequence alignment with the CVA9 (1D4M) strain to ob-
tain homologous positions for the latter [32]. No correction was needed for VP3 residues of
the interprotomer surface, as the alignment contained no gaps. Unless specified otherwise,
residues have been numbered according to the respective crystal structures.
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2.17. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, USA). Data are presented as mean + standard error (SEM). The 50%
effective concentrations (ECsg) and 50% cytotoxic concentrations (CCsg) were calculated
by regression analysis of the dose-response curves generated from the experimental data
using the software. Statistical significance was calculated by performing one-way/two-
way ANOVA followed by the Bonferroni test (* p < 0.05, ** p < 0.01, ** p < 0.001 and
e p < 0.0001).

3. Results
3.1. Epigallocatechin Gallate and Resveratrol Show Antiviral Activity on Enteroviruses

To evaluate whether selected polyphenolic compounds have antiviral effects on the
chosen human enteroviruses (CVB1, CVB3, CVA9), we performed a cytopathic effect (CPE)
inhibition assay on A549 cells. A high amount of CVB1 virus (107 PFU/mL) was pre-
treated with 10-fold serial dilutions of each compound for 1 h at 37 °C before adding to
cells. Untreated virus and mock infection were used as positive and negative controls in
the assay, respectively. The CPE analysis showed that Epigallocatechin gallate (EGCG)
and Resveratrol (RES) as free molecules have a potent inhibitory effect on virus infection
(Figure 1A,B). At a concentration of 6.5 uM of EGCG (Figure 1A, left) and 880 uM of RES
(Figure 1B, left), CVB1 was efficiently inhibited. A significant toxicity could not be detected
for any of the tested concentrations of the compounds (Figure 1A,B, right).

Next, we tested EGCG and RES bound to gold nanoparticles (Figure 1A,B, middle).
The functionalized gold with EGCG or RES both showed antiviral activity. Nevertheless,
RES-AuNPs were more efficient in inhibiting CVB1 infection than EGCG-AuNPs (RES
ligand concentration 3.44 x 10~! uM versus EGCG ligand concentration 5.61 X 10~1 uM).
However, the necessary concentrations of ligand bound to AuNPs needed for virus inacti-
vation were several orders of magnitude lower than the free polyphenols.

TEM images showed that the RES particles were smaller than the EGCG-AuNPs
(Figure 1C, left). Automated determination of average core diameter from TEM images
using BiolmageXD software resulted in 131.5 £ 7.1 and 78.6 & 2.3 nm for EGCG-AuNP
and RES-AuNP, respectively. DLS analysis of the nanoparticles showed similar diameters
as the TEM images, indicating that only one layer of polyphenol was attached. The zeta
potential of the nanoparticles was —35 and —40 mV for the RES-AuNPs and the EGCG-
AuNPs, respectively. The determination of gold content by ICP-MS showed a 3-fold higher
concentration of gold for RES-AuNPs as compared to EGCG-AuNPs (Figure 1C).

We calculated the number of polyphenol molecules per AuNPs considering the
nanoparticle diameter. Moreover, we assumed from the DLS versus TEM data that we have
only one monolayer of molecules, which are oriented parallel to the surface, as observed
previously for aromatic ring systems [17], and approximating the area of the polyphenol
molecules from their molecule length and width, as measured by the Avogadro software.
The calculations resulted in 47,239 EGCG molecules per AuNP and 19,122 RES molecules
per AuNP. By considering the concentration of gold determined by ICP-MS and the di-
ameter of the AuNP from TEM, the concentration of ligands was calculated to be 5.61 uM
for EGCG and 34.4 pM for RES (see detailed calculations in the Supplementary Materials).
The calculated ligand concentrations were confirmed by an indirect quantitative analysis.
For this analysis, EGCG and RES ligands present on the AuNP surface were replaced by an
exchange with cysteine. The thiol group of cysteine has a stronger, quasi-covalent binding
affinity to gold than the polyphenols. After incubation of EGCG-AuNP or RES-AuNP with
a solution of cysteine, the remaining free thiol groups were determined photometrically
using a colorimetric reaction with Ellman reagent. A 1:1 ratio of cysteine to polyphenol
was assumed. The concentration of EGCG and RES determined by the Ellman test was
5.5 £ 0.1 uM for EGCG and 42.9 £ 1.1 uM for RES, respectively. In the following assays,
we have used the calculated concentration.
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Figure 1. Polyphenols and polyphenol-functionalized nanoparticles block virus infection. (A) Epigallocatechin gallate
(EGCG) and (B) Resveratrol (RES) and polyphenol-functionalized nanoparticles (AuNPs) were screened against CVB1 using
the CPE inhibition assay to evaluate infection and cytotoxicity of the polyphenolic compounds. The test samples and the
virus control are normalized against the mock infection. N = 3 replicates for each dilution of the samples tested. Average
values + standard error of the mean (SEM) are shown. * p < 0.05, ** p < 0.0land **** p < 0.0001 versus the virus control
(analyzed using the one-way ANOVA with Bonferroni tests). (C) Transmission electron microscopy images of EGCG-AuNPs
and RES-AuNPs. (D) Physico-chemical characteristics of the polyphenol-functionalized AuNPs. The mean core size of the
nanoparticles was calculated using the Biolmage XD software by processing TEM images containing 684 (EGGC-AuNPs)
and 2411 (RES-AuNPs) nanoparticles, respectively. The results of the TEM and DLS are expressed as average values +
standard error of the mean (SEM). Hydrodynamic size and zeta potential were evaluated from three separate readings
using a Malvern Zetasizer. Au concentration was obtained using ICP-MS. Scale bars = 200 nm.

3.1.1. Detailed Antiviral Efficacy Studies

Once the preliminary screening results confirmed the antiviral activity of the polyphe-
nols and the polyphenol-functionalized nanoparticles for CVB1, the antiviral efficacy on
different enteroviruses was calculated as 50% effective concentrations (ECsp) by regression
analysis from their dose-response curves. The antiviral studies were performed using the
CPE inhibition assay, where we incubated the compounds with high amounts of CVB3
(2 x 107 PFU/mL) for 1 h at 37 °C. As shown in Figure 2A and Table 2, both polyphenols
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and the corresponding nanoparticles protected the A549 cells from CVB3 infection in a
dose-dependent manner. The EC5( value for EGCG was 3.411 uM, 32 times more effective
than RES (107.894 uM). Interestingly, the ligands bound to AuNPs (0.051 uM for EGCG
and 0.004 uM for RES) were 67 or 26,974 times more potent than the free polyphenols,
respectively. The RES-AuNPs were in this case 13 times more potent than EGCG-AuNPs

against CVB3 infection.
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Figure 2. Dose-response curves for studying the antiviral efficacy of Epigallocatechin gallate (EGCG) and Resveratrol (RES)
and polyphenol-functionalized nanoparticles (AuNPs), against (A) CVB3, (B) CVB1 and (C) CVA9 and their (D) cytotoxicity,
using the CPE inhibition assay. Drug concentration of the compounds are shown as Log (10) of utM on the x-axis. The results

are mean of two independent experiments and are expressed as average values + standard error of the mean (SEM).
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Table 2. Antiviral activity and cytotoxicity of polyphenols and polyphenol-functionalized AuNPs.

Virus Compounds ECs¢ (UM) Imptf)(:lljment CCso (UM) SI
CVB3 NP-EGCG 0.051 51122 22.000
EGCG 3.411 67 2218196 650.306
NP-Res 0.004 o674 >6.880 51720.000
Res 107.894 % 54400000  >40.780
CVBI NP-EGCG 0.237 51122 S4.734
EGCG 1.140 5 2218196 1945.785
NP-Res 0.068 >6.880 >101.176
Res 142.889 2101 >4400.000 30793
CVA9 NP-EGCG 0.004 >1.122 280500
EGCG 0.266 67 218196  8339.082
NP-Res 0.039 >6.880 >176.410
Res 330.369 8471 54400000  >13318

EC50—50% effective concentration, CC50—50% cytotoxic concentration, SI—selectivity index.

We also tested the compounds for inhibition of other enteroviruses, using highly con-
centrated CVB1 (2 x 107 PFU/mL) and CVA9 (2 x 10® PFU/mL) enteroviruses. Figure 2B,C
and Table 2 show that EGCG is 3 and 13 times more effective for CVB1 and CVA9 respec-
tively, than for CVB3. In general, the RES ligand was less effective compared to the EGCG
ligand. The results also show that the ligands have better efficacy when functionalized on
the gold nanoparticle for RES. Depending on the virus and the ligand, there was a 5- to
26,974-fold improvement in efficacy (Table 2). Usually, the improvement in efficacy was
better for RES than for EGCG. This can be due to an increased solubility of RES when
bound on nanoparticles.

Since the polyphenols and functionalized AuNPs both exhibited potent antiviral
activity, we tested if the inhibitory effect was due to bound ligands and not due to free
ligands present in the solution. This was confirmed by pelleting the functionalized AuNPs
by ultracentrifugation and testing the pellet for the antiviral activity. The antiviral activity of
the NP solution was similar to the activity in the resuspended pellet of AuNPs, confirming
that antiviral efficacy was not related to detached ligands (Supplementary Figure S1).

Detailed cytotoxicity studies using the CPE inhibition assay on uninfected cells were
repeated under the same conditions as used for the antiviral studies (Figure 2D). Mock
infection, having no virus or compounds, was used as a control for the assay. As shown
in Figure 2D, none of the compounds reduced the viability of A549 cells at the effective
antiviral concentrations, thus verifying the antiviral potential of the compounds. The 50%
cytotoxic concentrations (CCsp) calculated by regression analysis from the dose-response
curves are shown in Table 2. The results showed no toxicity for RES or for both AuNPs,
while for EGCG, we detected toxicity at a very high concentration (CCsp: 2.218 mM).
Thus, the selectivity index (SI) deduced from the ratio of CCs/ECs is incalculable for
compounds other than EGCG. For EGCG, the SI values are very high for all tested viruses
(Table 2). Based on the high (or incalculable) SI values, it can be said that these compounds
effectively protect the A549 cells from the tested enterovirus infections with no toxicity.

3.1.2. EGCG and RES Show Long-Term Antiviral Efficacy at Different Temperatures

To investigate the antiviral efficacy of the polyphenols further, we performed antiviral
tests for the functionalized AuNPs at different temperatures and different periods of
incubation (Figure 3A). First, the functionalized AuNPs were pre-incubated with the
virus at 8, 21 and 37 °C. Untreated viruses in PBS-MgCl, buffer incubated at the same
temperatures were used as an experimental control. Virus infectivity was measured
after incubating the polyphenols with viruses for 6, 24, 48 and 72 h using the CPE assay:.
The results showed that the observed effective concentrations of EGCG-AuNPs (ligand
concentration 5.61 x 10~ M) and RES-AuNPs (ligand concentration 3.44 uM) inhibited
infection at the tested temperatures, at least for the whole period for which the untreated



Pharmaceutics 2021, 13, 1182

13 of 27

virus was showing infectivity. Namely, in the control experiment with the untreated virus,
it was observed that the virus infectivity was decreasing with time, more quickly at higher
temperatures, as expected.
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Figure 3. Effect of time and temperature (A,B,D) and dilution (C) on antiviral activity of polyphenols and polyphenol-
functionalized nanoparticles (AuNPs). (A,B) EGCG-AuNPs (ligand concentration 5.61 x 10~! uM), RES-AuNPs (ligand
concentration 3.44 uM), EGCG (650 uM) and RES (880 uM) were incubated with CVB3 (4.4 x 108 PFU/mL) at different
temperatures over 72 h. Sample fractions were collected at 6, 24, 48 and 72 h and a CPE was performed from them.
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(C) The effect of dilution on the antiviral activity of polyphenol-functionalized nanoparticles (AuNPs) after an initial
preincubation of 1 h between CVB3 (4.4 x 108 PFU/mL) with EGCG-AuNPs (ligand concentration 5.61 x 10~1 uM)
and RES-AuNPs (ligand concentration 3.44 uM). (D) EGCG (6.5 uM) and CVA9 (2 x 107 PFU/mL) were incubated at
different time intervals (1 min, 5 min and 1 h) and at different temperatures (21 and 37 °C). Results (A-D) are expressed
as the number of viable cells left, detected by crystal violet staining. Every experiment had an experimental virus control
that was used to assess the infectivity of the virus at each point and a mock infection showing the status of viable cells.
Experiments 3A and 3B were performed twice with n = 3, and experiments 3C and 3D were performed once, with n =3
and n = 2, respectively. The results are expressed as average values + standard error of the mean (SEM). Experiments 3A,
3B and 3C were analyzed by two-way ANOVA and 3D by one-way ANOVA, followed by the Bonferroni test (* p < 0.05,
and **** p < 0.0001).

The experiments were repeated with the ligands at 21 and 37 °C (Figure 3B). The
results were similar to those with AuNPs. Interestingly, RES could not rescue cells from
infection before 6 h at 21 °C, but was already quite effective after 24 h. We then tested
whether the antiviral efficacy was lost if the solution was diluted after the initial incubation
with the virus (Figure 3C). The hypothesis was that strong dilution may disconnect the virus
and ligand or ligand-NP and lead to a re-established infectivity. After 1 h of incubation of
the virus with functionalized AuNPs at 37 and 21 °C, we diluted the solution 50 times and
continued the incubation. Samples were collected from diluted solutions at different time
points (1, 6, 24, 48 and 72 h) and tested for infectivity on A549 cells. The CPE analysis of
diluted and control virus samples (normalized to contain comparable amounts of virus)
showed that the 50-times diluted samples maintained the antiviral activity very well, and
similarly to undiluted samples (Figure 3C). Similar results were observed with EGCG and
RES without AuNPs even when diluted (data not shown).

We also wanted to understand the effectiveness of polyphenols at shorter incubation
time intervals at 21 and 37 °C (Figure 3D). The results showed that already, 1 min of
incubation slightly increased the cell viability, as indicated by reduced lytic viral activity.
This effect was more apparent at 37 °C. After 5 min of incubation, cell viability increased
strongly at both temperatures, and 1 h of incubation already showed full protection.
These results thus confirm that the polyphenols show good antiviral efficacy at various
temperatures and after a short contact time.

3.2. Mechanism of Action

To understand if the compounds acted as inhibitors for virus attachment or in other
steps of infection, we performed a simple time of addition study. In the assay, cells were
first infected with CVB3 for 1 h at 37 °C and then the compounds were added, followed by
overnight incubation. As shown in Figure 4A, polyphenols did not exhibit any antiviral
activity when added 1 h post-infection (p.i.). This excludes antiviral action on intracellular
processes.

Three possible mechanisms of pre-entry action were studied: (1) the polyphenols and
polyphenol-functionalized nanoparticles stabilize the virus and prevent its opening (and
release of genome), (2) the compounds prevent binding of the virions to the cell surface
and (3) the capsid is disrupted or damaged by the polyphenols, and thus, the genome is
prematurely released from the virions.

A potential increase in capsid stability of the virions was tested in a thermal stability
assay, PaSTRy [15,22]. In the assay, gradual heating of the virus up to 90 °C induces the
uncoating and release of the viral RNA to the solution, typically between 40 and 50 °C for
enteroviruses [22]. Non-fluorescent SGII in the medium intercalates within the double-
stranded regions in the viral RNA and emits fluorescence upon binding [33]. Increase
in capsid stability would lead to a higher melting temperature, whereas lower melting
temperature would suggest destabilization.
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Figure 4. Studies on mechanism of antiviral activity of polyphenols and polyphenol-conjugated
nanoparticles (AuNPs). (A) Time of addition assay, where the polyphenols EGCG (65 M) and
RES (880 uM) were added to cells 1 h post-infection. The results are the mean of two independent
experiments, with n = 5. Average values + standard errors of the mean (SEM) are shown. (B) The
PaSTRy assay measures the thermal stability of CVB3 (0.5 ug) in the presence of the EGCG (65 uM).
The tests were performed in the presence of the storage buffer (SB; PBS with 2 mM MgCl,) and
opening buffer (OB; 20 mM NaCl, 6 mM KH,POy, 12 mM K,;HPO4 and 0.01% faf-BSA), depicted as
blue and orange color, respectively. This is a representative result from three experiments, with n = 3.
(C) The Uncoating assay shows that EGCG-AuNPs and RES-AuNPs lower the release of the viral
RNA from virions and prevent expansion of the virions. The assay is based on real-time fluorescence
spectroscopy, which detects high fluorescence of SGII when it is bound to the viral genome, either
free RNA released from the virions or virion-bound RNA when SGII can enter an expanded virus.
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Here, CVB3 (0.5 nug) was incubated with SB or OB as controls or with SB in the presence of EGCG-
AuNPs (ligand concentration 5.61 x 1072 uM; left graph) or RES-AuNPs (ligand concentration
3.44 x 107! uM; right graph). The fluorescence values have been subtracted with the measurement
of RNAse in the assay, and the difference between the calculations, which is the net release of RNA,
has been plotted in the graphs. Both the graphs are a representative result from three experiments.
(D) The binding assay measures the binding of metabolically radio-labeled virus onto the cells in
the presence of compounds on ice. Control CVA9 is the binding measured from the virus without
polyphenols. Average values of radioactivity (CPM, counts per minute) + standard error of the mean
(SEM) are shown from one representative experiment that was performed twice with similar results,
withn =3.

Untreated CVB3 in a storage buffer (PBS MgCl) had a transition temperature of 42 °C
(Figure 4B), while in an opening buffer, the fluorescence was maximal already without
heating [16,21]. The opening buffer promotes virus opening by releasing the pocket factor
with a combination of albumin and low sodium /high potassium content. When 0.5 ug of
CVB3 was pre-incubated with a concentration of 65 uM EGCG, strikingly, low fluorescence
was recorded and no transition could be observed in the tested temperature range, probably
because EGCG stabilized the virion and prevents genome release (Figure 4B). If the opening
buffer was added to the EGCG-treated virus, the initial fluorescence was higher but still
lower than in the absence of EGCG and, again, no significant transition was observed
during the heating.

To study the mechanism of this unexpected stabilization in detail, we used our previously
developed real-time spectroscopy uncoating assay, which can detect the viral genome at
various stages of uncoating in vitro at physiological temperature, 37 °C. This assay relies on
the fact that SGII is able to bind to the virus RNA inside the expanded capsid and outside
the broken capsid, but the dye is excluded from the intact capsid [16,21]. Thus, this approach
enables us to detect the expanded, primed state and the fully opened state of the virus, while
the intact virus would show no fluorescence. For this assay, CVB3, polyphenol-functionalized
nanoparticles and SGII were mixed in a buffer, and the fluorescence was measured. The
control virus in the storage buffer revealed a low background fluorescence that did not change
much during the 1 h experiment at 37 °C, suggesting that the virus is relatively stable at
37 °C in this buffer (Figure 4C), as expected from earlier studies [16]. The assay includes a
subsequent addition of RN Ase to the samples that degrades the released RNA. The RNase
molecule is too large (72 kDa) to enter the primed virus particles and digest the viral genome,
hence allowing to distinguish fully open capsids from partially damaged ones. SGII is small
enough (0.45 kDa) to enter, bind to the genome and emit fluorescence [15]. The values after
RNAse addition were subtracted from the fluorescence values without RNAse, thus providing
the net RNA released from the viruses in the assay. The presence of EGCG-AuNPs or RES-
AuNPs caused an even lower overall fluorescence compared to the control virus sample
in this assay, suggesting that the functionalized AuNPs prevented expansion that normally
occurs to some extent in the storage buffer at 37 °C. The fluorescence did not change with
time, confirming that the functionalized AuNPs prevented opening and RNA release. The
results were similar if the free polyphenols were added instead of polyphenol-functionalized
AuNPs (data not shown).

To test whether the presence of ligands also prevents binding of the virus to the surface
receptors of A549 cells, we performed a binding assay using a metabolically radiolabeled
virus. Radioactive ¥SMet/Cys-CVA9 was first incubated with the compounds for 1 h,
followed by binding them to A549 cells for another 1 h on ice, and continuing by thorough
washings. Measurement of the radioactivity from the virus bound to the cell surface in
the presence of the compounds revealed that both the ligands and the functionalized
nanoparticles drastically reduced binding of the virus to the cell surface (Figure 4D). The
results altogether suggest that the EGCG, RES and their functionalized AuNPs interact
directly with the capsid, stabilize it strongly and hence prevent the infection by both
preventing uncoating and receptor binding.
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Polyphenols Cause Clustering and Aggregation of the Enteroviruses

With a sucrose gradient, viruses can be separated into intact, empty and ex-
panded/intermediate particles [15,16]. Such a separation was performed with the
radioactive 3°SMet/Cys-CVA9, pre-incubated with EGCG or RES for 1 h at 37 °C
(Figure 5A). Fresh virus control without the polyphenols and without preliminary
incubation at 37 °C showed a typical single peak of intact viruses covering about 4-5
fractions in the bottom part of the gradient. Incubation of the control virus in the
storage buffer for 1 h at 37 °C showed no significant difference to the fresh virus.
Only a small peak broadening can be observed due to the presence of some expanded
virions [15]. Strikingly, when the virus was treated with the polyphenols, there was a
complete loss of radioactivity. We assume that the clustering of the virus induced by
the polyphenols led to aggregates, which precipitated or adhered to the walls of the
tubes. Myllynen et al. [15] observed a similar loss of radioactivity when vulnerable
virus preparations were aggregated during fractionation in a CsCl, gradient.
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Figure 5. Aggregation/clustering of enteroviruses identified using (A) sucrose gradient (5-20%) separation of the metaboli-
cally radiolabeled CVAQ9 after incubation with the polyphenols for 1 h at 37 °C, and (B) negatively stained TEM images of
CVA9 (1.6 x 10 PFU/mL) and CVAQ9 treated with EGCG (650 uM), RES (880 uM), EGCG-AuNPs (ligand concentration
5.61 x 10~ uM) and RES-AuNPs (ligand concentration 3.44 M). Scale bar, 200 nm. The viral particles with a dark inner
center (marked with a red arrow in the control CVA9 TEM image) can be easily differentiated as empty/broken virus
capsids. (C) Dynamic light scattering analysis of EGCG (6.5 uM) with different dilutions of CVA9.

To test our hypothesis, we pretreated the virus with polyphenols or polyphenol-
functionalized AuNPs for 1 h and then visualized them under the transmission electron
microscope. Figure 5B shows negatively stained control viruses and viruses treated with
polyphenols and polyphenol-functionalized AuNPs. Control viruses mostly showed
single viruses distributed homogenously over the grid. Intact virus particles have the
stain around the capsid and have a bright center, whereas those that are expanded, or
broken/empty allow the stain to enter the capsid and have a darker appearance or dark
center, respectively (some empty virions are indicated in Figure 5B). In the presence of
the polyphenols or polyphenol-functionalized AuNPs, virus particles appeared only in
large aggregates. Interestingly, the viruses inside the aggregates seemed to be intact, and
empty virus particles were rarely seen. However, some uneven coloring of the virions was
observed. These results confirmed that, in addition to stabilization of the particles, the
polyphenols cause clustering of the viruses.

To observe the clustering of the viruses in a more robust way in solution, we performed
DLS after EGCG treatment. We detected the virus in DLS with a hydrodynamic diameter
of ~22 nm, which is a little lower than expected for CVA9 (Figure 5C). However, this peak
could be detected in a very reproducible manner, and we observed only a few aggregates
in the virus samples by DLS. After treating the virus samples with EGCG, the virus-
associated peak completely disappeared, and particles were detected only in the size range
of 650-1240 nm, further confirming that, indeed, polyphenols cause aggregation of the
enteroviruses. The virus was then diluted using 10-fold dilutions while keeping the EGCG
concentration constant. The aggregates appeared upon every dilution, indicating that a
high concentration of viruses was not a prerequisite for aggregate forming. A similar size
distribution was observed in all tested dilutions.

We also studied if the clustering with a lower titer of the virus would still cause a
similar drop of infectivity. We did this by drastically reducing the CVB3 concentration to
2 x 10° PFU/mL, which is 100 times less than in the previous experiment (Supplementary
Figure S2). Despite the dilution of 100 times, we observed an efficient antiviral effect.



Pharmaceutics 2021, 13, 1182

19 of 27

3.3. Discovery of Multiple Ligand Binding Sites on the Surface of CVA9 and CVB3

The docking poses were visualized from the 2-fold (Figure 6) and 3-fold (Figure 7)
axes of symmetry, respectively. From the PyVOL calculations, the hydrophobic pockets
(HPs) were visibly smaller in CVB3 (subfigures B and D from Figures 1 and 2) compared to
CVADO (subfigures A and C from Figures 6 and 7). More specifically, in CVB3, the buried
HP site was found to be composed of VP1 residue positions 93, 95, 190-194, 205212 and
258-261 (residue numbering according to 6GZV). The analogous pocket in CVA9, however,
consisted of residues 95-98, 115, 117, 144, 146, 170, 181, 183, 186-188, 192, 193, 210, 212-216
and 219 in CVA9 (residue numbering according to 1D4M). Abdelnabi and co-workers’
work describes the Butcher-Neyts pocket that comprise VP1 residue positions 73, 76, 77,
78,234 and 236, and VP3 residue positions 234-236 in CVB3 [25]. While CVA9 and CVB3
shared identical residue loci for the VP3 component of the Butcher-Neyts pocket, CVB3
had VP1 mutations M76F and E77T and VP3 mutations D234Q and K236F (using CVA9 as
a reference). EGCG was the only compound found to bind the Butcher-Neyts pocket in
CVAJ9, albeit with dissimilar contact residues, consisting of D158, D159, Y160, W162, Q163
and R222 from VP1, and the VP3 residues Q233, D234, N235 and R237 (Figure 7A). In our
experimental set-up, the Butcher-Neyts pocket was more completely exposed within the
docking grid box covering the 3-fold axis protomers, which explains the absence of bound
ligands within the grids designed for the 2-fold axis of symmetry.

Figure 6. Docking grid boxes centered at the 2-fold axis, for EGCG (top subfigures) and RES (bottom
subfigures). CVA9 is on the left (A,C) while CVB3 is on the right (B,D). The hydrophobic pocket
is represented as a grey surface, while the residues for the Butcher-Neyts pocket are represented
as lines. Capsid proteins VP1-VP3 are colored blue, light green and red, respectively. VP4 is not
shown. Docked poses are represented as sticks. The binding sites S1, S2 and S3 are colored black,
red and blue. Tentative site 54 is in circled in yellow. The additional binding site (54) was found
using EGCG (Figure 1A, circled in yellow) in CVA9 only. There is less statistical support for this
site, as only one ligand pose was found in this region. However, with a favorable binding energy
(=7 kcal/mol) and an estimated six hydrogen bonds, it cannot be completely ignored. The binding
surface for the potential S4 site comprises VP1 residues T274, R275, K276, T280, V281, T282, T283 and
V284, and VP3 residues N57, Q59, R86, D92, S93 and V94. As these residues are recorded only from
one observation, it is not a consensus for S4.
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Figure 7. Docking grid boxes centered at the 2-fold axis, for EGCG (top subfigures) and RES (bottom
subfigures). CVA9 is on the left (A,C) while CVB3 is on the right (B,D). The hydrophobic pocket
is represented as a grey surface, while the residues for the Butcher-Neyts pocket are represented
as lines. Capsid proteins VP1-VP3 are colored blue, light green and red, respectively. VP4 is not
shown. Docked poses are represented as sticks. The binding sites S1, S2 and S3 are colored black,
red and blue. Tentative site S4 is in circled in yellow. The additional binding site (S4) was found
using EGCG (Figure 1A, circled in yellow) in CVA9 only. There is less statistical support for this
site, as only one ligand pose was found in this region. However, with a favorable binding energy
(—7 kcal/mol) and an estimated six hydrogen bonds, it cannot be completely ignored. The binding
surface for the potential 54 site comprises VP1 residues T274, R275, K276, T280, V281, T282, T283 and
V284, and VP3 residues N57, Q59, R86, D92, S93 and V94. As these residues are recorded only from
one observation, it is not a consensus for S4.

Four novel binding sites were found, each with the support of more than one ligand
pose, and were named S1, S2, S3 and the 3-fold axis pore, based on consensus residues
shared across ligand-contacting surfaces. A fifth one—tentatively named S4—had a lower
level of support, as it was bound only once. S1 was detected only in CVA9 and comprised
the VP1 residues Y208, G209, N211, F262, S263, V264 and D265, and VP2 residues M132,
G133, G134, G138, Q139, A140 and F141, from a consensus of all 16 detected ligand poses
at that site. 52 was present in both CVA9 and CVB3. In CVA9, S2 comprised VP1 residues
F202 and T283, and VP3 residues R86, L87, Q88, P137, G138, A139, Q181, D182, E183, T185,
5186, A187, G188 and Y189, and was derived from two poses. In CVB3, 52 is composed
of VP1 residue F199 and VP3 residues P86, G140, A186, G187, G188 and F189, obtained
from a consensus of residue contacts derived from 12 ligand poses. The 3-fold axis pore
was detected in the CVA9 capsid only in the case of RES (Figure 8). Its consensus ligand-
contacting surfaces (derived from four poses) are composed of VP2 residues R12, E27, K116,
R193 and T194, VP3 residues A124, A126, T127,1158, G159 and L160 and the VP4 residue
L68 in CVA9. In the same figure, the three ligand binding sites subtending the 3-fold axis
with a similar rotational symmetry provide support for an actual binding site. Upon closer
inspection, these sites were found to be connected, as part of a larger cavity. Access to
this hollow space in CVA9 is lined with residues such as methionine (VP3), phenylalanine
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(VP2) and aspartic acid (VP3). The fact that these all have titratable side chains suggests
that pH may play a role in driving the pore dynamics.

fn .

Figure 8. Protein-ligand interactions for example poses obtained at the newly determined binding
sites, namely for EGCG at sites (A) S1 in CAV9, (B) S2 in CBV3, (C) S3 in CBV3, (D) 54 in CAV9 and
(E) RES at the 3-fold axis pore in CAV9. Hydrogen bonds and hydrophobic interactions are depicted
as dashed green and grey lines, respectively. Interacting residues are labeled, and the capsid proteins
VP1-VP3 are colored blue, light green and red, respectively.

For a closer inspection of the non-bonded interactions occurring for RESV and EGCG,
single ligand poses docked at each of the newly found sites are depicted in Figure 8. Their
favorable binding energy scores and multiplicity of binding locations, combined to the
formation of multiple H-bonding interactions, provide good support for the stability of
these compounds for each of the Coxsackievirus strains. For instance, using the binding
locations described in Figures 6 and 7, EGCG forms four H-bonding interactions involving
VP1 and VP2 in CAV9 at S1, two H-bonds at S2 in CBV3 involving VP1 and VP3, three
H-bonds at S3 in CBV3 involving VP1 and VP3 and five potential H-bonds at 54 in CAV9.
Similarly, RES forms five potential H-bonding interactions with residues from VP2 and
VP3 at the 3-fold axis pore in CAV9. While there are many more ligand binding poses from
both the strains and binding sites, only one pose is shown per site, as an example.

RES and EGCG Show Differential Binding Patterns for CVA9 and CVB3

RES has fewer H-bond acceptors compared to EGCG, in addition to having a smaller
size and larger hydrophobicity, as detailed in the Discussion Section. All docked poses
(across ligands and strains) are summarized in Figure 9 in terms of ligand binding energies,
their aggregated number of H-bonds and hydrophobic interactions at each of the six sites
(51, S2, S3, 3-fold, Butcher-Neyts pocket and HP). Our results suggest that there are both
specific and shared binding sites for EGCG and RES, with strain also playing a role. Ligand
binding at the sites S1 and the pore found at the 3-fold axis was only noted in CVA9. The
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S1 site was bound by EGCG only with CVA9. In the case of S2, EGCG showed strain
bivalence, although the calculated affinity was slightly higher in CVA9. RES also bound to
S2, but only in the CVB3 strain. RES displayed slightly higher estimated affinity compared
to EGCG for the same site. Binding to the S3 site was achieved only by EGCG in CVB3.
Binding at the pore found at the 3-fold axis was only observed in the case of RES, only
in CVA9. EGCG was found to be bound to the Butcher-Neyts pocket only in CVA9. HP
was bound by both compounds in both strains. The most favorable binding energies were
recorded for both EGCG and RES in the HP of CVA9, most likely due to the shape and
partial charges present within the deeper hydrophobic tunnel. RES however displayed the
highest affinities for the HP, which suggests more favorable binding poses due to the linear
ligand shape. Both compounds performed worse in the CVB3 HP compared to CVA9, most
likely due to the shallower hydrophobic pocket. The binding energies recorded at sites S1,
S2, S3 and 3-fold axes are generally lower than those observed in the HP, most likely due to
a decreased exposure to protein surfaces.
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Figure 9. Summary of the binding characteristics of EGCG and RES at each of the six binding sites across CVA9 and
CVB3. Each dot is an experimental unit, for which the binding energy, number of H-bonds and number of hydrophobic
interactions are shown for CVA9 (left subfigures) and CVB3 (right subfigures). HP—hydrophobic pocket, Neyts—the

Butcher-Neyts pocket.

Overall, EGCG bound to more sites in both CVA9 and CVB3. However, RES showed
high selectivity for the hydrophobic pocket. The high number of binding sites for both
compounds (compounded by the capsid symmetries) may entail a noticeable dysfunction
of viral capsid behavior, especially more so in CVA9 due to the comparatively higher
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number of sites and the lower binding energies for the HP region. This also explains the
difference in inhibition efficacy of EGCG as compared to RES.

4. Discussion

There is a great need for broad-acting non-toxic antivirals that reduce the virus load
in the body or on surfaces. Present and future pandemics as well as the yearly occurring
epidemics cause high economic costs due to hospitalizations and absence from workplaces
and from schools. Enteroviruses still lack a clinically accepted antiviral for treatment or
disinfection of hands and surfaces. Therefore, we studied two polyphenols, EGCG from
green tea and RES from red grapes and other fruits, as soluble polyphenols and polyphenol-
functionalized gold nanoparticles and explored the mechanism of action for the molecules
on three very stable, non-enveloped enteroviruses (CVA9, CVB1 and CVB3).

Our results showed that EGCG and RES have strong antiviral efficacy against the
three enterovirus serotypes. Antiviral efficacy in general was already known for the two
polyphenols before [34], but not for enteroviruses. The EC5y values were in the range
of 0.266-3.411 uM for EGCG and 107.894-330.369 uM for RES, thus suggesting a good
efficacy already at low concentrations. The CCsy showed no cytotoxicity. The polyphenols
bound to the AuNPs showed ECs( values in the range of 0.004-0.237 uM for EGCG and
0.004-0.068 uM for RES.

Most antivirals target cellular replication steps of the viruses, such as promoting
apoptosis and via inhibiting Nf-kB or MAPK pathways and replication [5,35,36]. Most
studies on the polyphenols as antivirals for enteroviruses focus on EV71 and observe
antiviral action past entry and during replication of the viruses. Our results reveal that both
EGCG and Resveratrol act as entry and attachment inhibitors by binding to enterovirus
surfaces. This was confirmed by the time of addition CPE assay when polyphenols pre-
incubated with viruses showed inhibition, while drugs added after entry to cells had no
effect. In silico docking data further showed that these polyphenols could bind to multiple
areas on the virion surface. Other drugs binding directly to enterovirus capsids, such as
pleconaril, target the hydrophobic pocket that is normally housed by an aliphatic lipid
such as palmitic or oleic acid [37,38]. The hydrophobic pocket has been associated with
capsid stability and suggested to release its lipid upon viral RNA release [39]. We have
recently shown that albumin treatment of enteroviruses Echovirus 1 and CVA9 do expand
the virion, which is typically an event associated with emptying of the pocket. However,
we showed that treatment with albumin, which may steal fatty acids from the virion, does
not yet lead to virus uncoating but rather virus priming to an intermediary form, leading
to virus RNA release only upon further cues, such as changes in concentration of key
ions [16,21]. Here, we have studied three viruses, two of which show similarly spacious
pockets, whereas the CVB3 Nancy strain has a collapsed pocket that cannot house large
molecules. Consequently, CVA9 showed the highest estimated binding energies for both
drugs in the HP. In addition, simulations showed that the HP is the preferable docking site
for the drugs with the 73% of the docking poses associated with it.

A novel algorithm that was developed for this study to reveal the docking of the
molecules on enterovirus surfaces considered larger areas around the 2- and 3-fold sym-
metry axis. Remarkably, the docking poses for the polyphenols, RES and EGCG on the
viral capsids suggested the existence of multiple binding sites, as seen from the 2-fold
(Figure 6) and 3-fold (Figure 7) axes of symmetry, respectively. It seemed that the binding
locations were influenced by both the physico-chemical characteristics of the polyphenols,
the geometric landscapes and partial charge distributions present within the capsid assem-
blies for each strain. While both compounds are polyphenolic, Resveratrol is classified by
PubChem as smaller and more hydrophobic (2 heterocycles, an XLogP3 value of 3.1 and
3 H-bond acceptors) than EGCG (4 heterocycles, an XLogP3 value of 1.2 and 11 H-bond
acceptors) [40], which we believe to be a main factor influencing the distribution of the
ligand binding sites. The fact that the HPs detected in CVA9 are much deeper than those
of CVB3 may explain the better fit of the smaller Resveratrol further inside the capsid
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compared to EGCG. Altogether, three new sites were found, in addition to the known HP
and the recently discovered pocket that we call the Butcher-Neyts pocket [25].

Our results suggest that there are both specific and shared binding sites for EGCG and
RES, with the strain also playing a role. HP showed good binding by both viruses and both
drugs, suggesting that it is the main attraction on the virion surface. Instead, S1 was only
detected with EGCG in CVA9, while EGCG bound S2 in both CVA9 and CVB3. Resveratrol
bound to S2 only in CVB3 but to the 3-fold axis only in CVA9Y, further suggesting that the
structural differences of the drugs as well as of the virions dictate the docking to the virions.

The predicted binding energies were lower in the newly found docking sites in
comparison to the canonical HP, probably due to its deep invagination and charges present
in the pocket. In silico-determined binding energies only provide a general estimation of
the affinity of ligand binding and are generally useful for doing preliminary ranking of
docked ligands. However, the frequency of binding to a site can additionally assist in the
evaluation of lower-scoring poses. Out of the 159 docking poses, the HP ranked first with
73% of poses assigned to it, followed by S1 (10%), S2 (9%), the Butcher-Neyts pocket (4%),
the pore at the 3-fold axis (3%) and the S3 site (1%). As the Neyts pocket has already been
independently proven experimentally, there are valid reasons to believe that S1, S2 and the
3-fold pore are actual novel binding sites, based on the closeness in percentage clustering, a
partial overlap in the range of binding energies and the number of H-bonding interactions.
There is less support for the S3 site and S4, even though both may occur.

It is no wonder that the multiple ligand binding sites on the capsid led to a strong
antiviral effect directly on the virion. Our studies on the molecular mechanisms of the action
showed that stabilization rather than premature RNA release occurred for enteroviruses.
This was shown by several methods: (1) thermal assay, (2) our previously developed
real-time uncoating assay, (3) radioactive gradient assay and (4) TEM. Stabilization and
prevention of virus uncoating was evident even at higher temperatures. Our results also
showed that ligand binding was accompanied by strong clustering of the virions in addition
to prevention of virion uncoating in the clusters.

The fact that EGCG is a bigger molecule with more hydroxy groups can be the reason
why, in comparison to RES, it is more efficient in inhibiting the enteroviruses. The number
of hydroxy groups has been addressed before for the difference in antiviral action of the
polyphenols, apigenin and luteolin [36]. Interestingly, Resveratrol being a nearly flat
molecule (Supplementary Figure S3) is more closely attached to the surface of a gold
nanoparticle. Previous experiments indicate that aromatic rings are oriented parallel to
the gold surface [17]. EGCG has a nearly planar aromatic ring system with one ring
perpendicular to the base (Supplementary Figure S3).

This indicates that partial immersion of the EGCG is possible and can be responsible
for the increase in stability and the subsequent virus aggregation. On the other hand, the
three-dimensional structure of the free EGCG molecule can cross-link several viruses by
immersing into their binding pockets and inducing cross-linking of two viruses, explain-
ing why the free EGCG is more efficient than the RES molecule. RES is six times more
concentrated when bound to AuNPs as compared to EGCG. Moreover, the molecules are
presented on smaller nanoparticles that have a strong surface curvature. Even if we assume
that RES only penetrates slightly into the pockets because it is nearly parallel to the surface,
the sheer number of interactions between virus and RES and the RES presentation by the
more curved surface of nanoparticles can work as a cross-linker between multiple binding
pockets on several viruses. This could explain why RES bound to nanoparticles is more
efficient than the free molecule.

Another interesting fact that we observed in our infection experiments was that RES
was slower to inhibit virus infection. After 6 h, its antiviral efficacy was still moderate,
whereas after 24 h and later, it had reached full efficiency, while EGCG was very efficient
already at earlier time points. This may be directly because RES has fewer docking sites on
the virion surface. However, it may also be because it has less hydroxylic groups on its
structure, leading to lower binding affinity.
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Altogether, the two studied polyphenols showed great antiviral efficacy for all three
studied enteroviruses. The discovered mechanism of action is that the polyphenols immerse
in several binding sites on the virion surface, resulting in stabilization of the virions against
opening, even in harsh conditions. In addition, formation of large clusters was observed,
which might be another efficient way to lower the incidence of virions entering cells.
Clustering and the resulting precipitation of the virus—polyphenol or polyphenol-AuNP
clusters indicate a potential use for safe water clearing applications and for decontamination
of surfaces. Future studies will focus on clarifying if the clustered viruses will be prevented
from penetrating the mucus layer or be used as vaccines. Previous studies have also
demonstrated the therapeutic potential of polyphenols such as EGCG and Curcumin, for
treating protein aggregation diseases associated with peripheral neuropathy [41]. The
mechanism by which EGCG works, to prevent the disease progression in case of amyloid
fibril formation, is by stabilizing the protein after binding to it and forming soluble nontoxic
aggregates [42,43]. EGCG interacts with amyloid-forming proteins through hydrophobic
interactions or H-bonds, forming stable oligomers [44]. Similar interactions between the
virus capsid and polyphenols have been described in our computational studies. Whether
the mechanism behind virus stability /loss of infectivity and prevention of formation of
amyloid aggregates reported previously is the same remains to be shown.

In general, it can be concluded that especially the AuNP-bound polyphenols might
have interesting potential in future applications for (i) antiviral surface coatings, which can
already reduce the viral load before it is transferred to the body surface and unintentionally
up-taken, and (ii) as oral antivirals. The oral administration of the polyphenol-coated
nanoparticles is especially interesting as the nanoparticle and the bound polyphenol are
localized in the primary infection site for enteroviruses, in the gut, before they likely pass
through the intestinal cell layer and hence can significantly reduce the viral load of the
intestine. The systemic toxicity of these nanoparticles will be determined in future animal
experiments. It requires consideration as the polyphenol-AuNPs due to their size and
nearly neutral surface charge have optimal properties to penetrate the mucus layer of the
intestinal tract [45,46].

5. Conclusions

Based on our findings, EGCG and RES effectively inhibit enterovirus infection, even af-
ter short encounters with the viruses and at various temperatures. Interestingly, the studied
polyphenols have better efficacy when functionalized on gold nanoparticles, particularly
for RES. The efficacy of the compounds was not compromised even when diluted 50 times.
Mechanistic studies revealed that the polyphenols and polyphenol-functionalized AuNPs
(i) cause clustering and stabilization of the virions, (ii) prevent the release of viral RNA and
(iii) prevent the virus from binding to the cell surface. In silico docking experiments of these
molecules against 2- and 3-fold symmetry axes of the capsid identified three novel binding
sites in addition to the canonical hydrophobic pocket, and the Butcher-Neyts pocket. The
presence of several binding sites for the polyphenols explains the strong increase in the
stability. The strong clustering and inactivation of the virions may turn out to be helpful
for future applications, for example, vaccination.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pharmaceutics13081182/s1, Figure S1: Testing whether the antiviral efficacy was solely
dependent on the ligand bound to the nanoparticles or from the unbound ligands possibly present
in the nanoparticle preparation, Figure S2: Testing the antiviral efficacy of EGCG using lower viral
titer of CVB3 (2 x 10° PFU/mL), Figure S3: 3D structure of (A) EGCG and (B) RES, Supplementary
Calculations 1: calculation of number of ligands per nanoparticles, Supplementary Calculations 2:
calculation of ligand concentration in AuNP stock solution. Supplementary Table S1: Parameters
for the calculation of the number of ligands per AuNP, Supplementary Table S2: Parameters for the
calculation of the ligand concentration bound to the AuNP in the stock solution.
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Supplementary figure 1. Testing whether the antiviral efficacy was solely dependent on the ligand
bound to the nanoparticles or also from the unbound ligands possibly present in the nanoparticle
preparation. In the experiment, AuNP conjugates were ultracentrifuged (10 Psi which corresponds
to roughly 50 000 x g, for 30 min) and the pellet was resuspended in ddH2O which was then tested
against CVB3 (2 X 107 PFU/mL).
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Supplementary figure 2. Testing the antiviral efficacy of EGCG using low viral titer of CVB3 (2 X
105 PFU/mL).

Supplementary figure 3. 3D structure of A) EGCG[1]and B) RES[1].

Supplementary calculation 1: Calculation of number of ligands per nanoparticles.

From the TEM images we assume that the AuNP are spherical. Using the average diameter from the TEM analysis the
surface area of the sphere can be calculated by
Aune=4*r*r2=2%1r*d?

It is assumed that the 2 aromatic rings (fig. S 3) are oriented parallel to the gold nanoparticle surface (fig. S 3) as we have
observed for other aromatic rings in previous experiments [2]. The length and width of the ligand contact area was
determined by means of the Avogadro software[1]. The contact area is that of an ellipsoid, hence the area of the ligand

18
Aligand =m*a*b

Assuming now the tightest possible ligand packing on the nanoparticle surface, the number N of polyphenols per sur-

face is

N= Aaur/Aligand

Supplementary Table 1. Parameters for the calculation of the number of ligands per AuNP

D" [nm] Aaune [nm?] Ligand a/b* | Aiigand [Nm?] N(lig-
[nm] and/AuNP)
EGCG 131.5+7.1 108 650 0.64/1.14 2.3 47,239
RES 78.6+2.3 38 817 0.54/1.2 2.03 19,122
“determined by TEM

# calculated by Avogadro software [1]
Supplementary calculation 2: Calculation of ligand concentration in AuNP stock solution



For the calculation of the ligand concentration bound to AuNP in the stock solution, we calculate first the number of
AuNP. For this we calculate first the volume of the spherical AuNP using the radius r, determined in TEM analysis
(r=D/2).

Vauwr=4/3*1c*13

With the nanoparticle volume Vauvr and the density of gold, 5au we calculated the mass of a single AuNP, maur. The
gold content of the stock solution, mau was measured by ICP-MS. This allows us to calculate the number of AuNP, Nauxe
in stock solution by

Naunp= Mau/ Maunp

The calculation reported in table S1 gives us the number of ligand per AuNP, Niigana which allows us to calculate the
total number of ligands in the stock solution of gold nanoparticles per L. The concentration of bound ligand to the
nanoparticles is calculated by

Cligand = Nligand / Na

Na is the constant of Avogardo (6.02214086 x 102 mol™); Nigand is the number of ligand per L.

Supplementary Table 2. Parameters for the calculation of the ligand concentration bound to the AuNP in the stock
solution.

D" Vaunpe mau # Naune Niigand Niigand Cligand
[nm] [nm?3] Vnp [cm®] | Sau [g/cm3] | maune [g] | [g/L] /L /NP /L [uM]
EGCG 1.19* 2.30 7.13 47,239 3.37*%
131.5 1,190,627 10 19.32 * 101 1.64 * 1013 108 5.61
RES 2.54 * ’ 491 1.08 19,122 2.06 *
78.6 254,253 1016 *10°%° 5.3 *10%° 10% 34.4
"determined by TEM

# determined by ICP-MS
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