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Abstract: Photodynamic inactivation (PDI) employs a photosensitizer, light, and oxygen to create
a local burst of reactive oxygen species (ROS) that can inactivate microorganisms. The botanical
extract PhytoQuinTM is a powerful photosensitizer with antimicrobial properties. We previously
demonstrated that photoactivated PhytoQuin also has antiviral properties against herpes simplex
viruses and adenoviruses in a dose-dependent manner across a broad range of sub-cytotoxic concentrations. Here, we report that human coronaviruses (HCoVs) are also susceptible to photodynamic
inactivation. Photoactivated-PhytoQuin inhibited the replication of the alphacoronavirus HCoV229E and the betacoronavirus HCoV-OC43 in cultured cells across a range of sub-cytotoxic doses.
This antiviral effect was light-dependent, as we observed minimal antiviral effect of PhytoQuin in
the absence of photoactivation. Using RNase protection assays, we observed that PDI disrupted
HCoV particle integrity allowing for the digestion of viral RNA by exogenous ribonucleases. Using
lentiviruses pseudotyped with the SARS-CoV-2 Spike (S) protein, we once again observed a strong,
light-dependent antiviral effect of PhytoQuin, which prevented S-mediated entry into human cells.
We also observed that PhytoQuin PDI altered S protein electrophoretic mobility. The PhytoQuin
constituent emodin displayed equivalent light-dependent antiviral activity to PhytoQuin in matcheddose experiments, indicating that it plays a central role in PhytoQuin PDI against CoVs. Together,
these findings demonstrate that HCoV lipid envelopes and proteins are damaged by PhytoQuin PDI
and expands the list of susceptible viruses.
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1. Introduction
Coronaviruses (CoVs) are enveloped viruses with large positive-sense, single-stranded
RNA genomes. Human CoVs occupy two genera, the alphacoronaviruses (HCoV-NL63 and
HCoV-229E) and betacoronaviruses (HCoV-OC43, HCoV-HKU1, Middle East respiratory
syndrome–related coronavirus (MERS-CoV), severe acute respiratory syndrome-related
coronavirus (SARS-CoV and SARS-CoV-2). CoV Spike (S) proteins enable attachment to
diverse cell surface receptors and entry via receptor-mediated endocytosis [1]. Following
uncoating in the cytoplasm, the CoV (+)ssRNA genome is translated into long polyproteins
that are processed by viral proteases to yield non-structural proteins, including the viral
RNA-dependent RNA polymerase (RdRp) and associated RNA modifying enzymes [2], as
well as an RNA exonuclease enzyme that provides essential proofreading activity to ensure
high-fidelity replication of the viral genome [3]. These viral enzymes assemble to form the
replicase-transcriptase complex that orchestrates viral transcription and genome replication
in discrete cytoplasmic compartments [4]. The RdRp uses the template (+)ssRNA genome
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to create full-length (−)ssRNA intermediates that can be copied into full-length genomic
(+)ssRNA, as well as subgenomic (−)ssRNAs that can be copied into mRNAs that encode
structural proteins: S, membrane, envelope, and nucleocapsid (N), as well as lineagespecific accessory proteins that aid immune evasion [5]. Newly synthesized viral genomes
are coated with N proteins and assemble with the remaining structural proteins by budding
into the ER-Golgi Intermediate Compartment (ERGIC). According to the longstanding
model, progeny CoV virions escape the host cell by traversing the secretory pathway, but
recent studies of SARS-CoV-2 and the related betacoronavirus mouse hepatitis virus have
provided evidence for an alternative lysosomal egress pathway [6].
The emergence of SARS-CoV and MERS-CoV from animal reservoirs, followed by the
current SARS-CoV-2 pandemic, has spurred efforts to develop safe and effective antivirals
for coronaviruses. Moreover, there is a growing recognition that pandemic preparedness requires the identification and development of broadly acting antivirals that can
target outbreak-prone families of viruses [7]. Broadly acting antivirals must target highly
conserved viral enzymes or structural components of these families of viruses and drug
candidates must be tested against representative strains across the phylogenetic tree.
One of the earliest examples of a broadly acting antiviral mechanism was photodynamic inactivation (PDI), a term first used 90 years ago by Clifton to describe the antiviral
effects of methylene blue dye against bacteriophage [8]. Clifton borrowed the term “photodynamic” after observing that methylene blue only displayed antiviral activity in the
presence of oxygen and light. Perdrau and Todd confirmed Clifton’s findings and extended
them to include PDI of herpes simplex virus and vaccinia virus [9,10]. Since these seminal
discoveries, many additional photosensitizing molecules have been identified for use in
PDI of microbes, including many natural products [11]. PDI mechanisms are now more
fully understood, whereby exposure of a photosensitizer (PS) to visible light and oxygen
results in the generation of singlet oxygen and other reactive oxygen species (ROS) [12–14].
The photosensitization process, coupling PS activation and subsequent oxidative reactions,
occurs via two routes: type I and type II reactions. In type I reactions, the excited PS
participates in electron transfer reactions involving oxygen, which result in the formation
of superoxide and hydroxyl radicals. Conversely, type II reactions result in the formation
of singlet oxygen from energy transfer between the excited PS and molecular oxygen.
Ultimately, the ROS produced will act over short distances to damage proteins through
irreversible modifications such as carbonylation, cause nucleic acid oxidation leading to
strand damage or mutations, or negatively affect lipid membrane fluidity and integrity
following lipid peroxidation [15,16]. Such damage to macromolecules over short distances
is particularly effective in inactivating viruses, which, unlike prokaryotes and eukaryotes,
are unable to repair damage once it occurs.
The plant extract PhytoQuinTM (previously referred to as Orthoquin) is a powerful
PS with antimicrobial properties [17–19]. We previously demonstrated that PhytoQuin
inactivates enveloped herpes simplex virus type 1 (HSV-1) and HSV-2 and non-enveloped
human adenovirus type 5 (hAd5), in a dose- and light-dependent manner [20]. Because
photoactivated PhytoQuin inactivated both enveloped and non-enveloped viruses, we reasoned that it likely disrupts the function of surface-exposed viral attachment proteins [20].
Considering its proposed mechanism of action in damaging macromolecules at short distances, we reasoned that PhytoQuin PDI could also inactivate emerging viruses of concern
like CoVs. Here, using the common cold CoVs, HCoV-OC43 and HCoV-229E, as well as
pseudotyped lentiviruses bearing SARS-CoV-2 S protein, we demonstrate the antiviral
effect of PhytoQuin PDI against CoVs. We provide evidence for antiviral mechanism of
action by measuring damage to CoV S proteins, lipid envelopes and RNA. We also demonstrate that the PhytoQuin constituent emodin is sufficient to act as a PS and inactivate
coronaviruses.
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2. Materials and Methods
2.1. Cells, Viruses, and Reagents
Human embryonic kidney (HEK) 293T and 293A cells, and Huh7.5 (human hepatoma)
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 11965118, Thermo
Fisher Scientific, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; A31607-02, Thermo Fisher Scientific), 100 U/mL penicillin/100 µg/mL streptomycin
(Pen/Strep; 15140-122, Thermo Fisher Scientific), and 20 mM L-glutamine (Gln; 25030-081,
Thermo Fisher Scientific). HCT-8 (human adenocarcinoma) cells were cultured in 10%
FBS/DMEM + Pen/Strep/Gln and further supplemented with 1X MEM Non-Essential
Amino Acids (NEAA; 11140050, Thermo Fisher Scientific). BHK-21 (baby hamster kidney) and Vero (African green monkey kidney) cells were cultured in 5% FBS/DMEM
+ Pen/Strep/Gln. HEK 293A cells stably expressing angiotensin-converting enzyme 2
(ACE2) and transmembrane serine protease 2 (TMPRSS2) were generated by sequential
transduction with pLJM1-based ACE2 and TMPRSS2 lentiviral vectors with selection using
puromycin (Puro) and blasticidin (BSD), respectively. All cells were maintained at 37 ◦ C in
a 5% CO2 atmosphere.
pLJM1-ACE2-BSD was cloned from Caco-2 cell cDNA using primers: ACE-F 50 AATTACCGGTATGTCAAGCTCTTCCTGGC and ACE2-R 50 -AATTGTCGACCTAAAAGG
AGGTCTGAACATCATCAG. pLJM1-TMPRSS2-V5-Puro was generated by subcloning
from pLVX_317 (Broad Institute GPP TRCN0000467270) into pLJM1 [21] using NheI and
MluI restriction endonucleases. Lentiviruses were generated by transfecting HEK 293T
cells with lentivirus backbone pLJM1, a Gag-Pol encoding packaging vector (psPAX2, a
kind gift form Didier Trono; Addgene #12260), and plasmid encoding VSV glycoprotein
(pMD2.G, a kind gift from Didier Trono; Addgene #12259) using polyethyleneimine MAX®
(Polysciences, Warrington, PA, USA). Lentiviruses were harvested 48 h after transfection,
filtered with a 0.45 µm filter, and stored at −80 ◦ C until use.
Stocks of human coronavirus OC43 (HCoV-OC43; VR-1558, ATCC) were propagated
in Vero cells. Cells were infected at a MOI of 0.05 for 1 h at 33 ◦ C in serum-free DMEM.
After 1 h, the infected cells were maintained in DMEM supplemented with 1% FBS and
Pen/Strep/Gln for five days at 33 ◦ C. Upon harvest, the culture supernatant was centrifuged at 1000× g for 5 min at 4 ◦ C, the supernatant aliquoted, and then stored at
−80 ◦ C. Stocks of human coronavirus 229E (HCoV-229E; VR-740, ATCC) were prepared
using a similar protocol, using Huh7.5 cells and DMEM supplemented with 2.5% FBS and
Pen/Strep/Gln.
The preparation of PhytoQuin™ from an ethanolic extract of Polygonum cuspidatum
has been previously described [20]. PhytoQuin (provided by PhotoDynamic Inc., Lot#
SMKW115, Halifax, NS, Canada) and emodin (13109, Cayman Chemical, Ann Arbor, MI,
USA) were solubilized in DMSO. All oligonucleotides were synthesized by Thermo Fisher
Scientific (Pleasanton, CA, USA).
2.2. AlamarBlue Cytotoxicity Assay
BHK-21 cells and Huh7.5 cells were seeded in 96-well plates at 1 × 104 cells/well in
5% FBS/DMEM + Pen/Strep/Gln or 10% FBS/DMEM + Pen/Strep/Gln, respectively. The
following day, the media were removed and 2-fold dilutions of PhytoQuin (from 2.4 to
78 µg/mL for BHK-21; 0.125 to 64 µg/mL for Huh7.5) or equivalent DMSO concentrations (from 0.024 to 0.78% for BHK-21; 0.016 to 8% for Huh7.5) diluted in medium (1%
FBS/DMEM + Pen/Strep/Gln, BHK-21; 2.5% FBS/DMEM + Pen/Strep/Gln, Huh7.5)
were added to the cell monolayers and incubated 20 cm beneath a 30 W light-emitting
diode (LED) visible light lamp (HC-GTG21-30W, SOLLA) for up to 30 min at room temperature. “Dark” and “Light” treatments were performed with 96-well plates wrapped
or not wrapped in aluminum foil, respectively. The total fluence delivered during the
15 min or 30 min light treatments were 49.2 J/cm2 or 98.5 J/cm2 , respectively, at a rate
of 54.7 mW/cm2 . After the incubation beneath the lamp, the cells were left for 44 h. At
44 h post-treatment, the media were replaced with fresh low-serum media containing
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10% alamarBlue and placed back in the incubator for 3.5 h. Fluorescence was recorded
using a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, BW, DE; ex/em:
544/590 nm) and normalized to fluorescence in the live cell control. The phototoxic concentration (CC50 ) for each cell line was calculated using GraphPad Prism 9.2.0 with a non-linear
fit of [inhibitor] vs. response (variable slope, four parameters).
2.3. Photodynamic Inactivation of Viral Inocula
HCoV and lentiviral inocula diluted in serum-free DMEM supplemented with PhytoQuin, emodin, or DMSO were incubated 20 cm beneath a 30 W LED lamp in LiteSafe® black
1.5 mL microtubes (06333-80, Cole-Parmer; Montreal, QC, Canada) for “Dark” treatments
or in clear 1.5 mL microtubes (82050-504, VWR, Mississauga, ON, Canada) microcentrifuge
tubes for “Light” treatments for the indicated times. After light or dark treatments, the
viral inocula were used as indicated in Sections 2.4–2.8
2.4. HCoV-229E and HCoV-OC43 TCID50 Assays
BHK-21 cells and Huh7.5 cells were seeded in 96-well plates at a density of 1 × 104
cells/well, respectively. The following day, the media were removed, and the cells were
inoculated with 50 µL of serially diluted PhytoQuin-, emodin-, or DMSO-treated HCoV
(OC43 on BHK-21 cells; 229E on Huh7.5 cells) as indicated in Section 2.3 and incubated
for 1 h with shaking every 15 min. After infection, inocula were removed and replaced
with low-serum media (see Section 2.2), and cells were incubated for 5 days to allow for
the accumulation of cytopathic effect (CPE). To visualize CPE for TCID50 calculations, the
media were removed, and the cells were washed once with phosphate-buffered saline
(PBS) and agitated to dislodge infected cells. The cells were then fixed with methanol for
15 min and stained with 0.5% crystal violet (C0775, Sigma-Aldrich, Oakville, ON, Canada;
diluted in a 1:1 solution of methanol and water) for 1 h. After staining, the crystal violet
was rinsed off with water, and the plates were dried. The median tissue culture infectious
dose (TCID50 ) was determined using the Spearman–Kärber method [22].
2.5. Transmission Electron Microscopy
Cell supernatants containing HCoV-OC43 particles were concentrated by centrifugation at 39,000 rpm in an SW-41 rotor with an Optima™ L-90K Ultracentrifuge (Beckman
Coulter) for 2 h. Pelleted virus was resuspended in 100 µL of PBS. A volume of 80 uL of
the preparation was diluted to 400 uL with serum-free DMEM, divided equally into clear
or black microtubes and treated with Phytoquin or DMSO vehicle control as described in
Section 2.3 above. Small drops (~30 µL) were placed onto Formvar/Carbon coated grids
and left to settle for 10 min before rinsing the grid with distilled water. The grids were
quickly rinsed with a small drop (~30 µL) of 2% uranyl acetate then stained for 30 s in a
second drop. The stain was then wicked off on filter paper and left to dry completely. Grids
were imaged with a JEM 1230 transmission electron microscope (JEOL) running at 80 kV
and an ORCA-HR camera (Hamamatsu). Sample preparation, fixation, and TEM imaging were performed twice with representative images from one independent experiment
shown.
2.6. RNase-Protection Assays and qPCR
HCoV-229E without treatment or HCoV-229E treated with 4 µg/mL PhytoQuin or
0.5% DMSO and LED light treatment at 49 J/cm2 as described in Section 2.3 were used for
RNA extractions. Each sample contained 25 µL of virus, 1 ng in vitro transcribed GFP RNA
(prepared from a T7-driven GFP plasmid using the HiScribe™ T7 High Yield RNA Synthesis
Kit (E2040S, New England BioLabs)), and either serum-free DMEM only (“−“), serum-free
DMEM with 500 µg RNase A/T1 (EN0551, Thermo Fisher Scientific) (“+R”), or serum-free
DMEM with 500 µg RNase A/T1 and 0.1% Triton X-100 (“+T/R”). All samples were incubated at 37 ◦ C for 20 min, after which TRIzol® reagent (15596026, Thermo Fisher Scientific)
was immediately added to arrest RNase activity. Then, 10 µg of 293T cell RNA (used as a
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carrier) and 1 ng in vitro transcribed firefly luciferase (Luc) RNA (prepared from a T7-driven
Luc plasmid using the HiScribe™ T7 High Yield RNA Synthesis Kit) dissolved in RLT Plus
Buffer (QIAGEN, Hilden, NRW, DE) were added to each sample prior to RNA isolation.
Chloroform was added to the TRIzol containing samples, and the aqueous phase was used
for RNA extractions using the RNeasy Mini Kit (74104, QIAGEN). Reverse transcription reactions were performed using the Maxima H Minus First Strand cDNA Synthesis Kit using
random hexamers and oligo(dT)18 (K1652, Thermo Fisher Scientific) using a modified “RTqPCR—First Strand cDNA Synthesis” protocol with optional 65 ◦ C incubation, 0.5 µL Maxima RT per reaction, and a 30 min (50 ◦ C) reaction time. Quantitative PCR was performed
using GoTaq® qPCR Master Mix (A6002, Promega, Madison, WI, USA) with 200 nM primers
in 10 µL reactions, using primers to amplify portions of: HCoV-229E ORF1 (229E-ORF1-F 50 ATGCTCCGACGTTTGGACAT, 229E-ORF1-R 50 -GTACTACGACGACGAGCCTG), HCoV229E N (229E-N-F 50 -GGCAAACGGGTGGATTTGTC, 229E-N-R 50 -CCCAGACGACACCTT
CAACA), GFP (GFP-F 50 -CTTCTTCAAGTCCGCCATGC, GFP-R 50 -GGTCTTGTAGTTGCC
GTCGT), and Luc (Luc-F 50 -GGCGAATTATGTGTCAGAGG, Luc-R 50 -TCCCAGTAAGCTAT
GTCTCC). Samples were run in triplicate in a CFX Connect Real-Time PCR Detection System (Bio-Rad) with the following two-step protocol: 3 min at 95 ◦ C, 40 cycles of 10 s at
95 ◦ C and 30 s at 60 ◦ C. Data were analyzed using a ∆Ct method; gene expression was
normalized to “DMSO/Dark/Untreated” and expressed as fold change.
2.7. Pseudotyped Lentivirus Infection Assays
SARS-CoV-2 S-pseudotyped lentiviruses were generated as described in Section 2.1
using pLJM1-Luc2-BSD, pSPAX.2, and pcDNA3-Spike. pLJM1-Luc2-BSD was generated
by subcloning Luc2 from the NheI and MfeI sites of pGL4.26 (Promega) into the NheI and
EcoRI sites of pLJM1-BSD. pcDNA3-Spike encodes a human codon-optimized S matching
bases 21,563 to 25384 from GenBank: NC_045512 (a kind gift from Dr. David Kelvin,
Dalhousie University), with a D614G mutation, generated by PCR mutagenesis with
primers: 50 -CTGTACCAGGgTGTGAACTGC and 50 -CACGGCCACCTGATTGCT using
KOD Xtreme Hot Start DNA Polymerase (Sigma, 71975-M). Pseudotyped lentiviruses were
treated with LED light at 49 J/cm2 after the addition of 4 µg/mL PhytoQuin or DMSO as
described in Section 2.3, then added to HEK293A-ACE2/TMPRSS2 cells and incubated
for 24 h at 37 ◦ C. Cells were harvested in 1X Reporter Lysis Buffer (E397A, Promega,
Madison, WI, USA) and lysed by freezing at −80 ◦ C. Thawed lysates were added to an
Falcon® white/opaque 96-well plates (25382-208, VWR), mixed with Luciferase Assay
System reagent (E1501, Promega) using automated injectors, and read on a FLUOstar
Omega microplate reader (BMG Labtech).
2.8. Pseudotyped Lentivirus Purification and Western Blotting
SARS-CoV-2 S-pseudotyped lentiviruses were generated as indicated in Section 2.7
using pcDNA3-Spike, or pcDNA3-Spike-∆furin where the furin cleavage site was mutated
(P681S, R682G, R683G, R685del) with primers: 50 -CTCCGTGGCAAGCCAGTCGATCATCG
CCTAC, and 50 -GCGCCTCCACTCGAGTTCGTCTGGGTCTGGTA as described above.
Following 0.45 µm filtration, the lentiviruses were purified through a 20% sucrose PBS
cushion as described above in Section 2.5, then mixed with DMSO or 4 µg/mL PhytoQuin
and incubated under LED light at 49 J/cm2 as indicated in Section 2.3. After treatment,
the virions were harvested with 4X Laemmli Sample Buffer (250 mM Tris-Cl (pH 6.8), 8%
sodium dodecyl sulfate, 40% glycerol, 50 mM dithiothreitol) to a final concentration of 1X
and an incubation at 95 ◦ C for 5 min. The samples and prestained protein standard (Broad
Range (10–250 kDa); P7719, New England Biolabs, Ipswich, MA, USA) were loaded into
4–20% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (4568093, Bio-Rad, Hercules, CA,
USA). Following SDS-PAGE, all proteins were transferred to polyvinylidene difluoride
(PVDF) membranes using Trans-Blot Turbo LF PVDF Transfer Kit (1704275, Bio-Rad)
and a Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked with 5%
bovine serum albumin (BSA) in Tris-buffered saline/0.1% [vol/vol] Tween-20 (TBST)
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before probing with antibodies raised to the following targets: Anti-SARS-CoV-2 Spike
RBD polyclonal antibody (E-AB-V1006, Elabscience, Houston, TX, USA) or anti-HIV1
p24 monoclonal antibody (ab9071, Abcam, Cambridge, UK). Membranes were washed
with TBST, incubated with HRP-conjugated anti-rabbit IgG (7074, Cell Signaling, Danvers,
MA, USA) or anti-mouse IgG (7076, Cell Signaling) secondary antibodies diluted in 5%
BSA/TBST, and washed again with TBST prior to detection with Clarity Western ECL
Substrate (1705061, Bio-Rad). All blots were imaged on a Bio-Rad ChemiDoc-Touch system.
2.9. Data Management and Statistics
All data management was performed with Microsoft® Excel® for Microsoft 365. Graphing and statistical calculations were performed using GraphPad Prism v9.2.0. The final
figures were prepared using Affinity Designer v1.10.1.1142.
3. Results
3.1. Measurement of Phototoxic Threshold of PhytoQuin in Huh7.5 Cells and BHK-21 Cells
Photodynamic inactivation (PDI) employs a photosensitizer (PS), light, and oxygen
to create a local burst of reactive oxygen species (ROS) that inactivate microbes. For our
experiments to investigate the PDI of human coronaviruses, we employed a PS, PhytoQuin,
which is an extract from Polygonum cuspidatum (common name: Japanese Knotweed)
prepared by PhotoDynamic, Inc. We began by evaluating cell viability with and without
light exposure following treatment with PhytoQuin or the solvent, dimethyl sulfoxide
(DMSO). We chose Huh7.5 (human hepatocellular carcinoma) cells and baby hamster
kidney-21 (BHK-21) cells for these analyses because they are susceptible to infection by
HCoV-229E and HCoV-OC43, respectively.
To establish the phototoxic threshold concentrations of PhytoQuin, Huh7.5 cells were
treated with PhytoQuin or vehicle control at room temperature with exposure to LED
light (49 J/cm2 or 98 J/cm2 ) or protected from light followed by culture at 37 ◦ C for 48 h.
DMSO concentrations above 2% were toxic to Huh7.5 cells where no additional toxicity
was observed with either light treatment (Figure 1A). The 50% cytotoxic concentration
(CC50 ) of PhytoQuin in Huh7.5 cells was 10 µg/mL at 49 J/cm2 of photoactivation and
4 µg/mL after 98 J/cm2 of photoactivation (Figure 1A). PhytoQuin was less toxic in the
absence of photoactivation (“Dark”), with a CC50 of 17 µg/mL. BHK-21 cells behaved
similarly with DMSO treatment, with no cytotoxicity up to the highest concentration
tested (0.8%; Figure 1B). While only 49 J/cm2 of light exposure was tested using BHK21 cells, cytotoxicity was only observed with PhytoQuin concentrations of 78 µg/mL,
suggesting that the BHK-21 cells are more resistant to transient ROS-mediated damage than
Huh7.5 cells (Figure 1B). Altogether, these experiments demonstrate the low cytotoxicity of
PhytoQuin in these human cell lines. A concentration of 4 µg/mL PhytoQuin (equivalent to
0.5% DMSO, indicated by the vertical dashed lines in Figure 1) was selected as the maximal
dose used in all subsequent infection experiments, which falls well below the CC50 value
for both cell lines.

Viruses 2022, 14, 110
Viruses 2022, 14, x FOR PEER REVIEW

7 of 19
7 of 20

Figure 1.
1. Cell
Figure
Cell viability
viability following
following DMSO
DMSO and
and PhytoQuin
PhytoQuin treatment
treatment of
of Huh7.5
Huh7.5 and
and BHK-21
BHK-21 cells.
cells.
Huh7.5 cells (A) or BHK-21 cells (B) in low-serum infection media were exposed to increasing conHuh7.5 cells (A) or BHK-21 cells (B) in low-serum infection media were exposed 2to increasing
centrations of DMSO (solvent, left panels) or PhytoQuin (right panels) with (49 J/cm 2, blue points;
concentrations
of DMSO (solvent, left panels) or PhytoQuin (right panels) with (49 J/cm , blue points;
98 J/cm22, light blue points) or without (black points) LED light treatment. Cell viability was assayed
98
J/cm
, light blue points)
without (black
points) LED
light The
treatment.
viability
assayed
at 48
h post-treatment
usingoralamarBlue
cell viability
reagent.
verticalCell
dotted
lineswas
indicate
the
at
48
h
post-treatment
using
alamarBlue
cell
viability
reagent.
The
vertical
dotted
lines
indicate
the
highest concentrations of DMSO and PhytoQuin used in subsequent experiments. Data are plotted
highest
concentrations
of DMSO
and PhytoQuin
used in subsequent
Data are plotted
50)
as averages
± SEM from
three independent
experiments.
The 50%experiments.
cytotoxic concentration
(CCas
averages
± SEM
from three
independent
experiments.
The 50%
cytotoxic
concentration
(CC
)
values
values were
calculated
using
Prism v9.2.0.
Abbreviations:
DMSO,
dimethyl
sulfoxide;
LED,
light50
emitting
diode; SEM,
errorAbbreviations:
of the mean. DMSO, dimethyl sulfoxide; LED, light-emitting
were
calculated
using standard
Prism v9.2.0.
diode; SEM, standard error of the mean.

3.2. PhytoQuin Exhibits Light-Dependent Antiviral Activity against HCoV-229E and HCoV3.2.
PhytoQuin Exhibits Light-Dependent Antiviral Activity against HCoV-229E and
OC43
HCoV-OC43
Having established the baseline phototoxic threshold of PhytoQuin in Huh7.5 and
Having established the baseline phototoxic threshold of PhytoQuin in Huh7.5 and
BHK-21 cells, we next measured the antiviral activity of PhytoQuin against HCoV-229E
BHK-21 cells, we next measured the antiviral activity of PhytoQuin against HCoV-229E
and HCoV-OC43. HCoV-229E inocula were mixed with the indicated concentrations of
and HCoV-OC43. HCoV-229E inocula were mixed 2with the indicated concentrations
DMSO or PhytoQuin and exposed to light at 49 J/cm , or kept in the dark, before being
of DMSO or PhytoQuin and exposed to light at 49 J/cm2 , or kept in the dark, before
serially diluted for infecting Huh7.5 cells. The remaining viral infectivity after each treatbeing serially diluted for infecting Huh7.5 cells. The remaining viral infectivity after each
ment was determined using median tissue culture infectious dose (TCID50) assays. By extreatment was determined using median tissue culture infectious dose (TCID50 ) assays. By
posing the HCoV-229E viral inoculum to DMSO and light, we observed that HCoV-229E
exposing the HCoV-229E viral inoculum to DMSO and light, we observed that HCoV-229E
is mildly
mildly photosensitive
photosensitive to
to 49
49J/cm
J/cm22 LED
exposure, displaying
displaying <3-fold
<3-fold decrease
decrease in
in viral
viral
is
LED exposure,
titers
compared
to
DMSO/Dark
treated
virus
(Figure
2A).
PhytoQuin
incubated
with
titers compared to DMSO/Dark treated virus (Figure 2A). PhytoQuin incubated with HCoVHCoV-229E
in the
dark
had
little
effect (<3-fold
relative
to DMSO/Dark)
across
229E
in the dark
had
little
effect
(<3-fold
decreasedecrease
relative to
DMSO/Dark)
across the
full
the
full
range
of
concentrations
tested
(Figure
2A).
By
contrast,
a
clear,
dose-dependent
range of concentrations tested (Figure 2A). By contrast, a clear, dose-dependent reduction
reduction
in viral
was observed
between
0.5and
µg/mL
and 4 µg/mL
doses
of photoacin
viral titers
was titers
observed
between 0.5
µg/mL
4 µg/mL
doses of
photoactivated
tivated
PhytoQuin;
with
all
samples
at
the
4
µg/mL
dose
reducing
viral
titers
to the
limit
PhytoQuin; with all samples at the 4 µg/mL dose reducing viral titers to the
limit
of
of
detection
(LOD,
1500
TCID
50/mL) of the assay (Figure 2A). These data demonstrate that
detection (LOD, 1500 TCID50 /mL) of the assay (Figure 2A). These data demonstrate that
HCoV-229Eisissusceptible
susceptibletoto
PDI,
with
~1000-fold
reductions
in viral
a light
brief
HCoV-229E
PDI,
with
~1000-fold
reductions
in viral
titerstiters
afterafter
a brief
light treatment.
treatment.

Viruses
Viruses2022,
2022,14,
14,110
x FOR PEER REVIEW

8 8ofof1920

Figure2.2. PhytoQuin
PhytoQuin potently
and
OC43.
(A)(A)
HCoV-229E
was
Figure
potently inactivates
inactivateshuman
humancoronaviruses
coronaviruses229E
229E
and
OC43.
HCoV-229E
combined with 0.5% DMSO or PhytoQuin (0.5, 1, 2, or 4 µg/mL) prior to exposure to LED light in
was combined with 0.5% DMSO or PhytoQuin (0.5, 1, 2, or 4 µg/mL) prior to exposure
to LED
black tubes (“Dark”, black dots/lines) or clear tubes (“Light”, blue dots/lines) at 49 J/cm2. The treated
light in black tubes (“Dark”, black dots/lines) or clear tubes (“Light”, blue dots/lines) at 49 J/cm2 .
inocula were serially diluted and used to infect Huh7.5 cells and titered using TCID50 assays. (B)
The
treated inocula
were serially
and used
to infect Huh7.5
cells
titered
using
TCID50
HCoV-OC43
was combined
withdiluted
0.5% DMSO
or PhytoQuin
(0.5, 1, 2,
or 4and
µg/mL)
prior
to exposure
assays.
(B)
HCoV-OC43
was
combined
with
0.5%
DMSO
or
PhytoQuin
(0.5,
1,
2,
or
4
µg/mL)
to light as indicated for panel A. The treated inocula were serially diluted and used to infect BHKprior
to exposure
to using
light as
indicated
for The
panel
A. The TCID
treated
inocula
were
and
50 assays.
resulting
50/mL
values
areserially
plotted diluted
showing
the
21 cells
and titered
TCID
used
to infect
BHK-21
titered
using(DMSO,
TCID50grey;
assays.
The resulting
TCID
are
individual
data
pointscells
withand
each
bar graph
PhytoQuin,
white)
representing
the aver50 /mL values
age ± SEM
fromthe
fourindividual
or six independent
experiments.
Thegraph
LOD (DMSO,
for the TCID50
assays is indicated
plotted
showing
data points
with each bar
grey; PhytoQuin,
white)
by the horizontal
dotted±line.
p = 0.01–0.05,
**independent
p = 0.001–0.01,
using unpaired
t-tests
representing
the average
SEM* from
four or six
experiments.
The LOD
forcomparing
the TCID50to
DMSO/+Light.
Abbreviations:
DMSO,
dimethyl
LED, light-emitting
diode;
LOD,
limit of
assays
is indicated
by the horizontal
dotted
line. sulfoxide;
* p = 0.01–0.05,
** p = 0.001–0.01,
using
unpaired
detection; SEM, standard error of the mean; TCID50, median tissue culture infectious dose.
t-tests comparing to DMSO/+Light. Abbreviations: DMSO, dimethyl sulfoxide; LED, light-emitting
diode; LOD, limit of detection; SEM, standard error of the mean; TCID50 , median tissue culture
To determine whether the antiviral effects of PhytoQuin PDI were specific for the
infectious dose.

alphacoronavirus HCoV-229E or generalizable across diverse HCoVs, we next tested its
activity
on the distantly
related
betacoronavirus,
The were
viral inocula
exTo determine
whether
the antiviral
effects ofHCoV-OC43.
PhytoQuin PDI
specificwere
for the
2
posed
to
sub-cytotoxic
doses
of
0.5–4
µg/mL
PhytoQuin,
either
with
or
without
49
J/cm
alphacoronavirus HCoV-229E or generalizable across diverse HCoVs, we next tested its
LED light
andrelated
then used
to infect BHK-21
cells for TCID
50 assays.
Compared
activity
on exposure,
the distantly
betacoronavirus,
HCoV-OC43.
The
viral inocula
wereto
2
HCoV-229E,
similar
amounts
of
HCoV-OC43
were
inactivated
by
PhytoQuin
in
a
doseexposed to sub-cytotoxic doses of 0.5–4 µg/mL PhytoQuin, either with or without 49 J/cm
dependent
and light-dependent
manner
(Figure
2B). PhytoQuin
(4 µg/mL)
andCompared
light treatLED
light exposure,
and then used
to infect
BHK-21
cells for TCID
50 assays.
led to ansimilar
approximately
4 HCoV-OC43
log10 reduction
in inactivated
viral titer relative
to DMSO-treated
toment
HCoV-229E,
amounts of
were
by PhytoQuin
in a doseHCoV-OC43.
these data
show (Figure
that various
HCoVs are(4highly
susceptible
dependent
andTogether,
light-dependent
manner
2B). PhytoQuin
µg/mL)
and lightto
PhytoQuin
treatment
ledPDI.
to an approximately 4 log10 reduction in viral titer relative to DMSO-treated
HCoV-OC43. Together, these data show that various HCoVs are highly susceptible to
3.3. PhytoQuin
PhytoQuin
PDI.Treatment Does Not Cause Visible Damage to HCoV Particles
Photoactivation of PhytoQuin generates ROS that can damage nearby macromolecules, which is thought to be the primary antimicrobial mechanism of PhytoQuin PDI.

Viruses 2022, 14, 110

9 of 19

Viruses 2022, 14, x FOR
REVIEWTreatment
3.3.PEER
PhytoQuin

Does Not Cause Visible Damage to HCoV Particles

Photoactivation of PhytoQuin generates ROS that can damage nearby macromolecules,
which is thought to be the primary antimicrobial mechanism of PhytoQuin PDI. HCoVs
HCoVs have
a lipid
envelope
studded with
viral glycoproteins
for key ste
have a lipid envelope
studded
with
viral glycoproteins
required
for key stepsrequired
in cellular
cellular entry.
We that
previously
observed
that not
PhytoQuin
did not damage
entry. We previously
observed
PhytoQuin
PDI did
damagePDI
herpesvirus
DNA herpes
DNA
[20] that
well protected
bycapsid
a strong
capsid
genomes [20] that
aregenomes
well protected
by are
a strong
icosahedral
[23];icosahedral
we reasoned
that [23]; w
soned
that which
the HCoV
RNA
genome,
which
onlynucleocapsid
lightly protected
by viral nucleoc
the HCoV RNA
genome,
is only
lightly
protected
byisviral
(N) proteins,
(N) proteins,
more susceptible
to PDI. Specifically,
we hypothesized
that
may be more susceptible
to may
PDI. be
Specifically,
we hypothesized
that PhytoQuin
PDI may
damage HCoVtoQuin
lipid envelopes
and render
the RNA
genome more
damage
PDI may damage
HCoV
lipid envelopes
andsusceptible
render the to
RNA
genome mor
or degradation.
ceptible to damage or degradation.
We first examined
PhytoQuin-treated
HCoV virions
by transmission
electron miWe first
examined PhytoQuin-treated
HCoV
virions by transmission
electron m
croscopy (TEM)
to (TEM)
determine
whether treatment
caused any
grossany
alterations
in virionin virion
copy
to determine
whether treatment
caused
gross alterations
morphology that
couldthat
represent
damage.
virions were
treatedwere
withtreated w
phology
could virion
represent
virionHCoV-OC43
damage. HCoV-OC43
virions
2 , which we previously
2
4 µg/mL of PhytoQuin
in
the
presence
of
light
at
49
J/cm
demonµg/mL of PhytoQuin in the presence of light at 49 J/cm , which we previously de
strated was sufficient
to inhibit
viralto
replication
(Figure
2B). In(Figure
parallel,2B).
virus
preparations
strated was
sufficient
inhibit viral
replication
In parallel,
virus prepara
were treated with
inPhytoQuin
the dark orintreated
with
DMSO with
vehicle
control.
FollowwerePhytoQuin
treated with
the dark
or treated
DMSO
vehicle
control. Follo
ing treatment,treatment,
samples were
fixed,were
negative-stained,
and mounted
grids for
samples
fixed, negative-stained,
and on
mounted
onTEM.
grids We
for TEM. W
observed that served
viral particles
treated
withtreated
DMSOwith
or PhytoQuin,
irrespectiveirrespective
of exposureof exposu
that viral
particles
DMSO or PhytoQuin,
to light, were light,
consistent
size andin
shape
across
all conditions
tested (Figure
3).(Figure
Using 3). Usin
were in
consistent
size and
shape
across all conditions
tested
our staining procedure,
glycoprotein
spikes
were
visible
on
the
surface
of
some
but
not
all but n
staining procedure, glycoprotein spikes were visible on the surface of some
virions, with these
being
most
evident
in
the
DMSO-treated
samples
(Figure
3).
However,
virions, with these being most evident in the DMSO-treated samples (Figure 3). How
our limited sample
size made
it difficult
to quantify
these
subtle morphological
changes
our limited
sample
size made
it difficult
to quantify
these subtle morphological
ch
following PDI,following
and no causal
relationship
could
be
established
between
these
morphoPDI, and no causal relationship could be established between these morph
logical changes
and
loss ofand
infectivity.
Based on Based
these observations,
we concluded
that
ical
changes
loss of infectivity.
on these observations,
we concluded
that
even though PhytoQuin
PDI
caused
a
~4-log
drop
in
infectivity,
it
did
not
cause
any
gross
though PhytoQuin PDI caused a ~4-log drop in infectivity, it did not cause any gross
structural damage
CoV virions.
turalto
damage
to CoV virions.

Figuretreatment
3. PhytoQuin
treatment
does not
causetoovert
damage to
HCoV-OC43
particles. HCoV
Figure 3. PhytoQuin
does not
cause overt
damage
HCoV-OC43
particles.
HCoV-OC43
particles
treated
with
0.5%
DMSO
(+/−LED
light)
or
4
µg/mL
PhytoQuin
(+/−LED
light) were
particles treated with 0.5% DMSO (+/−LED light) or 4 µg/mL PhytoQuin (+/−LED light) were
negative stained with uranyl acetate, and imaged using a transmission electron microscope. F
fixed, negative stained with uranyl acetate, and imaged using a transmission electron microscope.
seven viral particles are shown per condition. Scale bar = 100 nm. Abbreviations: DMSO, dim
Five to seven viral particles are shown per condition. Scale bar = 100 nm. Abbreviations: DMSO,
sulfoxide; LED, light-emitting diode.
dimethyl sulfoxide; LED, light-emitting diode.

3.4. PhytoQuin PDI of HCoV Virions Damages the Viral Lipid Envelope

Even though PhytoQuin PDI did not cause gross morphological changes in H
particles, we reasoned that PDI could nevertheless breach the lipid envelope and r
the genome susceptible to degradation by ribonucleases (RNases). We develope
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3.4. PhytoQuin PDI of HCoV Virions Damages the Viral Lipid Envelope
Even though PhytoQuin PDI did not cause gross morphological changes in HCoV
particles, we reasoned that PDI could nevertheless breach the lipid envelope and render the
genome susceptible to degradation by ribonucleases (RNases). We developed an RNase protection assay for measuring vRNA levels in virions to monitor for PDI-mediated disruption
of the CoV lipid envelope. To establish the parameters for the assay, HCoV-229E virions in
infected cell supernatants were incubated in the presence or absence of RNase at 37 ◦ C for
20 min or incubated with RNase in the presence of Triton X-100, a non-ionic detergent that
disrupts lipid bilayers like the viral envelope. After a 20 min incubation, RNase activity
was inhibited using TRIzol, and viral RNA was isolated and reverse transcribed. As a
positive control, a synthetic GFP RNA was included prior to the RNase treatments as an
unprotected RNA species susceptible to RNase activity. A synthetic Luc RNA was added
post-TRIzol extraction to confirm RNase inhibition by monitoring for undesired RNA
degradation following TRIzol disassociation of the virions/viral ribonucleoprotein (vRNP)
complexes. qPCR was performed using oligonucleotide primers that amplify portions
of the HCoV-229E N, HCoV-229E ORF1, GFP, or Luc genes. Our pilot experiments validated that vRNA was protected from exogenous RNase activity by the viral lipid envelope
and was only susceptible to RNase activity after the viral lipid envelope was disrupted
(Figure 4A); as indicated by the increase in Cq values after Triton X-100 addition. GFP RNA
was immediately susceptible to degradation by RNase whereas little effect was observed
on Luc RNA which was added after RNase inhibition (Figure 4A). The higher abundance
(earlier amplification) of HCoV-229E N relative to ORF1 may be due to the presence of viral
subgenomic RNA (sgRNA) in exosomes, as this has also been observed in SARS-CoV-2
qPCR experiments [24].
This assay was subsequently used to determine whether damage induced by PhytoQuin PDI breaches the HCoV lipid envelope. HCoV-229E stocks were incubated with
4 µg/mL of PhytoQuin in the presence of LED light at 49 J/cm2 , which we previously
demonstrated was sufficient to inactivate HCoV-229E (Figure 2A). In parallel, virion preparations were treated with PhytoQuin in the dark or treated with DMSO vehicle control
with and without light exposure. All samples were then treated with RNase +/− Triton
X-100 for 20 min at 37 ◦ C or left untreated. This analysis revealed that PhytoQuin treatment
alone, in the absence of light treatment, did not render the viral genome more susceptible to
RNase digestion (Figure 4B). However, when light treatment was coupled with PhytoQuin
treatment, significant reductions in N and ORF1 RNA copies were observed (Figure 4B).
Strikingly, the loss of N or ORF1 RNA occurred irrespective of the addition of exogenous
RNase (Figure 4B), suggesting that either there was a low level of RNase contamination in
the PhytoQuin extract or that PhytoQuin, or the ROS generated from it, can directly damage
the vRNA. As we observed an equivalent decrease in GFP levels following PhytoQuin
addition with or without photoactivation (Figure 4B), this suggests that some component
of the extract can damage RNA directly in a light-independent manner. Overall, it is clear
from these data that PhytoQuin PDI damages enveloped particles in a manner that renders
HCoV RNA susceptible to degradation.
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samples showing the individual data points from three independent experiments with each bar graph
(DMSO, grey; PhytoQuin, white) representing averages ± SEM. * p = 0.01–0.05, ** p = 0.001–0.01,
*** p = 0.001–0.0001 using unpaired t-tests compared to the respective DMSO control. Abbreviations:
cDNA, complementary DNA; Cq, quantification cycle; DMSO, dimethyl sulfoxide; GFP, green fluorescent protein; LED, light-emitting diode; Luc, luciferase; N, nucleocapsid; ORF1, open-reading
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3.5. PhytoQuin PDI Prevents Infection of ACE2/TMPRSS2-Expressing Cells by SARS-CoV-2
S-Pseudotyped Lentiviruses by Altering S Glycoproteins
Having established that PhytoQuin PDI damages the viral lipid envelope, we next
sought to determine whether viral glycoproteins could also be affected by PDI. As we
lacked antibodies to visualize HCoV-229E or OC43 Spike (S), we created lentiviruses
pseudotyped with SARS-CoV-2 S for which Western blotting reagents were readily available.
These lentiviruses also carried a firefly luciferase gene to measure infection. Lentiviruses
were incubated with 2–4 µg/mL of PhytoQuin (or equivalent DMSO) in the presence
or absence of LED light at 49 J/cm2 . Following treatment, the lentiviruses were used to
infect human HEK 293A cells co-expressing angiotensin-converting enzyme 2 (ACE2) and
transmembrane serine protease 2 (TMPRSS2), which act as a key receptor and accessory
factor, respectively, for SARS-CoV-2 S-mediated entry [25–27]. Light treatment in the
presence of DMSO led to <1.5-fold decrease in luciferase expression, demonstrating that
lentiviruses also have a small degree of light sensitivity (Figure 5A), similar to HCoVs
(Figures 2A and 3B). Importantly, we observed that PhytoQuin PDI strongly inhibited
luciferase gene expression in a light-dependent and dose-dependent manner (Figure 5A).
This suggests that either PDI interferes with S interactions with the cell surface or that the
lentiviral lipid envelope is disrupted in such a way as to prevent proper delivery of the
luciferase reporter gene to the cell nucleus. Regardless, these data provide further evidence
for the antiviral potency of PhytoQuin PDI and support our use of this model to study the
effects of PhytoQuin on viral glycoproteins.
Since viral glycoproteins stud the surface of enveloped viruses like HCoVs, they are
particularly susceptible to damage initiated from the extracellular environment. This would
include any oxidative damage to viral glycoproteins caused by PhytoQuin PDI. We used our
pseudotyped lentiviruses to investigate any changes in protein integrity potentially caused
by PhytoQuin using Western blotting. Using wild-type, S (D614)-pseudotyped lentiviruses,
we demonstrated that treating samples with PhytoQuin and light caused alterations in S
protein electrophoretic mobility, with the emergence of slow-migrating forms of S with
abnormally high predicted molecular weights (Figure 5B). SARS-CoV-2 S, like other CoV S
proteins, is processed by host proteases into distinct molecules, namely, S1 and S2, with S0
being the full-length precursor [25]. We next generated additional lentiviruses pseudotyped
with a mutant S that lacks the furin cleavage site (S(∆furin)), to better visualize differences
in S by concentrating the detected protein into a single species, the precursor S0. Using the
same experimental set-up, we again observed that photoactivated PhytoQuin caused the
emergence of S protein isoforms with reduced electrophoretic mobility (Figure 5C). These
observations, together with our data showing PhytoQuin-mediated effects on HCoV lipid
envelopes and vRNA, demonstrate that PhytoQuin PDI can damage multiple components
of HCoV particles.
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Figure 5. Light-activated PhytoQuin inhibits SARS-CoV-2 S-pseudotyped lentivirus entry and alters
Figure 5. Light-activated PhytoQuin inhibits SARS-CoV-2 S-pseudotyped lentivirus entry and alters S
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PhytoQuin is a complex botanical extract with multiple constituents that could, individually or synergistically, contribute to its antiviral activity. HPLC analysis of the current
lot of PhytoQuin identified five principal constituents, in order of abundance as follows:
polydatin, anthraglycoside B, emodin, resveratrol, and physcion (Figure 6A). Emodin is
of 19
an anthraquinone and PS that when photoactivated can generate ROS [28] and is 14
abundant in Polygonum cuspidatum extracts. After observing that PhytoQuin PDI damaged
HCoV lipid envelopes and considering that emodin affects membrane fluidity and integrity [29], we whether
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Figure 6. Light-activated emodin is sufficient to inactivate HCoV-OC43. (A) HPLC trace identifying
the constituents of the current lot of PhytoQuin. AU, absorbance units. (B) HCoV-OC43 was combined
Figure 6. Light-activated emodin is sufficient to inactivate HCoV-OC43. (A) HPLC trace identifying
with 0.5% DMSO, 4 µg/mL PhytoQuin, or 117 ng/mL emodin prior to exposure to LED light in black
the constituents of the current lot of PhytoQuin. AU, absorbance units. (B) HCoV-OC43
was comtubes
dots/lines)
clear tubesor(“Light”,
blue
dots/lines)
J/cm2 . to
The
treated
bined (“Dark”,
with 0.5%black
DMSO,
4 µg/mLor
PhytoQuin,
117 ng/mL
emodin
prior at
to 49
exposure
LED
light
inocula
were
serially
diluted
and
used
to
infect
cells
in
96-well
plates
to
assay
for
infectivity
. The
in black tubes (“Dark”, black dots/lines) or clear tubes (“Light”, blue dots/lines) at 49 J/cm2using
TCID
assays. were
The resulting
TCID50and
/mL
values
are plotted
showingplates
the individual
points
treated
serially diluted
used
to infect
cells in 96-well
to assay fordata
infectivity
50 inocula
with
bar
graph (DMSO,
grey;TCID
PhytoQuin,
white)are
representing
the average
± SEM from
seven
50 assays.
The resulting
50/mL values
plotted showing
the individual
data points
usingeach
TCID
with
each
bar
graph
(DMSO,
grey;
PhytoQuin,
white)
representing
the
average
±
SEM
from
seven
independent experiments. The LOD for the TCID50 assays is indicated by the horizontal dotted
line.
independent
experiments.
The
LOD
for
the
TCID
50
assays
is
indicated
by
the
horizontal
dotted
line.
* p = 0.01–0.05, ** p = 0.001–0.01 using unpaired t-tests with the indicated comparisons. Abbreviations:
* p =absorbance
0.01–0.05, **
p = 0.001–0.01
using unpaired
with the indicated
AU,
units;
DMSO, dimethyl
sulfoxide;t-tests
LED, light-emitting
diode;comparisons.
LOD, limit ofAbbreviadetection;
tions: AU, absorbance units; DMSO, dimethyl sulfoxide; LED, light-emitting diode; LOD, limit of
SEM, standard error of the mean; TCID50 , median tissue culture infectious dose.
detection; SEM, standard error of the mean; TCID50, median tissue culture infectious dose.

From our HPLC analysis, we observed that the amount of emodin, as compared
From our HPLC
analysis,
we observed
of of
emodin,
compared
to a commercial
emodin
standard,
equaled that
29.3 the
mgamount
per gram
extractas(~3%
w/w).toToa
commercial
emodin
standard,
equaled
29.3
mg
per
gram
of
extract
(~3%
w/w).
To
investiinvestigate whether emodin is a key PS required for PhytoQuin PDI against HCoVs,
we
gate
whether
emodin
is
a
key
PS
required
for
PhytoQuin
PDI
against
HCoVs,
we
treated
treated HCoV-OC43 inoculum with a dose of photoactivated emodin (117 ng/mL)
that
HCoV-OC43
inoculum withina adose
of photoactivated
ng/mL)
that matched
matched
its concentration
4 µg/mL
PhytoQuin emodin
extract. (117
In these
experiments
we
its concentration
in a 4inhibition
µg/mL PhytoQuin
extract.
In these due
experiments
we observed
observed
a three-fold
of HCoV-OC43
infectivity
to LED light
treatmenta
three-fold
inhibition
of HCoV-OC43
infectivity
due to for
LEDHCoV-229E
light treatment
alone
(Figure
alone
(Figure
6B), similar
to the inhibition
observed
when
exposed
to
6B),
similar
to
the
inhibition
observed
for
HCoV-229E
when
exposed
to
LED
light
LED light (Figure 2A). While emodin treatment in the absence of light had no (Figure
impact
on HCoV-OC43 titers, PhytoQuin treatment without photoactivation did have a small
impact on HCoV-OC43 infectivity (Figure 6B). Photoactivated PhytoQuin resulted in 99.8%
reduction in HCoV-OC43 titre compared to DMSO-treated virus exposed to light (Figure 6B).
When treated with LED light, emodin caused a similar 98.5% reduction in HCoV-OC43
titer compared to the DMSO + Light control, where the inhibitory effect of emodin was
indistinguishable from that of PhytoQuin (Figure 6B). Therefore, these data indicate that
emodin is a significant contributor to the antiviral activity of PhytoQuin against human
coronaviruses.
4. Discussion
The COVID-19 pandemic has provided new motivation to discover and develop
antivirals against coronaviruses. We demonstrated that PhytoQuin, a photosensitizing
botanical extract, inactivated distantly related human coronaviruses HCoV-229E and HCoVOC43, as well as pseudotyped lentiviruses bearing SARS-CoV-2 S protein. PhytoQuin acts
in a light-dependent manner to damage nearby macromolecules, which is consistent with
a ROS-mediated mechanism of action as observed for other photosensitizers. Our study
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provides strong support for the addition of PhytoQuin and the PhytoQuin constituent
emodin to the growing list of PSs with antiviral activity against CoVs [30–37].
We observed that while PhytoQuin PDI did not cause gross structural changes in viral
particles (Figure 3), it did disrupt the viral lipid envelope to expose the viral genome to
ribonucleases (Figure 4) and altered the electrophoretic mobility of S proteins (Figure 5).
These changes strongly correlated with diminished infectivity of CoVs and S-pseudotyped
lentiviruses following PhytoQuin PDI (Figures 2 and 5A). Unlike within the cell where
quenching by antioxidants can occur, free radicals generated in the extracellular milieu
have unfettered access to damage viral structural proteins and inactivate viruses. Certain
surface-exposed amino acid side chains are sensitive to oxidative damage, which can
result in peptide bond cleavage, amino acid modifications, and intra- and inter-protein
crosslinking [38]. Our observation of reduced electrophoretic mobility of SARS-CoV-2 S
from purified lentiviruses following exposure to photoactivated PhytoQuin is suggestive
of aggregation or cross-linking of these viral glycoproteins (Figure 5B,C). CoV S proteins
contain numerous cysteine residues in their ectodomains, where the majority form disulfide
bonds to support protein structure and function [39–44]. Cysteines of S proteins may
be oxidized via photoactivation to form inter-protein linkages similar to heterodimeric
protein crosslinking observed in vitro with the PS rose bengal [45]. Furthermore, multi-step
oxidation reactions particularly of Tyr, Trp, Met, and His residues can generate reactive
peroxyl or carbonyl derivatives that react with nucleophilic protein side chains to crosslink
proteins [46]. Spurious crosslinking of proximal S proteins may reduce protein flexibility
and interfere with conformational changes required for receptor interactions and membrane
fusion [47]. The appearance of new S protein species with reduced electrophoretic mobility
under reducing conditions suggests that changes in S due to PhytoQuin treatment are
likely linked to irreversible protein cross-linking. The precise covalent modifications
of S following exposure to photoactivated PhytoQuin remain unknown, but ongoing
experiments will investigate whether PDI increases protein carbonylation, a hallmark of
protein oxidative damage, using 2,4-dinitrophenylhydrazine-based assays.
Multiple mechanisms exist to mitigate ROS-induced changes in membrane integrity [48],
which could alleviate any negative impacts of brief PhytoQuin treatments on living cells.
Conversely, viral particles cannot repair oxidative damage. The most striking impact
of PhytoQuin treatment on HCoV particles was the loss of vRNA after light treatment
(Figure 4B), which is likely a direct result of ROS damage to the viral lipid envelope, which
would expose the vRNP complexes to damaging RNases. While oxidation is known to
directly damage nucleic acids [16], our current experiments did not measure whether the
ROS produced during PhytoQuin-mediated PDI result in direct damage to nucleic acids.
However, disruptive effects on cellular and liposomal membranes due to light-activated
PSs have been previously documented [49–52]. In our previous work, we did not observe
any effect of PhytoQuin on herpesvirus DNA when analyzing viral DNA copy number by
qPCR following sequential PhytoQuin and deoxyribonuclease treatment [20]. This may be
due to the presence of a more robust icosahedral capsid surrounding the DNA genome of
herpesviruses compared to the more flexible, N-associated vRNPs of HCoVs. However,
PhytoQuin likely also damages herpesvirus envelopes as earlier work demonstrated the
ability of anthraquinones to disrupt HSV-1 virions [53]. Evidence of physical damage
to viral particles due to PhytoQuin treatment was further supported by the appearance
of high molecular weight forms of SARS-CoV-2 S on purified, pseudotyped lentiviruses
following light exposure (Figure 5). Taken together, our data provide strong evidence for a
light-dependent mechanism of action that involves damage to the virion exterior, to lipids
and proteins alike, resulting in the inhibition of viral infection.
While seemingly complex, PhytoQuin is primarily composed of emodin and resveratrol and their naturally occurring derivatives (Figure 6A). Polydatin is the precursor of
resveratrol, and anthraglycoside B or physcion are glucopyranoside or methyl ether derivatives of emodin, respectively. Emodin and resveratrol are known antiviral polyphenolic
compounds which inhibit the replication of a number of respiratory viruses, including
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influenza A virus [54,55], rhinovirus [56], and respiratory syncytial virus [57–59], as well
as several HCoVs including MERS-CoV, HCoV-229E and SARS-CoV-2 [60–64]. Despite
this, there is no clear consensus on antiviral mechanism of action of resveratrol or emodin.
Resveratrol and aloe-emodin, an isomer of emodin, were recently shown to be antimicrobial
PSs [65–67]. These studies used blue LED photoactivation with comparable fluence to
the white light LED source used herein; however, the concentrations for antimicrobial
activity of photoactivated emodin (≥27 µg/mL) or resveratrol (2 mg/mL) were significantly higher than those in 4 µg/mL of PhytoQuin. Our current study provides strong
evidence that emodin is a photoactivatable antiviral that can be added to a growing list of
antiviral PSs [68]. The near-complete inactivation of HCoV-OC43 by emodin (Figure 6B)
suggests that, while a predominant factor, other constituents of the extract such as resveratrol may have minor contributions to PhytoQuin PDI. Interestingly, our previous work
demonstrated similar antiviral effects against herpesviruses and adenoviruses by PhytoQuin [20], but at doses four to ten-fold lower than those used herein for HCoVs. The HPLC
trace of the original lot of PhytoQuin demonstrated a significantly higher concentration
of emodin compared to the lot employed for our current CoV experiments. It is not yet
known if emodin is also the primary bioactive component of PhytoQuin for neutralizing
herpesviruses, adenoviruses, rhabdoviruses, or bacteria. Future experiments are needed
to evaluate this possibility. It would be interesting to screen various lots or differentially
extracted PhytoQuin extracts to help determine if emodin content positively correlates with
antiviral or antibacterial activity.
Many of the above-mentioned studies investigated the pleiotropic antiviral activities
of emodin, resveratrol, and other polyphenolics following addition to infected cells. In
this study, we show that the PhytoQuin extract can directly inactivate viruses in the
extracellular environment through oxidative damage catalyzed by light treatment. Since
the PhytoQuin or emodin were not removed from the treated inocula prior to infection, we
cannot exclude the possibility that these compounds may have some impact on the cells as
well. However, our characterization of viral particles after treatment with photoactivated
PhytoQuin via qPCR and Western blotting clearly shows deleterious physical changes
to the virions. PhytoQuin or emodin treatment in the absence of light exposure showed
little to no effect on HCoV infectivity or integrity, nor was PhytoQuin cytotoxic in the
presence or absence of light at a final concentration of 4 µg/mL. Therefore, it is possible
that the working concentrations of emodin or resveratrol present in 4 µg/mL of PhytoQuin
may be low enough to avoid the cell-intrinsic effects previously attributed to these two
constituents. Exploiting their photoreactive properties can help to lower the effective
working antimicrobial concentrations of emodin and resveratrol. Controlling light exposure
will be an important consideration in future studies into the antiviral effects of polyphenols
and anthraquinones.
Our observation that PhytoQuin-mediated PDI is effective at neutralizing bacteria [18],
herpesviruses, adenoviruses, rhabdoviruses [20], and now HCoVs and lentiviruses highlights the broad photodynamic activity of this botanical extract. Indeed, by demonstrating
broad antiviral activity against distantly related HCoVs, 229E and OC43, as well as the
formation of higher molecular weight isoforms of S that correlate with the disruption of
S-pseudovirus interactions with ACE2 receptors, our work suggests that PhytoQuin PDI
may be effective against future emerging CoVs with similar physical properties. In the
meantime, ongoing work will focus on further elucidation of the mechanism of action
of PhytoQuin PDI against known CoVs, while optimizing the formulation to improve
antiviral specificity, efficacy, and duration of effect.
Author Contributions: B.A.D., A.H., E.S.P. and C.M. conceived and designed the experiments;
B.A.D., A.H. and E.S.P. performed the experiments; B.A.D., A.H., E.S.P., S.A.M. and C.M. analyzed
the data; B.A.D., A.H., E.S.P., C.G.C., S.A.M. and C.M. wrote the paper. S.M.A.M. and M.H. produced
and verified the PhytoQuin used for these experiments. All authors have read and agreed to the
published version of the manuscript.

Viruses 2022, 14, 110

17 of 19

Funding: This research was supported by grants awarded to C.M. from the Nova Scotia COVID-19
Health Research Coalition and the Nova Scotia Business Inc. Productivity & Innovation Voucher
Program.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: We thank Mary-Ann Trevors of the Electron Microscopy Core facility (Dalhousie
University) for her technical assistance.
Conflicts of Interest: S.A.M. has a potential research conflict of interest due to a financial interest
with Theralase Technologies, Inc., and PhotoDynamic, Inc. A management plan has been created to
preserve objectivity in research in accordance with UTA policy.

References
1.
2.
3.
4.
5.

6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

Walls, A.C.; Park, Y.-J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef]
Chen, Y.; Cai, H.; Pan, J.; Xiang, N.; Tien, P.; Ahola, T.; Guo, D. Functional Screen Reveals SARS Coronavirus Nonstructural
Protein Nsp14 as a Novel Cap N7 Methyltransferase. Proc. Natl. Acad. Sci. USA 2009, 106, 3484–3489. [CrossRef]
Eckerle, L.D.; Lu, X.; Sperry, S.M.; Choi, L.; Denison, M.R. High Fidelity of Murine Hepatitis Virus Replication Is Decreased in
Nsp14 Exoribonuclease Mutants. J. Virol. 2007, 81, 12135–12144. [CrossRef]
Gosert, R.; Kanjanahaluethai, A.; Egger, D.; Bienz, K.; Baker, S.C. RNA Replication of Mouse Hepatitis Virus Takes Place at
Double-Membrane Vesicles. J. Virol. 2002, 76, 3697–3708. [CrossRef]
Sawicki, S.G.; Sawicki, D.L. Coronaviruses Use Discontinuous Extension for Synthesis of Subgenome-Length Negative Strands.
In Corona-and Related Viruses: Current Concepts in Molecular Biology and Pathogenesis; Talbot, P.J., Levy, G.A., Eds.; Springer: Boston,
MA, USA, 1995; pp. 499–506. ISBN 978-1-4615-1899-0.
Ghosh, S.; Dellibovi-Ragheb, T.A.; Kerviel, A.; Pak, E.; Qiu, Q.; Fisher, M.; Takvorian, P.M.; Bleck, C.; Hsu, V.W.; Fehr, A.R.;
et al. β-Coronaviruses Use Lysosomes for Egress Instead of the Biosynthetic Secretory Pathway. Cell 2020, 183, 1520–1535.e14.
[CrossRef]
Meganck, R.M.; Baric, R.S. Developing Therapeutic Approaches for Twenty-First-Century Emerging Infectious Viral Diseases.
Nat. Med. 2021, 27, 401–410. [CrossRef]
Clifton, C.E. Photodynamic Action of Certain Dyes on the Inactivation of Staphylococcus Bacteriophage. Proc. Soc. Exp. Biol. Med.
1931, 28, 745–746. [CrossRef]
Perdrau, J.R.; Todd, C. The Photodynamic Action of Methylene Blue on Bacteriophage. Proc. R. Soc. Lond. Ser. B Contain. Pap. A
Biol. Character 1933, 112, 277–287. [CrossRef]
Perdrau, J.R.; Todd, C. The Photodynamic Action of Methylene Blue on Certain Viruses. Proc. R. Soc. Lond. Ser. B Contain. Pap. A
Biol. Character 1933, 112, 288–298. [CrossRef]
Wainwright, M. Photodynamic Antimicrobial Chemotherapy (PACT). J. Antimicrob. Chemother. 1998, 42, 13–28. [CrossRef]
Hamblin, M.R.; Huang, Y. Handbook of Photomedicine, 1st ed.; CRC Press: Boca Raton, FL, USA, 2013; p. 886, ISBN 978-0-429-19384-2.
Kostron, H.; Hasan, T. Photodynamic Medicine; Comprehensive Series in Photochemical & Photobiological Sciences; The Royal
Society of Chemistry: London, UK, 2016; p. 650, ISBN 978-1-78262-451-6.
Polat, E.; Kang, K. Natural Photosensitizers in Antimicrobial Photodynamic Therapy. Biomedicines 2021, 9, 584. [CrossRef]
Avery, S.V. Oxidative Stress and Cell Function. In Systems Biology of Free Radicals and Antioxidants; Laher, I., Ed.; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 89–112, ISBN 978-3-642-30017-2.
Di Mascio, P.; Martinez, G.R.; Miyamoto, S.; Ronsein, G.E.; Medeiros, M.H.G.; Cadet, J. Singlet Molecular Oxygen Reactions with
Nucleic Acids, Lipids, and Proteins. Chem. Rev. 2019, 119, 2043–2086. [CrossRef] [PubMed]
McFarland, S. Polygonum cuspidatum Extracts. U.S. Patent 10,350,255 B2, 16 July 2019.
McFarland, S. Polygonum cuspidatum Extracts as Photodynamic Inactivating Agents. U.S. Patent 10925917, 23 February 2021.
Hasturk, H.; Martins, M.; Floros, C.; Nguyen, D.; Paster, B.; Van Dyke, T. Photodynamic Therapy with a Photoactive Plant Extract
Improves Gingival Health. J. Dent. Res. 2019, 98, 0911.
Monjo, A.L.-A.; Pringle, E.S.; Thornbury, M.; Duguay, B.A.; Monro, S.M.A.; Hetu, M.; Knight, D.; Cameron, C.G.; McFarland, S.A.;
McCormick, C. Photodynamic Inactivation of Herpes Simplex Viruses. Viruses 2018, 10, 532. [CrossRef] [PubMed]
Johnston, B.P.; Pringle, E.S.; McCormick, C. KSHV Activates Unfolded Protein Response Sensors but Suppresses Downstream
Transcriptional Responses to Support Lytic Replication. PLoS Pathog. 2019, 15, e1008185. [CrossRef]
Meslin, F.X.; Kaplan, M.M.; Koprowski, H.; World Health Organization. Laboratory Techniques in Rabies; World Health Organization:
Geneva, Switzerland, 1996; pp. 445–459.
Bauer, D.W.; Huffman, J.B.; Homa, F.L.; Evilevitch, A. Herpes Virus Genome, The Pressure Is On. J. Am. Chem. Soc. 2013, 135,
11216–11221. [CrossRef]

Viruses 2022, 14, 110

24.

25.

26.
27.

28.

29.
30.
31.

32.

33.

34.
35.
36.

37.

38.
39.
40.
41.
42.
43.
44.

45.
46.
47.

18 of 19

Telwatte, S.; Kumar, N.; Vallejo-Gracia, A.; Kumar, G.R.; Lu, C.M.; Ott, M.; Wong, J.K.; Yukl, S.A. Novel RT-DdPCR Assays for
Simultaneous Quantification of Multiple Noncoding and Coding Regions of SARS-CoV-2 RNA. J. Virol. Methods 2021, 292, 114115.
[CrossRef]
Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krüger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271–280.e8. [CrossRef]
Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A.; Li, F. Cell Entry Mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117, 11727. [CrossRef]
Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-López, C.; Maatz, H.; Reichart, D.;
Sampaziotis, F.; et al. SARS-CoV-2 Entry Factors Are Highly Expressed in Nasal Epithelial Cells Together with Innate Immune
Genes. Nat. Med. 2020, 26, 681–687. [CrossRef]
Zang, L.; Zhao, H.; Ji, X.; Cao, W.; Zhang, Z.; Meng, P. Photophysical Properties, Singlet Oxygen Generation Efficiency and
Cytotoxic Effects of Aloe Emodin as a Blue Light Photosensitizer for Photodynamic Therapy in Dermatological Treatment.
Photochem. Photobiol. Sci. 2017, 16, 1088–1094. [CrossRef]
Alves, D.S.; Pérez-Fons, L.; Estepa, A.; Micol, V. Membrane-Related Effects Underlying the Biological Activity of the Anthraquinones Emodin and Barbaloin. Biochem. Pharmacol. 2004, 68, 549–561. [CrossRef] [PubMed]
Gendrot, M. Methylene Blue Inhibits Replication of SARS-CoV-2 in Vitro. Int. J. Antimicrob. Agents 2020, 4, 106202. [CrossRef]
Monge, F.A.; Jagadesan, P.; Bondu, V.; Donabedian, P.L.; Ista, L.; Chi, E.Y.; Schanze, K.S.; Whitten, D.G.; Kell, A.M. Highly
Effective Inactivation of SARS-CoV-2 by Conjugated Polymers and Oligomers. ACS Appl. Mater. Interfaces 2020, 12, 55688–55695.
[CrossRef] [PubMed]
Svyatchenko, V.A.; Nikonov, S.D.; Mayorov, A.P.; Gelfond, M.L.; Loktev, V.B. Antiviral Photodynamic Therapy: Inactivation
and Inhibition of SARS-CoV-2 in Vitro Using Methylene Blue and Radachlorin. Photodiagnosis Photodyn. Ther. 2021, 33, 102112.
[CrossRef]
Sharshov, K.; Solomatina, M.; Kurskaya, O.; Kovalenko, I.; Kholina, E.; Fedorov, V.; Meerovich, G.; Rubin, A.; Strakhovskaya,
M. The Photosensitizer Octakis(Cholinyl)Zinc Phthalocyanine with Ability to Bind to a Model Spike Protein Leads to a Loss of
SARS-CoV-2 Infectivity In Vitro When Exposed to Far-Red LED. Viruses 2021, 13, 643. [CrossRef]
Yu, S.; Sun, G.; Sui, Y.; Li, H.; Mai, Y.; Wang, G.; Zhang, N.; Bi, Y.; Gao, G.F.; Xu, P.; et al. Potent Inhibition of Severe Acute
Respiratory Syndrome Coronavirus 2 by Photosensitizers Compounds. Dye. Pigment. 2021, 194, 109570. [CrossRef] [PubMed]
Ghareeb, C.R.; Peddinti, B.S.T.; Kisthardt, S.C.; Scholle, F.; Spontak, R.J.; Ghiladi, R.A. Toward Universal Photodynamic Coatings
for Infection Control. Front. Med. 2021, 8, 1092. [CrossRef] [PubMed]
Wu, M.-Y.; Gu, M.; Leung, J.-K.; Li, X.; Yuan, Y.; Shen, C.; Wang, L.; Zhao, E.; Chen, S. A Membrane-Targeting Photosensitizer
with Aggregation-Induced Emission Characteristics for Highly Efficient Photodynamic Combat of Human Coronaviruses. Small
2021, 17, 2101770. [CrossRef]
Peddinti, B.S.T.; Morales-Gagnon, N.; Pourdeyhimi, B.; Scholle, F.; Spontak, R.J.; Ghiladi, R.A. Photodynamic Coatings on
Polymer Microfibers for Pathogen Inactivation: Effects of Application Method and Composition. ACS Appl. Mater. Interfaces 2021,
13, 155–163. [CrossRef] [PubMed]
Stadtman, E.R.; Levine, R.L. Free Radical-Mediated Oxidation of Free Amino Acids and Amino Acid Residues in Proteins. Amino
Acids 2003, 25, 207–218. [CrossRef] [PubMed]
Lu, G.; Hu, Y.; Wang, Q.; Qi, J.; Gao, F.; Li, Y.; Zhang, Y.; Zhang, W.; Yuan, Y.; Bao, J.; et al. Molecular Basis of Binding between
Novel Human Coronavirus MERS-CoV and Its Receptor CD26. Nature 2013, 500, 227–231. [CrossRef] [PubMed]
Wang, N.; Shi, X.; Jiang, L.; Zhang, S.; Wang, D.; Tong, P.; Guo, D.; Fu, L.; Cui, Y.; Liu, X.; et al. Structure of MERS-CoV Spike
Receptor-Binding Domain Complexed with Human Receptor DPP4. Cell Res. 2013, 23, 986–993. [CrossRef] [PubMed]
Li, Z.; Tomlinson, A.C.; Wong, A.H.; Zhou, D.; Desforges, M.; Talbot, P.J.; Benlekbir, S.; Rubinstein, J.L.; Rini, J.M. The Human
Coronavirus HCoV-229E S-Protein Structure and Receptor Binding. eLife 2019, 8, e51230. [CrossRef] [PubMed]
Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 Spike
Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020, 581, 215–220. [CrossRef]
Wang, Q.; Zhang, Y.; Wu, L.; Niu, S.; Song, C.; Zhang, Z.; Lu, G.; Qiao, C.; Hu, Y.; Yuen, K.-Y.; et al. Structural and Functional
Basis of SARS-CoV-2 Entry by Using Human ACE2. Cell 2020, 181, 894–904.e9. [CrossRef]
Grishin, A.M.; Dolgova, N.V.; Landreth, S.; Fisette, O.; Pickering, I.J.; George, G.N.; Falzarano, D.; Cygler, M. Disulfide Bonds
Play a Critical Role in the Structure and Function of the Receptor-Binding Domain of the SARS-CoV-2 Spike Antigen. J. Mol. Biol.
2021, 434, 167357. [CrossRef]
Jiang, S.; Carroll, L.; Mariotti, M.; Hägglund, P.; Davies, M.J. Formation of Protein Cross-Links by Singlet Oxygen-Mediated
Disulfide Oxidation. Redox Biol. 2021, 41, 101874. [CrossRef]
Hägglund, P.; Mariotti, M.; Davies, M.J. Identification and Characterization of Protein Cross-Links Induced by Oxidative Reactions.
Null 2018, 15, 665–681. [CrossRef]
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