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1  |  INTRODUC TION

The airborne pathogen, severe acute respiratory syndrome corona-
virus 2 (SARS- CoV- 2), can be transmitted from person to person by 
aerosolized droplets (Harrison et al., 2020; Meyerowitz et al., 2021; 
Morawska & Cao, 2020). Asymptomatic, pre- symptomatic, and 
symptomatic individuals can transmit the virus from the oral cavity 
via direct splashes and sprays in the form of infectious respiratory 

droplets and aerosol particles or via touching of mucous membranes 
with hands that have been cross- contaminated (Peng et al., 2020). 
After inhalation of aerosolized droplets or manipulation of contam-
inated surfaces, if infection of mucous membranes occurs, SARS- 
CoV- 2 enters the host cell through the interaction between its spike 
glycoprotein to the host cell receptors (Bao et al., 2020; Clausen 
et al., 2020; Letko et al., 2020; Shang et al., 2020; Wang et al., 2020). 
Upon entering the cell, SARS- CoV- 2 uses host cell machinery to 
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Abstract
Objective: This work aims to determine the efficacy of preprocedural oral rinsing with 
chlorine dioxide solutions to minimize the risk of coronavirus disease 2019 (COVID- 19) 
transmission during high- risk dental procedures.
Methods: The antiviral activity of chlorine- dioxide- based oral rinse (OR) solutions 
was tested by pre- incubating with severe acute respiratory syndrome coronavirus 
2 (SARS- CoV- 2) pseudovirus in a dosage- dependent manner before transducing to 
human embryonic kidney epithelial (HEK293T- ACE2) cells, which stably expresses 
ACE- 2 receptor. Viral entry was determined by measuring luciferase activity using 
a luminescence microplate reader. In the cell- to- cell fusion assay, effector Chinese 
hamster ovary (CHO- K1) cells co- expressing spike glycoprotein of SARS- CoV- 2 and 
T7 RNA polymerase were pre- incubated with the ORs before co- culturing with the 
target CHO- K1 cells co- expressing human ACE2 receptor and luciferase gene. The lu-
ciferase signal was quantified 24 h after mixing the cells. Surface expression of SARS- 
CoV- 2 spike glycoprotein and ACE- 2 receptor was confirmed using direct fluorescent 
imaging and quantitative cell- ELISA. Finally, dosage- dependent cytotoxic effects of 
ORs were evaluated at two different time points.
Results: A dosage- dependent antiviral effect of the ORs was observed against SARS- 
CoV- 2 cell entry and spike glycoprotein mediated cell- to- cell fusion. This demon-
strates that ORs can be useful as a preprocedural step to reduce viral infectivity.
Conclusions: Chlorine- dioxide- based ORs have a potential benefit for reducing SARS- 
CoV- 2 entry and spread.
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replicate its RNA genome. The translated structural proteins trans-
locate into endoplasmic reticulum membranes and eventually transit 
through the Golgi intermediate compartment where interaction with 
N- encapsulated, newly produced, genomic RNA results in budding. 
The functional virions are secreted from the infected cell by exocy-
tosis (V'kovski et al., 2021).

The proposed model of SARS- CoV- 2 infectivity suggests that 
angiotensin- converting enzyme- 2 (ACE2) receptors act as a major 
receptor for cell entry by interacting to the virus envelope spike gly-
coprotein (Bao et al., 2020; Letko et al., 2020; Wang et al., 2020). 
In addition to ACE- 2, multiple other cell surface receptors and co- 
receptors have also been proposed to support SARS- CoV- 2 entry 
(Gadanec et al., 2021; Sigrist et al., 2020; Tiwari, Beer, et al., 2020; 
Tiwari, Tandon, et al., 2020). The ACE2 receptors are highly expressed 
in nasopharyngeal tissues and the oral cavity (Okui et al., 2021; Sawa 
et al., 2021; Xu et al., 2020; Zhong et al., 2020). Interestingly, the ex-
pression levels of ACE2 receptors vary depending on age, gender, and 
certain predispositions (Drozdzik & Drozdzik, 2022; Okui et al., 2021; 
Peng et al., 2021). For instance, an increased expression of ACE2 recep-
tors has been reported in the population with severe smokers, chronic 
obstructive pulmonary disease (COPD), diabetes, obesity, and Crohn's 
disease (Burgueno et al., 2020; Drucker, 2021; Yao et al., 2020), making 
compromised individuals with the above conditions at risk for SARS- 
CoV- 2 infection. In addition, a recent increase in infection rates has 
been observed associated with the appearance of SARS- CoV- 2 vari-
ants, including the more recently described lineage B.1.617.2 (Delta 
variant) and lineage B.1.1.529/BA.1 (Omicron variant) (Parra- Lucares 
et al., 2022; Tao et al., 2021). These variants have received the most 
scientific and clinical attention because they pose a higher affinity 
for ACE2 receptors compared with wild- type viruses, resulting in en-
hanced cell infectivity with broad host tropism (Cosar et al., 2022).

Given the fact that a significant number of patients visiting 
dental clinics may be compromised and/or unvaccinated, these pa-
tients are more likely to be vulnerable to infection and, if infected, 
may present a higher viral load, increasing risk to dental workers 
(Giudice, 2020; Volgenant et al., 2021). In addition, many devices 
used in the dental practice such as ultrasonic scalers, air- water sy-
ringes, and dental handpieces are known to generate water aero-
sols. Therefore, the above tools increase the risk of exposure with 
the infectious respiratory pathogens including SARS- CoV- 2 to the 
patients and the healthcare workers (Anjum et al., 2019; Bidra 
et al., 2020). Hence, the strategies directed to minimize the risk of 
SARS- CoV- 2 transmission by targeting the ability of viral particles to 
fuse with the host cells and/or by reducing the titers of SARS- CoV- 2 
in the saliva of infected patients seems a promising approach. This is 
particularly important in high- risk procedures such as dental treat-
ment. In this regard, developing novel practices that either dismantle 
the virus and/or prevent the virus from infecting a new host pro-
vides valuable therapeutic interventions against SARS- CoV- 2 (Koch- 
Heier et al., 2021; Paull et al., 2021; Takeda et al., 2021).The goal 
of this study was to investigate if the oral rinses (ORs) that contain 
stabilized chlorine dioxide (Unflavored, Ultrasensitive CloSYS) and/
or freshly prepared chlorine dioxide (OraCare), affect SARS CoV- 2 

cell entry and spike glycoprotein- mediated cell- to- cell fusion. We 
hypothesize that the use of preprocedural ORs provides some pro-
tection against SARS- CoV- 2 by compromising either the virus lipid 
membrane or having an affinity for the spike glycoprotein.

2  |  OBJEC TIVES

The aim of this study was to evaluate the effect of ORs against SARS- 
CoV- 2 cell entry and SARS- CoV- 2 spike glycoprotein- mediated cell- 
to- cell fusion.

3  |  MATERIAL S AND METHODS

3.1  |  Oral rinses

The oral rinses utilized in this study are proprietary solutions. These 
include CloSYS (Rowpar Pharmaceuticals, Inc, Scottsdale, AZ, USA) 
and OraCare (Dentist Select, Bridgeport, WV, USA). CloSYS oral 
rinse came in a one- bottle solution with the active ingredient, so-
dium chlorite. OraCare oral rinse came in a two- bottle system where 
activation of the active ingredient, sodium chlorite, would be initi-
ated after the combination of the two bottles in equal proportions. 
Dilutions of ORs were made by mixing freshly prepared OR with 
serum- free media.

3.2  |  Cells, plasmids, and pseudoviruses

Human embryonic kidney epithelial cells expressing the ACE2 recep-
tor (HEK293T- ACE2, Genecopoeia, Rockville, MD, USA) and Chinese 
hamster ovary cells (CHO- K1, ATCC, Manassas, VA, USA) were 
passaged and maintained according to the manufacturer's recom-
mendations. The CHO- K1 cells were grown in Ham's F- 12 medium 
containing 10% fetal bovine serum (FBS) and 100 U/mg/ml penicillin/
streptomycin, while HEK293T- ACE2 cells were grown and cultured in 
Dulbecco's modified Eagle medium (DMEM) containing 100 U/mg/ml 
penicillin/streptomycin, 100 μg/ml hygromycin B, and 10% FBS. The 
mammalian expression plasmid encoding SARS- CoV- 2 spike glycopro-
tein of 2019- nCoV (Cat # VG40589- UT, VG40589- ACG) and human 
ACE2 receptor (Cat # HG10108- UT, HG10108- ACR) were purchased 
from Sino Biological (Wayne, PA, USA). The mammalian luciferase 
reporter plasmids (pCAGT7 Pol and pT7EMCLuc) used in the cell- to- 
cell fusion assay were a gift from Professor Shukla's lab (University of 
Illinois at Chicago, USA). Luciferase- based pseudovirus entry stud-
ies were carried out using D614G variant of SARS- CoV- 2 expressing 
spike glycoprotein on a pseudotyped lentivirus (Cat # SP003- 100), 
which was purchased from Genecopoeia (Rockville, MD, USA). The 
imaging studies used a green fluorescent protein (GFP)- based bacu-
lovirus pseudotyped with a SARS- CoV- 2 spike glycoprotein express-
ing D614G mutation (Cat# C1122G). This virus was purchased from 
Montana Molecular (Bozeman, Montana, USA).
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3.3 | SARS- CoV- 2 spike glycoprotein- pseudotyped 
lentivirus- based entry using luciferase reporter 
gene and GFP- tagged baculovirus pseudotyped with an 
SARS- CoV- 2 spike glycoprotein for imaging analysis

HEK293T- ACE2 cells were grown to 70%– 80% confluence in a 96- 
well plate in 150 μl DMEM supplemented with 10% heat- inactivated 
FBS. The following day, the volume equivalent of 2 × 108 RLU/ml 
pseudovirus per well was treated for 5 min with dilutions of each 
OR and/or mock treated with serum- free media. After treatment, 
the virus and OR preparations were diluted to 100 μl with complete 
media and were added to the existing 150 μl already present on the 
cells. The plate was incubated for 2 h at 4°C to enhance virus bind-
ing before being moved to 37°C for 48 h. After 48 h, the media was 
removed and 30 μl/well of reporter lysis buffer was added. The cells 
were scraped and freeze- thawed at −80°C to complete cell lysis. 
20 μl of lysate was transferred to a white 96- well plate, 50 μl of lu-
ciferase assay reagent (Promega, Madison, WI, USA) was added, and 
luciferase activity was recorded using the EnSpire Multimode Plate 
Reader (PerkinElmer, Waltham, MA, USA) at a speed of 0.5 s per 
well. Luciferase based viral entry assay was performed in triplicate 
experiment with an N of at least 3 for each independent replicate. 
To visualize the direct effect of ORs on SARS- CoV- 2 cell infectivity, 
HEK- 293T- ACE2 cells were seeded on square cover glass in a 12- well 
plate to reach 40% confluence overnight. The following day, 2 × 108 
VG/ml GFP- tagged baculovirus pseudotyped with an SARS- CoV- 2 
was treated with 50% dilutions of each OR and/or mock- treated 
with serum- free media for 5 min. Following treatment, the virus 
and OR were diluted in complete media containing 2 mM sodium 
butyrate and were added to the cells. After 24 h, wells were gen-
tly washed with phosphate buffer saline (PBS), and cells were fixed 
in 4% paraformaldehyde for 20 min. Following fixation, cells were 
washed 3× with PBS and were permeabilized with 0.2% triton x- 100 
in PBS for 5 min and washed an additional 3× in PBS. Cells were in-
cubated with phalloidin (ThermoFisher, Waltham, MA, USA) 1:40 
in blocking buffer for 30 min in a humidity chamber before wash-
ing 3× in PBS and a final wash with sterile water. The cover glass 
was mounted to slides using hardset mounting media without DAPI 
(Vector Laboratories, Burlingame, CA, USA). Slides were imaged 
using a Nikon A1R confocal microscope and images were processed 
using ImageJ (version 1.52a, NIH). Confocal imaging data were gen-
erated using triplicate experiments.

3.4  |  SARS- CoV- 2 spike glycoprotein- mediated 
cell- to- cell fusion assay

CHO- K1 cells were grown overnight on a 6- well plate for transient 
transfection the following day. After cells reached 80% confluence, 
effector cells were co- transfected with 2 μg of SARS- CoV- 2 spike 
glycoprotein and 500 ng T7 RNA polymerase, and target cells were 
co- transfected with 2 μg ACE2 receptor and 500 ng luciferase using 
lipofectamine 2000 (Invitrogen, Waltham, MA, USA). As a negative 
control, a set of target wells were co- transfected with 2 μg empty 

vector pcDNA3.1 and 500 ng luciferase reporter to account for 
background fusion. Mock (PBS)- treated effector and the target cells 
that were cultured in serum- free media in the absence of CloSYS 
and/or OraCare were used as a positive control. Twenty- four hours 
post- transfection, the effector cells were lifted using trypsin and 
were centrifuged at 1500 rpm at 4°C for 10 min. The supernatant 
was removed, and the pelleted cells were resuspended in CloSYS, 
OraCare, or mock (PBS)- treated dilutions for 5 min. Following in-
cubation, cells were pelleted again and resuspended in complete 
media. Target cells were lifted and combined in equal volumes 
with effector cells in a 24- well plate to allow fusion to occur. After 
24 h, overnight media was removed, cells were washed with PBS 
and 60 μl/well of reporter lysis buffer (Promega, Madison, WI, USA) 
was added. The cells were scraped and freeze- thawed at −80°C to 
complete cell lysis. Next, 20 μl of cell lysate was combined with 50 μl 
luciferase assay reagent (Promega, Madison, WI, USA) in a clear cul-
ture tube and the luciferase signal was recorded using an FB12 sin-
gle tube luminometer (Berthold, Bad Wildbad, Germany). Cell- fusion 
experiments were performed in triplicate experiments with an N of 
9 for each independent replicate. To visualize the SARS- CoV- 2 spike 
glycoprotein- mediated cell- to- cell fusion assay, GFP- tagged spike 
glycoprotein and RFP- tagged ACE- 2 fluorescent constructs were 
used. Effector and target CHO- K1 cells were transfected, and the 
populations were combined as described above. After 24 h post mix-
ing, the cells were fixed with 4% paraformaldehyde, washed 3x with 
PBS, and mounted to slides using hardset mounting media without 
DAPI (Vector Laboratories, Burlingame, CA, USA). The slides were 
then imaged using the Nikon A1R confocal microscope. The imaging 
data generated using transient transfection with SARS- CoV- 2 spike 
glycoprotein and human ACE- 2 receptor were derived from triplicate 
experiments.

3.5  |  Expression of SARS- CoV- 2 spike 
glycoprotein and ACE- 2 receptor using Cell- ELISA

CHO- K1 and HEK- 293T- ACE2 cells were grown in 96- well plates 
to reach 80% confluence overnight. The following day, CHO- K1 
cells were separately transfected with 100 ng per well of SARS- 
CoV- 2 spike glycoprotein, ACE2 receptor, or pCDNA3.1. After 
24 h, the cells were washed with PBS and fixed with methanol 
for 5 min. The wells were washed 3× with tris buffered saline and 
blocked for 1 h with protein- free blocking buffer (ThermoFisher, 
Waltham, MA, USA). Cells were incubated with rabbit polyclonal 
antibodies against spike glycoprotein and ACE2 (Cat # TA890227, 
TA306149, OriGene Technologies, Rockville, MD, USA) diluted in 
blocking buffer for 2 h at room temperature. Plates were washed 
3× with wash buffer (0.05% tween 20 in tris buffered saline) and 
incubated with 0.1 μg/ml peroxidase- conjugated goat anti- rabbit 
IgG (Cat #TA140003, OriGene Technologies, Rockville, MD, 
USA) diluted in wash buffer for 1 h at room temperature. Plates 
were washed an additional 3x in wash buffer before adding 50 μl 
1- step ultra TMB substrate (ThermoFisher, Waltham, MA, USA) 
and absorbance was measured at 450 nm using the Multiskan FC 
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microplate photometer (ThermoFisher, Waltham, MA, USA). Cell- 
ELISA experiments were performed in triplicate with an N of 8 for 
each independent replicate.

3.6  |  Lactate dehydrogenase cytotoxicity assay

Cell toxicity of the ORs was assessed using an lactate dehydroge-
nase (LDH) cytotoxicity assay kit (Pierce Biotechnology, Rockford, 
IL, USA) per the manufacturer's recommendations. CHO- K1 and 
HEK- 293T- ACE2 cells were plated at 15,000 cells/well and grown 
overnight in complete media. To assess the toxicity of OR present 
in the cell- fusion experiment, cells were washed with PBS and sub-
jected to a dosage- dependent treatment with CloSYS, OraCare, or 
mock (PBS)- treatment for 15 min at room temperature. To account 
for residual OR left behind during pseudovirus treatment, a sepa-
rate experiment was performed in which HEK- 293T- ACE2 cells were 
treated with the final diluted concentrations (11.4%– 1.425%) of OR 
present during the infection for 48 h. Maximum LDH release (+) was 
measured by lysing a set of control wells, while spontaneous LDH 
release (−) was measured through mock (PBS) treatment. Following 
incubation, 50 μl supernatant was combined with 50 μl reaction mix-
ture, and the plate was incubated at room temperature for 30 min. 
The LDH activity was determined by measuring the absorbance at 
492 and 620 nm on a microplate photometer and subtracting the 
620 nm values from the 492 nm values to remove background. To 
calculate percentage cytotoxicity, the following formula was used; 
(OR treated LDH activity − Spontaneous LDH activity)/(Maximum 
LDH activity − Spontaneous LDH activity) × 100%. The cell- fusion 
cytotoxicity experiments were performed in duplicate with an N of 4 
for each cell type tested, while SARS- CoV- 2 pseudovirus cytotoxic-
ity experiments were performed in duplicate with an N of 8 in HEK- 
293T- ACE2 cells.

3.7  |  Statistical analysis

GraphPad Prism 9 was used to analyze the data. A one- way analy-
sis of variance (ANOVA) was used to determine the significance 
between the control and the experimental groups followed by 
Bonferroni's multiple comparisons test to determine significance 
compared with the positive control. In all figures, columns represent 
the mean of the data collected, and error bars represent SD. (****) 
signifies a p- value of <.0001.

4  |  RESULTS

4.1  |  Preincubation of SARS- CoV- 2 with ORs 
inhibits viral entry in HEK293T- ACE2 cells

First, we tested the impact of the two selected ORs against SARS- 
CoV- 2 cell entry using HEK293T- ACE- 2 cells, which overexpress 
the human ACE2 receptor. Considering the evidence that spike 

glycoprotein of SARS- CoV- 2 interacts with the human ACE- 2 re-
ceptor to gain access to the cells, we took the advantage by using 
a luciferase- based reporter SARS- CoV- 2 pseudovirus, which upon 
entry, generates a positive luciferase signal. In this experiment, 
the pseudo- SARS- CoV- 2 virus was pre- incubated with each OR 
separately for 5 min in a dosage- dependent manner (100%– 12.5%) 
before transducing the HEK293T- ACE2 cells. In parallel, the 
HEK293T- ACE2 cells transduced in the absence of ORs were used 
as a positive control, while the mock (PBS) infected HEK293T- 
ACE2 cells served as a negative control. As shown in Figure 1a,b, a 
dosage- dependent effect of both the ORs was observed in inhibit-
ing SARS- CoV- 2 cell entry.

4.2  |  Imaging studies confirm the anti- SARS- CoV- 2 
activity of ORs

We next verified the anti- SARS- CoV- 2 activity of ORs by visual-
izing the target cells transduced with the virus in the presence and 
absence of ORs under confocal imaging. In this experiment, the 
GFP- tagged reporter pseudo- SARS- CoV- 2 virus was pre- incubated 
with the ORs for 5 min before challenging onto the HEK293T- 
ACE2 cells. In parallel, the HEK293T- ACE2 cells transduced with 
the GFP pseudovirus in the absence of ORs were used as a posi-
tive control, while the mock (PBS) infected HEK293T- ACE2 cells 
were considered as a negative control. Forty- eight hours post- 
transduction, the cells were washed, fixed, and stained for actin 
cytoskeleton using red phalloidin before imaging on confocal mi-
croscopy. As shown in Figure 2a, the cells challenged with GFP- 
tagged reporter SARS- CoV- 2 pseudovirus in the absence of ORs 
had multiple green punctate spots throughout the cells confirming 
viral entry, while no green punctate spots were visible in the mock 
(PBS) challenged cells (Figure 2b). In contrast to the positive con-
trol, the HEK293T- ACE2 cells transduced with the pseudovirus 
pre- incubated with either CloSYS or OraCare had a significantly 
weaker GFP signal (Figure 2c,d). Taken together, the above data 
combined with quantitative viral entry data suggests that the ORs 
showed significant blockage in SARS- CoV- 2 cell entry.

4.3  |  Preincubation of effector cells expressing 
SARS- CoV- 2 spike glycoprotein with ORs inhibits 
cell- to- cell fusion to the target cells expressing human 
ACE2 receptor

Since the antiviral effect of ORs was evident using pseudovirus viral 
entry assay, we rationalized to further test if ORs were able to impair 
virus- cell fusion. In this regard, we developed a luciferase- based, 
spike glycoprotein mediated, cell- to- cell fusion assay using CHO- K1 
cells. CHO- K1 cells were selected for our cell fusion experiment be-
cause they lack endogenous cell surface receptors for Coronaviruses 
in general, including SARS- CoV- 2, and are therefore resistant to 
infection and cell fusion (O'Donnell et al., 2020). In this assay, the 
effector CHO- K1 cells were generated by co- transfecting the 
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SARS- CoV- 2 spike glycoprotein along with the T7 RNA polymerase 
plasmids. In parallel, the target CHO- K1 cells were generated by co- 
transfecting CHO- K1 cells with the human ACE2 receptor plasmid 
with the firefly luciferase plasmid under the control of a T7 promoter. 
As shown in Figure 3, co- culturing of the effector cell together with 
the target cells resulted in cell- to- cell fusion, mimicking the virus- 
host cell membrane fusion. In contrast, the effector CHO- K1 cells 
co- cultured with the target CHO- K1 cell expressing an empty vector 
pCDNA3.1 in place of human ACE2 receptor had minimal cell- to- cell 
fusion, implicating no virus– cell interaction. Readouts from the cell- 
to- cell fusion assay are collected as relative light units (RLUs). When 
effector cells co- expressing spike glycoprotein/T7 RNA Polymerase 
fuse with target cells co- expressing ACE2/luciferase gene under 
the control of the T7 promoter, the luciferase enzyme is produced 
and catalyzes the reaction and produces light when the substrate 
is added (Tiwari, Tandon, et al., 2020). The effector CHO- K1 cells 
expressing SARS- CoV- 2 spike glycoprotein pre- incubated with ORs 
for 5 min before co- culturing with the target CHO- K1 cells express-
ing human ACE2 receptor clearly showed a dosage- dependent inhi-
bition in virus- cell fusion with both the CloSYS (Figure 3a) and the 
OraCare (Figure 3b). We also verified the expression of the viral 
ligand (SARS- CoV- 2 spike glycoprotein) and the host cell receptor 
(human ACE- 2) in our CHO- K1 cell- to- cell fusion assay using direct 
confocal imaging. Briefly, CHO- K1 cells cultured in 6- well plates 
were separately transfected with the mammalian expression plasmid 
encoding GFP- tagged spike glycoprotein and/or with the RFP- tagged 
human ACE2 receptor. As shown in the confocal imaging analysis 
data, both the effector (GFP positive; Figure 3c; panel i) and the tar-
get (RFP positive; Figure 3c; panel ii) cells demonstrated the expres-
sion of respective fluorescent proteins. In addition, upon mixing of 
the GFP- effector and the RFP- target, the co- cultured cells showed 
cell- to- cell fusion as evident from the positive co- localization signal 

and the formation of the multinucleated giant cell (Figure 3c, panel 
iii). We also verified the cell surface expression of SARS- CoV- 2 spike 
glycoprotein and the ACE- 2 receptor using quantitative cell- ELISA. 
As shown in the Supporting Information Figure S1, the transient 
transfection of SARS- CoV- 2 spike glycoprotein and human ACE- 2 
receptor confirmed the cell surface expression of the target genes. 
In parallel, the CHO- K1 cells transfected with pcDNA3.1 along with 
the HEK- 293T cells, which do not express ACE- 2 receptor, were used 
as a negative control. The imaging analysis together with the viral 
entry and cell- to- cell fusion data clearly demonstrates that the ORs 
negatively impact SARS- CoV- 2 entry.

4.4  |  Quantification of cytotoxicity of the ORs 
using LDH assay

Since the blockage of SARS- CoV- 2 cell entry in HEK293T- ACE2 and 
virus- cell fusion assay in CHO- K1 cells could also be due to the po-
tential toxicity associated with the ORs, we next evaluated the po-
tential side effect of the ORs by measuring the release of LDH— an 
enzyme, which is an indicator of cellular toxicity (Okui et al., 2021). 
In this experiment, we tested the impact of both the ORs sepa-
rately on CHO- K1 and HEK293T- ACE2 cells using multiple dosages 
and the two critical time points (15 min and 48 h). Cytotoxicity 
was apparent in a dosage- dependent manner in both cell lines, but 
this toxicity occurred mostly in the higher concentrations and at a 
far lower level than the maximum LDH release positive control. In 
HEK293T- ACE2 cells, CloSYS (Figure 4a) and OralCare (Figure 4d) 
were found to have 25% and 24% associated cytotoxicity at the 
100% OR concentration. The toxicity levels in subsequent dilu-
tions were in range associated with spontaneous LDH release. In 
CHO- K1 cells, CloSYS (Figure 4b) was found to have a range of 

F I G U R E  1  Effect of oral rinses (ORs) on SARS- CoV- 2 cell entry using quantitative luciferase reporter- based pseudovirus assay. In this 
experiment, the SARS- CoV- 2 pseudovirus was pre- incubated with each OR for 5 min and then transduced to HEK293T- ACE2 cells for 48 h 
at 37°C. The dosage- dependent treatment was performed in triplicate experiment using 100%– 12.5% concentrations of either CloSYS (a) 
or OraCare (b). The HEK293T- ACE2 cells transduced with the untreated SARS- CoV- 2 pseudovirus were considered as a positive control 
(+), while the un- transduced HEK293T- ACE2 cells were considered as a negative control (−). Asterisks (****) indicate a significant difference 
between the positive control and the cells infected with OR- treated pseudovirus (p < .0001)
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9.5%– 2.8% cytotoxicity at all concentrations tested. While in the 
case of OraCare (Figure 4e), this range was from 14% to 2.8% at all 
concentrations tested. Our results indicate that, in CHO- K1 cells, 
the OR treatment had slight toxicity at the tested concentrations. 
In contrast, in HEK293T- ACE2 cells the toxic effect of ORs was 
only observed at the undiluted concentrations, suggesting the ef-
fect of ORs could be cell- type- dependent. In addition, LDH release 
was measured for concentrations of OR present (11.4% to 1.425%) 
during the 48- hour infection utilized in the viral entry assay in HEK- 
293T- ACE2 cells (Figure 4c,f). At these concentrations, levels of 
LDH released were consistent with the spontaneous LDH release 
of untreated cells. Taken together, the concentrations of the ORs 
used in the SARS- CoV- 2 entry and/or spike glycoprotein- mediated 
cell- to- cell fusion assays were nontoxic to cells. Although we did 
not test the effect of ORs on the cellular toxicity associated with 
the cells of the oral cavity, a previous study has shown the non-
toxic nature of chlorine dioxide in ORs in human gingival fibroblasts 
(Parra- Lucares et al., 2022).

5  |  DISCUSSION

SARS- CoV- 2 constantly possesses a significant challenge in the clinic 
especially when providing dental care (Huang et al., 2021; O'Donnell 
et al., 2020), since ACE- 2 receptor expressing oral cavity repre-
sents a robust port of entry site for SARS- CoV- 2 infection (Huang 
et al., 2021). In fact, COVID- 19 inflamed human gingival biopsies and 
tongue cells have shown an elevated levels of ACE- 2 receptor ex-
pression (Altaie et al., 2021; Imai & Tanaka, 2021; Naqvi et al., 2021; 
Xu et al., 2020). Further, the recent emergence of SARS- CoV- 2 vari-
ants with higher cell infectivity has also raised significant concern 
for the future rebounds of severe epidemics (Cosar et al., 2022; Gao 
et al., 2022; Hu et al., 2021; Parra- Lucares et al., 2022). Therefore, 
the preprocedural usage of ORs with proven anti- SARS- CoV- 2 activ-
ity could be an effective strategy to reduce virus transmission from 
the oral route in clinical dental settings. To assess the benefits of 
ORs against D614G variant of SARS- CoV- 2, we selected two types 
of ORs, which have similar active ingredients either in the form of 

F I G U R E  2  Confocal imaging of HEK293T- ACE2 cells transduced with GFP expressing SARS- CoV- 2 pseudovirus in the presence and 
absence of the ORs. In this experiment, GFP- tagged SARS- CoV- 2 pseudovirus was pretreated for 5 min with 50% dilution of ORs or mock 
(PBS)- treated at room temperature before introducing the cocktail to the cultured HEK293T- ACE2 cells. Shown are the representative 
images of GFP positive control cells transduced with SARS- CoV- 2 in the absence of ORs (a), the mock un- transduced GFP- negative control 
cells (b), and the HEK293T- ACE2 cells transduced with green fluorescent protein (GFP)- tagged baculovirus pseudotyped SARS- CoV- 2, which 
was pretreated with ORs (CloSYS; [c] and or with OraCare; [d]; at 50% dilution). The fixed HEK293T- ACE2 cells were finally stained with red- 
phalloidin for cell background. The SARS- CoV- 2 pseudovirus generated a sharp green punctate signal was an indicator for successful viral 
entry into target cells (a). Confocal imaging was performed in triplicate experiment using Nikon A1R confocal microscope

(a) (b)

(c) (d)
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stabilized chlorine dioxide, and or as a freshly prepared chlorine 
dioxide (Unflavored, Ultrasensitive CloSYS and OraCare, respec-
tively). Chlorine dioxide is often used in the treatment of water and 
wastewater due to its virucidal effect as it causes disruption of viral 
glycoproteins including viral genome (Ge et al., 2021). It is also used 
as an alternative disinfectant to chlorine and has been shown to be 
effective against both enveloped and non- enveloped viruses (Ge 
et al., 2021; Totaro et al., 2021). However, limited studies have evalu-
ated the effect of chlorine dioxide as an option to decrease the viral 
titers in the oral cavity. The formulation of the OraCare rinse takes 
advantage of a two- bottle system, which, when mixed, will cause 
the chlorine dioxide gas to be released to work as an oxidizer in the 
mouth. While the CloSYS OR utilizes a one- bottle system that con-
tains stabilized chlorine dioxide. Both CloSYS and OraCare utilize 
the same base compound, 0.1% sodium chlorite to obtain chlorine 
dioxide, but the difference is the containment of the chlorine diox-
ide. To assess if the stabilized or freshly prepared chlorine- dioxide- 
based ORs would have the same effect against SARS- CoV- 2 entry, 
both ORs were investigated. These ORs were selected because they 
are regularly used in the dental clinic (Drake & Villhauer, 2011).

Our study found the ORs have anti- SARS- CoV- 2 activity as ev-
ident from the results generated from two independent assays de-
termining viral entry and virus- host cell membrane fusion (Figures 1 
and 3a,b). Although we tested the impact of ORs by pre- incubating 
with the pseudovirus and/or an effector cell expressing spike glyco-
protein, we cannot ignore the possibility that ORs may have acted 
at multiple other steps in preventing SARS- CoV- 2 infections. For 
instance, it is possible that ORs may have disrupted the viral lipid 
envelop, dismantling spike glycoprotein. In fact, the formulations 
in the commercially available ORs such as ethanol, chlorhexidine, 
cetylpyridinium chloride, hydrogen peroxide, and povidone- iodine 
are known to disrupt the SARS- CoV- 2 lipid envelope, based on their 
usage concentrations (O'Donnell et al., 2020). Similarly, previous 
studies have performed virus neutralization assays by exposing 
ORs to cells that contained the virus for a set amount of time. An 
end- point dilution was used to determine the amount of active virus 
remained in the sample (Bidra et al., 2020; Carrouel et al., 2021; 
Tadakamadla et al., 2021).

The data generated from the SARS- CoV- 2 spike glycoprotein- 
mediated cell- to- cell fusion assay suggest that ORs possibly act on 

F I G U R E  3  (a,b) Quantification of luciferase signal generated after co- culturing the SARS- CoV- 2 spike glycoprotein expressing effector 
cell with the target cells expressing the human ACE- 2 receptor in the presence and absence of the ORs. In this experiment, effector CHO- K1 
cells co- transfected with SARS- CoV- 2 spike glycoprotein with T7 RNA polymerase. In parallel, target CHO- K1 cells were co- transfected with 
human ACE2 expression plasmid and luciferase gene. Both the effector and target cell were mixed and co- cultured for additional 24 h before 
measuring the luciferase activity. Effector cells were pre- incubated with the CloSYS (a) or OralCare (b) in a dosage- dependent manner before 
mixing the effector cells with the target cells. Asterisks (****) indicate a significant difference between the positive control and the ORs 
treated cells (p < .0001). (c) Expression of SARS- CoV- 2 spike glycoprotein, human ACE- 2 receptor, in the effector and target cell respectively. 
The post- co- culture event demonstrating the co- localization and the formation of multinucleated giant cell (syncytia) using confocal imaging. 
In this experiment, CHO- K1 effector and target cells independently transfected with GFP- tagged SARS- CoV- 2 (panel i), and or RFP- tagged 
human ACE- 2 receptor (panel ii) respectively. A GFP- positive spike glycoprotein expressing effector cell co- cultured with RFP- positive ACE- 2 
expressing target cells imaged 24 h post- mixing shows co- localization and the formation of multinucleated giant cell (syncytia; panel iii). 
Confocal microscopy was performed in triplicate using Nikon A1R confocal microscope
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the virus- host cell membrane fusion, which involves interactions be-
tween the spike glycoprotein and the membrane- associated ACE- 2 
receptor. Since multiple co- receptors have been proposed in SARS- 
CoV- 2 cell entry (Gadanec et al., 2021; Sakaguchi et al., 2020), it 
will be interesting to evaluate if anti- SARS- CoV- 2 activity of ORs is 
receptor- specific or is applicable against multiple other cell receptor 
or co- receptors (Gadanec et al., 2021; Tiwari, Tandon, et al., 2020). 
Further, we also noticed the impact of ORs on syncytium formation; 
however, additional studies are needed establish the kinetics espe-
cially with the cells of the oral epithelium. In addition, our study was 
performed using ORs against the Delta (D614G) variant of SARS- 
CoV- 2, therefore future additional studies are needed to evaluate 
if CloSYS and OraCare are equally effectively against the newly 
emerging SARS- CoV- 2 variants such as Omicron and or Omicron 
BA.2 (Miller et al., 2022; Parra- Lucares et al., 2022; Tao et al., 2021).

Interestingly, the other benefit reported for OraCare and CloSYS 
is their oxidizing ability to generate potent antimicrobial substances, 

which target protein synthesis, alter microorganism's metabolic 
pathway, and/or destabilize the structural components of cell mem-
branes (Drake & Villhauer, 2011; Eggers et al., 2018; Grootveld 
et al., 2001). Further, in the case of chlorine dioxide, it has been 
shown to have bactericidal activity against many oral pathogens 
(Drake & Villhauer, 2011). One related aspect that is not very clear 
is the modulating ability of SARS- CoV- 2 in the oral microbiome. The 
later event may favor the opportunistic infections especially in the 
patients with the compromised oral health (Rhoades et al., 2021). 
In this regard, developing a unique broad- spectrum OR, which 
preferentially targets multiple pathogens in the oral cavity such as 
herpes simplex virus, human immunodeficiency virus, Candida spe-
cies including plaque reduction, can be of high demand especially 
among high- risk population (Baqui et al., 2001; Nicolatou- Galitis 
et al., 2001). Similarly, the transient usage of such ORs may also 
have an additional benefit in reducing the potential risk associated 
with the aspiration pneumonia and/or the associated bloodstream 

F I G U R E  4  The effect of commercial ORs on cellular toxicity using LDH assay. The monolayers from HEK293T- ACE- 2 and CHO- K1 
cells were incubated in the presence or absence of ORs. Cytotoxicity was determined in the cells, which were pre- incubated with ORs at 
indicated dilutions ranging from 100% to 0.39% for 15 min (a– b and d– e), and 11.4% to 1.43% for 48 h (c and f) to mimic the conditions 
used during SARS- CoV- 2 entry and cell- to- cell fusion assays. The cells treated with media alone represent the spontaneous LDH release 
as a negative control, while the cells lysed with detergent represent maximum LDH release as a positive control. Asterisks (****) indicate a 
significant difference between the maximum LDH release and the OR treated cells (p < .0001)
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infections (Imai & Tanaka, 2021; Lugo- Flores et al., 2021; Ramos 
et al., 2020).

Overall, our results, obtained using highly sensitive molecular as-
says, show promising activity of ORs against SARS- CoV- 2 cell entry 
and spike glycoprotein- mediated cell- to- cell fusion. These results 
support the usage of preprocedural ORs as a preventative strategy 
against SARS- CoV- 2. Moreover, our findings are in line with recent 
reports suggesting the potential protective role of ORs against 
SARS- CoV- 2 (O'Donnell et al., 2020). Finally, an innovative and logi-
cal aspect in oral care is to prioritize and commercialize plant- derived 
ORs (Lugo- Flores et al., 2021) as opposed to be relying entirely 
on the synthetic products, which have multiple side effects (Bhat 
et al., 2014; Gagari & Kabani, 1995; Goldstep, 2014). In this direction 
new formulations can also be developed by infusing ORs with the 
known natural compounds having potent broad- spectrum antimi-
crobial and anti- inflammatory activities (Tiwari et al., 2009, 2010).

6  |  CONCLUSIONS

The tested chlorine- dioxide- based ORs significantly impacted SARS- 
CoV- 2 infectivity by blocking viral entry and SARS- CoV- 2 spike 
glycoprotein- mediated cell- to- cell fusion. Our results suggest that 
the preprocedural rinsing either with OraCare or with CloSYS dur-
ing the COVID- 19 pandemic may be beneficial for reducing SARS- 
CoV- 2 infectivity and potential cell- to- cell spread. Future studies are 
needed to understand if the downstream signaling associated with 
the anti- SARS- CoV- 2 activity of ORs may also have a host protective 
effect using transgenic mice expressing human ACE2 (K18- hACE2).
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