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Abstract

Objective: To evaluate the antiviral activity of the oral disinfectant povidone-iodine (PVP-I)

against severe acute respiratory syndrome-coronavirus-2 (SARS-CoV2) in vitro.

Methods: The cytotoxic effects of PVP-I were determined in Vero and Calu-3 cell lines using that

by Cell Counting Kit-8 assay. Viral load in the cell culture medium above infected cells was

quantitated using real-time polymerase chain reaction. The cytopathic effect (CPE) and viral

infective rate were observed by immunofluorescence microscopy.

Results: PVP-I at a concentration >0.5mg/ml in contact with SARS-CoV-2 for 30 s, 1min, 2min

and 5min showed up to 99% viral inhibition. For in vitro testing, upon exposure for 1min, PVP-I

showed a virucidal effect. PVP-I had no cytotoxic effects at the range of concentrations tested

(0.125–1mg/ml; CC50> 2.75mM) in Vero and Calu-3 cells.

Conclusion: These results demonstrate that the ideal contact time was 1min and the optimal

concentration was 1mg/ml, which provides an experimental basis for the use of oral disinfectants

in dental hospitals.
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Introduction

As of 23 October 2020, severe acute respi-

ratory syndrome-coronavirus-2 (SARS-

CoV2) has infected more than 41.29 million

people worldwide.1 Previous research has

shown that the oral cavity has a high viral

load.2 Thus, an oral disinfectant that has an

anti-SARS-CoV-2 effect is urgently needed.

At the end of 2019, the coronavirus disease

2019 (COVID-19) caused by SARS-CoV-2

first occurred in Wuhan, Hubei Province,

China.3 Since then, COVID-19 has spread

globally via human-to-human transmission

due to the high infectivity of SARS-

CoV-2.3,4 According to the latest data, the

virus has spread to more than 210 countries

and regions, causing 41.29 million con-

firmed cases and more than 1.13 million

deaths,1 resulting in tremendous pressure on

healthcare institutions and hospitals world-

wide. On March 11th 2020, The World

Health Organization (WHO) declared

COVID-19 to be a novel pandemic.5

By reviewing the available evidence and

examining similar pandemics such as severe

acute respiratory syndrome (SARS-CoV)

and Middle East respiratory syndrome

(MERS-CoV), researchers have found that

the increase in the number of infections is

exponential.6,7 There are four common

human coronaviruses, 229E, NL63, OC43

and HKU1 (229E, NL63 are antigenic

group 1; OC43 and HKU1 are antigenic

group 2),8 but SARS-CoV-2 is more infec-

tious and pathogenic than them.9 With a

positive and single-stranded RNA genome,

SARS-CoV-2 is an enveloped virus and is a

new member of the beta-coronaviruses in

the phylogenetic tree, similar to MERS-

CoV and SARS-CoV.3,7 SARS-CoV

and MERS-CoV caused mass infections in

2002–2003 and continued intensive out-

breaks in 2012–2020, respectively.10

Furthermore, many studies have confirmed

that the SARS-CoV-2 entry receptor is

angiotensin-converting enzyme II, which is

the same as SARS-CoV.3

COVID-19 is so dangerous and infec-

tious that many countries have chosen to

temporarily close schools, social venues,

public events and gathering places to con-

tain the outbreak. Furthermore, more and

more people have chosen to help limit the

spread of the epidemic through self-

isolation. However, even during this

global pandemic, healthcare is still essential

for people to shut down and quarantine

completely. Accordingly, medical care per-

sonnel, especially those working in stoma-

tology, are a high-risk group. Researchers

and the WHO found that SARS-CoV-2

could infect healthy people though droplets,

saliva and mucosa mucous emitted during

coughing, speaking or sneezing.7,11–13

Therefore, oral healthcare professionals

are at a higher risk of infection and more

likely to transmit the virus to their peers,

family members and other patients.14,15

This high risk of transmission has attracted

the attention of national government depart-

ments and relevant medical institutions.
Accordingly, this current study investi-

gated the common oral disinfectant

povidone-iodine (PVP-I), which is widely

used in stomatology. It was reported that

PVP-I could inhibit bacterial growth with-

out upsetting the balance of oral microor-

ganisms.16 Furthermore, PVP-I has been

shown to be effective against Ebola and

the modified vaccinia virus Ankara (a new

European test virus used for enveloping

viruses) in vitro.17 PVP-I is also an attrac-

tive choice owing to its excellent anti-

corrosion properties, safety, lack of

resistance, accessibility and low cost.18

Under these circumstances, in the face of

the current severe pandemic, this current

evaluated the inhibitive effect of PVP-I on

SARS-CoV-2 in a Vero cell model. This

current study provides theoretical guide-

lines and data support for the use of
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disinfectants in oral clinical environments
during the COVID-19 pandemic.

Materials and methods

Virus and cell culture

SARS-CoV-2 (hCoV-19/Zhejiang/OS2/

2020, GISAID, ID: 455692) was isolated
from a patient in Zhejiang Provincial
Centre for Disease Control and

Prevention, Hangzhou, Zhejiang Province,
China. Vero cells (ATCC CCL-81;

Zhongyuan, Beijing, China) and Calu-3
cells (ATCC HTB-55; Zhongyuan) were
grown in Modified Eagle Medium (Life

Technologies, Gaithersburg, MD, USA)
containing 2% fetal bovine serum (Life
Technologies) and then kept in an incuba-

tor at 35�C under 5% CO2. The virus was
propagated in Vero cells and Calu-3 cells

that were cultured under standard condi-
tions. At 48 h post-infection, the culture
supernatants were collected, centrifuged at

485.63 g for 8min at 24�C in a Velocity 18R
centrifuge (Dynamica, Livingston, UK) and

stored at –80�C to build virus stocks. All
the experiments involving infectious viruses
were conducted in the approved biosafety

level III laboratory (CNAs BL0026,
Zhejiang Provincial Centre for Disease

Control and Prevention).

CCK-8 cell viability test

Vero cells and Calu-3 cells were inoculated

into 96-well plates (5000 per well) and incu-
bated at 35�C under 5% CO2 for 24 h and
then treated with diluted (1:500) PVP-I

solution (2, 1, 0.5, 0.25, 0.125 and
0.0625mg/ml; prepared by 2-fold serial

dilution) for 2 h. Then, 10 ll of the
Cell Counting Kit-8 (CCK-8) solution
(MedChemExpress, Monmouth Junction,

NJ, USA) was added to each well and,
after 3 h, the absorbance at 450 nm was
measured using a microplate reader

(iMarkTM Microplate Absorbance Reader;
Bio-Rad, Hercules, CA, USA). The data
were used to calculate the toxic concentra-
tion and the maximum non-toxic concen-
tration of PVP-I.

Antiviral effect of PVP-I disinfectant
against SARS-CoV-2 virus

Vero cells were inoculated into 48-well
plates (10 000 per well) and incubated at
35�C under 5% CO2 for 48 h. Then, 3 ll
stock virus (106 IU/ml) was mixed with
3ll PVP-I solution (2, 1, 0.5, 0.25, 0.125
and 0.0625mg/ml) in test tubes for 30 s,
1min, 2min or 5min. Then, each mixture
was diluted 1:500 with culture medium and
500 ll aliquots of the diluted solutions were
added to the wells containing Vero cells.
For the control group, 500 ll of culture
medium alone was added to the Vero cells
(Figure 1a). After incubating at 35�C under
5% CO2 for 48 h, the cells were observed
under a microscope (EVOS M7000
Imaging System; Thermo Fisher,
Shanghai, China) as they became round,
necrotic and detached from the tissue cul-
ture plastic surface, which was defined as
the cytopathic effect (CPE). This part of
the experiment demonstrates that SARS-
COV-2 virus can cause Vero cell death.

Vero cells and Calu-3 cells were inoculat-
ed into 48-well plates (10 000 per well) and
incubated at 35�C under 5% CO2 for 48 h.
Then, 500 ll of viral stock (106 IU/ml) was
mixed with 500 ll of different concentra-
tions of PVP-I (2, 1, 0.5, 0.25, 0.125 and
0.0625mg/ml) for 1min. Then the mixture
was transferred to an ultrafiltration centri-
fuge tube (Amicon Ultra 50K; Millipore,
Billerica, MA, USA) and centrifuged at
4972.86 g for 5min at 24�C in a Velocity
18R centrifuge (Dynamica) to concentrate
the viral particles. 1 ml of culture medium
was used to resuspend the mixture and 6 ll
of the 1 ml solution was diluted 1:500 with
an extra 3 ml of culture medium. The 1:500
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dilution or ultrafiltration steps were used to
eliminate the subsequent antiviral effect of
PVP-I. Then 500 ll of diluted solution was
added to 48-well plates (three replicates for
each solution) containing Vero cells or
Calu-3 cells (Figure 1b). For the control
group, 500ll of culture medium was added
to the Vero cells and Calu-3 cells. All the
plates were incubated at 35�C under 5%
CO2 for 48h. The 50% tissue culture infec-
tious dose (TCID50) assay values were used
to determine the virus titre using the method
of Reed and Muench.19

Viral RNA extraction and RT-PCR

The density of the cultured cells used to
extract total RNA was 2.5� 104 cells.

Viral RNA was extracted from 200 ll of
Vero cell culture supernatant (48 h post-
infection) using an automated nucleic acid
extraction system (MVR01; Liferiver,
Shanghai, China). Real-time polymerase
chain reaction (RT-PCR) was used to syn-
chronously detect the RdRP, N and E genes
of the virus and quantify the COVID-19
virus on a LightCyclerVR 480 System
(Roche, Basel, Switzerland) with a One-
Step RT-PCR kit (Z-RR-0479-02-50,
Liferiver). The cycling programme involved
preliminary denaturation at 95�C for 5min,
followed by 30 cycles of denaturation at
95�C for 45 s, annealing at 60�C for 45 s
and elongation at 72�C for 60 s, followed

by a final elongation step at 72�C for

Figure 1. Schematic diagrams showing the two experimental procedures used to investigate the antiviral
effect of povidone-iodine (PVP-I) against severe acute respiratory syndrome-coronavirus-2 (SARS-CoV2)
in vitro: (a) stock virus (3 ll, 106 IU/ml) was mixed with 3 ll PVP-I solution (2, 1, 0.5, 0.25, 0.125,
0.0625mg/ml) in test tubes. Contact times of 30 s, 1min, 2min and 5min were used for each concentration.
Each mixture was then diluted 500-fold with 3ml culture medium and 500ll aliquots of the diluted solutions
were added to wells containing Vero cells (three replicates for each solution). After incubating at 35�C
under 5% CO2 for 48 h, the cytopathic effect was observed under a microscope; (b) virus solution (0.5ml)
was mixed with different concentrations of PVP-I (2, 1, 0.5, 0.25, 0.125, 0.0625mg/ml) for 1min. The
mixture was transferred to an ultrafiltration centrifuge tube, centrifuged at 485.63 g for 5min, and then 1ml
of culture medium was added to resuspend the mixture. Subsequently, 6ll of 1ml mixture was diluted 1:500
with 3ml culture medium and 500ll of diluted solutions was added to the wells (three replicates for each
solution). All plates were incubated at 35�C under 5% CO2 for 48 h. The 50% tissue culture infectious dose
assay values were used to determine virus titre using the method of Reed and Muench.19
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10min. The relative expression between
treatment and control groups was evaluated
using the 2���Ct method.

Immunofluorescence microscopy

Vero cells and Calu-3 cells were washed
with 10mM phosphate-buffered saline
(PBS; pH 7.4) at 48 h post-infection, fixed
in 80% precooled acetone (Sigma-Aldrich,
St Louis, MO, USA) for 30min, incubated
at room temperature in 1% bovine serum
albumin in 10mM PBS (pH 7.4), and then
incubated with rabbit anti-Spike RBD
polyclonal antibodies (1:1000 dilution;
SARS-CoV-2 [2019-nCoV] Spike RBD
Antibody, Rabbit PAb, Antigen Affinity
Purified; cat no. 40592-T62; Sino
Biological Inc., Beijing, China; Cat: 40592-
T62) at 4�C overnight. Then, the cells were
washed twice in 10mM PBS (pH 7.4), incu-
bated for 2 h at room temperature, and then
incubated with Alexa Fluor488VR -conjugat-
ed goat anti-rabbit secondary antibody
(1:1500 dilution; cat no. ab150077;
AbcamVR , Cambridge, MA, USA) for 2 h.
Cells were counterstained with 2-(4-amidi-
nophenyl)-6-indolecarbamidine dihydro-
chloride to stain the nuclei. The stained
cells were observed by fluorescence micros-
copy and photographed (EVOS M7000
Imaging System; Thermo Fisher).

Statistical analyses

The EC50 values (concentration for 50% of
maximal effect) were calculated using non-
linear regression and the data were analysed
using GraphPad Prism 8.0.1 (Graphpad
Software Inc., San Diego, CA, USA).

Results

In this current study, CCK-8 cell viability
analysis and cytopathic observations were
used to determine the toxic effects of
PVP-1 against Vero cells, Calu-3 cells and
SARS-CoV-2 virus. In the first group of

experiments, the viral samples were treated
with PVP-I (2, 1, 0.5, 0.25, 0.125 and
0.0625mg/ml) for 30 s, 1min, 2min or
5min prior to incubation with Vero cells.
The preliminary results showed that the
viral inhibitory effect at the same concen-
tration was highest when the contact time
was 1min (Figure 2a), so this contact time
was used for all subsequent experiments.
A second group of parallel experiments
was conducted with 1:500 dilution and
ultrafiltration, respectively. In these two
groups of parallel experiments, viral sam-
ples were treated with PVP-I (2, 1, 0.5,
0.25, 0.125 and 0.0625mg/ml) for an expo-
sure time of 1min. The supernatant from
the cell cultures was collected for RT-
PCR. Inhibition rate was calculated using
‘inhibition%¼ (1–2���Ct)� 100%’. The
results show that PVP-I at a concentration
of �1000 mg/ml had no viral inhibition on
COVID-19 (CC50> 2.75mM) (Figures 2, 3
and 4). The CC50 is theminimum concen-
tration of the drug needed to kill 50% of
the host cells. The higher the value of CC50/
EC50, the smaller the concentration
required to suppress the pathogen and the
less harmful it is to the host cell. After ultra-
filtration, there was no viral inhibition at all
the concentrations tested (CC50> 100 mM;
Figures 2, 3 and 4). The experimental
results for ultrafiltration were approximate-
ly the same as those for dilution alone at
1:500. The results showed that the effect
of PVP-I on the virus inhibition rate was
mainly concentration dependent. In the
Vero cell model and the Calu-3 cell model,
the virucidal effect of PVP-I had an
EC50¼ 1.592mg/ml and EC50¼ 1.305mg/
ml, respectively (Figures 2 and 4).

After treatment with PVP-I at preset
concentrations (48 h post-infection), 200 ll
aliquots of the culture supernatant were
collected for RT-PCR and TCID50 assay.
TCID50 assays were performed to help to
identify the optimal concentration and con-
tact time, as well as the virus titres for
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PVP-I at different defined concentrations or
contact times against the same SARS-
CoV-2 samples (106 UI/ml; Figures 4 and
5). The viral titres for the same contact time
but different PVP-I concentrations (2, 1,
0.5, 0.25 and 0.125mg/ml) decreased as
the concentration of PVP-I increased
(Figure 5a). The viral titres for different
contact times (30 s, 1min, 2min or 5min)
at the same PVP-I concentration, revealing
similar results at 2 and 1mg/ml. Thus, the
results of the TCID50 assays indicate that
treatment with high concentrations of
PVP-I for an appropriate contact time can
inhibit viral infection and CPE was corre-
spondingly diminished in such cases.
However, although PVP-I exhibits the
strongest antiviral effect at 2mg/ml,
decreasing viral titre by approximately
5Log10 TCID50/ml compared with the
control, there was no difference compared
with the reduction observed for 1mg/ml,
which was over 4 Log10 TCID50/ml, thus
meeting European standards.20 For PVP-I
at high concentrations, prolonging the con-
tact time does not enhance virus suppres-
sion. Overall, oral disinfection with PVP-I

at a clinical concentration (1mg/ml) for
1min is ideal and these parameters were
used for subsequent tests (Figures 4 and 5).

Discussion

The COVID-19 pandemic has had a major
impact on global public health and has not
been effectively contained. Although there
are many drugs that have some therapeutic
effect against SARS-CoV-2, there is cur-
rently no effective treatment for SARS-
COV-2 infection.21 Therefore, to respond
to the COVID-19 pandemic, personal
hygiene and the use of personal protective
equipment are crucial for the prevention of
widespread infection. However, due to the
unique working environment of healthcare
workers, especially those involved in oral
surgery or dental prosthetics, they are at a
high risk of infection by aerosol transmis-
sion.7,11,22 Therefore, in order to reduce the
risk of transmission of the virus, it is vital
that stomatological hospitals perform effec-
tive oral disinfection of patients.

Povidone-iodine is a common disinfec-
tant in dental clinics. Previous studies

Figure 2. Antiviral activity and cytotoxicity of povidone-iodine (PVP-I) in vitro. (a) The inhibitory effect of
PVP-1 on Vero cells was determined by CCK-8 analysis. (b) PVP-I treatment at different concentrations for 1
minute showing cytotoxicity and virus inhibition (experimental procedure as shown in Figure 1a). (c) PVP-I
treatment at different concentrations for 1 minute showing cytotoxicity and virus inhibition (experimental
procedure as shown in Figure 1b). The infected Vero cells in figures 2a, 2b and 2c exhibited different
therapeutic outcomes that were mainly in response to different concentrations of PVP-I disinfectant. Viral
RNA load was measured in the cell culture supernatant using real-time polymerase chain reaction and
CCK-8 assays were used to measure the cytotoxicity of PVP-I to Vero cells. The left and right y-axes of
the second two graphs show the mean inhibition rate (%) produced by the PVP-I on the virus and the
cytotoxicity of the PVP-I on the Vero cells, respectively. The EC50 is shown at the top of the figure. hpi,
hours post infection.
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have shown that PVP-I has a certain thera-

peutic effect in the prevention and treat-

ment of chronic respiratory tract

infection.11 A 0.23% solution of PVP-I

has been proven to be very effective against

SARS-CoV and MERS-CoV.23 Both

SARS-CoV-2 and SARS-CoV are beta-

coronaviruses and research has demonstrat-

ed that PVP-I has virucidal effects against

SARS-CoV-2.7,12,24 Thus, PVP-I is a rea-

sonable candidate as a novel anti-

coronavirus disinfectant. The commercially

available PVP-I disinfectant concentration

is usually 5%, while the clinical concentra-

tion for oral use is usually 1%. A previous

study has demonstrated that 1–5% PVP-I

disinfectant can completely inactivate

SARS-CoV-2 after 60 seconds of action

on Vero 76 cells that were infected with

SARS-CoV-2.24 The experimental results

of this previous study further demonstrate

that PVP-I disinfectant is highly suitable for

clinical use.25 It is hoped that the appropri-

ate concentration obtained in this study can

be used to prepare disinfectant sprays spe-

cifically for COVID-19, which is very prom-

ising for oral and skin disinfection in

high-risk groups or in public places.26

Povidone-iodine is a water-soluble com-

plex composed of iodine and a solubilizing

Figure 3. Immunofluorescence microscopy of Vero cells infected with severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV2) (multiplicity of infection 0.05) and disinfected with povidone-iodine (PVP-I) for
1 min at different concentrations. Cells were counterstained with 2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride to stain the nuclei. Scale bar 100lm.

Wang et al. 7



Figure 4. Antiviral activity, cytotoxicity, viral titre data and immunofluorescence microscopy of Calu-3 cells
infected with severe acute respiratory syndrome-coronavirus-2 treated with povidone-iodine (PVP-I)
at different concentrations for 1min. (a) Virus inhibition and cytotoxicity data obtained using different
concentrations of PVP-I disinfectant on infected Calu-3 cells using the experimental procedure shown in
Figure 1a. (b) Virus inhibition and cytotoxicity data obtained using different concentrations of PVP-I
disinfectant on infected Calu-3 cells using the experimental procedure shown in Figure 1b. Real-time
polymerase chain reaction was used to detect the viral RNA load in cell culture supernatant and CCK-8

Continued.
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carrier polymer. Iodine is released by PVP-I
in aqueous conditions, rapidly contacting
with the virus and oxidizing key proteins
and/or nucleotides, eventually inactivating
the virus or preventing it from proliferat-
ing.26 Previous studies have shown that
PVP-I is a broad-spectrum, highly effective
and safe disinfectant.27,28 From the existing
research on the other antiviral mechanisms
of PVP-1, it is known that the free iodine is
mainly responsible for its antiviral effects
because it can oxidize key structures in the
pathogen, such as amino acids, nucleic
acids and membrane components.29 In
addition to inactivating the virus directly,
PVP-I can also exert its antiviral activity
in virus-infected cells, thereby reducing the
production of viral progeny.29 Therefore, it
can be inferred that the antiviral effect of

PVP-I can be attributed to its inhibition of
the binding activity of virus to host cells
and the pathway of virus release and trans-
mission.30 However, there are reports of
adverse reactions caused by PVP-I.11 In this
current study, PVP-I showed no significant
cytotoxicity at all the concentrations tested
(CC50> 100mM), which was similar to the
results of previous studies.31,32 This current
study demonstrated that PVP-I administered
at 1mg/ml for 1min can achieve an ideal
antiviral effect against SARS-CoV-2
(TCID50¼ 2.2 log10mg/ml). This means
that under these conditions, viral nucleic
acid load tests can be negative. This current
research on PVP-1 may help healthcare pro-
fessionals to optimize their use of PVP-1 for
gargling or other oral care, so as to prevent
unnecessary COVID-19 infections.

Figure 4. Continued
assays were used to detect the cytotoxicity of PVP-I to Calu-3 cells. The left and right y-axes of the first two
graphs show the mean inhibition rate (%) produced by the PVP-I on the virus and the cytotoxicity of the
PVP-I on the Calu-3 cells, respectively. (c, d) Calu-3 cells were treated with different concentrations of PVP-I
for 1min and the 50% tissue culture infectious dose assay (TCID50) values were used to determine
virus titre using the method of Reed and Muench.19 Data presented as mean� SD for three repeated
experiments. (e) Immunofluorescence microscopy of Calu-3 cells infected with severe acute respiratory
syndrome-coronavirus-2 and disinfected with PVP-I for 1min at different concentrations. Cells were
counterstained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride to stain the nuclei.
Scale bar 100lm.

Figure 5. Severe acute respiratory syndrome-coronavirus-2 viral titre data for povidone-iodine (PVP-I) at
different concentrations and contact times. (a) The cytopathic effect (CPE) on Vero cells 48 h post-infection
treated with PVP-I under the conditions shown were determined by microscopy and the 50% tissue culture
infectious dose assay (TCID50) values were used to determine virus titre using the method of Reed and
Muench.19 Data presented as mean� SD for three repeated experiments. (b, c) Results for Vero cells
treated with PVP-I for 1 min at different concentrations based on the results shown in (a). The colour
version of this figure is available at: http://imr.sagepub.com.
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This current study had several limita-
tions. First, compared with the simple
single-cell controlled experimental model
used in this study, the human oral microen-
vironment is more complex. For example,
saliva, teeth and other substances can act as
viral carriers.22 This limitation has encour-
aged our research team to more comprehen-
sively study the antiviral effects of PVP-I on
SARS-CoV-2 in animal models, against
other similar viruses and to conduct clinical
trials. In order to make the experimental
conditions more consistent with the in vivo
situation, the use of respiratory epithelial
cells as host cells will be considered.
Secondly, disinfectants when used in the
oral cavity often only contact cell-free sur-
faces and do not completely contact the
cells. Considering that the delivery formu-
lation and the oral microenvironment are
under the influence of many complex fac-
tors, an attempt to build a three-
dimensional model of the human oral
cavity with realistic contact areas might be
useful. Changing the delivery formulation
of PVP-I to an aerosol for example is
another avenue for potential future
research.

In conclusion, comprehensive clinical
trials of PVP-I will be able to confirm
whether the routine clinical use of this
oral disinfectant in dentistry is effective in
reducing the transmission and controlling
the spread of COVID-19.
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