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Abstract

Effective measures are needed to prevent the spread and infectivity of SARS-CoV-2 that

causes COVID-19. Chemical inactivation may help to prevent the spread and transmission

of this and other viruses. Hence, we tested the SARS-CoV-2 antiviral activity of acetic acid,

the main component of vinegar, in vitro. Inactivation and binding assays suggest that acetic

acid is virucidal. We found that 6% acetic acid, a concentration typically found in white dis-

tilled vinegar, effectively inactivated SARS-CoV-2 after 15-min incubation with a complete

loss of replication of competent virus as measured by TCID50. Transmission electron

microscopy further demonstrated that 6% acetic acid disrupts SARS-CoV-2 virion structure.

In addition, 6% acetic acid significantly inhibits and disrupts the binding of SARS-CoV-2

spike protein binding to ACE2, the primary SARS-CoV-2 cell receptor, after contact with

spike protein for 5, 10, 30 and 60 minutes incubation. Taken together, our findings demon-

strate that acetic acid possesses inactivating activity against SARS-CoV-2 and may repre-

sent a safe alternative to commonly used chemical disinfectants to effectively control the

spread of SARS-CoV-2.

Introduction

The human coronavirus disease (COVID-19) caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) is a respiratory pathogen that emerged in late 2019 [1,2]. As of

February 21st, 2022, there were 5,892,174 deaths with a total of 425,430,279 confirmed

COVID-19 cases worldwide [3,4]. SARS-CoV-2 can cause acute respiratory distress syndrome

(ARDS) due to severe pneumonia and lead to death [5,6]. Additional symptoms include myal-

gia, diarrhea, and constipation at the onset of illness. SARS-CoV-2 can also cause multi-organ

disease and hypercoagulation [7]. In most cases, viral replication occurs in the upper respira-

tory epithelia via binding to angiotensin-converting enzyme 2 (ACE2), which increases

immune responses by cytokine storm [8–10]. Even COVID-19 patients with mild or no symp-

toms may have high viral loads and be highly contagious, which has greatly worsened the
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pandemic [6]. COVID-19 has a common characteristic of transmission from infected to non-

infected individuals by direct spread via respiratory droplets when sneezing or coughing [11],

as well as indirect virus transmission through contact with contaminated surfaces [12–14].

Therefore, it is imperative to utilize effective and cost-efficient means to inactivate high fre-

quency contact and other potentially contaminated surfaces to prevent the spread of infection.

Acetic acid, the active component of vinegar, has been used as a disinfectant for thousands

of years to eliminate bacteria from fresh products [15] and is an effective disinfectant against

mycobacterial infection [16]. Furthermore, previous studies have reported anti-viral activities

of acetic acid [17–19]. In our study, we used white distilled vinegar (acetic acid concentration

6%) as a hand spray to show virucidal activity to inactivate SARS-CoV [17]. Acetic acid causes

inactivation and disaggregation of glycoproteins found on influenza viruses that destroys the

viral envelope and inhibits viral transmission [18,20]. Recently, it has also been shown to be an

adjunctive therapy for non-severe COVID-19 [20] as both Grain Flavored Distilled Vinegar

(grain vinegar, GV; 4% acetic acid concentration) and white distilled vinegar have virucidal

effects on SARS-CoV-2 [21,22]. Although acetic acid has been shown to have virucidal effects

on SARS-CoV-2, the mechanism remains unclear. Therefore, we examined the mechanism.

Materials and methods

Cells and virus

Vero E6 (ATCC CRL-1586) cells were cultured with Dulbecco’s modified Eagle medium

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum for maintenance of the

culture. A stock of SARS-CoV-2 (SARS-CoV-2; 2019-nCoV/USA-WA1/2020 (BEI# NR-

52281) was generated by infecting sub-confluent monolayers of VeroE6 cells at an MOI of

approximately 0.001 for one hour with minimal volume in serum-free DMEM with rocking

every 15 minutes. After one hour, the inoculum was removed and replaced by complete

DMEM containing 2% fetal bovine serum. The virus was allowed to propagate at 37˚C in 5%

CO2. The supernatant was harvested between 48 and 72 hours when cytopathic effect (CPE)

was noted in approximately half of the monolayer. The virus was then harvested by clearing

the supernatant at 1,000g for 15 min, aliquoting and freezing it at -80C. Stock titer was deter-

mined by TCID50 and sequencing was used to confirm that the consensus sequence was

unchanged from the original isolate.

Acetic acid

Acetic acid was purchased from Fisher Scientific (Waltham, MA). Different concentration of

Acetic acid stock solutions (6% v/v) were prepared in distilled water from glacial Acetic acid

(>99.7% solution) by dissolving acetic acid in distilled water.

Reagents

Enzyme-linked immunosorbent assay (ELISA) reagents used in study were obtained through

BEI Resources, NIAID, NIH: Spike Glycoprotein Receptor Binding Domain (RBD) from

SARS-Related Coronavirus 2, with C-Terminal Histidine Tag, Recombinant from HEK293

Cells (NR-52366), and CoV-ACE2S2-1 ELISA kit (Ray biotech, GA, USA) [23,24].

SARS-CoV-2 neutralization assay

A modified TCID50 assay was used to assess the ability of white distilled vinegar (6% acetic

acid in water) to neutralize SARS-CoV-2. Briefly, 100ul of a 1x10^6 TCID50/ml stock (1x10^5

TCID50 total virus) of SARS-CoV-2 (WA1/2020 isolate) was mixed with 6% acetic acid at a
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ratio of 1:10 (100ul of virus with 900ul of dilute acid) for 15 minutes. After 15 minutes, the

mixture was diluted 100-fold with DMEM by combining 250ul of the virus/acid mixture with

24.75ml of DMEM. As a control, this approach was conducted in parallel with virus diluted in

water instead of acetic acid. These solutions were overlayed straight and in serial 1:10 dilutions

on near-confluent monolayers of VeroE6 cells in 48 well plates. The overlays were incubated at

37˚C for 1 hour with rocking every 15 minutes. After one hour, the inoculum was removed

and replaced with 1ml of DMEM with 2% FBS and incubated for 14 days and monitored for

signs of infection (visual cytopathic effect, CPE) every 2 to 3 days. Plates were scored for infec-

tion on day 10 and verified on day 14. The Median Tissue Culture Infectious Dose (TCID50)

was calculated using the method of Reed and Muench [25]. The limit of detection for this

assay is approximately 200 TCID50/ml.

Transmission electron microscope (TEM) assay

To visualize acetic acid (or distilled water control) treated SARS-CoV-2 particles, the same

conditions were used as with the TCID50 inactivation study but followed by centrifugation of

the samples through Amicon Ultra-15 filter devices according to manufacturer (Sigma,

St. Louis, MO) recommendations to concentrate particles approximately 10-fold to facilitate

visualization. Samples were inactivated by UV in a Biosafety Cabinet (Sterilgard1 III advance,

Baker, Sanford, Maine) device for 15 minutes, conditions we had validated to neutralize this

virus [26]. These samples were used for TEM visualization.

Cryogenic TEM samples were prepared with FEI Vitrobot. A 5 μL drop of sample was

loaded on a 200 mesh copper lacey carbon TEM grid, and sufficiently blotted once by filter

paper for 2 sec at 100% humidity before the grid was plunged into liquid ethane. After samples

were vitrified, they were transferred to and held at -170˚C in a cryogenic TEM holder. Cryo-

genic TEM images were collected on a FEI TECNAI G2F30 TEM at 200 kV.

ELISA

This assay was used to determine the ability of acetic acid to inhibit binding of SARS-CoV-2

Spike Receptor Binding Domain (RBD) (SARS-CoV- 2 spike RBD) protein to the ACE2 host

cell receptor. For the determination of inhibition of ACE2 binding by vinegar, two different

methods were used. In the first method, the SARS-CoV-2 spike protein was immobilized on

96-well ELISA plates (Sigma-Aldrich, Germany) at a concentration of 100 ng/well overnight at

4˚C. The coated plates were blocked with 2.5% bovine serum albumin (BSA) for 2 h at room

temperature. In separate tubes, the acetic acid was diluted from 1M to 15.625 mM in 1:2 dilu-

tions by using distilled water. The mixture was added to the spike protein-coated plates and

incubated for different contact times (5, 10, 30, and 60 minutes) at 37˚C. After the respective

incubation was completed, acetic acid was then neutralized by assay buffer (10-fold dilution

was achieved using assay buffer containing hACE2–Fc (0.5 μg/mL, Cat# 10108-H02H, Sino

Biological) and incubated at 37˚C for 30 minutes. The plates were washed and incubated with

horseradish peroxidase-labeled goat anti-human Fc secondary antibody (SouthernBiotech,

Birmingham, AL) at 1:5000 for 30 min at 37˚C. The 3,30,5,50-Tetramethylbenzidine (TMB)

substrate was used as a color developer for colorimetric detection and 2 N H2SO4 (Sigma-

Aldrich, Germany) was added to each well to stop the reaction. Absorbance was read at 450

nm using an ELISA plate reader (Molecular Devices, USA) [27].

In the second method, recombinantly-expressed hACE2 precoated plates (Cat#

CoV-ACE2S2-1 ELISA kit, RayBiotech, GA, USA) were used. Acetic acid was diluted from 2M

to 250 mM in 1:2 dilutions by using distilled water. The acetic acid-SARS-CoV-2 spike RBD

protein concentration (1x) was added into the ACE2 coated wells after the spike proteins were
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exposed to acetic acid for 30 minutes at 37˚C followed by acid neutralization by diluting it

10-fold in assay buffer. The rest of the procedure was as described above and followed the

instructions of the manufacturer (Cat# CoV-ACE2S2-1 ELISA kit, RayBiotech, GA, USA).

Statistics

Data are presented using the mean ± SD. Differences between groups were determined via the

1-way analysis of variance using Dunnett’s post-hoc multiple comparisons test. Data was nor-

malized to no-Acetic Acid vehicle control (stats as compared to respective vehicle). Experi-

ments are represented as the mean ± SD of a total of 3 replicates. For half-maximal inhibitory

concentration (IC50) estimation, the data points directly bounding the IC50 value were used,

and calculation was made in GraphPad Prism (GraphPad, La Jolla, California). A p value

<0.05 was considered statistically significant.

Results

Inactivation of live SARS-CoV-2 by 6% acetic acid

We tested whether acetic acid diluted to 6% to mimic household white distilled vinegar would

inactivate SARS-CoV-2. We found that treatment of a 1x10^5 TCID50 of SARS-CoV-2 with

6% acetic acid at a ratio of one part virus solution to 10 parts acetic acid (or distilled water for

control) for 15 minutes resulted in a complete loss of replication competent virus as measured

by TCID50. Sample datasets used to calculate the 50% endpoint using the Reed–Muench

method [25], while live virus remained detectable in the water treated virus (Fig 1).

Effect of 6% acetic acid on SARS-CoV-2 viral particle morphology by

transmission electron microscope (TEM)

We used TEM microscopy to observe the morphology of SARS-CoV-2 virus virions treated

with 6% acetic acid (+ vinegar). The typical morphodiagnostic features of coronavirus are

approximately 80 nm in diameter with round structures. The negative-stained virus particles

especially virus particle showing typical morphodiagnostic features of coronaviruses. These

viruses showed round shape with smaller size (yellow arrow) and some of them had similar

morphological features of coronavirus structure with 75 nm in size with distinct envelope pro-

jection having peplomeric structures [28,29]. Representative images from the untreated cells,

water (- vinegar) SARS-CoV-2 viral particles shows morpho-diagnostic features of family Cor-

onaviridae with morphologically intact structure (Fig 2A, red arrow). Cells treated with 6%

acetic acid / vinegar (+ vinegar) SARS-CoV-2 viral particles shows the presence of abnormal

viral morpho-diagnostic features with misshapen structures, fewer viral particles in number,

and disorganized virion structure (Fig 2B).

Effects of acetic acid on SARS-CoV-2 spike protein and ACE2 binding

In this study, we explored the binding of the SARS-CoV-2 to human angiotensin-converting

enzyme (ACE2) with different concentrations of acetic acid. The effect of acetic acid was tested

when in contact with spike protein by using ELISA based assays. The data indicate that 6% ace-

tic acid (1 M) / vinegar, or at 2 M alters binding of spike to ACE2 when the spike-coated plates

are incubated with acetic acid (Fig 3A–3D). All concentrations (15.25, 31.25, 62.50, 125, 250,

500 and 1000 mM) of acetic acid significantly inhibited the binding when in contact with spike

protein for 5 and 60 minutes (Fig 3A and 3D, respectively). There was a significant inhibition

of binding with maximum effect of acetic acid at 500 and 1000 mM when the spike protein

was exposed to acetic acid for 10 minutes (Fig 1B). Similarly, 30 minutes contact time with
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acetic acid showed a maximum effect at 15.25, 31.25, 62.5, 500 and 1000 mM acetic acid con-

centrations (Fig 3C) and inhibited spike-ACE2 binding. Interestingly, we observed that the

maximum concentration of acetic acid (2 M), and 6% acetic acid (1 M) significantly inhibited

the binding of spike to ACE2 when the hACE2-coated plates are incubated after the spike pro-

teins when in contact with acetic acid for about 30 minutes, and the acid has been neutralized

(Fig 3E).

Discussion

The early detection and decontamination of surfaces is an important step to prevent the spread

of infectious diseases. Previous studies have shown that white distilled vinegar or acetic acid

aqueous solution have virucidal effect against SARS-CoV-2 [21,22,30]. Based on this previous

research, in our present study we further investigated the SARS-CoV-2 virucidal and anti-viral

effects of acetic acid and demonstrated that 6% acetic acid / white distilled vinegar possesses

antiviral activity against SARS-CoV-2 in VeroE6 African green monkey kidney cells. We have

shown that 6% acetic acid has reduced detectable replication competent virus to below the

limit of detection as measured by median tissue culture infectious dose (TCID50) (concentra-

tion which inhibits 50% of viral replication) as evaluated using Reed–Muench method to

Fig 1. Vinegar (6% acetic acid) inactivates SARS-CoV-2. SARS-CoV-2 (1x10^5 TCID50, WA1/2020 isolate) was

incubated with 6% acetic acid (or distilled water negative control) for 15min at a 1:10 ratio. The sample was then

diluted 1:100 using water and tested for live virus by TCID50. TCID50 was read 10 days after experimental set up but

left in culture for an additional week to ensure that no additional viral outgrowth occurred. Data represent mean ±SD,

n = 2 �p< 0.05.

https://doi.org/10.1371/journal.pone.0276578.g001
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calculate 50% endpoint. DMEM was used to dilute the vinegar treated virus while the

untreated virus clearly remained infectious [25]. As previously shown the desired concentra-

tion of the Acetic acid (4%) in contact with SARS-CoV-2 for 1 and 5 min is effective for the

virus and a change in pH doesn’t alter the activity of acetic acid on the virus. By contrast, white

distilled vinegar with a 6% acetic acid concentration had a stronger inactivating effect in con-

tact with the virus for 10 s and 1 min [22]. This result further supports the potential role of vin-

egar as a SARS-CoV-2 inactivation to prevent the spread of infection. Lastly, while others have

reported that common household cleaning agents, to include vinegar and its active ingredient

acetic acid, may be ineffective at reducing viral infectivity, we note that we have previously

showed that dilute acetic acid can inactivate the virus [22,31]. Future studies examining the

mechanism of inactivation are thus urgently warranted.

In this study, we show TEM analysis which demonstrates that 6% acetic acid disrupts

SARS-CoV-2. These virions had abnormal viral morpho-diagnostic appearance with mis-

shapen structure, fewer viral particles number, and disorganized virion structure, while

untreated SARS-CoV-2 viral particles had morpho-diagnostic features of the family Corona-

viridae with morphologically intact structure. The untreated virions morphology observed is

consistent with previous reports [29,32–34].

We additionally show the binding effect of different concentration of acetic acid solution in

contact with SARS-CoV-2 spike for 5 min, 10, 30 and 60 minutes through ELISA based assays.

All the concentrations of acetic acid showed a stronger effect with reduced binding of the tri-

meric spike protein to hACE2. In addition, 6% acetic acid / vinegar solution was more effective

even with a relatively short contact time of 5 min and at a maximum contact time for 60 min-

utes when the spike-coated plates were incubated with acetic acid. Furthermore, application of

6% acetic acid / vinegar significantly reduced the binding of the trimeric spike protein to

hACE2 as compared to no-acetic acid vehicle control when hACE2-coated plates are incubated

after the spike proteins when in contact with acetic acid and the acid has been neutralized. Our

results align with previous studies that report that white distilled vinegar with 6% acetic acid

Fig 2. Effect of vinegar on SARS-CoV-2 viral particles by transmission electron microscope (TEM). (A-B) Representative TEM images. (A) The

untreated cells, water (- vinegar) SARS-CoV-2 viral particles shows morphodiagnostic features of family Coronaviridae with morphologically intact

structure whereas (B) Cells treated with 6% acetic acid (+ vinegar) SARS-CoV-2 viral particles showing presence of abnormal viral

morphodiagnostic with misshapen structure with fewer viral particles, and disorganized virion structure. Scale bar = A-B 100nm. Insets are shown

from additional images of the same sample.

https://doi.org/10.1371/journal.pone.0276578.g002
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had a strong inactivating effect in contact with the virus for 10 seconds and 1 minute [22].

Future studies which examine the effects of other acids with varying pH to neutralize SARS--

CoV-2 and other like-viruses with comparison controls proteins may also yield additional

mechanistic insight, and should be urgently considered.

Collectively, our results demonstrate that acetic acid disrupts the structure, ACE2 binding

capabilities, and in vitro infectivity of SARS-CoV-2 at concentrations found in common

house-hold vinegar supporting the use of vinegar as a virucidal agent to inactivate SARS-CoV-

2 on surfaces to prevent the spread of infection [27].

Conclusion

Vinegar is inexpensive, widely available, safe, and has minimal toxicity as compared to other

cleaners. This makes it an ideal agent to be used for prevention of binding of spike proteins

and destruction of SARS-CoV-2 virion structures as demonstrated in our study. Therefore, the

ability of the acetic acid active component of vinegar to inactivate SARS-CoV-2 suggests that it

could be an important tool in the fight against COVID-19.

Supporting information

S1 Appendix. Supporting information file for data.

(XLSX)

Fig 3. Acetic acid effects on SARS-CoV-2 spike and ACE2 binding. Enzyme-linked immunosorbent assay data indicates that Acetic Acid or

Vinegar (Acetic Acid at 1M, or at 2 M) alters binding of Spike to human angiotensin-converting enzyme (ACE2). (A-D) When spike-coated

plates are incubated with concentrations of Acetic Acid and the effect of Acetic acid was tested when in contact with spike protein for (A) 5

minutes; (B) 10 minutes; (C) 30 minutes; (D) 60 minutes; as well as (E) when ACE2 coated plates are incubated with Spike RBD protein and

different concentrations of Acetic Acid was tested when in contact with spike protein for 30 minutes. Data was normalized to no-Acetic Acid

vehicle control (stats as compared to respective vehicle). Data represent mean ±SD, n = 3 �p< 0.05; ��p< 0.01; ���p< 0.001; ����p< 0.0001.

https://doi.org/10.1371/journal.pone.0276578.g003

PLOS ONE Effect of acetic acid inactivation of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0276578 February 8, 2023 7 / 10

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0276578.s001
https://doi.org/10.1371/journal.pone.0276578.g003
https://doi.org/10.1371/journal.pone.0276578


Acknowledgments

We would like to thank Angela Birnbaum for BSL3 service (Tulane University). Authors are

thankful to Jibao He for assistance with electron microscopy, Tulane University.

Author Contributions

Conceptualization: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett, Yoshihiro

Tsuchiya, Mikiya Kishi, Gregory Bix.

Data curation: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett.

Formal analysis: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett.

Funding acquisition: Yoshihiro Tsuchiya, Mikiya Kishi.

Investigation: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett, Gregory Bix.

Methodology: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett, Yoshihiro Tsu-

chiya, Mikiya Kishi.

Project administration: Gregory Bix.

Resources: Nicholas J. Maness, Yoshihiro Tsuchiya, Mikiya Kishi, Gregory Bix.

Supervision: Gregory Bix.

Writing – original draft: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett.

Writing – review & editing: Narayanappa Amruta, Nicholas J. Maness, Timothy E. Gressett,

Yoshihiro Tsuchiya, Mikiya Kishi, Gregory Bix.

References
1. Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR. Severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) and coronavirus disease-2019 (COVID-19): The epidemic and the challenges. Int J Anti-

microb Agents. 2020; 55(3):105924. Epub 2020/02/23. https://doi.org/10.1016/j.ijantimicag.2020.

105924 PMID: 32081636; PubMed Central PMCID: PMC7127800.

2. Wu Y, Ho W, Huang Y, Jin DY, Li S, Liu SL, et al. SARS-CoV-2 is an appropriate name for the new coro-

navirus. Lancet. 2020; 395(10228):949–50. Epub 2020/03/11. https://doi.org/10.1016/S0140-6736(20)

30557-2 PMID: 32151324; PubMed Central PMCID: PMC7133598.

3. https://coronavirus.jhu.edu/map.html.

4. Narayanappa A, Chastain WH, Paz M, Solch RJ, Murray-Brown IC, Befeler JB, et al. SARS-CoV-2

mediated neuroinflammation and the impact of COVID-19 in neurological disorders. Cytokine & growth

factor reviews. 2021.

5. Guan WJ, Zhong NS. Clinical Characteristics of Covid-19 in China. Reply. N Engl J Med. 2020; 382

(19):1861–2. Epub 2020/03/29. https://doi.org/10.1056/NEJMc2005203 PMID: 32220206.

6. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral Load in Upper Respira-

tory Specimens of Infected Patients. N Engl J Med. 2020; 382(12):1177–9. Epub 2020/02/20. https://

doi.org/10.1056/NEJMc2001737 PMID: 32074444; PubMed Central PMCID: PMC7121626.

7. Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Muller MA, et al. Virological assessment

of hospitalized patients with COVID-2019. Nature. 2020; 581(7809):465–9. Epub 2020/04/03. https://

doi.org/10.1038/s41586-020-2196-x PMID: 32235945.

8. Keni R, Alexander A, Nayak PG, Mudgal J, Nandakumar K. COVID-19: Emergence, Spread, Possible

Treatments, and Global Burden. Front Public Health. 2020; 8:216. Epub 2020/06/24. https://doi.org/10.

3389/fpubh.2020.00216 PMID: 32574299; PubMed Central PMCID: PMC7270802.

9. Amruta N, Engler-Chiurazzi EB, Murray-Brown IC, Gressett TE, Biose IJ, Chastain WH, et al. In-vivo

Protection from SARS-CoV-2 infection by ATN-161 in k18-hACE2 transgenic mice. bioRxiv. 2021.

https://doi.org/10.1016/j.lfs.2021.119881 PMID: 34389403

PLOS ONE Effect of acetic acid inactivation of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0276578 February 8, 2023 8 / 10

https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.ijantimicag.2020.105924
http://www.ncbi.nlm.nih.gov/pubmed/32081636
https://doi.org/10.1016/S0140-6736%2820%2930557-2
https://doi.org/10.1016/S0140-6736%2820%2930557-2
http://www.ncbi.nlm.nih.gov/pubmed/32151324
https://coronavirus.jhu.edu/map.html
https://doi.org/10.1056/NEJMc2005203
http://www.ncbi.nlm.nih.gov/pubmed/32220206
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
http://www.ncbi.nlm.nih.gov/pubmed/32074444
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1038/s41586-020-2196-x
http://www.ncbi.nlm.nih.gov/pubmed/32235945
https://doi.org/10.3389/fpubh.2020.00216
https://doi.org/10.3389/fpubh.2020.00216
http://www.ncbi.nlm.nih.gov/pubmed/32574299
https://doi.org/10.1016/j.lfs.2021.119881
http://www.ncbi.nlm.nih.gov/pubmed/34389403
https://doi.org/10.1371/journal.pone.0276578


10. Amruta N, Engler-Chiurazzi EB, Murray-Brown IC, Gressett TE, Biose IJ, Chastain WH, et al. In Vivo

protection from SARS-CoV-2 infection by ATN-161 in k18-hACE2 transgenic mice. Life Sciences.

2021; 284:119881. https://doi.org/10.1016/j.lfs.2021.119881 PMID: 34389403

11. Ye ZW, Yuan S, Yuen KS, Fung SY, Chan CP, Jin DY. Zoonotic origins of human coronaviruses. Int J

Biol Sci. 2020; 16(10):1686–97. Epub 2020/04/01. https://doi.org/10.7150/ijbs.45472 PMID: 32226286;

PubMed Central PMCID: PMC7098031.

12. Alvi MM, Sivasankaran S, Singh M. Pharmacological and non-pharmacological efforts at prevention,

mitigation, and treatment for COVID-19. J Drug Target. 2020; 28(7–8):742–54. Epub 2020/07/10.

https://doi.org/10.1080/1061186X.2020.1793990 PMID: 32643436.

13. Chin AWH, Chu JTS, Perera MRA, Hui KPY, Yen HL, Chan MCW, et al. Stability of SARS-CoV-2 in dif-

ferent environmental conditions. Lancet Microbe. 2020; 1(1):e10. Epub 2020/08/25. https://doi.org/10.

1016/S2666-5247(20)30003-3 PMID: 32835322; PubMed Central PMCID: PMC7214863.

14. van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A, Williamson BN, et al. Aerosol

and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N Engl J Med. 2020; 382

(16):1564–7. Epub 2020/03/18. https://doi.org/10.1056/NEJMc2004973 PMID: 32182409; PubMed

Central PMCID: PMC7121658.

15. Raspor P, Goranovic D. Biotechnological applications of acetic acid bacteria. Crit Rev Biotechnol. 2008;

28(2):101–24. Epub 2008/06/24. https://doi.org/10.1080/07388550802046749 PMID: 18568850.

16. Cortesia C, Vilcheze C, Bernut A, Contreras W, Gomez K, de Waard J, et al. Acetic Acid, the active

component of vinegar, is an effective tuberculocidal disinfectant. mBio. 2014; 5(2):e00013–14. Epub

2014/02/27. https://doi.org/10.1128/mBio.00013-14 PMID: 24570366; PubMed Central PMCID:

PMC3940030.

17. Rabenau HF, Cinatl J, Morgenstern B, Bauer G, Preiser W, Doerr HW. Stability and inactivation of

SARS coronavirus. Med Microbiol Immunol. 2005; 194(1–2):1–6. Epub 2004/05/01. https://doi.org/10.

1007/s00430-004-0219-0 PMID: 15118911; PubMed Central PMCID: PMC7086689.

18. Alphin RL, Johnson KJ, Ladman BS, Benson ER. Inactivation of avian influenza virus using four com-

mon chemicals and one detergent. Poult Sci. 2009; 88(6):1181–5. Epub 2009/05/15. https://doi.org/10.

3382/ps.2008-00527 PMID: 19439628.

19. Fraise AP, Wilkinson MA, Bradley CR, Oppenheim B, Moiemen N. The antibacterial activity and stability

of acetic acid. J Hosp Infect. 2013; 84(4):329–31. Epub 2013/06/12. https://doi.org/10.1016/j.jhin.2013.

05.001 PMID: 23747099.

20. Pianta L, Vinciguerra A, Bertazzoni G, Morello R, Mangiatordi F, Lund VJ, et al. Acetic acid disinfection

as a potential adjunctive therapy for non-severe COVID-19. Eur Arch Otorhinolaryngol. 2020; 277

(10):2921–4. Epub 2020/05/26. https://doi.org/10.1007/s00405-020-06067-8 PMID: 32449022;

PubMed Central PMCID: PMC7245632.

21. Yoshimoto J, Ono C, Tsuchiya Y, Kabuto S, Kishi M, Matsuura Y. Virucidal effect of acetic acid and vin-

egar on SARS-CoV-2. 2020.

22. Yoshimoto J, Ono C, Tsuchiya Y, Kabuto S, Kishi M, Matsuura Y. Virucidal Effect of Acetic Acid and Vin-

egar on Severe Acute Respiratory Syndrome Coronavirus 2. Food Science and Technology Research.

2021; 27(4):681–4.

23. Wu F, Zhao S, Yu B, Chen YM, Wang W, Song ZG, et al. A new coronavirus associated with human

respiratory disease in China. Nature. 2020; 579(7798):265–9. Epub 2020/02/06. https://doi.org/10.

1038/s41586-020-2008-3 PMID: 32015508; PubMed Central PMCID: PMC7094943.

24. Amanat F, Stadlbauer D, Strohmeier S, Nguyen THO, Chromikova V, McMahon M, et al. A serological

assay to detect SARS-CoV-2 seroconversion in humans. Nat Med. 2020; 26(7):1033–6. Epub 2020/05/

14. https://doi.org/10.1038/s41591-020-0913-5 PMID: 32398876; PubMed Central PMCID:

PMC8183627.

25. Reed LJ, Muench H. A simple method of estimating fifty per cent endpoints. American journal of epide-

miology. 1938; 27(3):493–7.

26. Hoffmann AR, Guha S, Wu E, Ghimire J, Wang Y, He J, et al. Broad-Spectrum Antiviral Entry Inhibition

by Interfacially Active Peptides. J Virol. 2020; 94(23). Epub 2020/09/11. https://doi.org/10.1128/JVI.

01682-20 PMID: 32907984; PubMed Central PMCID: PMC7654261.

27. Beddingfield BJ, Iwanaga N, Chapagain PP, Zheng W, Roy CJ, Hu TY, et al. The integrin binding pep-

tide, ATN-161, as a novel therapy for SARS-CoV-2 infection. Basic to Translational Science. 2021; 6

(1):1–8. https://doi.org/10.1016/j.jacbts.2020.10.003 PMID: 33102950

28. Goldsmith CS, Ksiazek TG, Rollin PE, Comer JA, Nicholson WL, Peret TC, et al. Cell culture and elec-

tron microscopy for identifying viruses in diseases of unknown cause. Emerg Infect Dis. 2013; 19

(6):886–91. https://doi.org/10.3201/eid1906.130173 PMID: 23731788; PubMed Central PMCID:

PMC3713842.

PLOS ONE Effect of acetic acid inactivation of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0276578 February 8, 2023 9 / 10

https://doi.org/10.1016/j.lfs.2021.119881
http://www.ncbi.nlm.nih.gov/pubmed/34389403
https://doi.org/10.7150/ijbs.45472
http://www.ncbi.nlm.nih.gov/pubmed/32226286
https://doi.org/10.1080/1061186X.2020.1793990
http://www.ncbi.nlm.nih.gov/pubmed/32643436
https://doi.org/10.1016/S2666-5247%2820%2930003-3
https://doi.org/10.1016/S2666-5247%2820%2930003-3
http://www.ncbi.nlm.nih.gov/pubmed/32835322
https://doi.org/10.1056/NEJMc2004973
http://www.ncbi.nlm.nih.gov/pubmed/32182409
https://doi.org/10.1080/07388550802046749
http://www.ncbi.nlm.nih.gov/pubmed/18568850
https://doi.org/10.1128/mBio.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/24570366
https://doi.org/10.1007/s00430-004-0219-0
https://doi.org/10.1007/s00430-004-0219-0
http://www.ncbi.nlm.nih.gov/pubmed/15118911
https://doi.org/10.3382/ps.2008-00527
https://doi.org/10.3382/ps.2008-00527
http://www.ncbi.nlm.nih.gov/pubmed/19439628
https://doi.org/10.1016/j.jhin.2013.05.001
https://doi.org/10.1016/j.jhin.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23747099
https://doi.org/10.1007/s00405-020-06067-8
http://www.ncbi.nlm.nih.gov/pubmed/32449022
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
http://www.ncbi.nlm.nih.gov/pubmed/32015508
https://doi.org/10.1038/s41591-020-0913-5
http://www.ncbi.nlm.nih.gov/pubmed/32398876
https://doi.org/10.1128/JVI.01682-20
https://doi.org/10.1128/JVI.01682-20
http://www.ncbi.nlm.nih.gov/pubmed/32907984
https://doi.org/10.1016/j.jacbts.2020.10.003
http://www.ncbi.nlm.nih.gov/pubmed/33102950
https://doi.org/10.3201/eid1906.130173
http://www.ncbi.nlm.nih.gov/pubmed/23731788
https://doi.org/10.1371/journal.pone.0276578


29. Prasad S, Potdar V, Cherian S, Abraham P, Basu A, Team I-NN. Transmission electron microscopy

imaging of SARS-CoV-2. Indian J Med Res. 2020; 151(2 & 3):241–3. https://doi.org/10.4103/ijmr.

IJMR_577_20 PMID: 32362648; PubMed Central PMCID: PMC7224615.

30. Pagani I, Ghezzi S, Clementi M, Poli G, Bussi M, Pianta L, et al. Vinegar and Its Active Component Ace-

tic Acid Inhibit SARS-CoV-2 Infection In Vitro and Ex Vivo. bioRxiv. 2020.

31. Almeida CF, Purcell DFJ, Godfrey DI, McAuley JL. The Efficacy of Common Household Cleaning

Agents for SARS-CoV-2 Infection Control. Viruses. 2022; 14(4). Epub 20220329. https://doi.org/10.

3390/v14040715 PMID: 35458445; PubMed Central PMCID: PMC9026400.

32. Caldas LA, Carneiro FA, Higa LM, Monteiro FL, da Silva GP, da Costa LJ, et al. Ultrastructural analysis

of SARS-CoV-2 interactions with the host cell via high resolution scanning electron microscopy. Sci

Rep. 2020; 10(1):16099. Epub 2020/10/02. https://doi.org/10.1038/s41598-020-73162-5 PMID:

32999356; PubMed Central PMCID: PMC7528159.

33. Kumar S, Nyodu R, Maurya VK, Saxena SK. Morphology, genome organization, replication, and patho-

genesis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Coronavirus Disease

2019 (COVID-19): Springer; 2020. p. 23–31.

34. Jureka AS, Silvas JA, Basler CF. Propagation, Inactivation, and Safety Testing of SARS-CoV-2.

Viruses. 2020; 12(6). Epub 2020/06/11. https://doi.org/10.3390/v12060622 PMID: 32517266; PubMed

Central PMCID: PMC7354523.

PLOS ONE Effect of acetic acid inactivation of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0276578 February 8, 2023 10 / 10

https://doi.org/10.4103/ijmr.IJMR%5F577%5F20
https://doi.org/10.4103/ijmr.IJMR%5F577%5F20
http://www.ncbi.nlm.nih.gov/pubmed/32362648
https://doi.org/10.3390/v14040715
https://doi.org/10.3390/v14040715
http://www.ncbi.nlm.nih.gov/pubmed/35458445
https://doi.org/10.1038/s41598-020-73162-5
http://www.ncbi.nlm.nih.gov/pubmed/32999356
https://doi.org/10.3390/v12060622
http://www.ncbi.nlm.nih.gov/pubmed/32517266
https://doi.org/10.1371/journal.pone.0276578

