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Abstract

Background Weak acids, such as acetic acid, show virucidal effects against viruses, and disinfectants are considered
effective virucidal agents possibly because of their low pH, depending on the proton concentration. This study aimed
to evaluate the efficacy of different weak acids (acetic, oxalic, and citric acids) and eligible vinegars under different pH
conditions by comparing their inactivation efficacies against enveloped and non-enveloped viruses.

Methods Acetic, oxalic, and citric acids were adjusted to pH values of 2, 4 and 6, respectively. They were also diluted
from 1 M to 0.001 M with distilled water. Enveloped influenza A virus (FulV) and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and non-enveloped feline calicivirus (FCV) were treated with adjusted weak acids for up to
30 min. These viruses were also reacted with white distilled vinegar (WDV) and grain-flavored distilled vinegar (GV)

for up to 30 min. Infectious viral titers after the reactions were expressed as plague-forming units per mL.

Results Acetic acid showed virucidal effects against FulV at pH 4, whereas citric and oxalic acids did not. Ace-

tic and citric acids inactivated SARS-CoV-2 at pH 2, whereas oxalic acid did not. All acids showed virucidal effects
against FVC at pH 2; however, not at pH 4. The virucidal effects of the serially diluted weak acids were also reflected
in the pH-dependent results. WDV and GV significantly reduced FulV titers after 1 min. SARS-CoV-2 was also suscepti-
ble to the virucidal effects of WDV and GV; however, the incubation period was extended to 30 min. In contrast, WDV
and GV did not significantly inactivate FCV.

Conclusions The inactivation efficacy of weak acids is different even under the same pH conditions, suggesting
that the virucidal effect of weak acids is not simply determined by pH, but that additional factors may also influence
these effects. Moreover, eligible vinegars, the main component of which is acetic acid, may be potential sanitizers
for some enveloped viruses, such as FulV, in the domestic environment.

Keywords Acetic acid, Oxalic acid, Citric acid, Weak acids' virucidal effects, Influenza virus, SARS-CoV-2, Feline
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Background

Viral infectious diseases, such as coronavirus disease
2019 [1-3], influenza [4—6] and norovirus gastroenteritis
[7, 8], are major domestic public health concerns. These

*Correspondence: diseases are highly contagious, which makes the inactiva-
Daisuke Hayasaka tion of these viruses a matter of utmost priority in pre-
dhaya@yamaguchi-u.acjp . . . . .

! Laboratory of Veterinary Microbiology, Joint Graduate School venting the spread of infections. Inactivation of these
of Veterinary Medicine, Yamaguchi University, 1677-1 Yoshida, viruses is of the utmost priority in preventing the spread
Yamaguchi 753-8511, Japan of infections.

2 Central Research Institute, Mizkan Holdings Co., Ltd., 2-6 Nakamura-Cho, . .
Handa-Shi, Aichi 475-8585, Japan Disinfectants, such as ethanol [9, 10] and sodium

hypochlorite [11, 12], are generally used as potent

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41182-023-00573-1&domain=pdf

Hu et al. Tropical Medicine and Health (2024) 52:9

virucidal agents domestically. Weak acids, such as acetic
acid, are also effective against pathogenic viruses. Acetic
acid exerts virucidal effects against enveloped viruses,
such as vaccinia virus, African swine fever virus, influ-
enza virus (FulV), and severe acute respiratory syndrome
coronavirus (SARS-CoV) [13-17]. In addition, vinegar,
the main component of which is acetic acid, shows effi-
cient virucidal activity against SARS-CoV-2 [15, 18, 19].
It is a natural product that is harmless to the human body
[20-22]; thus, the use of edible vinegars as cleaning and
sanitizing agents is promising domestically [23-25].

The virucidal effect of acids is considered to be due
to the low pH. Therefore, any weak acid seems to exert
similar inactivation effects under the same pH condi-
tions. However, the effective pH of weak acids has not
yet been fully elucidated. In this study, we aimed to com-
pare the inactivation effects of acetic, oxalic, and citric
acids against two enveloped viruses, SARS-CoV-2 and
FulV, and a non-enveloped virus, feline calicivirus (FCV),
under different pH conditions. We further demonstrated
the virucidal effects of eligible vinegars. These observa-
tions provide useful information regarding the appropri-
ate conditions for weak acids against pathogenic viruses.

Methods

Viruses and cells

SARS-CoV-2 (2019-nCoV/Japan/Al/I-004/2020, National
Institute of Infectious Diseases [NIID] strain) was kindly
provided by the NIID (Tokyo, Japan). FulV A/HIN1 was
provided by the Yamaguchi Prefecture Institute of Public
Health and Environment (Yamaguchi, Japan). FCV was
obtained from the American Type Culture Collection
and was used as a surrogate for norovirus.

FulV, SARS-CoV-2, and FCV were propagated
in Madin-Darby canine kidney (MDCK), VeroE6/
TMPRSS2 (JCRB 1819), and Crandell-Rees Feline Kid-
ney (CRFK) cells, respectively. VeroE6/TMPRSS2 was
kindly provided by the NIID. These cells were propa-
gated in Dulbecco’s modified Eagle’s minimum essen-
tial medium (DMEM; Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (JR Scientific,
Woodland, CA, USA), 100 U/ml penicillin, and 100 pg/
ml streptomycin (Life Technologies, Carlsbad, CA, USA)
and maintained at 37 °C in 5% CO,.

Virus-infected cells were incubated at 37 °C in 5% CO,
in DMEM supplemented with 2% FBS. The supernatants
of these growth media were stored at — 80 °C as stock
sources of viruses. Stocked virus titers were 6.33x 10° to
3.57 x 107 plaque-forming units (pfu)/ml of FulV, 5.4 x 10°
to 6.93x10° pfu/ml of SARS-CoV-2, and 1.04x 107 to
1.57x 108 pfu/ml of FCV in each experiment.
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Experiments using infectious SARS-CoV-2 were per-
formed in a biosafety level (BSL)-3 laboratory at Yama-
guchi University following standard BSL-3 guidelines.
FulV and FCV experiments were performed in a BSL-2
laboratory.

Plaque-forming assay

The infectious viral titers of SARS-CoV-2, FulV, and FCV
were determined using a plaque-forming assay. Briefly,
each type of cell was grown in 12-well plates until con-
fluent; subsequently, serially diluted viruses were inocu-
lated (100 pl/well). SARS-CoV-2 and FCV were diluted in
DMEM supplemented with 2% FBS, and FulV was diluted
in DMEM supplemented with 0.001% trypsin (trypsin
from Hog pancreas 1:250; NACALAI TESQUE. Tokyo,
Japan) and 0.2% bovine serum albumin (BSA) (SIGMA,
USA). After incubation at 37 °C for 90 min, the inoculum
was removed, and the cells were washed with DMEM.
Subsequently, 0.8% agarose (SeaPlaque GTG Agarose,
Lonza, Rockland, ME, USA) in DMEM supplemented
with 10% FBS or DMEM supplemented with 0.001%
trypsin and 0.2% BSA was added to each well. The plates
were incubated at 37 “C until visible plaques appeared.
Plaque formation was observed at 36 h post-infection (pi)
for SARS-CoV-2, 48 h pi for FulV, and 24 h pi for FCV.
We confirmed that trypsin in the media did not influence
pH of reaction samples and plaque formations for FulV
(data not shown). To retrieve the plate, the cells were
fixed with 10% formalin and thoroughly stained with 1%
crystal violate (FUJIFILM WAKO, Osaka, Japan). The
viral titers were expressed as pfu/ml.

Weak acids

In total, 1 M acetic acid (FUJIFILM, conduct log: 017—
00256), 1 M oxalic acid (WAKO, conduct log: 150—
00455), and 1 M citric acid (FUJIFILM, conduct log:
038-06925) were diluted using sterilized water from the
original acid solutions. To adjust the acetic acid to pH 2,
4, and 6, 0.12-, 0.2-, and 1-time volumes of 1 M sodium
hydroxide (NaOH) were added to 1 M acetic acid, respec-
tively. Correspondingly, 1.08-, 1.5-, and 1.9-time volumes
of 1 M NaOH and 0.14-, 1.3-, and 2.59-time volumes of
1 M NaOH were added to 1 M oxalic acid and 1 M cit-
ric acid, respectively, to adjust the pH to 2, 4, and 6. Each
1 M acid was serially diluted to 1, 0.1, 0.01, and 0.001 M
with sterilized water.

Inactivation of viruses by weak acids

A total of 900 pl of each adjusted weak acid was mixed
with 100 ul of each viral solution in 2% FBS-supple-
mented DMEM at a 9:1 ratio and reacted for 1, 10 and
30 min at room temperature. The pH of the reaction
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Table 1 pH in the reaction mixtures of pH-dependent acids and
2%FBS DMEM

Acid Original adjusted pH pHin the
reaction*
mixture

Acetate 2.07 204£0.12

4 4.09+0.01
6.03 6.03+£0.09
Citrate 2.05 2.24+0.02
4.04 4.24+0.10
6 6.00+0.15
Oxalate 202 2.02+0.05
3.96 409+0.13
6.01 6.77+0.02

pH in original adjusted weak acids was measured, following to measure pH in
mixture in mixture in triplicate

" Average value in triplicate + 95% confidence interval

Table2 pH in the reaction mixtures of molarity-dependent
acids and 2%FBS DMEM

Acid Molarity of acid Original pH in the
adjusted pH reaction*
mixture
Acetate ™ 2.31 2.39+0.090
01 M 2.73 3.25+0.100
001 M 3.31 446+0.258
0.001 M 3.94 7.35+0.259
Citrate ™ 1.25 1.27+£0.094
0.1 M 1.85 2.02+0.112
001 M 246 2.94+0.169
0.001M 32 6.41+0.080
Oxalate ™ 0.59 0.63+£0.100
01 M 1.17 1.20£0.000
0.01 M 197 2.25+0.029
0.001 M 295 6.79+0.305

pH in original adjusted weak acids was measured, following to measure pH in
mixture in mixture in triplicate

" Average value in triplicate + 95% confidence interval

mixtures did not significantly change from the original
adjusted values (Table 1).

The pH values in the reaction mixtures of molarity-
dependent mixtures were 2.39-7.35 in acetic acid, 1.27—
6.41 in citric acid, and 0.63-6.79 in oxalic acid (Table 2).

The reacted solutions were immediately diluted with
2% FBS-supplemented DMEM, and viral titers were
determined. Notably, pH values of the weak acid- and
edible vinegar-reacted solutions for plaque assays were
confirmed (Additional files 1, 2, 3). Cell viabilities of
each cell for plaque assay were also evaluated using XTT
cell viability assay kit (Biotium, conduct log: 30007, CA,
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USA) (Additional files 4, 5). From these data, more than
1:100 dilution of any acids did not induce cell damages,
indicating that the detection limit of viral titers was 103
pfu/ml for each virus. The effectiveness of the weak acids
was determined based on viral loads below the detection
limit.

Vinegars

White distilled vinegar (WDV) and grain-flavored dis-
tilled vinegar (GV) containing 4% acetic acid were pro-
vided by Mizkan Holdings Co., Ltd., Aichi, Japan. In
total, 100 pl of each viral solution was mixed with 900
ul of WDV, GV, and 4% acetic acid for 1, 5, and 30 min,
respectively, at room temperature. Subsequently, the
samples were immediately diluted with DMEM contain-
ing 2% FBS and were applied to cultured cells for titration
using the plaque-forming assay. The effectiveness of the
weak acids was determined based on viral loads below
the detection limit. Notably,>1:100 dilutions did not
cause any cell damage, indicating that the detection limit
of the virus titer was 10® pfu/ml.

Results

pH-dependent virucidal effects of weak acids

Against FulV, acetic acid caused significant reductions
in viral titers below the detection limit at pH 2 and pH
4; however, not at pH 6 (Fig. 1A). In contrast, citric and
oxalic acids substantially reduced the titers at pH 2 for
1 min and at pH 4 after 10 min; however, it did not show
virucidal effects at pH 4 for 1 min and at pH 6 (Fig. 1A).
These observations suggest that in short reaction time
for 1 min acetic acid shows potentially stronger effects
against FulV than oxalic and citric acids in under the
same pH conditions.

Interestingly, the effects of weak acids on SARS-CoV-2
were different from those of FulV, although both are
enveloped viruses. Acetic and citric acids caused a sig-
nificant reduction in viral titers of SARS-CoV-2 at pH 2,
whereas oxalic acid did not (Fig. 1B). None of the acids
exhibited a significant reduction to under detection lim-
its in viral titers at pH 4 and 6, although viral titers were
slightly reduced up to 30 min incubation in each reaction
(Fig. 1B). These results indicate that the virucidal effect
of oxalic acid is limited to SARS-CoV-2 when compared
with that of acetic and oxalic acids under low pH (pH 2)
conditions.

Acetic, oxalic, and citric acids significantly reduced
virus titers of FCV to below the detection limit at pH 2;
however, the same level of reduction was not observed
at pH 4 and 6 (Fig. 1C), indicating that the inactivation
effects against FCV are not significantly different among
acetic, citric, and oxalic acids.
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Fig. 1 pH-dependent virucidal effects of acetate, oxalate, and citrate against FulV, SARS-CoV-2, and FCV. Acetate, oxalate, and citrate adjusted
at pH 2, 4, and 6 were mixed with each virus for 1, 10 and 30 min. Negative control (NC) was incubated with distilled water instead of weak acids.

Infectious viral titers (pfu/ml) of FulV (A), SARS-CoV-2 (B), and FCV (C) were determined. Error bars indicate the standard error. Detection limit was set
to 10° pfu/ml. Each viral inactivation was accessed in triplicate
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These findings suggest that the inactivation efficacy of
weak acids differs for different viruses under the same
pH conditions. Acetic acid has a potentially greater effect
compared with citric acid and oxalic acids.

Concentration-dependent virucidal effects of weak acids
The virucidal effects of each acid, depending on serial
concentrations of 0.001-1 M, were also examined
(Table 2). In total, 0.01-1 M acetic acid (pH 2.39-4.46),
citric acid (pH 1.27-2.94), and oxalic acid (pH 0.63-2.25)
showed significant reductions of FulV titers (Fig. 2A),
whereas 0.001 M acetic acid (pH 7.35), citric acid (pH
6.41), and oxalic acid (pH 6.79) did not. These results cor-
responded to the pH-dependent effects shown in Fig. 1A.
Against SARS-CoV-2, 1 M acetic acid (pH 2.39)
showed a significant reduction in viral titers; however,
0.001-0.1 M (pH 3.25-7.35) did not (Fig. 2B). Moreover,
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1M (pH 1.27) and 0.1 M (pH 2.02) citric acid exhibited
significant inactivation of viral titers; however, 0.01 M
(pH 2.94) and 0.001 M (pH 6.41) did not (Fig. 2B). In
addition, 1 M (pH 0.63) and 0.1 M (pH 1.20) oxalic acid
showed significant reduction of viral titers; however,
0.01 M (pH 2.25) and 0.001 M (pH 6.79) did not (Fig. 2B).
These effects corresponded to the pH-dependent results
shown in Fig. 1B.

Against FCV, 1-0.001 M acetic acid (pH 2.39-7.35)
did not show significant inactivation (Fig. 2c). Moreo-
ver, 1 M (pH 1.27) citric acid showed virucidal activ-
ity; however, 0.1-0.001 M citric acid (pH 2.02-6.41) did
not (Fig. 2C). Furthermore, 1 M (pH 0.63) and 0.1 M
(pH 1.20) oxalic acid significantly inactivated FCV;
however, 0.01 M (pH 2.25) and 0.001 M (pH 6.79) did
not (Fig. 2C). These results mostly corresponded to the
pH-dependent results shown in Fig. 1C, although the
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Fig. 2 Concentration-dependent virucidal effects of acetate, oxalate, and citrate against FulV, SARS-CoV-2 and FCV. In total, 1,0.1,0.01, and 0.001 M
of acetate, oxalate, and citrate were mixed with each virus for 1 min. NC was incubated with distilled water instead of weak acids. Infectious viral
titers (pfu/ml) of FulV (@), SARS-CoV-2 (b), and FCV (c) were determined. Error bars indicate the standard error. Detection limit was set to 10% pfu/ml.

Each viral inactivation was accessed in triplicate
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effects of approximately pH 2, including 0.1 M citric
acid (pH 2.02) and 0.01 M oxalic acid (pH 2.25), were
different from the results of Fig. 1C. These differences
may be due to the dependence of the efficacy on the
acid concentration.

These observations suggest that pH mainly influences
the virucidal activity of each weak acid. Taken together,
acetic acid can inactivate FulV at approximately pH 4;
however, citric and oxalic acids require pH lower than
4 for the same efficacy. In addition, acetic and citric
acids can inactivate SARS-CoV-2 at approximately pH
2, whereas oxalic acid requires a pH < 2. These findings
suggest that the virucidal activity of weak acids does
not simply depend on proton concentration, and other
factors of each weak acid may also contribute signifi-
cantly to these effects.
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Virucidal effects of eligible vinegars

Our observations imply that acetic acid effectively
reduces the infectious virus concentrations under higher
pH conditions compared with other weak acids. There-
fore, we examined the virucidal activity of vinegars con-
taining acetic acid as the main component.

Similar to 4% acetic acid (pH 2.72), 4% WDV (pH 2.77)
and 4% GV (pH 2.79) exhibited significant reductions in
FulV titers below the detection limit immediately after
1 min (Fig. 3A). These results reflect the pH-dependent
effects of acetic acid on the reaction solutions.

SARS-CoV-2 was also susceptible to the virucidal
effects of 4% WDV and 4% acetic acid; however, incuba-
tion periods below the detection limits were extended up
to 30 min (Fig. 3B). Moreover, 4% GV did not reach the
detection limit after 30 min (Fig. 3B). These observations
also reflect the pH-dependent effects of acetic acid.
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Fig. 3 Virucidal effects of eligible vinegars. In total, 4% white distilled vinegar (WDV), 4% grain-flavored distilled vinegar (GV), and 4% acetic
acid (AA) were mixed with each virus for 0 (control), 1, 5, and 30 min. Infectious viral titers (pfu/ml) of FulV (@), SARS-CoV-2 (b), and FCV (c) were
determined. Error bars indicate the standard error. Detection limit was set to 10® pfu/ml. Each viral inactivation was accessed in triplicate
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In contrast, 4% WDV (pH 2.77), 4% GV (pH 2.79), and
4% acetic acid (pH 2.72) did not significantly inactivate
FCV (Fig. 3C). These results are consistent with those of
the adjusted 1 M acetic acid (pH 2.51) shown in Fig. 2C.

These observations suggest that eligible vinegars may
be potential sanitizers for some enveloped viruses, such
as FulV, in the domestic environment; however, these
effects may be limited to enveloped SARS-CoV-2 and
non-enveloped viruses.

Discussion

In general, virucidal activity of acids is due to their low
pH, which depends on the molar concentration of pro-
tons. Therefore, a higher molar proton concentration
is believed to be the key determinant, regardless of the
type of acid. Interestingly, our results suggest that there
are cases in which inactivation efficacy varies between
different types of weak acids, even under the same pH
conditions. For example, acetic acid at pH 4 inactivated
FulV, whereas citric and oxalic acids did not. Moreover,
pH 2 acetic and citric acids showed significant virucidal
effects against SARS-CoV-2, whereas oxalic acid did
not. These observations suggest that the virucidal effect
of weak acids is not simply determined by the pH, and
additional factors, such as chemical structure of the acid
and other factors, may influence these effects. For exam-
ple, citric acid and oxalic acid are dicarboxylic acid, and
this chemical structure may influence the different effects
from acetic acid. Further studies will be required to iden-
tify the mechanism of inactivation effects due to different
weak acids. In addition, examination of the morphologi-
cal changes of inactivated viruses using a cryo-electron
microscope will provide valuable insights into for under-
standing the inactivation mechanism by weak acids.

Our results showed that acetic acid was more effective
than oxalic and citric acids against the enveloped viruses
FulV and SARS-CoV-2 at higher pH. Interestingly, acetic
acid induces unique physiological responses in mam-
malian cells when compared with other types of acids
[26], suggesting that acetic acid may penetrate the lipid
bilayer of the cell membrane. Therefore, acetic acid may
cause physiological changes in the viral envelope and is a
potentially effective disinfectant.

Acetic acid is the primary component of vinegar. Edi-
ble vinegar is produced by fermentation of plant-based
products and is harmless to the human body [21]. It is
generally used as a condiment domestically. Vinegar has
virucidal effects against SARS-CoV-2 [18]. In this study,
4% WDV and 4% GV showed virucidal efficacy against
SARS-CoV-2 and higher effectiveness against FulV. How-
ever, these inactivation effects were limited against FCV.
4% GV showed less potency of virucidal effect against
SARS-CoV-2 compared with 4% WDV and 4% AA,
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although they should contain same kind and concentra-
tion of weak acid with similar pH. GV and WDV contain
other organic components extracted from plants such
as sugar, and these different components may influence
the effects of GV and WDV. Our results demonstrate the
potential antiviral properties of these edible vinegars,
which can be used as sanitizers against enveloped viruses
in common household.

Interestingly, our results showed that SARS-CoV-2 was
comparatively stable against inactivation by acetic and
oxalic acids under the same pH conditions when com-
pared with FulV, although both viruses are enveloped.
In particular, oxalic acid did not inactivate SARS-CoV-2,
even at pH 2. These observations indicate that this virus
is more stable under low pH conditions than other envel-
oped viruses. A previous study showed that SARS-CoV-2
was extremely stable over a wide pH range [27]. Wang
et al. recently showed that oxalic acid exhibited inhibitory
effects on combination to the receptor-binding domains
of the SARS-CoV-2 pseudovirus and angiotensin-con-
verting enzyme 2 [28]. Although our data showed no
changes in infectious ability of SARS-CoV-2 after oxalic
acid reactions, the elucidation of the inconsistent obser-
vations may provide evidence to reveal the factors affect-
ing the stability of SARS-CoV-2 under acidic conditions.

Some coronaviruses, such as transmissible gastroen-
teritis virus [29] and porcine epidemic diarrhea virus
[30], cause oral infections and intestinal diseases, such as
diarrhea, suggesting that these coronaviruses are resist-
ant to gastric acid. Therefore, coronaviruses potentially
possess resistance to low pH among enveloped viruses.
It would be interesting to reveal the mechanism and fac-
tors underlying the low pH stability of enveloped corona-
viruses, which cause gastrointestinal infections. Further
investigation of these factors will provide useful infor-
mation for the development of more effective antiviral
agents against coronaviruses, including SARS-CoV-2.

Conclusions

When comparing acetic, oxalic, and citric acids, we
observed that the inactivation efficacies of weak acids
are different, even under the same pH conditions.
These observations suggest that the virucidal effect of
weak acids is not simply determined by pH and addi-
tional factors may also influence these effects. Acetic
acid shows an effective virucidal reaction against envel-
oped viruses compared with oxalic and citric acids. Eli-
gible vinegars, whose main component is acetic acid,
may be potential sanitizers for some enveloped viruses,
such as FulV in the domestic environment. In addition,
our data imply that SARS-CoV-2 is comparatively sta-
ble against inactivation by weak acids. Further investi-
gation to reveal the mechanism and factors of low pH
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stability of enveloped coronaviruses will provide useful
information for the development of more effective anti-
viral agents against coronaviruses.
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Fulv Influenza virus

FCV Feline calicivirus
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BSA Bovine serum albumin

pi Post-infection

pfu Plague-forming units

WDV White distilled vinegar

GV Grain vinegar

NIID National Institute of Infectious Diseases
FBS Fetal bovine serum

NaOH  Sodium hydroxide

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/541182-023-00573-1.

Additional file 1. pH values in diluent reaction solutions of pH-depend-
ent acids and 2%FBS DMEM for plaque assays.

Additional file 2. pH values in diluent reaction solutions of molarity
concentration-dependent acids and 2%FBS DMEM for plaque assays.

Additional file 3. pH values in diluent reaction solutions of edible vinegar
and DMEM for plaque assays.

Additional file 4. Quantification of cell viability in diluent reaction solu-
tions of weak acids corresponding to pH value.

Additional file 5. Quantification of cell viability of diluent reaction solu-
tions of vinegar corresponding to pH value.

Acknowledgements

We thank the NIID for providing SARS-CoV-2 (2019-nCoV/Japan/Al/I-004/2020,
NIID) and Dr. Koumei Shirabe of the Yamaguchi Prefecture Institute of Public
Health and Environment for providing FulV A/H1 for this study.

Author contributions

WH and DH designed the experiments, investigated, wrote the original draft,
and edited the manuscript. WH, HS, YT, MK, and DH participated in data col-
lection and analysis and were the primary contributors to manuscript writing
and data analysis. DH is the corresponding author.

Funding

This work was financially supported by Mizkan Holdings Co, Ltd, the JSPS
KAKENHI (Grant Number: JP17H04661), and the MHLW Program (Grant Num-
ber: JPMH20HA2010).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Mizkan Holdings Co,, Ltd. financially supported this study and provided white
distilled and grain vinegar samples. Yoshihiro Tsuchiya and Mikiya Kishi are

Page 8 of 9

employees of Mizkan Holdings Co,, Ltd. Weiyin Hu, Hiroshi Shimoda, and
Daisuke Hayasaka declare no conflicts of interest.

Received: 20 September 2023 Accepted: 24 December 2023
Published online: 12 January 2024

References

1. Statement on the fourteenth meeting of the International Health Regula-
tions (2005) Emergency Committee regarding the coronavirus disease
(COVID-19) pandemic. https.//www.who.int/news/item/30-01-2023-state
ment-on-the-fourteenth-meeting-of-the-international-health-regul
ations-(2005)-emergency-committee-regarding-the-coronavirus-disea
se-(covid-19)-pandemic. Accessed 18 Sep 2023.

2. Adam D. When will COVID stop being a global emergency? Nature. 2023.
https://doi.org/10.1038/d41586-023-00294-9.

3. WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19)
Dashboard With Vaccination Data. https://covid19.who.int/. Accessed 18
Sep 2023.

4. Influenza A (H1NT1) variant virus - the Netherlands. https://www.who.int/
emergencies/disease-outbreak-news/item/2023-DON486. Accessed 18
Sep 2023.

5. Gilbertson B, Subbarao K. Mammalian infections with highly pathogenic
avian influenza viruses renew concerns of pandemic potential. J Exp Med.
2023. https://doi.org/10.1084/jem.20230447.

6. Public health resource pack for countries experiencing outbreaks of
influenza in animals: revised guidance. https://www.who.int/publicatio
ns/i/item/9789240076884. Accessed 18 Sep 2023.

7. INFOSAN Quarterly Summary, 2023 #2. https://www.who.int/news/item/
14-09-2023-infosan-quarterly-summary-2023-2. Accessed 18 Sep 2023.

8. Suita A, Ohfuji S, Fukushima W, Ito K, Kase T, Kondo K, et al. Incidence and
risk factors for norovirus-related diarrhea in Japanese geriatric intermedi-
ate care facilities: a prospective cohort study. Geriatr Gerontol Int. 2023.
https://doi.org/10.1111/ggi.14539.

9. NomuraT, Nazmul T, Yoshimoto R, Higashiura A, Oda K, Sakaguchi T. Etha-
nol susceptibility of SARS-CoV-2 and other enveloped viruses. Biocontrol
Sci. 2021. https://doi.org/10.4265/bi0.26.177.

10. Moorer W. Antiviral activity of alcohol for surface disinfection. Int J Dent
Hyg. 2003. https://doi.org/10.1034/j.1601-5037.2003.00032.x.

11. Shirai J, Kanno T, Tsuchiya Y, Mitsubayashi S, Seki R. Effects of chlorine,
iodine, and quaternary ammonium compound disinfectants on several
exotic disease viruses. J Vet Méd Sci. 2000. https://doi.org/10.1292/jvms.
62.85.

12. Gallina L, Scagliarini A. Virucidal efficacy of common disinfectants against
orf virus. Vet Rec. 2010. https://doi.org/10.1136/vr.c3001.

13. Juszkiewicz M, Walczak M, Mazur-Panasiuk N, WoZniakowski G. Effective-
ness of chemical compounds used against african swine fever virus in
commercial available disinfectants. Pathogens. 2020. https://doi.org/10.
3390/pathogens9110878.

14. Alphin RL, Johnson KJ, Ladman BS, Benson ER. Inactivation of avian
influenza virus using four common chemicals and one detergent. Poult
Sci. 2009. https://doi.org/10.3382/ps.2008-00527.

15. Amruta N, Maness NJ, Gressett TE, Tsuchiya Y, Kishi M, Bix G. Effect of
acetic acid inactivation of SARS-CoV-2. PLoS ONE. 2023. https://doi.org/
10.1371/journal.pone.0276578.

16. Zinn M-K, Bockmhl D. Did granny know best? Evaluating the antibacte-
rial, antifungal and antiviral efficacy of acetic acid for home care proce-
dures. BMC Microbiol. 2020. https://doi.org/10.1186/512866-020-01948-8.

17. Rabenau HF, Cinatl J, Morgenstern B, Bauer G, Preiser W, Doerr HW. Stabil-
ity and inactivation of SARS coronavirus. Méd Microbiol Immunol. 2005.
https://doi.org/10.1007/500430-004-0219-0.

18. Yoshimoto J, Ono C, Tsuchiya Y, Kabuto S, Kishi M, Matsuura Y. Virucidal
effect of acetic acid and vinegar on severe acute respiratory syndrome
coronavirus 2. Food Sci Technol Res. 2021. https://doi.org/10.3136/fstr.27.
681.

19. Pagani |, Ghezzi S, Clementi M, Poli G, Bussi M, Pianta L, et al. Vinegar and
its active component acetic acid inhibit SARS-CoV-2 infection In Vitro and
Ex Vivo. bioRxiv. 2020. https://doi.org/10.1101/2020.07.08.193193.


https://doi.org/10.1186/s41182-023-00573-1
https://doi.org/10.1186/s41182-023-00573-1
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://www.who.int/news/item/30-01-2023-statement-on-the-fourteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-coronavirus-disease-(covid-19)-pandemic
https://doi.org/10.1038/d41586-023-00294-9
https://covid19.who.int/
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON486
https://www.who.int/emergencies/disease-outbreak-news/item/2023-DON486
https://doi.org/10.1084/jem.20230447
https://www.who.int/publications/i/item/9789240076884
https://www.who.int/publications/i/item/9789240076884
https://www.who.int/news/item/14-09-2023-infosan-quarterly-summary-2023-2
https://www.who.int/news/item/14-09-2023-infosan-quarterly-summary-2023-2
https://doi.org/10.1111/ggi.14539
https://doi.org/10.4265/bio.26.177
https://doi.org/10.1034/j.1601-5037.2003.00032.x
https://doi.org/10.1292/jvms.62.85
https://doi.org/10.1292/jvms.62.85
https://doi.org/10.1136/vr.c3001
https://doi.org/10.3390/pathogens9110878
https://doi.org/10.3390/pathogens9110878
https://doi.org/10.3382/ps.2008-00527
https://doi.org/10.1371/journal.pone.0276578
https://doi.org/10.1371/journal.pone.0276578
https://doi.org/10.1186/s12866-020-01948-8
https://doi.org/10.1007/s00430-004-0219-0
https://doi.org/10.3136/fstr.27.681
https://doi.org/10.3136/fstr.27.681
https://doi.org/10.1101/2020.07.08.193193

Hu et al. Tropical Medicine and Health

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2024) 52:9

Budak NH, Aykin E, Seydim AC, Greene AK, Guzel-Seydim ZB. Functional
properties of vinegar. J Food Sci. 2014. https://doi.org/10.1111/1750-
3841.12434.

Chen H, Chen T, Giudici P, Chen F. Vinegar functions on health: constitu-
ents, sources, and formation mechanisms. Compr Rev Food Sci Food Saf.
2016. https://doi.org/10.1111/1541-4337.12228.

Petsiou El, Mitrou PI, Raptis SA, Dimitriadis GD. Effect and mechanisms of
action of vinegar on glucose metabolism, lipid profile, and body weight.
Nutr Rev. 2014. https://doi.org/10.1111/nure.12125.

Pires CW, Fraga S, Beck ACO, Braun KO, Peres PEC. Chemical methods for
cleaning conventional dentures: what is the best antimicrobial option?
An In Vitro study. Oral Heal Prev Dent. 2017. https://doi.org/10.3290/j.
ohpd.a37716.

Greatorex JS, Page RF, Curran MD, Digard P, Enstone JE, Wreghitt T, et al.
Effectiveness of common household cleaning agents in reducing the
viability of human influenza A/H1N1. PLoS ONE. 2010. https://doi.org/10.
1371/journal.pone.0008987.

Johnston CS. Complementary and alternative therapies and the aging.
Population. 2009. https://doi.org/10.1016/b978-0-12-374228-5.00022-6.
Ishii S, Misaka T, Kishi M, Kaga T, Ishimaru Y, Abe K. Acetic acid activates
PKD1L3-PKD2L1 channel—a candidate sour taste receptor. Biochem
Biophys Res Commun. 2009. https://doi.org/10.1016/j.bbrc.2009.05.069.
Chin AWH, Chu JTS, Perera MRA, Hui KPY, Yen H-L, Chan MCW, et al. Stabil-
ity of SARS-CoV-2 in different environmental conditions. Lancet Microbe.
2020. https://doi.org/10.1016/52666-5247(20)30003-3.

Wang M, Yan H, Chen L, Wang Y, Li L, Zhang H, et al. Oxalic acid blocked
the binding of spike protein from SARS-CoV-2 delta (B.1.617.2) and
omicron (B.1.1.529) variants to human angiotensin-converting enzymes
2. PLoS ONE. 2023. https://doi.org/10.1371/journal.pone.0285722.

Lee KM, Moro M, Baker JA. Transmissible gastroenteritis in pigs. Am J Vet
Res. 1954;15:364-721954.

Pijpers A, van Nieuwstadt A, Terpstra C, Verheijden J. Porcine epidemic
diarrhoea virus as a cause of persistent diarrhoea in a herd of breeding
and finishing pigs. Vet Rec. 1993. https://doi.org/10.1136/vr.132.6.129.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1111/1750-3841.12434
https://doi.org/10.1111/1750-3841.12434
https://doi.org/10.1111/1541-4337.12228
https://doi.org/10.1111/nure.12125
https://doi.org/10.3290/j.ohpd.a37716
https://doi.org/10.3290/j.ohpd.a37716
https://doi.org/10.1371/journal.pone.0008987
https://doi.org/10.1371/journal.pone.0008987
https://doi.org/10.1016/b978-0-12-374228-5.00022-6
https://doi.org/10.1016/j.bbrc.2009.05.069
https://doi.org/10.1016/s2666-5247(20)30003-3
https://doi.org/10.1371/journal.pone.0285722
https://doi.org/10.1136/vr.132.6.129

	pH-dependent virucidal effects of weak acids against pathogenic viruses
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Viruses and cells
	Plaque-forming assay
	Weak acids
	Inactivation of viruses by weak acids
	Vinegars

	Results
	pH-dependent virucidal effects of weak acids
	Concentration-dependent virucidal effects of weak acids
	Virucidal effects of eligible vinegars

	Discussion
	Conclusions
	Acknowledgements
	References


