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ABSTRACT
Quaternary cationic surfactants with bactericidal activity such as Didecyldimethylammonium chloride
(DDAC) show an inactivation effect on enveloped viruses, but they have little effect on non-enveloped viruses such as noroviruses. Therefore, we examined
additives that enhance the inactivation effect of cationic surfactants by using Feline calicivirus (FCV) as
a representative of a non-enveloped virus. The result
was that SO42- ions, which are a general-purpose salt,
had a strong salting-out effect that reduced the solubility of proteins, greatly enhancing the inactivation
ability of DDAC. The SO42- ions also enhanced FCV
inactivation by other cationic surfactants such as
Cetylpyridinium Chloride (CPC) and Benzalkonium
chloride (ADBAC). To clarify the mechanism, we evaluated the denaturation and binding process of DDAC
to Bovine Serum Albumin (BSA) as a model protein by

INTRODUCTION
Based on the experience of the COVID-19 (SARS-CoV-2) pandemic, we expect that safer and easier-to-handle agents for virus
inactivation will appear as a technology against viruses that may
threaten our daily lives in the future (Ban M, 2021). SARS-CoV-2
is an enveloped virus with a phospholipid membrane on its surface. This virus can be easily inactivated by using solvents such
as 30% ethanol (Kratzel A, et al., 2020). Anionic, cationic, nonionic and amphoteric surfactants used in detergents and cosmetics also exhibit the inactivation effects (Yokohata R, et al., 2020).
In particular, cationic surfactants used as bactericides, such as
Benzalkonium Chloride (ADBAC) and Didecyldimethylammonium Chloride (DDAC), have inactivation effects at a very low
concentration on enveloped viruses such as SARS-CoV-2 and influenza viruses, so they are used for effective disinfectants (NITE,
2022).
On the other hand, non-enveloped viruses such as noroviruses are
more difficult to inactivate than enveloped viruses because they
do not have a lipid membrane and are composed of capsid, which
is an outer shell of protein tightly bound to viral DNA or RNA
(Block SS, 2002). Thus, it is considered to be difficult to disintegrate the outer shell of non-enveloped viruses and inactivate them
by surfactants alone.
Recently, it is generally considered that a reduction in viral infection titer of 99% or 99.9% more (Δ log ≥ 2 or 3) is required
to demonstrate sufficient viral inactivation (e.g., ISO, 2014; EPA,
2022). By this standard, no cationic surfactants, even those with
bactericidal effects, are sufficiently effective (Doultree JC, et al.,
1999; Bélec L, et al., 2000).
Belec L, et al. reported the inactivation effect of ADBAC on
non-enveloped viruses such as Adenovirus (ADV) and Enterovirus (ENV) (Bélec L, et al., 2000). ADBAC inactivated more
than 99% of ADV at 1.4 mM for 20 minutes of contact, and only
90% (Δ log=1) inactivation of ENV was observed at 1.4 mM for
848

Accepted: 26.08.2022

Published: 02.09.2022

means of Circular Dichroism (CD) spectrum and Isothermal Titration Calorimeter (ITC), respectively. The
SO42- ions disturbed the protein structure by their salting-out effect and promoted cooperative binding from
lower DDAC concentrations by reducing the Critical
Micelle Concentration (CMC), indicating that these
synergistic effects caused a large structural change in
the protein. These results suggested that increasing
the protein denaturation of the cationic surfactants by
adding SO42- ions enhanced the inactivation effect on
the non-enveloped virus.
Keywords: Non-enveloped virus, Feline calicivirus
(FCV), Inactivation effect, Cationic surfactant, SO42ions, Protein denaturation, Interaction
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60 minutes of contact. Therefore, cationic surfactants have been
combined with strong oxidants and other agents with safety and
handling issues in order to enhance inactivation (Zonta W, et al.,
2016; Whitehead K and McCue KA, 2010).
Zonta W, et al. found that the addition of isopropanol and glutaraldehyde to DDAC in the formulation enhanced the reduction
of infectivity of Feline calicivirus (FCV) (Zonta W, et al., 2016).
Whitehead K and McCue KA reported that an increase in pH
of DDAC solution from 8.0 to 12.2 resulted in enhancement of
virus inactivation (Whitehead K and McCue KA, 2010). However,
these simulative and highly alkaline conditions have safety issues
for human use. Accordingly, there is a need to develop combination agents that safely and effectively enhance the inactivation
ability of cationic surfactants against non-enveloped viruses.
In this study, we investigated the effect of the salts, which are commonly used additives of consumer products such as detergents
and cosmetics, on the inactivation ability of cationic surfactants
against non-enveloped viruses. In addition, using Bovine Serum
Albumin (BSA) as a model protein, we confirmed the mechanism
of salt-induced enhancement of cationic surfactants’ inactivation
in terms of protein denaturation and interaction.

MATERIALS AND METHODS
Materials
Feline calicivirus F-9 (VR-782) (FCV) for inactivation evaluation,
which is an internationally recommended non-enveloped virus
as a surrogate virus of norovirus (EPA, 2022), and Crandell Rees
Feline Kidney (CCL-94) (CRFK) cells for FCV inactivation assay
were purchased from American Type Culture Collection (ATTC).
Didecyldimethylammonium Chloride (DDAC>80%, supplied by
Lion Specialty Chemicals, Inc.), Cetylpyridinium chloride monohydrate (CPC, special grade, code number 190177, Fuji Film
Wako Pure Chemical Industries Co., Ltd.), Cetyltrimethylam-
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monium chloride (CTAC>95%, code number H0082, Tokyo Kasei Inc.)
and dodecyl Benzalkonium chloride (ADBAC>99%, code number 1337310G-F, Sigma-Aldrich) were obtained. Sodium sulfate (special grade,
code number 37280-00, Kanto Chemical Co., Ltd.) and sodium chloride
(special grade, code number 19015-0301, Junsei Chemical Co., Ltd.),
and calcium chloride (special grade, code number 135-00165, Fuji Film
Wako Pure Chemical Industries Co., Ltd.) and Bovine Serum Albumin
(BSA>98%, Lot. SLCH8449, code number A7906-50G, Sigma-Aldrich)
were purchased. The virus inactivation evaluation samples were diluted
with distilled water (Milli-Q).

Inactivation effects of virus inactivation assay
The methods for culturing CRFK cells and for evaluating the viral infection titer were conducted in accordance with JIS 1922 (ISO, 2014). The
CRFK cells were cultured in Eagle’s Minimal Essential Medium (EMEM,
code number M4655-500ML, Sigma-Aldrich) supplemented with 1%
Penicillin and Streptomycin (PS, code number P4333-100ML, Sigma-Aldrich) as an antibiotic and 10% Fetal bovine serum (code number 173012,
Sigma-Aldrich) under a CO2 concentration of 5% at 37℃. FCV was mixed
with various surfactants with or without additives and the inactivation effect of surfactants on FCV was determined as an infectivity titer by the
following steps: First, the 0.05 ml of FCV solution that showed the average
initial virus infectivity titer of 3.5 × 108 50% Tissue Culture Infectious Dose
(TCID50/ml) was exposed to 0.45 ml of the sample solution of the cationic
surfactants for an indicated time. Then the mixture of the FCV and sample
solution was serially diluted in the culture medium, and inoculated on the
CRFK cells prepared in 96 well microplates. The infectivity of FCV after
treatment of the sample solution was obtained as TCID50 and the virus inactivation effect of the cationic surfactants was expressed by the reduction
rate in log10, Δ log (Equation 1).
Δ log(Reduction rate of infectivity titer)=log(Infectivity titer upon treatment with control solution)-log(Infectivity titer upon treatment with sample solution) (1)

The control solution means EMEM supplemented with 1% PS which was
used for FCV cultivation.
Δ log=1 means that 90% of the tested viruses have been inactivated.

Analysis of protein denaturation upon Didecyldimethylammonium Chloride (DDAC) treatment

The interaction heat of DDAC with BSA was calculated by subtracting
the heat of dilution generated by titrated DDAC to the medium-mixed
solution from the heat of the reaction of titrated DDAC to BSA solution
(Equation 3).
Heat of interaction of DDAC with BSA=(Heat of reaction of DDAC and
BSA)-(Heat of dilution of DDAC in medium-mixed solution) (3)

RESULTS AND DISCUSSION
Effects of salts on inactivation of Feline calicivirus (FCV) by
Didecyldimethylammonium Chloride (DDAC)
First, we confirmed the inactivation level of the bactericidal cationic surfactants with activity against FCV used in this study. At a contact time of
1 minute, DDAC solutions at the concentration from 0.5 to 3 mM showed
the inactivation of FCV at Δ Log=1 or less, indicating a little inactivation
effect of DDAC on the non-enveloped FCV (data not shown). The inactivation of FCV requires denaturation and/or disruption of the capsid
structure (McDonnell G and Russell AD, 1999). Originally, the protein
denaturation ability of surfactants was reported to be increased with their
concentration and saturated at CMC (Obe K, et al., 1980). In the mediummixed solution in which the virus inactivation was evaluated, the concentration of DDAC range tested in this study was above the CMC, 0.44 mM,
thus its inactivation effect on FCV was considered to be saturated. As a
result, we confirmed that DDAC alone did not sufficiently inactivate FCV.
Therefore, we investigated the effects of salt on FCV inactivation. Salts dissolve and dissociate in water, and the dissolved state of proteins is affected
by the salting-out effect of ions, which is determined by their concentration, charge, and size. The effect of DDAC on FCV inactivation was examined in the presence of Na2SO4, which are known to have a high salting-out
effect. As shown in Figure 1, the inactivation effect of DDAC at 0.5 mM
was significantly increased with 10 mM of Na2SO4 by Δ log=2 at 10 mM
for 1 minute. This enhancement tended to decrease inversely with higher
concentration of Na2SO4 such as 30 mM and 50 mM.
Since the addition of Na2SO4 enhanced significantly the effect of DDAC
on inactivation of FCV, we also investigated the effects of ion species with
other salts. The concentrations of various salts were set under the same
ionic strength conditions as the 10 mM Na2SO4 that showed the greatest
enhancement effect of DDAC.

DDAC solutions with and without additives, and BSA (100 ppm) solution as a model protein, were prepared using the medium-mixed solution of Water:EMEM medium containing 1% PS=9:1. After 10 minutes
of adjusting the solution, the Circular Dichroism polarization spectrum
of BSA was measured by means of a Circular Dichroism spectrometer
(Jasco J-720, cell path length=1 mm) at room temperature. Since the negative molecular ellipticity, [θ], with the α-helix structure of BSA has double
minimums near 210 nm and 220 nm, the protein denaturation rate was
calculated from the change in molecular ellipticity (θ) at 220 nm (Obe K,
et al., 1980) (Equation 2).
Protein denaturation rate ( % )

( BSA solution [θ ] ) − ( Sample solution [θ ] ) ×100
( BSA solution [θ ] )
220

220

220

Interaction of Didecyldimethylammonium Chloride (DDAC)
with protein
The interaction of DDAC that caused the denaturation of the model protein BSA was evaluated by means of an Isothermal Titration Calorimeter
(VP-ITC, MicroCal). Solutions with BSA and DDAC were prepared with
the medium-mixed solution. The BSA (300 ppm) solution was put into the
cell of the calorimeter, and 16.6 mM DDAC and 16.6 mM DDAC+10 mM
Na2SO4 solutions in the syringe were titrated by 50 drops of 2 μL at 30℃.
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Figure 1: Effect of Na2SO4 on Didecyldimethylammonium Chloride (DDAC’s) inactivation of Feline calicivirus (FCV). The DDAC
concentration was 0.5 mM, the contact time was 1 minute, and the
inactivation effect was expressed as the mean value of n=3
First, the cation species of the various salts were fixed to Na+ ion, and
the effects of anionic species (SO42-, Cl-, NO3-, I-, ClO4-) were evaluated as
shown in Figure 2.
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suggested that the combination of several cationic surfactants (DDAC,
CPC, and ADBAC) and SO42- ions is able to promote the inactivation of
non-enveloped viruses.
Furthermore, the inactivation enhancement effects of SO42- ions differed
among the cationic surfactants in descending order of DDAC>CPC>ADBAC>CTAC. It is of particular interest that DDAC is a double-chain type
with a large total carbon number, while CPC and ADBAC have an aromatic ring in the molecule even though they are single-chain types, thus
it is possible that such a hydrophobic molecular structure affects the interaction of cationic surfactants in the protein denaturation process.

Effect of SO42- ions on the protein denaturation of Didecyldimethylammonium chloride (DDAC)
Figure 2: Effect of anionic species on DDAC’s inactivation of FCV.
The DDAC concentration was 0.5 mM, the contact times were (a) 1
minute and (b) 10 minutes, and the inactivation effect was expressed
as the mean value of n=3. To keep the anionic species at the same
ionic strength, Na2SO4 of 10 mM and NaCl, NaNO3, NaI and NaClO4
of 30 mM were used. Note: ( ) 1min, ( ) 10 min
At a contact time of 1 minute between the sample solutions (DDAC+salts)
and FCV solution, the additions of Cl-, NO3-, I-, and ClO4- ions hardly increased any Δ log value, except for SO42- ions. When the contact time was
increased to 10 minutes, the inactivation ability of DDAC alone increased
to Δ log=2 or more. In contrast, the added SO42- ions at a contact time of 10
minutes extremely enhanced the inactivation effect of DDAC resulting in
Δ log ≥ 5, which was more than 103 times enhancement compared to that
of DDAC without SO42- ions.
On the other hand, the addition of Cl- ions to DDAC resulted in the same
level of inactivation as DDAC alone at contact times of both 1 minute and
10 minutes, respectively, indicating no enhancing effect. The additions of
NO3-, I-, and ClO4- ions to DDAC resulted in less inactivation of FCV (Δ
log=2 or less) than that of DDAC alone at both contact times of 1 and 10
minutes, respectively.

Then, the anionic species were fixed to Cl- ions, and the effects of the cationic species (Ca2+, Mg2+, Na+, (CH3)4N+) were evaluated in the same way.
The inactivation effect at 10 minutes of contact time was approximately
Δ log=2 for Ca2+, Na+, (CH3)4N+ ions, and less than Δ log=2 for Mg2+ ion,
respectively. The results showed that the cationic ions had no effect, if any,
on the enhancement of FCV inactivation by DDAC.
In conclusion, the enhancement of FCV inactivation among anionic species added to DDAC was demonstrated in the order of SO42->Cl->NO3->I>ClO4-. This trend corresponds well to the salting-out effect defined by the
Hofmeister series (Wang J and Satoh M, 2009).

The effect of SO42- ions on inactivation of Feline calicivirus
(FCV) by various cationic surfactants
We found the enhancement of FCV inactivation by adding SO42- ions to
DDAC, as mentioned above, thus that to other cationic surfactants: CPC,
CTAC, and ADBAC were investigated. The concentrations of DDAC and
CPC in this analysis were 0.5 mM, while those of CTAB and ADBAC were
3 mM, respectively, since the inactivation effect of CTAB or ADBAC alone
was very small at 0.5 mM (data not shown). The cationic surfactants alone
at the concentrations described above showed only a low level of FCV inactivation at a contact time of 1 minute as shown in Figure 3a. The addition
of SO42- ions to CPC and ADBAC slightly enhanced the inactivation effect,
but that to CTAC was no effect on enhancement (Figure 3a).
In contrast, the inactivation effects of CPC and ADBAC alone were approximately Δ log=2 at a 10-minute contact time, and the addition of SO42ions greatly enhanced their inactivation ability as shown in Figure 3b. This
850

The enhancement of FCV inactivation by cationic surfactants and SO42ions may be induced by the denaturation of the capsid structure of FCV.
However, the capsids were not commercially available and were difficult to
obtain. Therefore, we used BSA as a model protein, which is often used in
studies of protein denaturation by surfactants, and compared the denaturation effect of DDAC alone to a mixture of DDAC and SO42- ions on the
α-helical structure of BSA.
The CD spectra of BSA after adding DDAC with and without SO42- ions are
shown in Figure 4. The molar molecular ellipticity of BSA before denaturation was reduced by the addition of 0.5 mM DDAC, and the denaturation
ratio calculated from the molecular ellipticity at 222 nm was 33.5%. Strikingly, when the DDAC with 10 mM SO42- ions was added to BSA, the negative peak disappeared, the calculated denaturation ratio exceeded 100% in
the measured solution, and precipitation of the BSA and DDAC complexes
was observed. Furthermore, SO42- ions alone showed a denaturation ratio
of only about 7.4%, suggesting that SO42- ions and DDAC synergistically
affected the protein structure and induced a significant denaturation effect.
We presume that this large denaturation effect affected the capsid of FCV,
enhancing its inactivation ability.

Effect of SO42- ions on the interaction of Didecyldimethylammonium Chloride (DDAC) with Bovine Serum Albumin (BSA)
As described above, DDAC and SO42- ions seemed to synergistically enhance the protein denaturation effect. Therefore, we investigated how the
SO42- ions changed the interaction of DDAC with BSA during the denaturation process of BSA. Figure 5 shows the heat of interaction curves of
DDAC and BSA with and without SO42- ions by means of ITC.
In general, when ionic surfactants interact with BSA, the monomers first
bind to the high-affinity binding sites by electrostatic interaction at the
lower concentration range of the surfactants. Thereafter, the amounts of
bound surfactants increase through cooperative binding in which the
hydrophobic interaction among surfactants is increased, and saturates at
the concentration near CMC (Zhang S, et al., 2016; Aoki K, 1985). During
the binding process, heat related to the interaction of surfactant molecules
and the structural changes of protein induced by the interaction is observed, and converges to zero after all the changes are completed (Takeda
K and Moriyama Y, 2011).
In the case of DDAC alone, an endothermic heat was observed during the
binding process at the lower concentration side, and the endothermic heat
decreased once and then increased again. Since the CMC of DDAC was
0.44 mM in the medium mixed solution in which ITC measurements were
performed, the peak at lower concentrations is attributed to high-affinity
binding and the peak near the CMC corresponds to cooperative binding.
The endothermic heat at concentrations above CMC suggests that the
structure of BSA tends to aggregate.
In contrast, in the case of DDAC with SO42- ions, a large endothermic peak
was observed, which was larger than that of DDAC alone. The presence of
SO42- ions decreased CMC by 0.23 mM, suggesting that this large peak was
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Figure 3: Effect of SO42- ions on various cationic surfactants’ inactivation of FCV. The concentrations were 0.5 mM for DDAC and Cetylpyridinium
Chloride (CPC) and 3 mM for Cetyltrimethylammonium Chloride (CTAC) and Benzalkonium Chloride (ADBAC) because their inactivation
effects were small at 0.5 mM in the latter case. The contact times were (a) 1 minute and (b) 10 minutes, and the inactivation effect was expressed
as the mean value of n=3. Note: ( ) 0 mM Na2SO4, ( ) 10 mM Na2SO4

Figure 4: Protein Denaturation of DDAC with and without SO42- Ions. The concentration of BSA was 300 ppm and the contact time was 10
minutes. Note: ( ) Bovine Serum Albumin (BSA) only, ( ) +10 mM Na2SO4, ( ) +0.5 mM DDAC, ( ) +0.5 mM DDAC+10 mM Na2SO4

Figure 5: Effect of SO42- ions on the binding interaction of DDAC to BSA. Note: ( ) DDAC, ( ) DDAC+Na2SO4
851
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due to simultaneous progression of high-affinity binding and cooperative
binding. The exothermic level at concentrations above CMC is also greater than for DDAC alone. The denaturation rates of BSA at concentrations
near the saturation of these binding processes, 0.4 mM for DDAC alone
and 0.2 mM for DDAC with SO42- ions, were 45% and 96%, respectively. In
fact, a slight precipitation of complexes composed of BSA and DDAC was
observed at 0.2 mM DDAC with SO42- ions.

On the other hand, the protein denaturation rate in Figure 4 showed a denaturation rate of 7.4% for the SO42- ion alone, but no heat of interaction
of the SO42- ions themselves with BSA was observed by means of ITC. This
means that the SO42- ions disturbed the protein structure by the salting-out
effect.

From these results, we found that the SO42- ions acted synergistically in
protein denaturation to disrupt the structure by salting-out and to promote
the cooperative binding of DDAC by lowering CMC. In other words, this
synergistic effect of protein denaturation can be considered to affect the
outer shell protein of non-enveloped viruses and enhance their inactivation ability.
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