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Activity against SARS-CoV-2 of Various Anionic Disinfectants
and Their Complexes with Hydrophobically Modified Chitosan

The aim of this work was to study virucidal activity against SARS-CoV-2 of several anionic disinfectants,
which are antiseptics recommended by the U.S. Environmental Protection Agency (EPA), and to prepare their
complexes with hydrophobically modified chitosan active against SARS-CoV-2. Experiments were per-
formed using a clinical isolate of SARS-CoV-2 obtained from a patient in 2020. It was shown that sodium
dodecyl benzene sulfonate (SDBS) is already active at rather small concentrations (above 2 mM), which
completely deactivate the virus. In the same concentration range, sodium caprylate does not show activity;
and sodium lactate is active against:SARS-CoV-2 only at much higher concentrations (225 mM). The most
effective disinfectant — sodium dodecylbenzene sulfonate — was used to prepare complexes with
hydrophobically modified chitosan. It was found that such complexes exhibit antiviral activity at very low
concentrations (1.9 mM chitosan monomer units and 0.25 mM SDBS), at which the polymer without surfac-
tant is not active against: SARS-CoV/-2.

Keywords: anionic disinfectants, SARS-CoV-2, chitosan, hydrophobic modification, polymer/surfactant
complexes, sodium dodecyl benzene sulfonate, sodium caprylate, sodium lactate.

Introduction

In"2020, a pandemic outbreak of a new highly contageous coronavirus — SARS-CoV-2 — oc-
curred [1-3], which in the beginning of 2023 is still a worldwide healthcare threat. The major route of viral
transmission is airborne [4], however, it was reported that SARS-CoV-2 can be preserved on different sur-
faces for several days [5-7]. Therefore, development of effective disinfectants is very important for fighting
the pandemic. Many types of disinfectants against SARS-CoV-2 are being considered [8], which include al-
cohol-based formulations [9, 10], quaternary ammonium compounds [11, 12], etc. Another approach consists
in the use of carbonic or sulfonic acids and their salts, some of which were approved by the U.S. Environ-
mental Protection Agency (EPA) as disinfectants. These include, for example, dodecylbenzenesulfonic,
caprylic (octanoic) or lactic acid. Caprylate was reported to inactivate human immunodeficiency vi-
rus (Type-1), bovine viral diarrhea virus and pseudorabies virus [13]. Caprylic acid as an emulsion formula-
tion is effective against several enveloped viruses such as Epstein—Barr, measles, herpes simplex, Zika, orf
parapoxvirus, Ebola, Lassa, vesicular stomatitis and SARS-CoV-1, but does not inactivate a non-enveloped
norovirus, showing that caprylic acid acts by disrupting the viral envelope [14]. Sanitizing fluids containing a
high concentration of sodium dodecyl benzene sulfonate (SDBS) (3 wt% or 86 mM) and 70 wt% of ethanol
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show virucidal activity against SARS-CoV-2, and surfactant and alcohol have a synergistic effect in virus
deactivation [15]. Mixtures of dodecylbenzenesulfonic and lactic acids were reported to be effective as sani-
tizers, inactivating, for instance, norovirus [16]. However, a systematic study of the virucidal effect of these
compounds on SARS-CoV-2 has not been performed.

One of the possible ways for improving the effectiveness of disinfectants is the preparation of their
complexes with oppositely charged polymers [17]. For anionic disinfectants, chitosan and its derivatives are
promising polymers for complex formation [18, 19], since chitosan is a polycation at mild acidic pH due to
the protonation of amino groups. Complexes of chitosan with anionic molecules have not been regarded as
antiviral agents, but they may be very promising due to several factors: 1) a single chitosan molecule bears
multiple amino groups and can bind many low molecular weight anionic species within one complex, result-
ing in a collective transfer of disinfectant molecules onto the virion, 2) chitosan is biocompatible, which may
reduce the overall toxicity of the complex as compared to anionic disinfectants alone.

The aim of this work was to investigate the virucidal activity of several anionic disinfectants. (sodium
dodecylbenzene sulfonate, caprylate and lactate) against SARS-CoV-2, to prepare complexes of
hydrophobically modified (HM) chitosan with the most efficient anionic species and to study their virucidal
properties.

Experimental

Materials

Sodium dodecylbenzene sulfonate (SDBS, hard type, purity > 95 %) was/provided by Tokyo Chemical
Industry (TCI). Caprylic acid (purity > 99.9 %) and lactic acid (purity > 99.9 %) were provided by Compo-
nent-Reactiv, Russia. NaOH (purity > 99 %) was provided by Acros. All the solutions were prepared by us-
ing saline solution (0.9 wt% NaCl in distilled water) provided by Groteks, Russia. Caprylic and lactic acids
were converted into sodium salts by dissolving in saline solution and.adding appropriate amounts of NaOH.
The chemical structures of the anionic compounds used in this work are presented in Figure 1.
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Figure 1. Chemical structure.of sodium dodecylbenzene sulfonate (a), sodium caprylate (b) and sodium lactate (c)

Chitosan was obtained.from chitin contained in the shells of Far-East crabs. The samples were grinded,
and chitin pieces'smaller than 0.25 mm were taken. Then, chitin was demineralized: metal salts were re-
moved by triple washing by 1 wt% HCI and water, then by triple washing by 1M NaOH, and then by dis-
tilled water. The sample was dried and deacetylated by treatment with 2M NaOH at heating for 2 h, and then
washed again by distilled water. This resulted to the conversion of chitin into chitosan. The molecular weight
of chitosan was determined by static light scattering in the solvent that suppresses chitosan aggregation
(0.3M aceticracid and 0.2M ammonium acetate) [20] and was equal to 170 000 g/mol.

Glacial acetic acid (purity > 99 %), dodecyl aldehyde (purity > 92 %) and sodium cyanoborohydride
(purity > 95 %) were purchased from Sigma Aldrich. Ethanol was provided by Ferein (Russia) and was puri-
fied by distillation. Isopropanol (purity > 96 %) was obtained from Acros. For chitosan modification, dis-
tilled deionized water was used, which was obtained by MilliQ system (Millipore).

For virucidal activity studies, Vero E6 cells from ATCC (Manassas, USA) (CRL-1586) were cultured
in high glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 5 %
fetal calf serum (FCS), 2 mM L-glutamine and a mixture of antibiotics (150 u/mL penicillin and 150 u/mL
streptomycin) at 37 °C in 5 % CO,. The stock of SARS-CoV-2 (strain HCoV-19/Russia/Moscow-PMVL-
12/2020 (EPI_ISL_572398) isolated from a patient) was the culture liquid withdrawn from cultures of the
infected Vero E6 cells.
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Hydrophobic modification of chitosan

Hydrophobic modification of chitosan was performed by the method of Rinaudo et al. [21]. First, chi-
tosan (18 g/L) was dissolved in 0.2 M aqueous acetic acid solution by gentle stirring overnight, and pH after
dissolution was ca. 0.8-1.0. Then ethanol (2:3 v/v) was added, and pH was adjusted to 5.0 by adding concen-
trated (1M) aqueous NaOH. After that, an appropriate amount of dodecyl aldehyde solution (20 g/L) in etha-
nol was added, so that its concentration in the reaction medium was 1.6 g/L. Then, sodium cyanoborohydride
was added (concentration in the reaction medium 20 g/L), and the solution was stirred for 48 h at 25 °C.

The product was precipitated by adding 2M NaOH and washed twice with ethanol/water mixture
(8:10 v/v) and once with isopropanol. Then, the precipitate was dissolved in aqueous HCI solution (pH 3),
filtered through ceramic ROBU filters (16-40 um pores) and lyophilized. In such a way, hydrophobically
modified (HM) chitosan in hydrochloride form was obtained, which is soluble in water [22]. Its«chemical
structure is shown in Figure 2.
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Figure 2. Chemical structure of chitosan hydrochloride modified with n-dodecyl side groups

The degree of hydrophobic modification was determined by 'H NMR spectroscopy using Bruker
AV-600 spectrometer. The spectrum was recorded at 30 °C in»D,O> (Astrachem, Russia, isotopic purity
> 99.9 %) as a solvent. Peak attribution was made according.to the previously published data [21, 23]. The
degree of modification (fraction of monomer units modified by:n-dodecyl groups) was determined from the
ratio of peaks at 0.89 ppm (methyl protons of n-dodecyl groups) and at 3.02 ppm (C2 methine protons of the
saccharide ring) (Fig. 3) and was equal to 4.7 %. The degree of acetylation was calculated from the ratio of
peaks at 2.09 ppm (methyl protons of acetyl groups) and at 3.02 ppm and was equal to 6.7 %.
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Figure 3. 'H NMR spectrum of HM chitosan at 30 °C in D,O

Preparation of chitosan / disinfectant complexes

In order to obtain polymer / disifectant complexes, solutions of chitosan hydrochloride and disinfectant
were first prepared in saline (at pH 5.2), and then mixed in appropriate quantities. In the final samples, the
concentration of chitosan was kept at 0.32 g/L (1.875 mM of monomer units), and the optimal molar ratio of
SDBS to chitosan monomer units was 0.13. Complex formation proceeded due to interaction between anion-
ic disinfectant species and cationic amino groups of chitosan. Complex formation was proven by the follow-
ing: chitosan / SDBS mixture was dialysed against saline by using dialysis tubes with 12 000 kDa cutoff,
through which only small SDBS molecules can pass. After dialysis, the composition of the complex was ana-
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lyzed by 1H NMR, and the ratio of SDBS molecules to chitosan monomer units was found to be 0.12, e.g.
close to the feed ratio during complex preparation, meaning that interaction between chitosan and SDBS
within the complex is rather strong and does not allow SDBS molecules to freely leave the complex.

Virucidal activity

Solutions of anionic disinfectants or their complexes with HM chitosan were incubated with an equal
volume of the virus stock at room temperature for 60 min. Viral particles were then separated from disinfect-
ants by centrifugation at 27,000 rpm for 1 h to avoid their toxic effects on the cells. Viral pellets were re-
suspended in 300 uL of support medium (DMEM, 1 % FCS), and 10-fold dilutions in support medium were
prepared for titer determination. Confluent Vero-E6 monolayers in 96-well plates were infected with the di-
lutions thus prepared, and, after a 2-h incubation (adsorption), the inoculum was removed. The plates were
washed twice with FCS-free DMEM, filled with another type of support medium (DMEM, 2 % FCS) and
further incubated at 37 °C in 5 % CO, for 96 h. Virus-induced cytopathic effects were assessed by micro-
scopic examination of the cells and taken as an indication of their infection. The amount of the active virus,
judged from the percentage of the infected cells, was determined by the endpoint dilution assay (titration)
and expressed in fifty-percent tissue culture infective doses (TCIDsgy). The titer wasscalculated using the
Spearman-Kérber method and presented as 1g TCIDs/0.1 mL [24].

The virucidal efficacy of surfactants was assessed by the difference in the virus titers (A) between con-
trol A (without disinfectants) and experimental A, samples:

A=A A.
The protection index, or inhibition coefficient (IC), was calculated usingthe following formula:
IC = [(Ac — Ae)/Ac] x 100 %.

Results and Discussion

Virucidal activities of individual anionic disinfectants

First, virucidal activity of individual anionic campounds was, investigated. Sodium dodecylbenzene-
sulfonate (SDBS) and lactate were dissolved in saline (0.9 wt% NaCl), and pH was adjusted to 5.0 by adding
HCI or NaOH (initial pH values after dissolution:were 9.2 for SDBS and 1.4 for lactic acid). The values of
pK, for dodecylbenzenesulfonic and lactic acid are equal to~1.8 [25] and 3.8 [26], respectively. Therefore, at
pH 5.2 they are almost completely in salt forms. pK, of ‘caprylic acid is slightly higher: 4.89 [27]. Thus, in
order to transform it into a salt and ensure its solubility in water, the solutions were prepared at slightly high-
er pH 6.3-6.4. Caprylic acid has a low-water solubility (4.7 MM [27]), therefore, rather sophisticated ap-
proaches were previously employed tosprepare its antiseptic formulations: e.g., emulsification [14] or the use
of solvents different than water, [28]!

Virucidal activity of SDBS at different concentrations is shown in Figure 4 as the virus inhibition coef-
ficient (IC), which shows the relative difference in the virus titers in a control experiment and in the experi-
ment where virus suspension is-brought in contact with the disinfectant. It is seen that at very low concentra-
tions (below 0.125 mM), SDBS does not show virucidal activity (IC = 0), but upon increase of the concentra-
tion, the activity appears and increases. Rather low absolute SDBS concentrations already show high
virucidal activity against SARS-CoV-2: the virus titer in the experiments is reduced by 6.5 orders of magni-
tude (Alg TCIDsy =6.5),and IC is equal to 100 % (Fig. 4).

50 1

-

102 10" 10° 10!
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Virus inhibition
coefficient (IC), %

Figure 4. Inhibition coefficients of SARS-CoV-2 by SDBS solutions of different concentrations.
Solvent: 0.9 wt% NaCl in water
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A possible mechanism of SDBS action against SARS-CoV-2 consists in its incorporation into the viral
envelope and its subsequent disruption, as well as in denaturation of viral proteins [29]. The incorporation of
SDBS into the lipid bilayer is possible due to its surface activity, since SDBS is a surfactant and consists of a
polar hydrophilic benzene sulfonate head, and non-polar hydrophobic alkyl tail, which favors its interaction
with the lipid bilayer. The critical micelle concentration (CMC) of SDBS equals to 0.4 mM in saline [30]. It
means that SDBS is in the micellar form when it shows virucidal activity. This is reasonable, because mi-
celles provide cooperative transfer of multiple SDBS molecules on each viral particle, increasing the proba-
bility of its disruption.

In the same concentration range where SDBS is active against SARS-CoV-2, sodium caprylate does not
show any activity (Fig. 5a). This may be explained by lower surface activity of caprylate as compared to
dodecylbenzenesulfonate: indeed, it has a shorter alkyl tail (C8) and is characterized by much higher CMC
(400 mM [31]) than for SDBS; thus, in the studied range of concentrations, caprylate does not form micelles
and is a molecular solution. This may result in a smaller amount of caprylate molecules simultaneously. inter-
acting with the envelope surface.

@) ' : | )
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0 . M naaus 0 Dty ‘
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Figure 5. Inhibition coefficients of SARS-CoV-2 by sodium caprylate (a) and sodium lactate (b) solutions
of different concentrations. Solvent: 0.9 wt% NaCl in water

At the same concentrations (below 8 mM), sodium lactate does not show any virucidal activity; howev-
er, it is active at a much higher.concentration. 225 mM of lactate induce a complete inactivation of SARS-
CoV-2: its titer is reduced by 6.5 orders of magnitude. Such a high concentration as compared to SDBS may
be a result of different properties of these two molecules: SDBS is surface-active and incorporates into the
lipid membranes, while lactate is not a surfactant.

Therefore, SDBS shows:the highest activity against SARS-CoV-2 among three anionic disinfectants
studied: it completely.inactivates the virus at rather low concentrations, at which sodium caprylate and lac-
tate do not show virucidal properties. Therefore, SDBS is the most promising disinfectant for preparation of
formulations with HM chitosan.

Virucidal activities of polymer / disinfectant complexes

At the next stage, antiviral properties of chitosan / SDBS complexes were investigated. Figure 6 shows
the comparisan of virucidal activity of chitosan and its complex with SDBS at very low concentrations of the
components. It is seen that while HM chitosan itself does not possess virucidal properties at this concentra-
tion, polymer/surfactant complexes show some activity: IC is equal to 18.2 %, meaning that the virus titer is
decreased by one order of magnitude upon contact with HM chitosan / SDBS solution.
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Figure 6. Inhibition coefficients of SARS-CoV-2 by HM chitosan and its mixture with:'SDBS.
HM chitosan monomer units: 1.875 mM, SDBS: 0.25 mM. Solvent: 0.9 wt% NaCl.in water

A possible mechanism of virucidal action of HM chitosan / SDBS complexes=is similar to those of
SDBS and may consist in the disruption of the viral capsid when it is destabilized by incorporation of surfac-
tant molecules. At the same time, the complexes may be more stable than.SDBS micelles, since surfactant
molecules in the micelle are bound together by hydrophobic interactions, while inithe complex they are also
bound to the polymer chain due to several distinct interactions: electrostatic interaction between anionic po-
lar heads of the surfactant and of chitosan amino groups, Van der Waals'interactions between surfactant and
polymer [32], and incorporation of the polymer n-dodecyl groups into'the micelles [33]. All these factors
may increase the complex stability as compared to the micelles, and. may also increase the SDBS micellar
aggregation number (which is typical for the case of.polymer/surfactant interactions [34]), thus increasing
the number of SDBS molecules transferred to one virion by a single complex.

Conclusions

In this paper, the virucidal activities of several anionic disinfectants (sodium dodecylbenzene sulfonate,
caprylate and lactate) against SARS-CoV-2¢were investigated. The most effective disinfectant is SDBS,
which deactivates the virus already at rather small concentrations (above 2 mM). In the same concentration
range, caprylate and lactate do not show any-activity. Sodium lactate also shows virucidal properties, but at
concentrations 2 orders of magnitude higher than for SDBS. Complexes of HM chitosan with SDBS also
possess antiviral properties at.very low concentrations (1.9 mM chitosan monomer units and 0.25 mM
SDBS), at which the polymer without surfactant is not active against SARS-CoV-2.
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