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A B S T R A C T   

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has infected millions of people worldwide. 
SARS-CoV-2 belongs to the Betacoronavirus genus, containing the mouse hepatitis virus (MHV), an extensively 
studied animal coronavirus. Since MHV and SARS-CoV-2 share the same genus, MHV could offer insights relative 
to SARS-CoV-2 studies. MHV-3 strain causes hepatitis and cellular injury, making MHV-3 infection one of the 
best models for this debilitating disease. Surrogate coronaviruses have been used for virus resistance and inac-
tivation studies, and although real-life conditions using SARS-CoV-2 should be encouraged, their use needs to be 
balanced with safety and costs. MHV can be manipulated under BSL2 laboratory conditions, unlike SARS-CoV-2, 
making it a model for studying the virucidal effects on coronaviruses. In this study, we used the betacoronavirus 
MHV-3 as a model to investigate the virucidal activity of an air disinfection equipment named STR Solution®, an 
air sterilizer with patented technology. MHV-3 was dried on different surfaces and exposed at varying distances 
from the STR Solution® equipment and at different exposure times. The residual infectivity was evaluated using 
the endpoint method. There was not a significant reduction (mean p-value = 0.4) of the viral titer under STR 
Solution® exposition. STR Solution® caused a slight decrease of the infectious particles’ titer (> 1 log10) only 
under the following conditions: polypropylene at 3 m, for 1 and 3 h (1.2 log10 reduction TCID50) and Sus 
domesticus skin at 0.05 m, for 1 h (1.3 log10 reduction TCID50), and at 3 m for 1 h (1.2 log10 reduction TCID50). 
These and other studies confirm the usefulness of this model to evaluate virucidal activity.   

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) 
has infected millions of persons, causing the pandemic coronavirus 
disease 2019 (COVID-19). SARS-CoV-2 turned up in 2019 and was firstly 
reported in Wuhan, China (Huang et al., 2020). According to the World 
Health Organization (WHO, 2021), the virus rapidly spread worldwide. 
Researchers collaborate to develop coronavirus studies, and antiviral 
strategies are an area of significant focus and urgency. SARS-CoV-2 is an 
enveloped positive-sense RNA virus, and it is expected to be inactivated 
by extreme pH and temperature, halogens, radiation, peroxides, ethanol 
70 % w/v, or 0.1 % sodium hypochlorite (Kampf et al., 2020; World 
Health Organization, 2021). Coronaviruses are classified under the 
order Nidovirales, family Coronaviridae, and subfamilies Letovirinae and 
Orthocoronavirinae, which is divided into four genera: Alphacoronavirus, 
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (International 
Committee on Taxonomy of Viruses Virus Taxonomy, 2019). 
SARS-CoV-2 belongs to the Betacoronavirus genus, which contains the 
mouse hepatitis virus (MHV) and human coronaviruses such as 

HCoV− OC43 and HCoV-HKU. Other human coronaviruses as 
HCoV-229E and HCoV-NL63, both last under the genus Alphacoronavirus 
(ICTV). Murine hepatitis virus (MHV) is an extensively studied animal 
coronavirus, and since MHV and SARS-CoV-2 share the same genus, 
MHV could offer insights relative to SARS-CoV-2 studies (Körner et al., 
2020). MHV-1 causes severe respiratory disease, while the JHM strain of 
mouse hepatitis virus (JHMV) causes severe encephalitis, and MHV-3 
causes hepatitis and cellular injury through the activation of the coag-
ulation cascade, making MHV-3 infection one of the best models for this 
debilitating disease (Lampert et al., 1973; Levy et al., 2000; Körner et al., 
2020; Weiner, 1973). Since before the COVID-19 pandemic, surrogate 
coronaviruses have been used for virus resistance studies. MHV-3, for 
example, remained infectious on steel templates for days to weeks at 
room temperature and HCoV-229E remained infectious for up to five 
days at room temperature on surface materials such as polytetra-
fluoroethylene, steel ceramic, and glass (Casanova et al., 2010; Lamarre 
and Talbot, 1989; Warnes et al., 2015). We know that real-life 
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conditions using SARS-CoV-2 should be encouraged, but this use should 
be balanced with safety and costs. Unlike SARS-CoV-2, MHV-3 can be 
manipulated under BSL2 laboratory conditions, making MHV-3 a model 
for studying the pathogenesis and immune response to coronaviruses 
and, as in this study, for virucidal activity. Therefore, here we used 
MHV-3 as a model for coronavirus to investigate the virucidal potential 
of an air disinfection equipment named STR Solution®. STR Solution® is 
an air sterilizer with patented technology. The equipment virucidal 
mechanism is based on volatilizing the natural sterilizer ions from 
photocatalytic oxidation (reviewed by Boyjoo et al., 2016) into the air in 
an indoor space from 100 m2 or 250 m3. This equipment is proposed as a 
virucidal tool to inactivate the virus in the air and on surfaces. It is sold 
as equipment that sterilizes the surroundings silently, making it 
virus-free. To evaluate the virucidal potential of the STR Solution® on 
viruses deposited on surfaces, we used the MHV-3 as a model. We 
exposed the virus particles distributed on different surfaces, varying the 
distance and exposure times to the STR Solution® equipment, and 
evaluated the residual infectious virus using the endpoint method (Reed 
and Muench, 1938) (Fig. 1). Murine fibroblast cells (L929) (ATCC 
CRL-6364) were used for MHV-3 replication and titration. L929 were 
maintained in a 5% CO2 atmosphere at 37 ◦C in Eagle’s Minimum 
Essential Medium (MEM) (Gibco BRL, Invitrogen, Carlsbad, CA, USA) 
supplemented with 8% fetal bovine serum (FBS) (Cultilab, Brazil), 25 
μg/mL fungizone (Amphotericin B) (Cristália, São Paulo, Brazil), 500 
U/mL penicillin (Cristália, São Paulo, São Paulo, Brazil) and 50 μg/mL 
gentamicin (Schering-Plough, São Paulo, Brazil). Clarice Arns, UNI-
CAMP, Brazil, gently provided the MHV-3 (Garcia et al., 2021). For virus 
replication, the viral stock was added to 25 × 106 L929 in the T150 cell 
culture flask at a multiplicity of infection (MOI) of 0.01, which were 

incubated for 1 h adsorption at 37 ◦C, 5% CO2 using MEM, and after this 
period, MEM was supplemented with 2% FBS and incubated under the 
same conditions for 72 h. The cytopathic effect (CPE) was evaluated 
daily. When it reached 90 % of the cells, the supernatants were aspi-
rated, centrifuged 5000 g, 10 min to remove cell debris, tittered in L929 
in 96 well plates, and median tissue culture infectious dose (TCID50) was 
calculated using the endpoint method (Reed and Muench, 1938). The 
titer of the initial viral stock was 106 TCID50/mL. A test model for the 
virucidal efficacy of STR Solution® was developed simulating natural 
conditions, such as the distribution of virus on surfaces, at different 
distances from the equipment, under controlled temperature and hu-
midity conditions (Fig. 1). The virucidal efficacy is dependent on the 
natural conditions, and various surfaces where the virus could be 
deposited were considered in this methodological approach. As ambient 
humidity and room temperature affect the virus, we controlled the room 
temperature around 23 ◦C ± 2 and 50 ± 3 % relative humidity. As 
surfaces, the following materials were used: polypropylene cut from 
Eppendorf tubes, stainless steel, polyester fabric (similar to those used to 
make lab coats), and skin of Sus domesticus. The dehaired skin of Sus 
domesticus was obtained from a local slaughterhouse. All materials were 
previously decontaminated by immersion in 0.2 % sodium hypochlorite 
for 30 min, irradiated by ultraviolet light for 30 min, and cut into 1 cm2 

pieces. After the decontamination treatment, materials were washed 
with sterile water. We used 10 μL containing 104 TCID50 of MHV-3, 
deposited onto the materials (Fig. 1B), and dried for 40 min. The 
MHV-3 contaminated materials and controls were exposed in front of 
the STR solution® at distances of 0.05 m and 3 m (Fig. 1C) at different 
heights, simulating the feet, (0.15 m) abdomen (1.10 m), and head (1.70 
m) of a person 1.70 m (Fig. 1A) for 1 h, 3 h or 5 h (Fig. 1D). For the 

Fig. 1. Experimental schematic representation of betacoronavirus MHV-3 as a model for SARS-CoV-2 to investigate the virucidal activity of equipment STR Solu-
tion®. Test model for the virucidal efficacy of STR Solution® simulating natural conditions at different heights, simulating the feet, abdomen, and head of a person 
1.70 m (A). The virus stock was diluted and deposited onto the surfaces: polypropylene cut from Eppendorf tubes, stainless steel, fabrics and skin of Sus domesticus (B) 
at distances of 0.05 m and 3 m (C). The room temperature was controlled around 23 ◦C ± 2 and 50 ± 3 % relative humidity. The materials containing the viral 
particles were exposed at different time points (1 h, 3 h, and 5 h) to the STR solution® (D). The materials were eluted in microtubes containing FBS-free MEM and 
homogenized using a vortex type homogenizer for 5 s and subjected to sonication for 1 min (D). The viruses were tittered using series of the dilution (E). The 96 wells 
microplate was kept for 72 h, by incubation at 37 ◦C, 5% CO2, evaluating the cytopathic effect daily (F). 

G. Pereira Oliveira and E.G. Kroon                                                                                                                                                                                                         



Journal of Virological Methods 297 (2021) 114274

3

negative controls, viruses were exposed in environments without STR 
solution® at the same surfaces, times, temperature, and humidity. Be-
sides that, the virus kept at 4 ◦C was tittered. After different contact 
times, the MHV-3 contaminated materials and the controls were resus-
pended in 2 mL microtubes containing 500 μL MEM and homogenized 
using a vortex type homogenizer for 5 s and sonicated at frequency 40 
kHz for 1 min (Fig. 1D). The viruses were tittered in L929 by TCID50 
assay, using series of the dilution (10− 1 – 10-4) in which eight wells were 
infected with each dilution point, and eight wells were not infected (cell 
control) (Fig. 1E). The 96 wells microplate was incubated for 72 h, at 37 
◦C, with 5% CO2, and the CPE was evaluated daily (Fig. 1F). The 
reduction rate was calculated by comparing the antiviral product test 
specimen and the control specimen on a logarithmic scale. The controls 
for calculating each studied condition were maintained in an environ-
ment under the experimental conditions described above (same sur-
faces, times, temperature, and humidity) but without exposure to STR 
Solution®. Besides that, as tissue culture methods would be used to 
determine the virus titer, the STR Solution® may affect the L929 culture. 
The cytotoxic effect on L929 was evaluated, and we confirmed that STR 
Solution® did not affect the cells. Also, no cytotoxic effect of the used 
materials on L929 was detected. The cytotoxic test of the materials was 
performed under the same conditions as the actual test but without virus 
and STR solution® action. The assays were carried out in duplicate. The 
statistical significance was determined using the Holm-Sidak method, 
with alpha = 5.000 % and p values were greater than 0.05 ranging from 
0.077 to 0.8. T ratio ranged from 0.179 to 4.169. STR Solution® caused a 
weak reduction of virus infection (> 1 log) only under the following 
conditions: polypropylene at 3 m, for 1 h and 3 h (1.2 Log10 reduction 
TCID50) and skin of Sus domesticus, at 0.05 m, for 1 h (1.3 Log10 
reduction TCID50), and at 3 m for 1 h (1.2 Log10 reduction TCID50) 
(Table 1). In the current study, we found that MHV-3 was not signifi-
cantly inactivated when exposed to STR Solution®. However, MHV-3 
showed up as a suitable model to study virucidal activity for air disin-
fection. This model uses lower levels of biosafety since MHV-3 can be 
manipulated under BSL2 conditions and consequently lower costs and 
safety risks. MHV was also recommended by the Australian Government 
Department of Health (Australian Government Department of Health, 
2021) as surrogate viruses for disinfectant efficacy tests. Ahmed et al., 
2020 evaluated the virus RNA decay of MHV and SARS-CoV-2 

comparatively, identified no statistically significant difference be-
tween RNA decay, and suggested it as a suitable persistence surrogate. 
Our method using MHV3 can also be adapted to test the virucidal ac-
tivity of skin disinfectants, fabrics, and other materials, similarly as was 
tested for SARS-CoV-2 (Campos et al., 2020a,2020b; Campos et al., 
2021). 
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