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Abstract

Viral stability under stress conditions may directly affect viral dissemination, seasonality, and pathogenesis. We exposed
airborne viruses, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), mumps virus, coxsackievirus
BS5, human rhinovirus A16, and respiratory syncytial virus, to different temperatures, UV light exposure time, pH values, and
osmotic pressures and measured the remaining viral infectivity. Reduced thermal stability was observed for coxsackievirus B5
at 45 °C, while SARS-CoV-2 demonstrated residual infectivity at 55 °C. UV light exposure was an efficient means of viral
inactivation but was less efficient for non-enveloped viruses. Rhinovirus A16 and respiratory syncytial virus demonstrated
extreme sensitivity to acid conditions, while SARS-CoV-2, rhinovirus A16, and respiratory syncytial virus were unstable
in an alkaline environment. The information obtained in this study will be useful for the development of viral inactivation

methods and may be correlated with epidemiological and seasonal viral characteristics.

Introduction

The rapid and continuous spread of airborne viruses repre-
sents a great challenge to the global health system. Many
different strategies have been proposed to prevent airborne
disease transmission [1]. Airborne viruses are primarily dis-
seminated by infected individuals via droplets and aerosols
that can remain infectious in the environment over time until
reaching a susceptible individual [2]. Aerosol-transmitted
viruses include many human pathogens of significant clinical
importance, including a broad range of viruses from differ-
ent viral families with diverse genomic compositions, viral
particle structures, seasonality of circulation, and modes of
transmission. They are responsible for infecting cells of the
respiratory tract, mainly causing respiratory-related symp-
toms, and they have a significant impact on human health
and the worldwide economy [3, 4].
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Environmental factors such as temperature, ultraviolet
radiation, pH, and osmotic pressure may directly affect viral
stability and viability and therefore play an important role in
viral transmissibility. These factors may induce conforma-
tional changes in viral structural proteins, disrupt the viral
lipid envelope, or degrade nucleic acids, leading to inacti-
vation of the virus [5, 6]. Understanding the stability and
persistence of viral pathogens may have an important impact
on elucidating modes of virus transmission, especially in
public spaces or in healthcare facilities, where transmission
is disproportionally likely to occur [7]. Moreover, it may
contribute to the development of inactivation protocols for
research, which, while providing safety, should not be overly
destructive to virion components, preserving essential prop-
erties such as particle and protein structure, protein activity,
and genetic integrity.

It is important to assess the relative contribution of dif-
ferent physical and chemical determinants of stability of air-
borne viruses in order to understand the dynamics of viral
transmission in a population, and knowing the properties of
virions may help in the development of inactivation meth-
ods. In this study, we measured changes in the infectivity of
important airborne viruses under different stress conditions,
including different temperatures, pH values, UV light expo-
sure, and osmotic pressure.
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Materials and methods
Viruses and titration assay

The viral strains used in this study were severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) lineages
B (GenBank accession no. MT350282) and P.1 (GISAID
accession no. EPI_ISL_2499748), respiratory syncytial
virus Long strain (ATCC VR-26), coxsackievirus BS,
human rhinovirus A16, and mumps virus (ATCC VR-106).
Viral stocks were produced in vitro using permissive and
susceptible cell lines. Briefly, Vero E6 (SARS-CoV-2 and
mumps virus), HeLa-I (coxsackie B5 and human rhinovi-
rus 16) or HEp-2 (respiratory syncytial virus) cells were
cultivated in a T-75 flask at 37 °C in a 5% CO, atmos-
phere using Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) until
90-100% confluence. Then, the cell culture medium was
removed, the cells were washed twice with phosphate-
buffered saline (PBS), and the viral inoculum was added
to the cell monolayer, followed by incubation for 1 h
with gentle rocking at room temperature to allow viral
adsorption. As a negative control, cells were inoculated
with medium only. Next, 15 ml of DMEM containing
2% FBS was added, and the cells were incubated until a
>50% cytopathic effect was observed. Then, the cell cul-
ture supernatant was collected and clarified by low-speed
centrifugation at 300 X g for 10 min, and aliquots were
prepared and kept at -80 °C until use. For virus viability
assays, viruses were quantified in three biological repli-
cates and four technical quadruplicates by endpoint titra-
tion using the same cells described above. Briefly, 96-well
plates were seeded with 10* cells per well 1 day prior to
viral titration, using DMEM with 10% FBS. The next day,
the supernatant was removed, and serial dilutions of viral
inoculum were prepared in DMEM with 2% FBS and
inoculated in quadruplicate with a final volume of 50 uL.
per well. The plates were incubated at 37 °Cin a 5% CO,
atmosphere for 3-5 days, depending on the virus, cyto-
pathic effects were visualized, and titers were determined
by 50% endpoint titration [8]. All experimental infections
with SARS-CoV-2 virus were carried out under biosafety
level 3 conditions.

Virus stability assays

In all experiments and for all viruses, we adjusted the ini-
tial virus concentration to 10°-10” TCIDs,/mL by dilution
in DMEM with 2% FBS. As a negative control, superna-
tant from uninfected cells was used. For the temperature
stress assay, 250 ul of the initial virus dilution was added
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to a 1.5-mL tube, the cap was closed, and the sample was
incubated at different temperatures (4, 25, 35, 45, and 55
°C) in a water bath for 1 or 2 h. For the UV light experi-
ment, 2 mL of virus suspension was added to an open Petri
dish (100 mm X 15 mm) and kept on ice for 0, 30, 60,
90, 120, or 300 seconds at a distance of 30 cm beneath a
90-cm-long 8” tubular 30-watt (UV)-C light with a wave-
length of 254 nm with an emission strength of 1 mJ/cm?,
collecting 250 uL at each time point to test viral viability.
For the pH stress experiment, the initial viral inoculum
was diluted 1:10 in filter-sterilized citrate-phosphate buffer
with different pH values (3, 5, 7, 9, and 11) or PBS as
a control and incubated at room temperature with gentle
rocking for 1 h [9]. Similarly, for the osmotic stability
assay, the initial viral inoculum was diluted 1:10 in dif-
ferent filter-sterilized sucrose solutions (0%, 1%, 10%,
20%, 40%, and 80% [w/v]), diluted in distilled water, and
incubated at room temperature with gentle agitation for 1
h [9]. The sample was then immediately serially diluted
and titrated by TCID5, assay. The relative viral reduction
was calculated as follows:

! Log(TCID50control) — Log(TCIDS50test)
Log(TCID50control)

Plaque assay

One day before virus titration, 10° Vero E6 cells in DMEM
with 10% FBS were seeded in each well of a 48-well cul-
ture plate. Viral samples were serially diluted tenfold (107!
to 107) in DMEM without FBS. The cell supernatant was
removed, and the cells were inoculated in duplicate with
50 ul of viral dilutions and incubated for 1 h at 37 °C
with gentle rocking. Then, 500 ul of pre-warmed overlay
medium (DMEM + 2% FBS with 3% carboxymethylcel-
lulose [CMC]) was added to each well, and the plates were
incubated at 37 °C in a 5% CO, atmosphere for 4 days. For
visualization of plaques, cells were fixed with 2 ml of 10%
formaldehyde for 2 h and stained with 1% naphthol blue
black for 30 min.

Statistical analysis

Data were plotted and analyzed using GraphPad Prism
8.0.2 software (GraphPad, USA). For multiple-group com-
parisons, the mixed-effects model (REML) was used, cou-
pled with Tukey's multiple comparisons test, with a 95%
confidence interval. Additionally, nonlinear regression was
performed using a one-phase decay or dose-response curve
with least-squares fit, where appropriate. Differences were
considered statistically significant at P < 0.05.
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Results and discussion

We evaluated the stability of five different airborne viruses
of great medical importance, including SARS-CoV-2 iso-
lates of the lineages B and P.1 (Brazilian variant), mumps
virus, coxsackievirus B5, human rhinovirus A16, and
human respiratory syncytial virus. These viruses were
subjected to four different stress conditions: high tempera-
ture, ultraviolet (UV) light, high and low pH exposure, and
osmotic pressure. In each case, the remaining viral infec-
tivity was measured in cultured cells by titration based on
CPE and compared to standard controls.

We analyzed viral infectivity after exposure to different
temperatures, ranging from 25 to 55 °C (Fig. 1). Notably,
after treatment at 55 °C, we observed infectious virus for
both SARS-CoV-2 lineages near the limit of detection,
which was confirmed by plaque assay (~100 PFU/ml),
suggesting that some viral particles were stable. Accord-
ingly, a similar thermal resistance at 56 °C was reported
previously for SARS-CoV-1 [10]. Moreover, it has been
reported that total inactivation of SARS-CoV-2 can occur
at 70 °C after only 5 minutes of incubation [11]. Also, con-
servation of the global shape of the viral spike (S) protein
is observed at elevated temperatures, despite conforma-
tional changes observed in the S1 subunit and in the sec-
ondary structure of the receptor binding domain (RBD) of
SARS-CoV-2 [12]. This thermal stability of SARS-CoV-2
may potentially represent an important feature that influ-
ences its propensity for dissemination [13]. Moreover,
coxsackievirus B5 demonstrated a 2-log reduction in its
viability at 45 °C after 1 or 2 h of incubation when com-
pared to the other airborne viruses, including enveloped
viruses. Considering that picornaviruses (i.e., rhinovirus
A16 and coxsackievirus BS) are non-enveloped viruses,

Thermostability

we expected higher viral particle stability under harsh
conditions. Indeed, members of the family Picornaviridae
usually exhibit stability under harsh conditions, such as
high pressure and low temperatures [14, 15]. Also, when
subjected to 30 to 300 seconds of exposure to UV light,
both rhinovirus A16 and coxsackievirus B5 exhibited con-
siderable resistance, while other airborne viruses showed
a faster decrease in viability (Fig. 2). Interestingly, SARS-
CoV-2 exhibited high sensitivity to UV light after expo-
sure to 300 mJ/cm? for 300s. These results and previously
reported data indicate that UV light might be an efficient
method for inactivation of SARS-CoV-2, especially under
high light potency and long periods of exposure [16, 17].

Viral stability was also evaluated at a wide range of pH
values (Fig. 3). Rhinovirus A16 and respiratory syncytial
virus showed a drastic decrease in viability under acidic con-
ditions, reaching total inactivation at pH 3. Human rhinovi-
rus has long been known to be a pH-sensitive virus, while it
has been demonstrated for respiratory syncytial virus that its
tertiary and secondary structures seem more stable with less
tendency to aggregate at neutral pH values [18, 19]. Interest-
ingly, SARS-CoV-2 was not inactivated at pH 3, in contrast
to SARS-CoV-1, which was completely inactivated at low
pH [10]. We also observed a complete inactivation of SARS-
CoV-2, rhinovirus A 16, and respiratory syncytial virus at pH
11. A plausible explanation for SARS-CoV-2 inactivation at
basic pH could be an irreversible conformational change in
its S protein, as shown previously for murine coronavirus
(MHV-A59), which was shown to form viral clumps and
lose infectivity at pH 8. Further studies are necessary to elu-
cidate this feature [20]. Interestingly, incubation at different
osmotic pressures did not cause significant changes in the
viability of any of the viruses studied.

Here, we demonstrate that clinically relevant airborne
viruses show a diverse pattern of stability under different
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Fig. 1 Thermostability of representative airborne viruses. Virus sta-
bility was analyzed at 25 °C, 35 °C, 45 °C, and 55 °C after (A)
1 h or (B) 2 h of incubation. The remaining viral infectivity results
were compared to viral titers at 4 °C. “*’ indicates a significant dif-
ference in viability between coxsackievirus B5 and other viruses (P

Temperature (°C)

< 0.05). Viral titers were determined as 50% tissue-culture infectious
dose (TCIDsy) per mL, and the data were linearized (LOG;,) and
compared to those obtained with standardized controls. Results are
expressed as relative log reduction. Plots show the mean and standard
error of three replicates.
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Stability to UV light exposure
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Fig.2 Viral stability under UV light exposure. (A) Schematic illus-
tration of the UV light inactivation assay and (B) loss of viral infec-
tivity after at 0, 30, 60, 90, 120, and 300 seconds of UV light expo-
sure. Curve-fitting analysis demonstrated that each data set yielded a
different curve by one-phase decay with a least-squares fit curve (P
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< 0.0001). Viral titers were determined as 50% tissue-culture infec-
tious dose (TCIDs,) per mL, and the data were linearized (LOG;)
and compared to those obtained for the control. Results are expressed
as relative log reduction. Plots show the mean and standard error of
three replicates.
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Fig.3 Viral stability at different pH values (A) and osmotic pres-
sures (B). Viral titers were determined as 50% tissue-culture infec-
tious dose (TCIDs,) per mL, and the data were linearized (LOG;)
and compared to those obtained for the control. For pH resistance,
viruses were incubated for 1 h at a pH of 3, 5, 7, 9, or 11, and the
remaining viral infectivity was compared to that of a control treated
with PBS. Different detection limits were set for each pH buffer due
to cytotoxic effects (pH 3, 6.32 X 10? TCIDsy/mL; pH 5, 7,9, and 11,
6.32 x 10 TCID5y/mL). “*’ indicates a significant difference in viabil-

physical and chemical conditions. This report contributes to
better understanding of viral transmissibility at a population
or individual level, including environmental determinants.
Moreover, our data provide supporting information for the
development of viral inactivation methods, especially those
involving more than one airborne virus. Our results show
that common environmental factors may play important
roles in viral inactivation and transmission. The parameters
evaluated here should be considered when developing viral
inactivation protocols or analyzing epidemiological charac-
teristics and viral pathogenesis.
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ity between rhinovirus A16 and respiratory syncytial virus and other
groups (p < 0.05), ‘# indicates significant difference in viability
between rhinovirus A16, SARS-CoV-2 lineages B and P.1, and other
groups (p < 0.05). For osmotic resistance, viral stability was evalu-
ated at different osmotic pressures by incubation in 0%, 1%, 10%,
20%, 40% and 80% (w/v) sucrose. The remaining viral infectivity
was compared to that obtained in buffer without sucrose. Results are
expressed as relative log reduction. Plots show the mean and standard
error of three replicates.
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