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ARTICLE INFO ABSTRACT

Article history:

The environmental stability of infectious viruses in the laboratory setting is crucial to the transmission poten-
tial of human respiratory viruses. Different experimental techniques or conditions used in studies over the past
decades have led to diverse understandings and predictions for the stability of viral infectivity in the atmospheric
environment. In this paper, we review the current knowledge on the effect of simulated atmospheric conditions
on the infectivity of respiratory viruses, mainly focusing on influenza viruses and coronaviruses, including severe
acute respiratory syndrome coronavirus 2 and Middle East respiratory syndrome coronavirus. First, we sum-
marize the impact of the experimental conditions on viral stability; these involve the methods of viral aerosol
generation, storage during aging and collection, the virus types and strains, the suspension matrixes, the initial
inoculum volumes and concentrations, and the drying process. Second, we summarize and discuss the detection
methods of viral infectivity and their disadvantages. Finally, we integrate the results from the reviewed studies to
obtain an overall understanding of the effects of atmospheric environmental conditions on the decay of infectious
viruses, especially aerosolized viruses. Overall, this review highlights the knowledge gaps in predicting the ability
of viruses to maintain infectivity during airborne transmission.
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1. Introduction

Respiratory viruses generally infect epithelial cells of the human res-
piratory system and cause lesions in the respiratory tract. They mainly
include the related viruses that cause epidemic outbreaks, such as se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), severe
acute respiratory syndrome coronavirus (SARS-CoV-1), Middle East res-
piratory syndrome coronavirus (MERS-CoV), and pandemic influenza A
virus (HIN1pdmo09), and common respiratory viruses, such as seasonal
influenza viruses, human rhinovirus (HRV), respiratory syncytial virus
(RSV), and human seasonal coronaviruses (e.g., HCoV-229E and HCoV-
0C43). Viral respiratory infections have caused serious harm to human
health. A systematic analysis for the Global Burden of Disease Study
showed that RSV and influenza viruses were two important causes of
death from lower respiratory tract infection in 2016, of which 54% of
the deaths due to RSV occurred in children under 5 years old [1]. It
is estimated that there are up to 645,000 deaths related to respiratory
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infection caused by seasonal influenza worldwide each year [2]. Coro-
navirus disease 2019 (COVID-19) caused by SARS-CoV-2 has become a
major public health emergency and has received wide concern since De-
cember 2019 (https://covid19.who.int), leading to > 507,000 published
articles in the Web of Science dataset. At present, SARS-CoV-2 variants
with stronger transmission are still emerging, posing a great challenge
to the widespread implementation of effective treatments or vaccines.
The transmission of respiratory viruses and their environmental stabil-
ity need to be more clearly understood to formulate effective epidemic
prevention and control measures.

The effective transmission of respiratory viruses between the in-
fected individual and the potential host requires that the viruses main-
tain infectivity. Increasing evidence indicates the significant roles of
aerosols and contaminated fomites (surfaces) in SARS-CoV-2 transmis-
sion [3,4]. Similarly, several studies have reported the presence of RNA
of other respiratory viruses in ward air and on different surfaces, thus
highlighting the risk of viral transmission by aerosols and fomites [5-8].
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However, viable and dead viruses cannot be distinguished by nucleic
acids present in the environment. The scientific brief from the World
Health Organization also stressed the necessity to recover infectious
viruses from air or surfaces, not just viral RNA, to accurately identify
the routes of SARS-CoV-2 transmission [9].

Epidemiological and laboratory studies have shown that the trans-
mission of viruses can be affected by atmospheric environmental condi-
tions, such as temperature, relative humidity (RH), ultraviolet radiation
(UV), and ozone [4,10]. However, there is still an evident gap in recog-
nizing the mechanisms of infectious virus transmission, especially air-
borne transmission. Generally, epidemiological studies need to quickly
identify the relationship between the levels of outbreak and some factors
of concern, such as atmospheric environmental conditions (e.g., tem-
perature, RH, and air pollutants). These efforts contribute to the for-
mulation of policies to mitigate the pandemic. However, the relation-
ship between atmospheric environmental conditions and the spread of
COVID-19 is highly controversial according to our previous study [11].
This is mainly attributed to the complicated impact of atmospheric con-
ditions on the pandemic in the real world. Comparatively, laboratory
simulation studies need to explore the survival and decay of infectious
viruses under controlled conditions, which is very important for epi-
demiological analysis and risk modelling [12,13]. Laboratory studies
on the infectivity of coronaviruses and influenza A viruses (IAVs) on
different surfaces and/or aerosols have been reviewed [14-18]. These
viruses were reported to survive from hours to days on different surfaces.
Recently, a critical review emphasized that differences in experimental
conditions can lead to different outcomes in the inactivation of viruses
by ozone [19]. In addition, studies have inferred that viral infectivity
is significantly lost during sampling [20,21], thus impeding accurate
assessment of the viral infectivity in the ambient environment. There-
fore, technologies and conditions applied in simulation studies need to
be carefully evaluated to further understand the impact of atmospheric
environmental conditions on pandemic events.

Here, we review laboratory studies since 1960 on the stability of hu-
man respiratory viruses in aerosols or on surfaces. We aim to provide
guidelines for studying the environmental stability of infectious respi-
ratory viruses. First, the advances and limitations of the experimental
techniques on viral infectivity are introduced; these include the gen-
eration, storage, and collection of viral aerosols as well as the other
experimental settings. Second, the detection methods for measuring or
quantifying the infectivity of viruses are reviewed; these include cultur-
ing in cells or tissue, nucleic acid-based and immunoassay-based analy-
ses, and optical techniques. Finally, this review integrates the effects of
atmospheric environmental conditions on viral infectivity, and further
research directions are recommended.

2. Effects of experimental conditions on viral infectivity in labo-
ratory studies

The aerosol generation, ageing, and collection techniques and their
ability to maintain the infectivity of respiratory viruses are introduced
in the first three subsections. The effects of experimental conditions on
the stability of viruses deposited on the surface are discussed in the last
subsection.

2.1. Artificial generation of viral aerosols and its impact on viral infectivity

2.1.1. Nebulizers for viral aerosol generation

Reflux nebulizers are mostly used for viral aerosol generation
(Tables 1 and S1). Among them, 3-jet and 6-jet Collison nebulizers are
widely used in the nebulization of respiratory viruses, including SARS-
CoV-2, SARS-CoV-1, MERS-CoV, HCoV-229E, influenza viruses, and rhi-
novirus. Some studies hypothesized that refluxing nebulized viruses may
produce reduced infectivity due to strong collisions, shearing forces, and
recycling [22,23]. In contrast, nonreflux nebulizers enable the suspen-
sions to pass through the nozzle only once, do not need more collisions

472

Fundamental Research 4 (2024) 471-483

and require lower pressure; thus, these nebulizers can possibly reduce
damage to the viruses and effectively maintain viral infectivity [24].

Several studies have reported that viruses are always less infectious
in aerosols than in suspensions within the nebulizer. Fears et al. [25] re-
ported extremely low spray factors (SFs, the ratio of viral titre in aerosol
to the initial titre in the suspension) yielded by 3-jet and 6-jet Collison
nebulizers and an Aerogen Solo nebulizer for SARS-CoV-2, SARS-CoV-
1, and MERS-CoV, and the SFs ranged from —6 to —5.3 log; . Similarly,
the nebulization efficiency of the Collison nebulizer was also very low
for influenza viruses, SARS-CoV-2, or MERS-CoV, with SFs of approxi-
mately —3 to —2 log; [26-29]. Niazi et al. [30] reported that the SFs
of two influenza A viruses and human rhinovirus 16 post-nebulization
ranged from 0.5 to 0.8; however, the sample concentration used to cal-
culate these SFs was not converted to a volume concentration unit in
aerosol. Increasing the initial load of infectious viruses could improve
the survival of the viruses in aerosols [31].

The composition of the suspension is critical for the stability of viral
infectivity in aerosols. The components encapsulating the particles may
protect the virus from the surrounding environment, thus maintaining
viral infectivity. Organics in suspension have been found to protect bac-
teriophages PR772 and ®6 from nebulization and sampling [23]. The
bacteriophage MS2 survived better in protein-rich tryptic soy broth than
in salt-rich artificial saliva without mucin after nebulization [32]. Com-
pared with the medium with 10% synthetic tracheal mucus, the infectiv-
ity of the influenza viruses in the medium with 10% bovine pulmonary
surfactant had a greater loss of 2-4 log;, TCID5,/mL after nebulization,
potentially due to the interaction between the surfactant and the lipid
membrane of the virus, thus reducing viral infectivity [33].

2.1.2. Size of viral aerosols

The size of viral aerosols plays an important role in the airborne
transmission of respiratory viruses. The ferret model shows that the
effective spread of influenza viruses is associated with the release of
submicron aerosols [34]. Droplets produced by speech, coughing, and
sneezing vary in size from less than 1 um to up to 2 x 103 um [35].
However, micron or submicron particles are dominant in the quan-
tity of exhaled droplets. Wang et al. [4] showed that exhaled aerosols
exhibited a multimodal size distribution with peak values at 0.1 um,
0.2-0.8 pm, 1.5-1.8 um, and 3.5-5.0 um, depending on the generation
locations, processes, and respiratory activities. Noti et al. [36] found
that the fastest decay of viral infectivity occurred at a size of > 4 um
(which led to 90% loss in infectivity), while only 29% loss occurred at a
size of 1-4 um after 15 min of nebulization. They attributed the larger
loss in viral infectivity to the higher sedimentation rate of the larger
particles.

Once released to the ambient dry air, the droplets will undergo rapid
dehydration and equilibrium to a stable particle size. The larger particle
size of 100 um could shrink to ~30 pm in only 20 s when exposed to 55%
RH, while the released particles with smaller initial diameters (2-10 um)
could reach their equilibrium size almost instantaneously (0.01-0.1 s)
[37]. Using a model based on Kohler theory, Yang et al. [38] calculated
that a particle of 10 um containing saliva-like composition could shrink
to 24% of its initial size at 90% RH and to 17% of that at 60% RH,
which could lead to an increase in the pH in droplets. This consequence
probably further caused conformational changes in the glycoproteins
on the viral envelope, thereby reducing its infectivity. In another study,
Yang and Marr [35] modelled the size distribution and dynamics of in-
fluenza viruses emitted by coughing at 10%-90% RH and observed the
increased removal of viable influenza viruses at higher RH.

2.2. Aerosol chambers used in the decay simulation of viral infectivity

Decay tests of viral infectivity are generally conducted in an aerosol
chamber under controlled conditions. Several bioaerosol chambers
(such as static, flow-through, and rotating chambers and microthread



Y. Hu, S. Peng, B. Su et al.

Fundamental Research 4 (2024) 471-483

a

STATIC CHAMBER

FLOW-THRU OR WIND TUNNEL

ROTATING CHAMBERS

Particle size dependent settling rates due to
gravitational forces lead to smaller particles

remaining aloft longer than larger system

Size dependent losses of particles occur during
traverse of the system and should be
characterized at the beginning and end of the

Rotation of the drum maintains aerosol longer,
however, over time, size dependent losses will
occur due to larger aerosols depositing on the

surface of the rotating chamber

Environmental Control ¢

_Ring _
Electrodes
/‘ Light Source//
_ Droplet
Dispenser

| Induction /
Electrode

ceLeas|

3
8

d

@
3

Obstruction Fine Mesh
Bubbler

4‘%
=] =

Turbulent Flow From
Temperature Controlied Block

3

Laminar Flow
o
8

N
3

Relative Humidity / %

o

0 10 40 50

%

20 30
Temperature / C

(&

—
== " |

- iii) Particle
4

-~ NS Deposition

~Droplet Dispenser
DC Induction Electrode
Ring Electrodes
Levitated Droplet
Deposition Electrode

Fig. 1. Testing system for studies on viral infectivity in aerosols. (a) Traditional bioaerosol control system including static, flow-through, and rotating chamber
(from left to right). Image a reprinted with permission from Santarpia et al. [39]. Copyright 2019 Taylor & Francis Ltd. (b) and (c) Schematic diagrams of CELEBS
and the double-ring control of droplet suspension and deposition, respectively. Image b reprinted with permission from Oswin et al. [53]. Copyright 2021 Taylor &
Francis Ltd. Image c reprinted with permission from Cruz-Sanchez et al. [51]. Copyright 2013 American Chemical Society.

systems) have been introduced in several reviews [39,40]. In this sub-
section, the aerosol chambers used for respiratory viruses are reviewed
(Fig. 1).

2.2.1. Static and flow-through chambers

Static chambers are often used in studies that only require aerosol
mixing without long-term suspension, for example, to determine the per-
formance of different nebulizers or the short-term stability of the viruses
through a phase transition from liquid to aerosol. The sizes of the static
chambers range from a few litres to dozens of square metres. Gravity
settlement is inevitable for static chambers [41,42]. Moreover, as men-
tioned in Section 2.1.2, RH could affect the size of aerosols and further
the sedimentation rate. Therefore, the physical loss under different RH
values needs to be corrected when using static chambers.

Flow-through chambers are mainly used for buffering or mixing of
continuous input aerosols. Different from static chambers, the driving
force of aerosols in the flow-through chambers is the pressure caused
by flow velocity rather than gravity; thus, their application is more flex-
ible. For example, Ratnesar-Shumate et al. [43] tested the collection
efficiency of eight samplers for airborne SARS-CoV-2 infectivity using
a flow-through chamber (aerosol test plenum) with multiple sampling
ports. Zupin et al. [31] built an aerosol test system containing a circular
transport pipe (aerosol transmission tube) with a length of 30 cm and a
diameter of 7.5 cm to evaluate the infectivity of SARS-CoV-2 in aerosols.
In principle, the length of the flow-through chambers along with the di-
rection and speed of the airflow in the chambers could be changed to
study the hydrodynamics of viral aerosols. However, the physical loss
caused by the increased length of the chamber needs to be reevaluated
[39].
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2.2.2. Rotating chambers

Rotating chambers based on the original design of the Goldberg drum
have been widely used in studies on the decay of infectivity of viral
aerosols. Compared with static chambers, rotating chambers can in-
crease the residence time and reduce the physical loss caused by aerosol
gravity sedimentation and diffusion. For example, approximately 30% of
infectious rhinoviruses and 20% of influenza viruses can be detected in
Goldberg drum even after 23-24 h of nebulization [44,45]. At present,
optimized rotating chambers vary from 10 L to 2000 L and have been
developed to investigate the effect of the physical parameters of the par-
ticles and environmental factors, such as temperature, RH, sunlight, and
ozone, on the viral infectivity [25,29,33,46,47]. Additionally, the opti-
mized rotational speed of the rotating chamber can improve the suspen-
sion time for different particle sizes [48]. To minimize losses of aerosol
in the chamber, a rotational speed of 1-4 rpm is used in most rotating
chambers.

The decay rate of the viral aerosol in the rotating chamber can be
calculated by the first-order decay kinetics (Eq. 1).

C =Cyxet )

where C is the concentration of the infectious virus at sampling time t,
C, is the initial concentration of the infectious virus, and k, is the decay
rate constant. The decay constant k; consists of Kyhyica @0d Kpioiogicats
which represent losses caused by physical processes (such as natural
settlement in the chambers, wall loss, and loss during sampling) and
loss of viral infectivity during sampling, respectively [47,49,50].

2.2.3. Controlled electrodynamic levitation and extraction of bioaerosol
onto a substrate (CELEBS)

Generally, artificially generated aerosols are polydisperse in physical
and chemical properties. The development of single-particle suspension
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and analysis techniques can aid in the explanation of the relationship
between microenvironmental heterogeneity and the biological decay
of single bioaerosol droplets [39,40]. Nevertheless, the applications of
single-particle suspensions and analytical technologies in the bioaerosol
field are still limited.

In recent years, electrodynamic equilibrium techniques, which can
form an electrodynamic trap that restricts a single aerosol particle to a
fixed position stay for several days (Fig. 1b, 1c), have been applied to
study the infectivity of individual virus-laden particles. Using an elec-
trodynamic trap, Cruz-Sanchez et al. [51] studied the direct effect of the
interaction between the particulate matter and RSV on airway epithelial
cells. Later, a similar method, known as controlled electrodynamic levi-
tation and extraction of bioaerosol onto a substrate (CELEBS), was intro-
duced and applied to study the aerosol activity of bacteria (Escherichia
coli and Bacillus) [52] and mouse hepatitis virus [53]. The integrated
design of the CELEBS could minimize the disadvantages of the Goldberg
drum, such as the impact of aerosol production and sampling processes.

2.3. Collection of the viral aerosols

Bioaerosol samplers have been widely used in the study of pollens,
bacteria, and fungi, but these technologies still have challenges in the
collection of viral aerosols [21,54]. The collection efficiency of the sam-
plers, determined by physical collection efficiency and biological col-
lection efficiency, is critical for accurately calculating the attenuation of
infectious viruses in the air. This section mainly focuses on the sampling
technologies for airborne respiratory viruses (Fig. 2). Table S2 presents
the advantages and disadvantages of the sampling mechanisms for main-
taining viral infectivity.

2.3.1. Impactors and cyclones

Impactors are active samplers that use a vacuum pump to inhale
aerosol particles and accelerate them through the nozzle. The particles
hit the collection medium due to inertia; thus, the smaller particles with
less inertia can easily follow the streamline. The physical collection effi-
ciency of the impactors depends on the diameter and density of particles
as well as the velocity and diameter of the nozzle [55]. Impactors are
usually used to capture large bioaerosols, such as bacteria and fungi.
The cascade impactor can separate aerosol particles into different size
fractions, which can aid in the understanding of the difference in viral
infectivity among different particle sizes. Using a personal cascade im-
pactor sampler (Sioutas), Lednicky et al. [56] analysed the infectivity
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of influenza viruses in five particle size ranges and found that ultrafine
aerosol particles contained viable viruses.

Similar to impactors, the impact of traditional cyclones usually de-
pends on high flow rates (tens to hundreds of lpm), causing difficulty
to maintain viral infectivity. A portable two-stage cyclone developed
by the National Institute for Occupational Safety and Health (NIOSH)
consists of two 1.5 mL centrifuge tubes, enabling low flow operation
[57]. This improved sampler can collect two particle sizes (> 4 pm and
1-4 um) into two disposable centrifuge tubes and a particle size of <
1 um onto a polytetrafluoroethylene (PTFE) filter at a low flow rate
(8.5 Ipm). Using three-stage NIOSH cyclones, Noti et al. [58] found that
most of the particles containing infectious influenza viruses exhaled by
simulated cough were < 4 pm (5.0% in > 4 pm, 75.5% in 1-4 pm, and
19.5% in < 1 um). However, the infectivity of the SARS-CoV-2 Delta
variant could not be recovered by cyclones in the air [59]. This was po-
tentially due to unavoidable long-term sampling, which aggravated the
loss from the sampler wall and drying process. For example, using the
SKC BioSampler as the reference sampler, the ability of the NIOSH sam-
pler to maintain infectivity was 35% (sampling time of 15 min), 28%
(80 min), and 15% (60 min) of that of the SKC BioSampler [60].

2.3.2. Liquid impingers

Liquid impingers have been widely used as reference samplers in
studies of viral infectivity. This is a gentler sampling method for viruses
than solid surface impaction; thus, the viral infectivity is well preserved.
There are two commonly used liquid impingers: all-glass impingers
(AGIs) and SKC BioSampler. Generally, AGI has only one nozzle that
can reach sound speed. The large particles passing through the nozzle
collide with the liquid due to inertia, and the resulting bubbles aids
in the collection of small particles [20]. AGI has mostly been used in
early studies on viruses, including MERS-CoV, rhinovirus, HCoVs, and
influenza viruses [41,44,45,61,62].

SKC BioSampler exhibits better performance in the recovery of infec-
tivity. It has several nozzles of 0.66 um; these improve the aerosol col-
lection mainly through combined impact and centrifugal motion (eddy
motion). Using the SKC BioSampler, researchers have successfully re-
covered viable influenza viruses from coughs and exhalations of pa-
tients and from air in isolation wards [63,64]. Compared with other
samplers, such as the compact cascade impactor (CCI), Teflon filters,
and gelatine filters, the SKC BioSampler showed the highest recovery
rate of infectious viruses (75%-110% vs. 7%-22%) [65]. However, the
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Fig. 2. Various samplers used for collecting viral aerosols. Image reprinted with permission from Pan et al. [21]. Copyright 2019 John Wiley & Sons, Inc.
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SKC BioSampler was less efficient at collecting submicron and ultrafine
virus aerosols, with a recovery of only 10%-50% [66,67].

2.3.3. Filter-based samplers

Filter-based samplers collect aerosols onto different filters based on
interception, inertia, diffusion, and electrostatic attraction [20]. PTFE
collected particles with a size of 100-900 nm and a collection efficiency
of > 93% for airborne phage MS2; polycarbonate (PC) filters had lower
physical collection efficiencies of only 49% and 22% for particles of
47 nm and 63 nm, respectively [68]. Gelatine filters had a physical col-
lection efficiency of ~100% for influenza viruses in aerosols with a size
of 20-300 nm. Similarly, the glass fibre filter also showed a physical
collection efficiency of 100% for particles in the range of 30 to 300 nm
[67].

However, filters generally have very low efficiency in infectious virus
collection [67]. Agar and semisolid gelatine filters were found to be
more effective than virus transport medium (VTM) in biological recov-
ery [69]. Compared with other filters, gelatine filters have unique ad-
vantages: they are easy to dissolve in liquid and do not affect the subse-
quent detection of infectivity; thus, they are widely used in laboratory
studies on the ageing of infectious respiratory viruses (Table 1). Gelatine
filters have been successfully used to collect viable SARS-CoV-2 [70] and
MERS-CoV from the air of the isolation ward of patients [6]. However,
long-term sampling in ambient air remains challenging in the recovery
of viral infectivity because of the effects of drying [71].

2.3.4. Emerging sampling technologies

Traditional samplers (impactors, impactors, and filters) are often ac-
companied by inefficient collections of fine particles, virus dehydra-
tion, or wall loss. To overcome these shortcomings, some new sam-
pling technologies have emerged. For example, growth tube collector
technology (GTC, also known as viable virus aerosol sampler (VIVAS))
can be used to effectively collect fine particles and maintain better vi-
ral infectivity [72,73]. Recently, Vass et al. [59] successfully detected
viable SARS-CoV-2 Delta variants in aerosol samples using commer-
cial BioSpot-VIVAS. Another new sampling technology beneficial to the
maintenance of viral infectivity is the electrostatic precipitator (ESP), in
which incoming particles are charged and transferred to the collection
medium by electrostatic attraction or repulsion. The currently devel-
oped ESP can collect monodisperse polystyrene particles of 0.05-2 pm
with recoveries of 99.3%-99.8% [74]. This method has been success-
fully used in the collection of viable SARS-CoV-2 in indoor air [75]. The
advantage of ESPs is that their impact on bioaerosol particles is low
[54], and its disadvantage is that ozone and reactive oxygen species
(ROS) produced by corona discharge can inactivate viruses. However,
the addition of the ROS scavengers such as ascorbic acid to the collec-
tion medium (phosphate-buffered saline) can effectively alleviate this
effect [76,771].

2.4. Laboratory simulation of viral stability on surfaces

The steps to study the stability of viruses deposited on different sur-
faces generally include inoculation, exposure, and recovery for further
detection in laboratory simulations. Notably, several factors, such as
virus types and strains, suspension matrixes, initial inoculation volumes
and concentrations, and droplet drying, could lead to different results
among the studies.

2.4.1. Virus types and strains

Different virus types known for their different virus structures show
different decay patterns of infectivity [17,61,78]. Whether in plastic,
stainless steel, glass, or skin, SARS-CoV-2 always survived longer than
IAV [78]. van Doremalen et al. [61] found that viable MERS-CoV could
be recovered from stainless steel and plastic surfaces at 48 h after inoc-
ulation, while influenza H1N1 viruses were not able to be detected at
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4 h. Even for coronavirus, the stability of different genera on the sur-
faces was also different. Most studies have shown that p-coronaviruses
(SARS-CoV-2, SARS-CoV-1, and MERS-CoV) have relatively high stabil-
ity on surfaces such as polypropylene, stainless steel, copper, cardboard,
and glass [61,79,80]. However, HCoVs, which belong to a-coronavirus,
are less stable on surfaces. Rabenau et al. [81] found that the stability
of SARS-CoV-1 on polypropylene was better than that of HCoV-229E.
HCoV-229E was found to survive ~3 h on aluminium, sterile latex sur-
gical gloves, and aseptic sponges [82].

Identifiers of influenza virus strains used in this review are listed
in Table S3. Most studies have shown that IAVs (A/H1N1pdm, A/NC-
HIN1, and A/Brazil-like HIN1) tend to be more stable than IBVs (IBV-
Texas, IBV-Illinois-like, and IBV-HK) under 30%-55% RH [83-85].
Among the subtypes of IAVs, HIN1 (A/NC-H1N1) can survive for only
1 h, while H3N2 (A/Wis-H3N2) can survive for 3 days [83]. For differ-
ent strains of HIN1, significant differences in the stability of the A/New
Caledonia/20/1999 strain (H1N1) and A/Brisbane/59,/2007 (H1N1) on
stainless steel were observed. The difference in stability between the
different viral strains was potentially attributed to slight changes in the
composition of fatty acids in the outer phospholipid membrane of the
influenza virus [86].

2.4.2. Suspension matrixes

A culture medium or VTM is often used for virus extraction, preserva-
tion, and suspension on surfaces. To simulate respiratory fluids, natural
or artificial saliva and mucus are used as organic substrates to suspend
the viruses. As early as the 1940s, the protective effect of human mu-
cus on the survival of influenza viruses was mentioned [87]. Yang et al.
[88] investigated the effects of protein, salt concentration, and mucus
on the stability of influenza H1N1 viruses at ~50% RH. They found that
viral infectivity decreased by ~2 log;, in a salt solution and the loss
increased with increasing salt concentration, while no significant loss
occurred after the addition of protein to the solution.

Artificial saliva or mucus is also widely used in the study of SARS-
CoV-2 [89-92]. It was reported that SARS-CoV-1 was protected in sus-
pension with 10% fetal calf serum [81]. In a suspension with 10 g/L
bovine serum albumin, the stability of SARS-CoV-2 significantly in-
creased (from 48 h to > 96 h) on the surface of glass [93]. Compared
with the culture medium, the addition of artificial mucus and protein
significantly increased the resistance of SARS-CoV-2 to inactivation un-
der simulated sunlight (1.28 W/cm? UVB) [89,94]. However, Ratnesar-
Shumate et al. [95] showed that the addition of artificial saliva signifi-
cantly accelerated the decay of SARS-CoV-2. IAV deposited on common
surfaces (stainless steel/glass/plastic) was inactivated faster in natural
mucus (from sputum samples) than in the culture medium [78]. Over-
all, the impact of the suspension on viral infectivity remains contentious
until now.

2.4.3. Inoculum volumes and titres

Human respiratory activities, such as breathing, talking, coughing,
and sneezing, can emit a series of droplet sizes (see 2.1.2). Therefore,
studies on the relationship between droplet sizes deposited on surfaces
and the decay of viral infectivity can aid in the understanding of the
behaviour of viruses in transmission by fomites. The inoculum volumes
of suspensions containing viruses exceeded three orders of magnitude
from 0.1 pL to 500 pL in previous studies. The most commonly used
volume was 5-50 pL. Droplet size on the fingers has been shown to
have a direct effect on the stability of influenza viruses, and a larger
droplet size may provide a beneficial microenvironment to protect the
viruses [96]. A recent study on the effect of inoculation volume (1 pL,
5 pL, and 50 pL) showed that different initial droplet volumes affected
the time for droplets to reach quasi-equilibrium and led to various envi-
ronmental stabilities of the enveloped viruses [97]. However, Biryukov
et al. [92] found that inoculum volumes (1 pL, 5 pL, and 50 pL) did not
affect the stability of SARS-CoV-2 deposited on stainless steel.
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Table 1

Experimental conditions and estimated half-lives of viral infectivity on artificially aerosolized human respiratory viruses under different temperatures (Temp.) and relative humidity (RH) in darkness.

Study Virus Conditions Temp. (°C) RH (%)  k; (min) K (Ig/h) Rtj, ) R?
Nebulizer Particle size Sampler Matrix
(Schuit et al., 2021) [124] SARS-CoV-2 Air assist nozzle MMAD: 2 pm Gelatine filter sRTLF 20 20-70 0.005 2.31
40 20 0.012 0.96
10 70 0.001 11.55
30 70 0.029 0.40
(Dabisch et al., 2021) [49] SARS-CoV-2 Air assist nozzle MMAD: 1.94 pm Gelatine filter Simulated saliva 10 70 0.018 0.64
20 20 0.006 1.93
20 70 0.017 0.68
30 70 0.066 0.18
40 70 0.04 0.29
(Smither et al., 2020) [26] SARS-CoV-2 Collison nebulizer (3-jet) Size: 1-3 pm Impinger DMEM 20 50 0.009 1.27
20 78 0.016 0.7
Artificial saliva 20 50 0.023 0.51
20 78 0.004 2.9
(Schuit et al., 2020) [47] SARS-CoV-2 Air assist nozzle MMAD: 1.78 um Gelatine filter Artificial saliva 20 20-70 0.008 1.44
MMAD: 1.88 pm Gelatine filter CM (with 10% FBS) 20 20-70 0.013 0.89
(Schuit et al., 2019) [50] A/PR8-HIN1 Ultrasonic nozzle MMAD: 4.1-4.4 um Gelatine filter CM (with 8% FBS) 20 20, 70 0.02 0.58
(van Doremalen et al., 2020) [79] SARS-CoV-2 Collison nebulizer (3-jet) Size: < 5 um Gelatine filter CM (with 2% FBS) 22 65 1.09
SARS-CoV-1 22 65 1.18
(Pyankov et al., 2018) [27]. MERS-CoV Collison nebulizer (3-jet) Size: 0.7-1.8 pm Personal sampler CM (with 2% FBS) 25 79 0.284 1.06 (0.90)
38 24 0.572 0.53 (0.99)
(Pyankov et al., 2012) [28] A/H1IN1pdm Collison nebulizer (3-jet) Size: 0.5-2 pm Personal sampler DMEM 25 55 0.767 0.39 (0.96)
A/Aichi-H3N2 25 55 0.220 1.37 (0.95)
(Karim et al., 1985) [44] Rhinovirus-14 Collison nebulizer (6-jet) Size: <5 um All-glass impinger TPB 20 80 13.7
(Jjaz et al., 1985) [125] Human Collison nebulizer (6-jet) NP NP TPB 20 30 26.76
Coronavirus 229E
20 50 67.33
20 80 3.34
6 30 34.46
6 50 102.53
6 80 86.01
(Rechsteiner and Winkler, 1969) [46]  Respiratory FK 8 direct type atomizer MPS: 4.9 um Impinger Distilled water 20.5 20 0.500 0.60
syncytial virus
20.5 30 1.070 0.28
20.5 40 0.590 0.51
20.5 50 0.770 0.39
20.5 60 0.700 0.43
20.5 70 1.470 0.20
20.5 80 2.200 0.14
20.5 90 1.720 0.18
(Harper, 1961) [45] A/PR8-HIN1 Collison atomizer NP Impinger Mcllvaine’s buffer 7.5 24 0.023 13.20 (0.95)
(with 0.2% casein)
7.5 51 0.023 13.38 (0.87)
7.5 82 0.066 4.55 (0.97)
22.25 21 0.022 13.50 (0.92)
22.25 35 0.032 9.44 (0.92)
22.25 50.5 0.213 1.41 (0.96)
22.25 64.5 0.198 1.52 (0.90)
22.25 81 0.168 1.79 (0.79)
32 20 0.075 4.04 (0.96)
32 49.5 0.311 0.97 (0.94)
32 81 1.093 0.28 (0.95)

‘v 32 NS g Sudd 'S NH ‘A

Notes: MMAD: mass median aerodynamic diameter; MPS: mean particle size; sSRTLF: simulated respiratory tract lining fluid; CM: culture medium; TPB: tryptose-phosphate broth; NP: not pointed out in the original
literature. Recalculated half-lives (Rt; ;) in this paper are identified by the corresponding R? value in parentheses. The value of Rt, , in bold represents the reported half-lives derived from the original papers. k; is
given in loss of titre (TCIDs,/mL or PFU/mL) per min and K in log;, titre loss per hour, which can be converted to Rt; /,.
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The initial inoculum titres of the viruses may also affect the stability
of the deposited viruses. The stability of the A/Mos-H3N2 viruses de-
posited on banknotes increased from 1 h to 2 days as the initial titre in-
creased 8 times [83]. Similarly, the recovery of parainfluenza virus was
enhanced when the viral load increased from 1 to 3 log;, TCID5,/mL
[98]. van Doremalen et al. [79] found that culture medium-suspended
SARS-CoV-2 could survive for 3 days on stainless steel using an initial
titre of 5 log;y TCID5y/mL, while Chin et al. [99] and Riddell et al.
[91] found that it could survive for nearly 7 days using an initial load
of 7-8 log;, TCID5,/mL.

2.4.4. Drying of droplets

Viral droplets gradually dry when inoculated on surfaces due to the
unsaturated RH of the surrounding environment. At present, the studies
can be divided into two groups: one is to observe the dry virus (after
drying), and the other is to observe the wet virus (immediately after
inoculation). Dried SARS-CoV-1 and SARS-CoV-2 have shown survival
on the surface for several days [100-102]. For wet viruses, Firquet et al.
[103] found that the decay of wet viruses significantly increased with in-
creasing drying times. A recent study used a microbalance to observe the
stability of SARS-CoV-2 and found that there was no significant change
in the titre of the virus on the surface before the droplets were com-
pletely dried [104]. However, the viral titre began to decrease once
efflorescence occurred. Similar results were found in earlier studies in
which wet parainfluenza viruses were more stable on both nonabsorp-
tive and absorptive surfaces than dry viruses [98]. Overall, the main
decay of the virus occurs in the process of droplet drying, not after dry-
ing.

Notably, the drying time is dependent on the inoculation volumes.
The drying of 50 uL droplets on polystyrene takes 10 h at 22°C and 65%
RH [104], while the drying of 1 pL droplets only takes 1 h at 22°C and
75% RH [105]. These differences cause great difficulty in the differenti-
ation of the dynamic decay of viruses in many laboratory studies. Addi-
tionally, the composition of the suspension may also affect the sensitiv-
ity of different viruses to inactivation during drying [90,95,106,107].

3. Detection and evaluation methods for the viral infectivity in
environments

The methods for detecting viral infectivity in environmental sam-
ples reviewed in this section include conventional and potential meth-
ods such as culturing-, nucleic acid-based analysis, immunoassay, and
optical techniques. Table 2 summarizes the advantages, disadvantages,
and applications of these detection methods.

3.1. Traditional culturing in cells or tissues

The culture method is the gold standard for determining viral infec-
tivity, which is mainly measured by observing the number of plaques
and cytopathic effects (CPE). Plaque-forming units (PFUs) were used
to quantify the viral titre. Usually, a series of 10-fold diluted viruses
is inoculated into each plate to infect cells and then the cells were
cleaved and release more viruses to infect the neighbouring cells. As
the infection repeats, the infected area forms a visible plaque [108].
This method is limited to some viruses such as influenza viruses that
induce cell lysis or death and form plaques on the cell monolayer in
the cell culture plate; however, many viruses do not form plaques and
only induce recognizable CPE [109]. The end-point dilution method
was used to quantify the effects of the 10-fold diluted viruses added
to the cell monolayer, and the viral dilution in 50% of cells with CPE
(tissue culture infective dose 50%, TCIDs,) was determined after a few
days [110]. However, viral detection using culturing methods still has
great challenges because of the low recovery of infectious viruses in real
environment.
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3.2. Nucleic acid-based analysis

Viral nucleic acid as a genetic material has been a routine index for
the detection and identification of viruses. Reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) is widely used to mea-
sure viruses in the environment. However, viral nucleic acids alone can-
not indicate whether the virus present in the environment is infectious.
Thus, optimized nucleic acid-based detection was developed. Nuanu-
alsuwan et al. [111] considered that the capsid protein of the dam-
aged virus was more easily degraded by protease than the unharmed
capsid protein; thus, they added protease K and nuclease to eliminate
the interference of the inactivated virus before RT-qPCR detection of
the samples. Bonifait et al. [112] noted that the addition of propid-
ium monoazide to the qPCR system could distinguish noroviruses with
intact structure or membrane damage, thus reducing the detection of
inactivated viruses during testing and eliminating false positives. A
combination of a variety of conventional detection methods also en-
ables the detection of viral infectivity, such as cell culture combined
with qPCR (ICC-qPCR) or viral replication assay (VRA), cell culture
combined with ELISA or fluorescence microscopy to detect antibodies
[113].

3.3. Immunoassay

Immunoassays based on the specific combination of antigens and
antibodies are widely used to detect the viability of pathogenic mi-
croorganisms [114]. Immunological techniques commonly used to de-
tect viruses include enzyme-linked immunosorbent assay (ELISA), ra-
dioimmunoassay (RIA), and chemiluminescence immunoassay (CLIA)
[115,116]. Based on the principle of immunology, biosensors have
received extensive attention in the detection of viruses since they
can improve the sensitivity of detection and reduce the sample size
and cost [117]. At present, several types of low-cost and time-saving
biosensors, such as electrochemical sensors, quartz crystal microbal-
ances (QCMs), and field effect transistors (FETs), have been devel-
oped to quickly identify different viruses (Fig. S1). For example, a
graphene-based FET biosensor developed by Seo et al. [118] could
detect SARS-CoV-2 in clinical samples without extracting viral nu-
cleic acids. The limit of the biosensor for real-time detection of
SARS-CoV-2 was lower than 16 PFU/mL. However, the effective-
ness of immunoassays for viral infectivity is still debateable. Indeed,
false positives in immunoassays depend on the content of free pro-
teins or damaged proteins around viruses and their binding ability to
antibodies.

3.4. Optical techniques

With the development of imaging equipment and tuneable laser
sources, optical tools are increasingly used in the detection of vi-
ral infectivity. Optical technologies include fluorescence microscopy,
Fourier transform infrared spectroscopy (FTIR), and surface-enhanced
Raman scattering (SERS) (Fig. S2). Noyce et al. [119] detected in-
fluenza HIN1 viruses with a fluorescein isothiocyanate-labelled anti-
body and measured the viral infectivity by fluorescence microscopy. Us-
ing FTIR, the absorption abundance at 1124 cm™!, which reflected the
phosphodiester-linked nature of RNA, was increased when Vero-E6 cells
were infected by infectious SARS-CoV-2 rather than inactivated SARS-
CoV-2 [120]. SERS can improve the measurement sensitivity of viral
infectivity [121]. In addition, combining SERS with microfluidics can
simultaneously measure the infectivity of several respiratory viruses,
including rhinovirus, influenza viruses, and parainfluenza viruses, and
their subtypes can be distinguished based on principal component anal-
ysis of the Raman scattering [122]. In the future, optical tools need to
be developed with miniaturization and low cost to increase their usage
in various applications.
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Table 2
Detection methods of viral infectivity.
Classification Methods Advantages Disadvantages Comments References
Cell culture Plaque # Distinguish the infectious viruses 4 Specific culture conditions Rigotto et al. [136]
and dead viruses 4 Time-consuming
4 Low sensitivity
TCIDs, # Distinguish the infectious viruses 4 Specific culture conditions Agol [109]
and dead viruses # Cannot form significant cytopathic effects
at low viral load
Nucleic acid-based RT-qPCR # Highly specific and sensitive when & Specialized equipment required Liu et al. [137]

analysis

RT-qPCR, nucleases,
and reagent D

using primers

¢ Amenable to high-volume testing
+ Highly specific and sensitive and
exclude dead viruses

¢ Fail to distinguish the infectious viruses

and dead viruses
# Specialized equipment required
¢ Depend on the viral load

Bhardwayj et al. [138]

ICC-PCR # Highly specific and sensitive and 4 Specific culture conditions Lesser application to Rodriguez et al., [139]
exclude dead viruses 4 Cost-consuming detection of respiratory
4 Developed commercial kits # Specialized equipment required viruses such as
4 Depend on the viral load SARS-CoV-2 and
influenza viruses
Immunoassay ELISA + Highly sensitive and stable ¢ Cross-reactivity of antibodies to other Pimenta et al. [115]
co-infecting viruses
# False positives in the results
CLIA 4 Highly signal intensity and 4 Closed analytical systems Lietal. [116]
specificity ¢ Limited tests panel
4 Low consumption of reagents # False positives in the results
QCM, FET, and + Highly flexibility and sensitive # Specialized equipment required Potential detection for Laygah and Eissa [140]
Electrochemical 4 Low-cost # Less reproducibility and stability viable viruses

sensors

Optical techniques

Raman spectroscopy

Fluorescence-based
virus detection
Fourier transform
infrared

+ Distinguish different virus species
based on Raman spectroscopy

4 Visualized the viral RNA/DNA
using fluorescence technique

+ Highly sensitive

4 Visualized the absorption of

# Specialized equipment required

# Fluorescent labels are easily quenched

# Specialized equipment required

Yeh et al. [122]
Noyce et al. [119]

Kazmer et al. [120]

aliphatic and saccharide in the cells

4. Environmental conditions affecting the infectivity of respi-
ratory viruses

Since the outbreak of COVID-19, studies on the transmission of
viruses in the environment have rapidly increased. Guillier et al.
[123] and Morris et al. [104] conducted a meta-analysis of coronavirus
inactivation by temperature and RH; however, most of their data came
from viral inactivation in solutions. Here, we reviewed published results
on the decay of respiratory viruses in aerosols and on surfaces (Tables 1
and S4). Studies on virus inactivation in solutions were excluded from
our analysis.

Generally, the decay constant k;, K (log;q TCID5,/mL loss per hour),
half-life (the time to reduce viral infectivity by 50%, t; ), and D value
(the time to reduce viral infectivity by 90%) are used to quantify the
decay of the viruses. Here, we summarized half-lives or converted other
parameters to half-lives (Rt; ;) based on first-order decay kinetics. For
studies that did not report the characteristics of viral decay, we used dig-
itization tools in Origin 7.0 to manually extract and convert data (log;,
titre vs. hours) from charts and record metadata involving virus types,
inoculations, suspensions, surfaces, and environmental conditions. The
charts used for extraction and the final dataset are available in a
GitHub repository (https://github.com/YaohaoHu/Review-for-FR.git).
Eq. 2 (logarithmic 10 transformation of Eq. 1) was used to recalculate
the half-life (Rt; ,,), which is log; (2 times the reciprocal of K (the abso-
lute value of the slope in the linear regression). Data attaining R? > 0.8
in linear regression were recorded.

log;(2
g10 ¢

log o(C) = log;((Cy) - Rz )
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4.1. Temperature and relative humidity

At present, the effects of temperature and RH on the decay of viral ac-
tivity are a concern of most studies. Temperature can affect the infectiv-
ity of viruses by affecting the stability of the proteins, lipids, and genetic
materials that make up the virus [4,15]. Correlation analysis showed
that there was a significant negative correlation between temperature
(4 °C-55 °C) and half-life (log;( of Rt /5) for SARS-CoV-2 and influenza
viruses (Pearson’s r = 0.57 and Pearson’s r = 0.59, p < 0.05) (Fig. 3). No-
tably, coronavirus has stronger resistance to inactivation by temperature
than other respiratory viruses on the surfaces, showing a higher Rt;
at 20 °C-30 °C; increasing protein content in suspensions could gener-
ally improve the estimated Rt; , of SARS-CoV-2 and influenza viruses
on surfaces (Table S4). As shown in Fig. 3a and 3c, the values of Rt;
were higher in the culture medium containing higher fetal bovine serum
(protein content) at 20 °C-30 °C.

Here, we mainly review the latest research on viral infectivity in
aerosols (Table 1). The types or subtypes of viruses may affect the viral
sensitivity to temperature, but viral inactivation at high temperature is
definite. The Rt; , of SARS-CoV-2 in aerosols decreased from 11.55 h
to 0.40 h when the temperature increased from 10 °C to 30 °C at 70%
RH [124]. Similarly, nebulized HCoV-229E can survive with an Rt;
of 67.33 h at 20 °C/50% RH and has higher stability at 6 °C/50% RH
(Rty 5 of 102.53 h) [125].

The effect of RH on viral infectivity and its mechanism are still de-
bateable. At present, we cannot find a significant correlation between
the RH and the half-lives of the viruses (Fig. 3). For example, at 20 °C,
the infectivity of rhinovirus in aerosols is rapidly lost at low and medium
RH, while it is highly stable at high RH with a half-life of 13.7 h [44,62].
Some studies reported maximum decay of influenza viruses in aerosols
at moderate RH (50%-70% RH) [41,126], while others reported maxi-
mum decay at high RH (~80% RH) [45,127]. Recent studies have shown
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Fig. 3. The relationship between the half-lives of viruses and temperature as well as RH according to the papers reviewed in this article. (a) The
half-life (log;, h) of SARS-CoV-2 vs. temperature. (b) SARS-CoV-2 vs. RH. (c) Influenza virus vs. temperature. (d) Influenza viruses vs. RH. (a) and (b) share
the same legend; (c) and (d) share the same legend. Color represents the difference in suspension composition. Different shapes represent the difference in
media: circles and crosses show the studies on viruses deposited on nonporous and porous surfaces, respectively, and triangles show the studies on viruses in

aerosols.

that the addition of proteins such as fetal bovine serum, mucin, or extra-
cellular substances to the virus suspension could reduce or eliminate the
decay of viral infectivity in aerosols caused by RH [29,50,85]. Smither
et al. [26] noted that the difference in components of suspensions could
lead to the different sensitivities of infectious SARS-CoV-2 to RH.

To explore the mechanism of RH on viral infectivity, some sci-
entists have made assumptions based on the evaporation kinetics of
droplets [105,128]. Using dual-balance quadrupole electrodynamic bal-
ance technology (DBQ-EDB), Huynh et al. [129] studied the phase tran-
sition of aerosols induced by RH and proposed that the organic semisolid
state of particles under RH (45%-80%) protected the pathogens from in-
activation and that higher protein content caused the particles to exist
as a semisolid under the condition of higher RH. Morris et al. [104] de-
veloped a mechanistic biochemical mode of inactivation of the virus
on surfaces Eq. 3 and explained the U-shaped dependence between the
infectivity of SARS-CoV-2 and RH. This mechanistic model was used
to predict the half-lives of five human coronaviruses containing SARS-
CoV-2, SARS-CoV-1, MERS-CoV, HCoV-229E, and HCoV-OC43, and the
predictions effectively matched the measurements.

E,
keff = Aeffexp <_ﬁ>
[Sea E
ksot = [;:] Ago €Xp (_R_;-> 3)
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However, this model may not be suitable to explain the effect of RH
on viral infectivity in aerosols. Under different RHs, the components
and concentrations of the suspensions affect the size and composition
of aerosol particles, thus affecting sedimentation and inactivation of the
virus.

4.2. Sunlight radiation

Ultraviolet C (UVC, wavelengths 100-280 nm) radiation has been
widely studied and proven to be effective against various viruses [130].
However, UVC from the sun is unable to penetrate the Earth’s at-
mosphere. Most of the UV radiation that reaches the Earth’s surface
is UVA (315-400 nm) with a small amount of UVB (280-315 nm).
Many studies have reported that UVA does not inactivate viruses sus-
pended in solution, while UVB has a certain effect on infectious decay
[15,131].

Table 3 summarizes the half-lives of viral infectivity in aerosols and
on surfaces under different intensities of simulated sunlight. The related
studies are mainly from the National Biodefense Analysis and Coun-
termeasures Center (NBACC), USA. They found that simulated sunlight
could effectively increase the decay of viral infectivity. Specifically, the
half-life of influenza viruses in aerosols was 31.6 min (Rt , = 34.7 min)
at 20 °C and darkness; however, under the conditions of high sunlight
intensity (52.86 W/m? UVA and 1.44 W/m? UVB) simulating sunny
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Summary of the laboratory studies on the half-lives of viral aerosols under simulated sunlight.

Virus Matrix Temperature (°C) RH (%) irradiance Rt; /, (min) Reference
Aerosol
SARS-CoV-2 Simulated respiratory tract lining fluid ~ 10-40 20-70 0 24-693 Schuit et al. [124]
10-30 20-70  69.76 W/m? UVA; 1.91 W/m? UVB 2.4-5.98
20 45 31.97 W/m? UVA; 0.94 W/m? UVB 4.47
SARS-CoV-2 Simulated saliva 10-40 20,70 O 10.8->115.8 Dabisch et al. [49]
10-30 45 0.9 W/m? UVB 3.47-5.87
10-40 20,70 1.9 W/m? UVB 1.42-3.29
SARS-CoV-2 Simulated saliva 20 20-70 0 86.64 Schuit et al. [47]
20 20-70  31.97 W/m? UVA; 0.94 W/m? UVB 5.73
20 20-70  69.76 W/m? UVA; 1.91 W/m? UVB 2.27
culture medium (10% FBS) 20 20-70 O 53.32
20 20-70  31.97 W/m? UVA; 0.94 W/m? UVB 4.10
20 20-70  69.76 W/m? UVA; 1.91 W/m? UVB 3.81
Influenza A virus culture medium (8% FBS) 20 20,70 O 34.66 Schuit et al. [50]
20 20,70 24.48 W/m? UVA; 0.62 W/m? UVB 4.05
20 20,70 52.86 W/m? UVA; 1.44 W/m? UVB 2.39
Surface
SARS-CoV-2 culture medium (5% FBS) 20 - 3000 lux visible light 158.58 Uema et al. [132]
SARS-CoV-2 culture medium (1% BCS) 22.5 34 0 301.03 Sloan et al. [89]
22.5 34 41.46 W/m? UVA; 1.28 W/m? UVB  6.84
simulated mucus 225 34 0 100.34
22.5 34 41.46 W/m? UVA; 1.28 W/m2 UVB ~ 27.37
culture medium (1% BCS) 25-34 29-41 O 43.00
25-34 29-41  41.46 W/m? UVA; 1.28 W/m? UVB 8.85
simulated mucus 25-34 24-41 0 150.51
25-34 24-41  41.46 W/m? UVA; 1.28 W/m? UVB 20.07
SARS-CoV-2 DMEM 20-35 50 0 55.01-119.51 Raiteux et al. [94]
20-35 50 79 W/m? UVA+UVB 2.72-3.04
35 50 442 W/m? UVA+UVB 0.65
DMEM (1% BSA + 1% yeast extract) 35 50 0 51.73
35 50 442 W/m? UVA+UVB 0.74
SARS-CoV-2 Simulated saliva 20 19 0 100.34 Ratnesar-Shumate et al. [95]
20 19 0.3 W/m? UVB 3.86
20 19 0.7 W/m? UVB 2.41
20 19 1.6 W/m? UVB 2.03
culture medium (10% FBS) 20 19 0.3 W/m? UVB 16.72
20 19 0.7 W/m? UVB 5.28
20 19 1.6 W/m? UVB 4.30

weather at northern latitudes at 40 °C, the half-life of influenza viruses
in aerosols was approximately 2.4 min, and viral decay increased with
increasing exposure time and light intensity [50]. Under simulated sun-
light for late winter/early autumn (31.97 W/m? UVA and 0.94 W/m?
UVB) and summer (69.76 W/m? UVA and 1.91 W/m? UVB), the half-
lives of SARS-CoV-2 were only 5.7 min and 2.3 min, respectively [47].
Similarly, SARS-CoV-2 deposited on surfaces is also affected by sunlight.
Under different UVB intensities (0.3, 0.7, 1.6 W/m? UVB), a ninety per-
cent loss of the virus took only 6.8-55.6 min, equivalent to a half-life of
2-16 min, which was much lower than that in dark conditions (at least
100 min of Rt; ;) [95]. However, Uema et al. [132] found that visible
light does not inactivate viruses as endogenously as UVB does. The ef-
fect of solar radiation in the ambient air on the infectivity of respiratory
viruses remains unknown.

4.3. Ozone

Ozone, as an effective gas disinfectant, has been widely used
to inactivate a variety of microorganisms and viruses. Recently, Fa-
rooq and Tizaoui [19] reviewed the research status of ozone disin-
fection of SARS-CoV-2 on surfaces and in the air. They noted that
at 60%-99% RH and ambient temperature, 99% of SARS-CoV-2 ad-
hered to common surfaces could be inactivated within 60 min by 10-
20,000 mg/m? ozone, while inactivation in aerosols needed less than
10 min at a lower ozone exposure of 2-10 mg/m3. However, the level
of O3 used in these studies was much higher than that in ambient
air.

At present, only a few studies have focused on the stability of in-
fectious viruses on the surface and in aerosols under O3 at ambient
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levels. For example, SARS-CoV-2 deposited on stainless steel could be
reduced by ~95% after 10 h and 20 h of ozone exposure at 0.1 ppm
and 0.05 ppm, respectively [133]. The copies of SARS-CoV-2 RNA
(based on ICC-qPCR detection) significantly decreased (95.9%-97.7%
loss) when exposed to high ambient ozone concentrations (250 pg/m?)
for 30 and 60 min [134]. Criscuolo et al. [135] showed that > 99.9%
of the viral titre of SARS-CoV-2 in fleece could be lost after expo-
sure to 0.2 ppm ozone for 2 h, while the reduction in viral infectiv-
ity on other materials was less significant (96.8% in gauze, 93.3% in
wood, 90% in glass, and 82.2% in plastic). Ambient O3 had a cer-
tain inactivation effect on viral infectivity, but its ability to inactivate
needs to be further investigated because of the lack of unambiguous
evidence.

5. Conclusion and outlook

Laboratory simulation studies under controlled environmental con-
ditions are used to explore the survival and decay of infectious viruses.
However, the simulation methods from aerosol generation, ageing, and
sampling to detection of infectivity may change the results on the stabil-
ity of the viruses. Several important experimental conditions, especially
virus types, suspension components, inoculum load, and evaporation,
have been found to be the main factors affecting the decay of infectious
viruses. Presently, there are conflicting outcomes among the laboratory
studies. The experimental methods need to be standardized to minimize
and quantify their effects on the damage of infectivity, in order to pro-
duce more comparable experimental results among the different studies.
In addition, sampling technologies to maximize biological recovery and
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detection methods with high time resolution and sensitivity need to be
further developed and applied.

Damage to viral infectivity in the artificial generation of aerosols is
not conducive to study the impact of the environmental factors on the
virus transmission and to conduct long-term observations due to the lack
of viruses with high titres. Therefore, the mechanism by which the char-
acteristics of exhaled aerosols affect viral infectivity is not clear. Chemi-
cal composition, evaporation rate, phase change and pH may be several
key parameters. Single-particle observation and quantitative analysis of
aerosols may promote studies on droplet microenvironments.

Laboratory studies have shown that under simulated atmospheric
conditions, the half-lives of respiratory viruses range from a few minutes
to several hours. According to existing laboratory studies, the viruses
in aerosols have lower half-lives than those on surfaces. An increasing
number of studies have focused on the effects of atmospheric environ-
mental conditions on viral infectivity in aerosols, but most have only
focused on the temperature and RH. From the results of the half-lives
of the viruses, sunlight (mainly UVB) has a significant impact, but few
studies on this have been performed. The mechanism by which other
atmospheric conditions and atmospheric pollutants (O3, SO,, and NO,)
affect the decay of infectious viruses remains elusive. The effects of the
interactions of various factors at ambient dose on viral infectivity need
to also be considered to better match real world situations. Further-
more, the sensitivity of different variants of influenza viruses and coro-
naviruses to the atmospheric environment is still very unclear. All of
these aspects warrant future laboratory studies.
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