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• SARS-Cov 2 was present in some air
samples that were collected from
patient's rooms.

• MD8 airscan sampler showed suitable
performance for sampling SARS-like vi-
ruses.

• PTFE and gelatin filters have high per-
formance for the sampling of the viral
particle size.

• RT-PCRhas been commonly used for the
detection of SARS-CoV-2 in air samples.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a strain of coronaviruses that causes corona-
virus disease 2019 (COVID-19). In these days, the spread of the SARS-CoV-2 virus through the air has become
a controversial topic among scientists. Various organizations provide standardmethods formonitoring biological
agents in the air. Nevertheless, there has been no standard recommended method for sampling and determina-
tion of viruses in air. This manuscript aimed at reviewing published papers for sampling and detection of corona
viruses, especially SARS-Cov-2 as a global health concern. It was found that SARS-Cov 2 was present in some air
samples that were collected from patient's rooms in hospitals. This result warrants its airborne transmission po-
tential. However, due to the fact that in the most reviewed studies, sampling was performed in the patient's
room, it seems difficult to discriminate whether it is airborne or is transmitted through respiratory droplets.
Moreover, some other disrupting factors such as patient distance from the sampler, using protective or oxygen
masks by patients, patient activities, coughing and sneezing during sampling time, air movement, air condition-
ing, sampler type, sampling conditions, storage and transferring conditions, can affect the results. About the sam-
pling methods, most of the used samplers such as PTFE filters, gelatin filers and cyclones showed suitable
performance for trapping SARS-Co and MERS-Cov viruses followed by PCR analysis.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Microorganisms can disperse into the air through dust and water
drops. Some bacteria are mainly considered as airborne microorgan-
isms. However, other microorganisms such as algae, protozoa, yeasts,
. Poormohammadi).
molds, and viruses have been isolated from air samples (Sandle,
2016). Most of the previous studies have shown that outbreaks can be
controlled by increasing hand hygiene and disinfecting the environ-
ment. However, transmission of infection by the air has been less well
investigated.Mycobacterium tuberculosis is a species of pathogenic bac-
teria in the familyMycobacteriaceae and the causative agent of tubercu-
losis. This bacterium can be easily transmitted through air, and hence is
considered a source of outbreak in hospitals. Many previous studies
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have focused on the airborne bacteria and few studies have evaluated
the presence of viruses with pathogenic effects in the air (Beggs, 2003;
Leung and Chan, 2006). It has been reported that hospital-acquired re-
spiratory viral infections are a major cause of morbidity and mortality
among hospitalized patients (Chow and Mermel, 2017), which high-
lights the importance of regular sampling and monitoring of virus load
in indoor air and surfaces of hospitals. Coronaviruses are a group of re-
lated RNA viruses with a large genome. Among severe acute respiratory
syndrome coronaviruses (SARS-Cov viruses), which cannot be regarded
as a seasonal virus, there are four HCoVs, originally divided into two
serogroups (the third serogroup does not contain any human viruses),
that contribute to seasonal outbreak (Campanacci et al., 2003; Li et al.,
2005). Severe acute respiratory syndrome (SARS) is a viral respiratory
illness that was first identified in 2003. SASR virus can easily spread
through reparatory droplets like flu viruses (Drosten et al., 2003).
Until now, few studies have focused on the prevalence of respiratory
viral infections as a hospital-acquired infection. In this regard, a previ-
ous study on the prevalence of acute respiratory infections among hos-
pitalized patients showed that viruses are associated with a significant
percentage of acute respiratory infections (Kouni et al., 2013; Shi et al.,
2015). Moreover, a similar study reported that of five children admitted
to intensive care unit, one child had acquired a viral respiratory infec-
tion. They also reported that the viral respiratory infection could 6-
fold increase the mortality rate in comparison with those had acquired
viral a respiratory infections from community (Spaeder and Fackler,
2011). It has been also reported that 24% of pneumonias in hospitalized
patients were caused by viruses in nonventilated hospital. Due to the
lack of specific treatment for most of viruses, it is essential to monitor
the level of virus in indoor air of hospitals, especially in different
wards with high patient density. On the other hand, the determination
of the personal exposure of medical stuff to viruses as a type of occupa-
tional exposure is very important, which not enough attention was
given to regular monitoring of these pathogens in hospital as an impor-
tant occupational environment. Occupational health organizations have
introduced and recommended a variety of methods for monitoring
bioaerosols in the air of occupational environments (Lindsley et al.,
2017). The National Institute for Occupational Hygiene (NIOSH) has in-
troduced Anderson bioaerosol sampler for sampling and identification
of culturable microorganisms and assessment of possible proliferation
and dissemination of bacteria or fungi in workplaces (NIOSH, 1998).
In the NIOSH recommended method, Andersen 2-stage cascade impac-
tor has been introduced for sampling of fungi and mesophilic bacteria,
and Andersen N-6 single-stage sampler for thermophilic actinomycetes
(NIOSH, 1998). The American Industrial Hygiene Association (AIHA)
has also recommended afield guide for themonitoring biological agents
in environments (Dillon et al., 2005). The AIHA has recommended that
microbial air samplingmight be conducted during the outbreakof respi-
ratory infection disease. It has been also reported thatmicrobial air sam-
pling had a useful role in the etiologic agent of many bacterial
respiratory infections (Dillon et al., 2005). So far, no method has been
recommended by the related organizations for the sampling and deter-
mination of viruses in the air of workplaces. While as mentioned above,
viruses have a main role in acute respiratory infections in hospital as an
important workplace. In air sampling of bacteria, a suitable sampling
medium for the target microorganism is necessary to support the
growth of trappedmicroorganisms (Chinn and Sehulster, 2003). In con-
trast, viruses are not able to grow in general samplingmedia, because of
their structure that consists of a DNA or RNA genomes encased in a fatty
liquid membrane and need a host cell to reproduce and cause infection
(J Alsaadi and Jones, 2019). The use of samplingmedia is still a challenge
to sample viruses fromair. Therefore, it the present study,we tried to re-
view recentmethods for sampling and determination of viruses in air by
focusing on the corona viruses, especially SARS-Cov-2 as a global health
concern.Moreover, in this paper, the effect of various parameters on the
sampling of viruses such as sampling tools, sampling time, flow rate,
type of culture medium and requirements for storage and transfer are
discussed. Due to the lake of standardized method for identification of
SARS-Cov-2 virus, in the present study,we tried to review the successful
methods that have beenused for sampling and detection of SARS like vi-
ruses in the air.

2. Sampling conditions

No single sampling procedure is appropriate for sampling of all in-
door bioaerosols. There are a lot of bioaerosols that their behavior is dif-
ferent in the air. Bioaerosol behavior is associatedwith particle size, and
hence selecting an appropriate sampling procedure is based on the par-
ticle size and bioaerosol type. For sampling a specific type of viruses in
the air, different types of sampling device, sample pump, sampling vol-
ume, sampling time, culture medium and incubation conditions are
used. Each of the samplingmethods can provide different performances
for the sampling and detection of various types of viruses. Selecting a
sampling procedure should be done based on the prevention of damage
to themicrobial agents. In these cases, it is necessary tominimizemicro-
bial stress during the sampling period (such as desiccation effects and
strong impaction at long sampling time). In air sampling of RNA viruses,
maintaining the viability of the virus is not mandatory, but maintaining
its nucleic acid integrity is essential. Because the nucleic acid can rapidly
be degraded during sampling (Verreault et al., 2008). In addition to
sampling procedure, sampling conditions play a key role in the accurate
sampling and detection of the target virus. In the air sampling of SARS-
like viruses, various factors such as ventilation, air movement, distance
from the patient bed, occupancy and patient activities during the sam-
pling, relative humidity, temperature, number of patients in the sam-
pling room, sampling flow rate, sampling time, and sampling medium,
can affect the results (Cox et al., 2020). In this regard, for determining
a suitable and standard protocol for the sampling and detection of
SARS-Cov-2, the type of sampler and the sampling environmental con-
ditions during sampling should be considered simultaneously. These
sampling conditions are only controllable in laboratories to provide a
constant condition for investigating the influence of each parameter
on the sampler performance. In sampling of SARS-Cov-2 in indoor of
hospital, additional factors must be also considered such as noise level
produced by sampling pumps, air movement, wearing protective and
oxygenmasks by patients that prevent releasing their respiratory drop-
lets in sampling site, time needed for air sampling,minimal interruption
to the medical care service, etc. Therefore, it is difficult to define a sam-
pling condition and identify a specific and suitable protocol for deter-
mining SARS-Cov-2 in indoor air of hospital. Moreover, inconsistent
results have been reported in the use of various sampling procedures
for the detection of SARS-Cov-2 in air.

2.1. Sampling procedure

In the first step in the sampling of viruses in air, it is essential to
know that the viruses are not transmitted independently of particles
in the air. The particles containing viruses consist of a mixture of differ-
ent compounds, such as organic and inorganic matter, proteins, salt and
viruses (Verreault et al., 2008). Therefore, the size of viruses is different
from the particle containing viruses. Hence, sampler should be selected
based on the detection of viral particle size, so that filters with a pore
size larger than viruses can be used for sampling of airborne viruses in
air. Most of the previous studies have classified samplingmethods of vi-
ruses into two categories including dry and wet sampling methods. In
the dry sampling method, a filter membrane is commonly used in two
closed and open face filter cassettes. Filter cassettes are generally used
in two types including 2-Stage and 3-Stage cassettes. There are inlet
and outlet ports in the cassettes for entering and exiting air after passing
through the filter. The 2-Stage cassette can only be used for closed faced
sampling, while the 3-Stage cassette is used for the both closed and
open faced sampling. Some studies have used polytetrafluoroethylene
(PTFE) membrane filters for sampling SARS like viruses (Booth et al.,
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2005). However, other types of filters like tightly packed cotton and cel-
lulose filters have been also applied for sampling airborne viruses (e.g.
Poxviridae family) in air (Meiklejohn et al., 1961). In a previous study,
the efficiency of three different filters including PTFE, polycarbonate
(PC) and gelatin filters was evaluated for sampling bacterial and viruses
in air, and the concentration of viral particle sizewasmeasured to deter-
mine the physical collection efficiency of thefilters. In this case, the PTFE
and gelatin filters showed the highest performance for the sampling of
the viral particle size, while the PC filter offered the lowest performance
for the collection of the viral particle size. Therefore, filter material play
a key role in the collection efficacy of filters for sampling viral particle
size (Burton et al., 2007). It should be noted that gelatin filters are
used inMD-8 air scanner,which is portable andmodern air sampling in-
strument for the collection of airborne microorganisms or viruses.
Moreover, the NIOSH in a recent report has reviewed various filters
for sampling airborne pathogens and recommended the use of PTFE
for immunological assays and polymerase chain reaction (PCR). Due to
the structure of PTFE filters, they do not interfere with biochemical
tests and the target viruses, and hence can be easily eluted from the
membrane (Lindsley et al., 2017). Despite the widespread use of filters
in air sampling of coronavirus-like particles, some restrictions have
been reported for their application in air sampling of viruses such as
being very destructive for the virus. However, filters offer a high physi-
cal collection efficiency for virus-containing particles (Pan et al., 2019).
It should be noted that applying high volume requires high power and
may produce undesired noise which in some cases is not applicable
such as sampling in intensive care units (ICUs). High volume sampling
requires high volume sample pumps that are not easy portable, and in
longer sampling time the desiccation effects can cause damage to the
target viruses. Also, applying high sampling volume with gelatin filter
may dissolve the gelatin into water, and thereby affect the sampler per-
formance (Pan et al., 2019). In addition, sampling with the gelatin filter
at low relative humidity can cause desiccation of viruses, while high rel-
ative humidity can lead to dissolution of gelatin filters. These points
should be taken into account during sampling with gelatin filer as a
commonly used method for air sampling of SARS-Cov-2 viruses
(Fabian et al., 2009).

Biosamper is a bioaerosol collection device that can collect
bioaerosols in a liquid for sample times up to 8 h. The Biosampler
have used in most of recent papers as a preferred sampling device for
air sampling of SARS like viruses (Kim et al., 2007). The biosampler con-
sists of an inlet, outlet, collection vessel in the bottom section and three
nozzles (sonic orifices). The Biosampler nozzle section contains three
tangential 0.630-mm nozzles that act as sonic orifices. The air flows
through the nozzles and remains constant at approximately 12.5 L/
min when used with a pump that maintains a pressure drop of
0.5 atm (15 in Hg) or more across the sampler at normal atmospheric
conditions (sonic flow). The Biosampler operating instruction has rec-
ommended the use of an environmental vacuum sample pump (high
flow rate pump in the range 10–60 L/min) for collecting air with the
Biosampler. Therefore, this sampling tool is not suitable for personal
sampling because of using the environmental vacuumpump that is con-
nected to the impinger/Biosampler. Moreover, impingers might not be
applicable for sampling of the virus at low viral load because of its lim-
itedflow rate capacity. Various collection liquids, such as sterile distilled
water, physiological saline, phosphate buffered saline (PBS), nutrient
broth, and peptone water, have been recommended for the collection
of target organisms in the Biosampler based on the sampling time.
Some studies have also used liquid impingers like Biosampler for air
sampling viruses. In a review study, the performances of filter mem-
brane and liquid or glass impingers were compared and it was reported
that the impinger like samplers were the most efficient sampler, while
filters were very destructive for bacteriophage as an indicator of other
viruses in the air (Verreault et al., 2008). However, it should be noted
that the PCR analysis can detect non-infectious viruses that have been
destructed during sampling with filter based methods. But, this point
can be considered for other analyses that require infectious viruses for
further investigations. In a recent study, the impinger technique was
used for the sampling of SARS-Cov-2 in the indoor hospital environ-
ment. In the mentioned study, an average flow-sample pump was
used instead of a high volume vacuum sample pump and the impinger
wasfilledwith 20mL of Dulbecco'sModified Eagle'sMe-dium (DMEM),
streptomycin (100 μg/mL), penicillin (100 U/mL), and 1% anti-foam re-
agent (isoamyl alcohol). Isoamyl alcohol has been used as an anti-
foaming reagent to prevent impinger liquid (culture medium) from
being drawn into the sample pump (Faridi et al., 2020). However,
such problemhas not been addressed in the previous studies and amix-
ture of culture medium and antibiotics have been used without adding
anti-foaming reagent (Kim et al., 2016). It has been reported that
impinger like sampler are the most commonly used samplers for sam-
pling viruses in air. Because, the liquid impinger helps to maintain the
integrity and viability of the virus and can be directly analyzed without
the need for preparation and extraction of the target virus from a filter
surface and or medium (Pan et al., 2019). However, they might not be
appropriate for sampling low level of viruses in the air due to their lim-
ited flow rate capacity. Foam production caused by the presence of viral
culture medium in impinger is another limitation in its application for
air sampling of viruses, which has been addressed in Faridi et al.
(2020) study. According to the Biosampler operating instructions, ster-
ile distilled water, physiological saline, PBS, nutrient broth, or peptone
water can be used in Biosampler (as an impinger-like sampler) for sam-
pling bioaerosols even without trap and anti-foaming agent.

Cyclone sampler has been severally used for sampling of SARS like
viruses. The cyclones were used for 8 h and high flow rate for sampling
such viruses. Moreover, NIOSHmethod 0600 has recommended the use
of cyclone prior filter for removing the non-respirable particles from the
target bioaerosols (Lindsley et al., 2017). In a developed method, the
NIOSH has recommended the use of two consecutive cyclones for accu-
rate separation of non-respirable particles prior to the main filter. The
NIOSH cyclone has been applied for airborne viruses in hospital envi-
ronments (Blachere et al., 2011). Some studies have reported that the
cyclone methods are very destructive for collecting viruses. However,
as mentioned above, PCR analysis can detect non-infectious viruses,
and therefore there is no need to trap infectious form of the airborne vi-
ruses. A recent study has used cyclone alongwith filter cassette contain-
ing a 37-mmdiameter PTFE filter with 3 μmpore sizes for sampling and
determination of SARS-Cov-2 viruses in the indoor air of hospital. In this
case, the cyclones were used prior to the filter cassette containing PTEF
filter membrane for the distribution of the collected particles in three
size fractions including N4 μm, 1–4 μm and b1 μm (Chia et al., 2020).
Physical damage resulting from the actions of cyclones during sampling
is considered a main limitation in their application for virus-containing
particles.

MD-8 air scan sampling device has been also applied for sampling of
MERS-coronavirus (MERS-CoV) and SARS-Cov viruses in indoor air of
hospitals (Kim et al., 2016). This sampler works based on the filtration
principle. In this method, a determined volume of sampling air is
drawn through a gelatin filter and after sampling the gelatin filter is dis-
solved in viral transport medium to retain the trapped viruses for viro-
logical or molecular biology techniques. The gelatin filter with a
nominal pore size of 3 μm, 80 mm in diameter and soluble in water
can be used in the MD-8 air scan sampler (Kim et al., 2016). Until
now, various studies have used theMD-8 air scan sampler for sampling
of MERS-CoV viruses in air. It has been reported that the MD-8 airscan
sampler offered a 100% collection efficiency for RNA virus (aerosolized
infectious bursal disease virus: IBDV) (Zhao et al., 2014). Moreover, in
a recent study in Singapore, side by side samplingwith theMD-8 airscan
and PTFE filter placed in a cassette was performed in airborne infection
isolation rooms (with 12 air exchanges per hour) for sampling and de-
tection of SARS-Cov-2 viruses followed by real-time reverse
transcriptase–polymerase chain reaction (RT-PCR) analysis, and they
reported that all air samples were negative (Ong et al., 2020). In
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Agranovski et al. study, a novel method based on air sampling with
HEPA filters was introduced for sampling and determination of SARS
like viruses in indoor air of hospital. For this reason, a HEPA filters was
installed in the pipeline connecting sampler and vacuum pump. More-
over, Booth et al. (2005) used a high-resolution slit-sampler system de-
signed by Defense Research and Development Canada (DRDC). In this
method, a 0.15 × 48 mm slit with a rate of 30 L/min was impinged
onto a 150-mm petri dish with a 12% gelatin base containing viral col-
lection medium (sterile phosphate buffer with 7.5% bovine serum albu-
min, 10,0000 U/mL penicillin G, 10,000 mg/mL streptomycin sulfate,
and 25 mg/mL amphotericin B). It should be noted that in the men-
tioned study, side by side sampling was performed using the proposed
high-resolution slit-sampler system as wet sampler and PTFE filter
placed in a cassette as dry sampler. According to the reviewed papers,
gelatin filter have been commonly used in MD-8 air scan and showed
an appropriate performance for sampling corona viruses. In a recent
study, the gelatin filter was successfully used with simple styrene cas-
sette at a flow rate of 5 L/min (Liu et al., 2020).

2.2. Sampling time and flow rate

A wide range of sampling times has been recommended for sam-
pling bioaerosols in air. In the NIOSH recommended method for sam-
pling of bacteria, fungi and thermophilic actinomycetes, there are no
specific recommended limits of sampling time and flow rate for
bioaerosol sampling (indoor air) (Lindsley et al., 2017). However, the
Andersen sampler workswith a constant flow rate (28.3 L/min) and de-
fault timer for sampling a determined volumes of air (10 min). To the
best of our knowledge, no study has used Anderson sampler for sam-
pling of SARS like viruses in air. In a previous study, it has been reported
that the Andersen impactor did not obviously inactivate virus during
Table 1
Methods and conditions of corona sampling of viruses in air.

Study Sampler Target virus Sampling
time

1 (Faridi et al.,
2020)

Impinger attached to a personal sample
pump with average flow

SARS-Cov-2 1 h

2 (Kim et al.,
2016)

MD-8 airscan sampler MERS-Cov 20 min

3 (Ong et al.,
2020)

MD-8 airscan sampler SARS-Cov-2 15 min

4 (Ong et al.,
2020)

37-mm filter cassettes and 0.3-μm
polytetrafluoroethylene filters

SARS-Cov-2 4 h

5 (Agranovski
et al., 2004)

HEPA filters installed in the pipeline
connecting sampler and vacuum pump

SARS
coronaviruses

4 h

6 (Guo et al.,
2020)

SASS 2300 Wetted Wall Cyclone Sampler SARS-Cov-2 30 min

7 (Chia et al.,
2020)

Cyclone Bioaerosol Sampler SARS-CoV-2 4 h

8 (Booth
et al., 2005)

PTFE membrane filter with a pore size of
0.3 μm in a closed-face, 3-piece disposable
plastic cassette attached to a personal
sample pump

SARS
coronavirus
(SARS-Cov)

10.5–13 h

9 (Booth
et al., 2005)

High-resolution slit-sampler system
designed by Defence Research and
Development Canada (DRDC) (impinger
like sampler)

SARS
coronavirus
(SARS-Cov)

18 min

10 (Azhar
et al., 2014)

MD-8 airscan sampling device (Sartorius)
and sterile gelatin filters

MERS-Cov 20 min

11 (Liu et al.,
2020)

Sterilized gelatin filters with pore size
3 μm placed in styrene filter cassette

SARS-Cov-2 1 h
sampling and then can be used for sampling airborne viruses (Zhao
et al., 2014). Faridi et al. (2020) have used an impinger attached to an
average flow rate of 1 L/min for 1 h, and did not find any SARS-Cov-2
virus in the indoor air samples. Impinger sampler might not be an
ideal solution for sampling the virus with low viral load, because it has
a lowflow rate and is not applicable at very highflow rates. In a previous
study in the detection of airborne SARS coronavirus, a high-resolution
slit-sampler system designed by Defense Research and Development
Canada was applied with a flow rate of 30 L/min for 18 min, which re-
ported that 1 of 10 air samples were positive for SARS-Cov. It seems
that due to the low concentrations of SARS like viruses in air, a relative
high volume of air should be sampled for PCR analyses. It should be
noted that in the mentioned study, the hospitalized patients was re-
quested to not wear a mask and had normal activities (Booth et al.,
2005). Therefore, these results confirmed the presence of SARS corona
virus in the air of the patient's rooms. Moreover, in Kim et al. (2016)
study, an MD-8 airscan sampling device was applied for detecting
virus in indoor air of hospital. In the mentioned study, the sampler
was applied with a flow rate of 50 L/min for 20 min, and it was found
that 4 of 7 air samples were PCR positive for MERS-Cov virus (Kim
et al., 2016). In another study, gelatin filter was utilized in cassette for
sampling of SARS-Cov-2 in indoor air of hospital with a flow rate of
5 L/min for 1 h, and high load of this virus was identified in the toilet
areas used by the patients and low viral load observed in in isolation
wards (Liu et al., 2020). Ong et al. (2020) reported negative results in
terms of the presence of SARS-Cov-2 virus in air. They have used PTFE
filter cassette with a flow rate of 5 L/min for 4 h andMD-8microbiolog-
ical sampler with 6 m3/h (100 L/min) for 15 min (Ong et al., 2020). In
themethod introduced by Agranovski et al. (2004) the sampler was ap-
plied at 4 L min−1 for 4 h. In Dong Guo et al. study, a SASS 2300Wetted
Wall Cyclone Sampler was applied with a flow rate of 300 L/min for of
Sampling flow
rate (sampling
volume)

Transport and storage conditions PCR
results

1 L/min (60 L) 20 mL of DMEM, 100 μg/mL streptomycin, 100 U/mL
penicillin and 1% isoamyl alcohol

Negative

50 L/min
(1000 L)

in 30 mL viral transport medium (sterile phosphate
buffer with 10% fetal calf serum, 10,000 U/mL
penicillin, 10 mg streptomycin, 25 μg amphotericin
B) and stored at −80 °C until analyzed.

4 of 7 air
samples
were
positive

6 m3/h
(1500 L)

– Negative

6 m3/h (400 L) – Negative

4 L/min
(960 L)

Vero cell culture produced from the kidney of African
green monkey was used for cultivation of SRC VB
“Vector”. Inoculated cell cultures were maintained
with RPMI 1640 supplemented with 1% fetal bovine
serum for TEM analysis, and a mixture containing 2%
volumetric of inactivated bovine serum, 100 U ml−1

of penicillin and 100 μg ml−1 of streptomycin the
maintenance fluid for collecting virus

Positive

300 L/min
(9000 L)

– Positive

3.5 L/min
(840 L)

At 4 °C in hospital prior to transfer to laboratory, and
then stored at −80 °C unless directly analyzed

Positive

2 L/min
(1260–1560 L)

Shipping samples with ice packs and refrigerating at
the laboratory

Positive

30 L/min
(540 L)

Shipping samples with ice packs and refrigerating at
the laboratory

Negative

50 L/min
(1000 L)

Gelatin filters were dissolved in 5 ml viral transport
medium (VTM) and stored at −80 °C until analyzed.

Positive

5 L/min
(300 L)

Filters were preloaded inside the samplers in Class
100 sterilized room and sealed with Teflon tapes

Positive
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30min,which some air sampleswere PCR positive for SARS-Cov-2 (Guo
et al., 2020). This finding can be attributed to the high sampling flow
rate compared with the previous studies. According to Table 1, in a
total sampling volume of 9000 L, MERS-Cov virus has been identified
by Azhar et al. (2014) which indicated that a high sampling volume in-
creases the chances of trapping virus in the indoor air. Cyclone samplers
have also been used at high flow rates, ranging from 700 to 1000 L/min
(5- to 30-min samples), to recover airborne viruses. In this regard, Guo
et al. (2020) identified SARS-Cov-2 in indoor air of hospital using cy-
clone sampler at high sampling flow rate and time. In Booth et al.
(2005) study, the high-resolution slit-sampler system was used for
18 min with a flow rate of 30 L/min. In a study that was conducted on
the detection of MERS-Cov virus in indoor air of a camel barn owned
by an infected patient, some air samples were PCR positive when one
of the nine camels was present in the barn (Azhar et al., 2014). Given
the reviewedmethods, it can be concluded that the SARS andMERS co-
rona viruses were only detectable in close proximity to the patients and
a relative high volume of air containing corona viruses should be sam-
pled for PCR analyses.

2.3. Sampling culture medium

Sampling culture media in the air sampling of corona viruses are
used for surviving them for further analyses. Unlike most bacteria that
can be grown in artificial media such as nutrient broths and agar plates,
viruses cannot be grown on an artificial culture and need a host cell to
reproduce and cause infection. In this regard, the constituents of suit-
able viral transport media are designed to provide an isotonic solution
containing protective protein, antibiotics to control microbial contami-
nation, and one or more buffers to control the pH. Liquid transport
media are used primarily for transporting swabs or materials released
into the medium from a collection swab. Liquid media may be added
to other specimens when inactivation of the viral agent is likely and
when the resultant dilution is acceptable (Johnson, 1990).

In air sampling of corona viruses, especially SARS-Cov and SARS-
Cov-2, various types of viral transport media have been used. The type
of the transport medium depends on the sampling method. For exam-
ple, in impinger like samplers, a mixture of DMEM and antibiotic agents
are commonly used as the liquid impinger to collect and survive the tar-
get viruses. As mentioned above, DMEM is the most broadly suitable
medium for many adherent cell phenotypes, which can trap viruses
during air sampling with impinger like samplers and then survive
them. Some previous studies have used an anti-foaming agent such as
isomyl alcohol to prevent foam formation and its leakage into the sam-
ple pump. In this regard, a recent study has used a mixture of DMEM,
streptomycin, penicillin, and isoamyl alcohol (anti-foaming reagent)
to sample SARS-Cov-2 in the indoor air of hospital (Faridi et al., 2020).
In the method introduced by Agranovski et al., Vero cell culture pro-
duced from the kidney of African greenmonkeywas used for cultivation
of SRC VB “Vector” and then the inoculated cell cultures were main-
tained with RPMI 1640 supplemented with 1% fetal bovine serum. In
thementioned study, Transmission ElectronMicroscopy (TEM) analysis
was used to investigate the morphological characteristics (Agranovski
et al., 2004). In this method, the target virus must be cultured in a suit-
able medium to obtain higher concentration of the virus. Because, as
previously mentioned, viruses cannot be grown on an artificial culture
and need a host cell to reproduce and cause infection (Agranovski
et al., 2004). In another study, impinger liquid containing 20 mL of
DMEM, 100 μg/mL streptomycin, 100 U/mL penicillin and 1% isoamyl al-
cohol was used as sampling culture medium (Faridi et al., 2020). More-
over, in Kim et al. study, 30mLof amixture containing sterile phosphate
buffer with 10% fetal calf serum, 10,000 U/mL penicillin, 10 mg strepto-
mycin, and 25 μg amphotericin B, was used as viral transport medium
(Kim et al., 2016). In Agranovski et al. study, two different liquids
were applied for preparation of viral transport media; a mixture con-
taining 2% volumetric of inactivated bovine serum, 100 U mL−1 of
penicillin and 100 μg mL−1 of streptomycin the maintenance fluid pre-
pared fromHank's solution containingwas applied to provide a suitable
conditions to reduce damage the virus. In order to avoid foam forma-
tion, Antifoam A as an anti-foaming agent was added to the viral trans-
port media for trapping the SARS-Cov virus (Agranovski et al., 2004).

2.4. Preparation, storage and transferring conditions

In airborne virus sampling with impinger, the samples are prepared
for PCR analysis. In Faridi et al. study, the liquid impinger containing a
mixture containing DMEM, streptomycin, penicillin, and anti-foam re-
agent isoamyl alcohol was ultra-centrifuged at 110,000 ×g for 1.5 h at
4 °C, followed by pellet suspending in the sampling medium and then,
the collected samples were immediately transferred to a clinical virol-
ogy laboratory (Faridi et al., 2020). In the use of MD-8 airscan sampling
method, after sampling with PTFE filter, the filters were dissolved asep-
tically in 30 mL of viral transport medium. A mixture of sterile phos-
phate buffer with 10% fetal calf serum, 10,000 U/mL penicillin, 10 mg
streptomycin, 25 μg amphotericin B has been introduced as a proper
viral transport medium for trapped viruses. It should be noted that in
air sampling with MD-8 airscan sampler, sampling conditions, such as
relative humidity and temperature play key role on the collection per-
formance of the used gelatin filter. In this regard, low relative humidity
can cause desiccation of viruses,while high relative humidity can lead to
dissolution of gelatin filters (Verreault et al., 2008). In Booth et al. study,
on the side by side samplingwith awet air sampler (impinger like sam-
pler) and PTEF filter cassette, the collected samples were shipped with
ice packs and refrigerated upon receipt at the laboratory (Booth et al.,
2005). In Chia et al. (2020) study, all samples were immediately stored
at refrigerator (4 °C) and then kept at −80 °C per unless immediately
analyzed. According to the previous studies, the air sample should be
stored at 4 °C after sampling and during shipment, and then stored -
80 °C until viral or molecular biological analysis. Storage at −80 °C is
not required when immediate PCR analysis is performed. In Kim et al.
study, all air samples were collected with a MD-8 airscan sampler and
then filtered through 0.1-μm pore syringe filter units to remove bacte-
rial contamination prior to PCR analysis. Then, the filtered samples
were incubated with Vero E6 in DMEM with 100 IU/mL penicillin and
100 μg/mL streptomycin at 37 °C in a CO2 incubator. After 14 days, the
culture supernatants and lysates of Vero E6 cells were harvested and
then used for RT-PCR analysis (Kim et al., 2016).

3. Identification methods

Present methods for detecting SARS-CoV-2 included RT-PCR and re-
verse transcription-loop-mediated isothermal amplification (RT-
LAMP). Currently, RT-PCR is considered the gold standard for the detec-
tion of SARS-CoV-2 due to its many advantages such as high sensitivity
and ease of use. However, it has been reported that the positive rate of
RT-qPCR assay of pharyngeal swab samples is in the range 30–60%.
Until now, the RT-PCR technique has been commonly used for the de-
termination of SARS-CoV-2 in various matrices such as saliva, blood,
urine, stool, surfaces, sputum and air (Peng et al., 2020; Wang et al.,
2020). It has been reported that the RT-PCR is able to detect 4–8 copies
of virus with a 95% confidence interval. Inmost of the reviewed studies,
PCR analysis has been used for detecting corona viruses in air samples.
Real-time PCR and related methods have revolutionized the laboratory
diagnosis of viral respiratory infections because of their high detection
sensitivity, rapidness and potential for simultaneous detection of 15 or
more respiratory agents (Olofsson et al., 2011). In this regard, in Faridi
et al. study, a Vazyme Viral RNA/DNA Mini Kit was used for extracting
the viral RNA from sample matrices and then kept in an elution buffer.
Finally, 5 mL of prepared RNA sample was used for RT-PCR analysis
(Faridi et al., 2020). In Azhar et al. study on the detection of MERS-Cov
virus in air, RT-PCR was applied for detection of the target virus. For
this reason, RNA was extracted from the dissolved filter solution using
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a viral RNAminikit. Eluted RNAwas tested by real-time RT-PCR analysis
(Azhar et al., 2014). Most of the reviewed studies have used RT-PCR,
which confirmed its enough sensitivity for detecting SARS-Cov 2 virus
in air.

A recent study has used droplet digital PCR (ddPCR)with a high limit
of detection (LOD) to detect SARS-CoV-2 in swab samples. The limit of
blanks (LoBs) of these dPCR methods was reported to be 1.6, 1.6 and
0.8 copies/reaction for ORF 1ab, N and E gene, respectively. Moreover,
its LOD was 2 copies/reaction, which considered as a high sensitivity.
The overall accuracy of the ddPCR was 95.5% (Dong et al., 2020). How-
ever, this method has not yet been used for detection of corona viruses
in air to be addressed and discussed in this review. Further studies are
required to evaluate its performance in detecting such viruses in air.
Moreover, Seo et al. introduced a sensor-based method for rapid detec-
tion of SARS-Cov-2 thatmay be useful for air sample aswell. They used a
field-effect transistor (FET)-based biosensing device for detecting these
viral clinical samples, and in order to produce the sensor, graphene
sheets of the FET was coated with a specific antibody against SARS-
CoV-2 spike protein. The performance of the introduced method by
Seo et al., was tested for nasopharyngeal swab samples of COVID-19 pa-
tients. It has been reported that the sensor-based method offered many
advantages over the conventional detection methods such as high sen-
sitivity and requiring no sample pretreatment (Seo et al., 2020). This de-
tectionmethod has the potential to detect low load of SARS-Cov-2 in air
due to its high sensitivity. To the best of our knowledge, no study has
used this method for determination of SARS-Cov-2 in air samples.
Also, LAMP as a novel nucleic acid amplification method has been re-
cently used for the rapid detection of SARS-CoV in clinical samples.
This method is based on the amplification of nucleic acid, which offers
many advantages such as high accuracy, high selectivity, and high
speed detection performance under isothermal conditions. Another ad-
vantage of this technique is related to its ability to quantify the viral load
with a simple method. The LAMP method provides an extremely high
amplification efficiency because of its isothermal conditions, which
there is no time loss for changing temperature. However, LAMPmethod
could have higher rates of false positives. In this novel method, the
nucleic acid amplification is associated with the production of magne-
sium pyrophosphate. The produced magnesium pyrophosphate causes
turbidity that can be directly measured using an inexpensive turbidity
meter (Hong et al., 2004). Until now, no study has evaluated the perfor-
mance of the LAMP technique for detection SARS-Cov virus in air. How-
ever, Huang et al. used RT-LAMP for SARS-Cov-2 detection in clinical
samples and introduced it as a sensitive, rapid and simple method that
can be used even with naked eye. It has been reported that the RT-
LAMP reaction can be conducted at 20 min and a constant temperature
of 65 °C. The LOD of this method was reported to be 80 copies of viral
RNA per mL sample (Huang et al., 2020), which is less than that of
PCR method.

TEM is also a useful method for detection and characterization of
virus in different matrices. The TEM technique provides an immediate
overview of actual status, morphological characteristics viruses. In this
method, as a first step in pathogen recognition, it is necessary to provide
a sample containing a high viral load. For this reason, in most case, it is
required to culture the virus in the sample matrix with a special culture
medium. Since the TEM technique targets proteins, it is unbiased
against RNA or DNA genomes. In this regard, observing the virus mor-
phology allows the operator to immediate preliminary classify into fam-
ily level based on its shape, size, structure and stability (King et al., 2011;
Richert-Pöggeler et al., 2019). An accurate and detailed protocol for
preparation and determination of a kind of corona virus (MERS-Cov)
by RT-PCR and TEM has been described in Kim et al. study, which re-
ported some PCR positive air samples for MERS-Cov (Kim et al., 2016).
Briefly, in the mentioned study, the air collected samples with MD-8
airscan sampler were filtered through 0.1-μm pore syringe filter units
for minimizing bacterial contamination, cultured Vero E6 cells in
DMEM containing 100 IU/mL penicillin and 100 μg/mL streptomycin
at 37 °C, and eventually the culture supernatants and lysates of Vero
E6 cells was collected for RT-PCR analysis. After that, the harvested
cells were centrifuged for 3 min at 1000 rpm to remove cellular debris.
The pellets were re-suspended in washing buffer containing 0.1 M
phosphate buffer and then centrifuged at 3000 rpm for 5 min. After
thoroughly removingwashing buffer, the cells were fixedwith 2.5% glu-
taraldehyde at 4 °C overnight and characterized using TEM analysis
(Kim et al., 2016). Moreover, in Ong et al. study, after sampling with
MD-8 airscan sampler and 37-mmfilter cassettes and 0.3-μmPTFE filter,
specific real-time RT-PCR targeting RNA-dependent RNA polymerase
and E genes was used for detection of SARS-CoV-2 in airborne infection
isolation rooms (Ong et al., 2020). In Agranovski et al. study, TEM tech-
nique was used for the determination of SARS virus (SARS-Cov) in air
samples. For this purpose, the trapped SARS virus in the proposed sam-
pler method consisted of a HEPA filters installed in the pipeline
connecting sampler and vacuum pump was inoculated onto confluent
monolayers of Vero cells in flasks and then incubated at 37 °C for
60 min. Afterwards, the Inoculated cell cultures were stored with
RPMI 1640 supplemented with 1% fetal bovine serum, and then the cul-
ture supernatantwas used for investigation of the presence of the target
virus by TEM technique. Formvar coated TEM grids were added into the
cell culture supernatant for 7 min. Negative staining was carried out
with 2% phosphotungstic acid (pH 7.4) for 7 min, PTA (pH 6.0) for
1–7min, 2% ammoniummolybdate (AMo, pH 6.5) for 1min, 2%methyl-
amine tungstate (pH 5.8) for 1 min and 1% aqueous uranyl acetate
(UAc) for 5–45 s. The collected sampled were analyzed using a TEM an-
alyzer at magnification range 10,000–60,000 (Agranovski et al., 2004).
In Guo et al. study, RT-PCR was applied for detection of SARS-Cov-2 in
hospital indoor air, which reported some positive air samples in near
air outlets, patients' rooms, and in doctors' office area (Guo et al.,
2020). It seems that the selection of sampler and sampling volume (by
adjusting sampling flow rate and sampling time) play a key role in the
detection of virus in air. By reviewing the published papers, it can be
said that the corona viruses including, SARS-Cov, MERS-Cov and SARS-
Cov-2 have been only detected in air samples that have been taken
with a sampler at a high sampling volume. For example, in Guo et al.
study, reported PCR positive for SARS-Cov-2 using a SASS 2300 Wetted
Wall Cyclone Sampler with a sampling volume of 9000 L (Guo et al.,
2020). In Kim et al., and Agranovski et al., studies, some air samples
were positive for MERS-Cov and SARS-Cov viruses, respectively, which
in both of them, the sampling volume was about 1000 L (Agranovski
et al., 2004). In Liu et al. study sterilized gelatin filters with pore size
of 3 μm placed in styrene filter cassette was utilized for indoor air sam-
pling of SARS-Cov-2with a flow rate of 5 L/min for 1 h,which reported a
very low concentration of SARS-CoV-2 RNA in aerosols in isolation
wards and ventilated patient rooms and a higher concentration of this
virus in the toilet areas used by the patients (Liu et al., 2020).

4. Conclusion

This manuscript aimed at reviewing published papers for sampling
and detection of SARS-Cov-2 as a global health concern. By reviewing
the published papers, it was found that SARS-Cov 2 was present in
some air samples that were collected from patient's rooms in hospitals.
However, due to the fact that in the most reviewed studies, sampling
was performed in the patient's room, it seems difficult to discriminate
whether it is airborne or transmitted through respiratory droplets.
About the samplingmethod,most of the used samplers showed suitable
performance for trapping SARS-Co and MERS-Cov viruses followed by
PCR analysis. Moreover, some other influencing factors such as patient
distance from the sampler, having a protective or oxygenmasks, patient
activity, coughing and sneezing during sampling time, air movement,
air conditioning, patient density in the sampling site, temperature and
humidity, sampler type, sampling conditions, storage and transferring
conditions, and detection method, can affect the results. Most studies
with positive test results have used gelatin filters, PTFE filters and
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cyclones, and no positive test result was observed in the use of impinger
like sampler for SARS like virus. It seems necessary to consider a high
sampling volume for trapping SARS-Cov-viruses in contaminated air.
RT-PCR and TEMwere commonly used for the detection of SARS-like vi-
ruses. DdPCR, FET-based biosensing and LAMP showed the potential to
be used for sensitive detection of corona virus in clinical samples, and
hence further studies are required to investigate their performance for
sensitive and accurate detection of SARS-Cov-2 viruses in air.
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