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Abstract

In a post-pandemic scenario, indoor air monitoring may be required seeking to safeguard public health, and therefore well-
defined methods, protocols, and equipment play an important role. Considering the COVID-19 pandemic, this manuscript
presents a literature review on indoor air sampling methods to detect viruses, especially SARS-CoV-2. The review was con-
ducted using the following online databases: Web of Science, Science Direct, and PubMed, and the Boolean operators “AND”
and “OR” to combine the following keywords: air sampler, coronavirus, COVID-19, indoor, and SARS-CoV-2. This review
included 25 published papers reporting sampling and detection methods for SARS-CoV-2 in indoor environments. Most of the
papers focused on sampling and analysis of viruses in aerosols present in contaminated areas and potential transmission to
adjacent areas. Negative results were found in 10 studies, while 15 papers showed positive results in at least one sample. Overall,
papers report several sampling devices and methods for SARS-CoV-2 detection, using different approaches for distance, height
from the floor, flow rates, and sampled air volumes. Regarding the efficacy of each mechanism as measured by the percentage of
investigations with positive samples, the literature review indicates that solid impactors are more effective than liquid impactors,
or filters, and the combination of various methods may be recommended. As a final remark, determining the sampling method is
not a trivial task, as the samplers and the environment influence the presence and viability of viruses in the samples, and thus a
case-by-case assessment is required for the selection of sampling systems.
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Introduction

According to the Centers for Disease Control and Prevention
(CDC-Centers for Disease Control and Prevention 2019),
coronaviruses are a great family of viruses commonly present
in human beings and many other species, including camels,
cattle, cats, and bats. Coronaviruses native to non-human spe-
cies rarely infect and spread through human beings; however,
such has occurred with MERS-CoV, the virus responsible for
Middle East respiratory syndrome, which arose in Saudi
Arabia in 2012 and is a relative of the coronavirus family.
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In China, in 2002, a virus was identified as the cause of
severe acute respiratory syndrome (SARS), and at present in
the same country, it has been attributed to be the cause of
COVID-19. In January 2020, the etiological agent responsible
for severe pneumonia cases in Wuhan, China, has been iden-
tified as a new betacoronavirus which differs from SARS-
CoV and MERS-CoV. According to the Centers for Disease
Control and Prevention (CDC-Centers for Disease Control
and Prevention 2019), some cause minor diseases that affect
the upper respiratory tract. However, SARS-CoV-2 is a new
coronavirus strain that had not been previously observed on
humans and presents potential infection by the inhalation of
small droplets exhaled by an infected person, which can trans-
port its viral charge and travel the distance of up to dozens of
meters in the air.

The new coronavirus responsible for the beginning of the
pandemic in 2019 (COVID-19) is stable for up to 4 h in cop-
per surfaces, up to 24 h in cardboard, and between 2 and 3
days in plastic and stainless steel, according to the paper by the
National Institutes of Health (NIH), Centers for Disease
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Control and Prevention (CDC), University of California, Los
Angeles (UCLA), and Princeton University (PU), published
in The New England Journal of Medicine (NIH National
Institutes of Health 2020). Scientists discovered that SARS-
CoV-2 was detectable in aerosols. The results offer important
data on SARS-CoV-2 stability and suggest that people may
acquire the virus through the air, as well as by touching con-
taminated objects. Papers report on the mechanisms of its
transportation, and there is evidence that this is a significant
route of infection in indoor environments (Ijaz et al. 2016; Bae
et al. 2020; Bourouiba 2020; Qureshi et al. 2020). The virus
present in the biggest aerial droplets penetrates the human
organism adhering to the eye, nose, and mouth mucosae or
even through contact with previously contaminated surfaces
that are then concluded via touching the eyes, nose, and mouth
(WHO 2020a).

Leclerc et al. (2020) reported the possibility of SARS-
CoV-2 transmission via aerosols, combined with transporta-
tion via droplets, primarily in restaurants (Lu et al. 2020) or in
gym classrooms (Jang et al. 2020). Transmission via short-
range aerosols cannot be disregarded, particularly in confined
environments where there is high human density and inade-
quate ventilation, in case there are infected people for a
prolonged time.

The World Health Organization (WHO) declared, on
January 30, 2020, that the outbreak caused by the new
coronavirus (COVID-19) constitutes a Public Health
Emergency of International Concern, the highest WHO
alert level, as foreseen in the International Sanitary
Regulations (OPAS — Organiza¢do Pan-Americana da
Saude 2020).

Infectious diseases represent a permanent threat to public
health and safety. The confrontation of the current global
COVID-19 pandemic (caused by the new SARS-CoV-2 co-
ronavirus) has shown itself to be a great challenge to this
century’s societies, as it can be observed by the amount of
information concerning this event ever since March 2020.
Scientists from all over the world are making efforts to com-
prehend the characteristics and behavior of the virus’ trans-
mission. Several research topics have been addressed ranging
from genetics and viral detection methods to disinfection pro-
cesses to avoid dissemination and contamination of people
both in indoor and outdoor environments. There is a need
for comprehension of the behavior of SARS-CoV-2 in the
air using field data involving monitoring and detection of this
virus in ambient air.

The authors of the paper Airborne transmission of SARS-
CoV-2: The world should face the reality, Morawska and Cao
(2020), recommend that Australian authorities acknowledge
the fact that the virus spreads through the air and that adequate
control methods are implemented to hinder its dissemination,
primarily on the removal of droplets that carry the virus in
indoor air through ventilation.

The WHO (2020b) performed trials with the generation of
aerosols from infectious samples using high potency jet neb-
ulizers in controlled lab conditions. These papers revealed that
the SARS-CoV-2 viral RNA remains in the air for up to 3 h
(van Doremalen et al. 2020) and detected viruses with the
capacity to replicate in 16 h (Fears et al. 2020). However, such
papers do not accurately reflect the typical conditions of aero-
sols caused by human cough.

There is still little data on the characteristics of aerosols that
contain SARS-CoV-2 and on both their concentration and
behavioral patterns during airborne transmission. Besides the
inhalation of liquid droplets and close contact with infected
people or surfaces, the transmission of the virus via aerosols is
an important factor to be considered (Liu et al. 2020).
Nevertheless, there are hindrances to the sampling of aerosols
bearing the virus and to the challenges of it quantifying in low
concentration levels. Research points to the complications in
the replication stage of viable organisms collected in the air
(Lindsley et al. 2017). This lack of scientific knowledge limits
effective COVID-19 risk evaluations, prophylactic measures,
and outbreak control.

Previous papers regarding other viruses have been de-
scribed by Otter et al. (2016). The SARS-CoV, MERS-CoV,
and transmissible gastroenteritis virus (TGEV) survival times
are usually measured in days, weeks, or months. The differ-
ences in the survival capability of the influenza virus, SARS-
CoV, and MERS-CoV were rightly illustrated by van
Doremalen et al. (2013), which tested the HIN1 flu virus
and MERS-CoV. The viable MERS-CoV virus was recovered
after 48 h, with a half-life varying between = 0.5 and 1 h. On
the other hand, no viable HIN1 virus was recovered after 1 h
in any of the conditions tested. In these regards, it is observed
that there is a certain difficulty in establishing the various
survival times of the different types of viruses that were stud-
ied, both airborne and on material surfaces.

It has been recently shown that the SARS-CoV-2 virus
lasts in aerosols for periods ranging over 3 h, with a half-life
estimated to be 1.1 h. The persistent virus genome can be
detected 24 h after its exposure to this environment, according
to van Doremalen et al. (2020). The monitoring of bioaerosols
in occupational environments is one of the many tools that the
industrial hygienist utilizes for the evaluation of internal air
quality, infectious disease outbreaks, agricultural exposures,
and occupational health. Bioaerosol sampling may be a useful
tool in studying occupational exposures, possible dangers, and
the transmission of infectious diseases, but it has significant
limitations. This information must be accounted for when
collecting samples, when preparing a sampling routine, and
when interpreting results, understanding that there are no stan-
dards to be compared to.

Therefore, a literature review has been produced aiming for
discussing the methods for air sampling in indoor environ-
ments to detect the presence of SARS-CoV-2.
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Air sampling methods for viruses detection

According to Pan et al. (2019), viruses that affect human be-
ings, other animals, and plants are frequently dispersed and
transmitted via airways. The precise identification of airborne
viral presence is challenging. The hindrances on sampling
procedures limit the effective collection capacity of viruses
in the upkeep of viability and in identifying their distribution
in aerosol particles. Therefore, the wide understanding of viral
transmission through the air is of fundamental importance to
the establishment of better infection control strategies.

Sampler types

The U.S. Environmental Protection Agency (Cao et al. 2010)
researched the capacity that the NIOSH bioaerosol sampler had
at collecting viable airborne viruses as well as the development
of techniques to preserve virus feasibility during and after
collecting. The virus of the A flu was used as a surrogate for
testing purposes, due to its newly emerging strains having the
potential to create a pandemic. It was determined that viable
infectious viruses were present in all three of the particle frac-
tions collected. The highest viable influenza virus percentages
were found in the fraction of 1-4 um (48-55%) and the fraction
smaller than 1 pm (26-41%), while lower percentages were
found in the fraction of particles bigger than 4 um (11-19%).

Pan et al. (2019) presented conceptual schematic diagrams
of various air samplers dedicated to collecting viruses trans-
mitted through the air and their various collection methods,
such as an impactor, a cyclone, a filter, an electrostatic precip-
itator, and an impinger-type collector. Verreault et al. (2008)
presented an extensive compilation of papers up to 2008 re-
garding viral particles. Among the samplers are the cyclonic
sampler, which separates particles by their dimensions, the
single-stage Andersen sampler, the slit sampler, the liquid
AGI-30 impactors, and filtering systems such as polycarbon-
ate, polytetrafluorethylene (PTFE), and gelatin filters.

On the impactor, the air is sucked in by a vacuum pump,
and the air current flows through small nozzles (shaped as
orifices or slits) towards the impact surface, where the parti-
cles are then separated from the air current by their inertia. On
the cascade impactor, by successively diminishing the nozzle
sizes, particles are categorized by their inertia and are collect-
ed in different stages by their size (Pan et al. 2019). Larger
particles gather on the impaction surface, while smaller parti-
cles that do not impact remain in the air current and are not
quantified. The impaction surface usually consists of a lubri-
cated tape or plate, filter material, or growth medium (agar)
contained in Petri dishes (Verreault et al. 2008).

The Sioutas impactor, utilized by Liu et al. (2020), consists
of four impaction stages and a post-filter that allows for the
separation and collection of airborne particles into five size
ranges. This equipment is adequate for personal and area
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sampling in closed environments, and it can be used for
open-air sampling in special arrangements. The samples sep-
arated by size can be analyzed gravimetrically, chemically,
and microscopically.

The slit samplers are used primarily to determine the con-
centrations of bacteria present in aerosol as a function of time.
The accelerated particles impact a rotating Petri dish contain-
ing a specific culture medium, as described by Colbeck and
Whitby (2019).

On the impinger system, the bioaerosol particles are sam-
pled by a vacuum pump as they shoot through the equip-
ment’s nozzle at high speed, impacting a collector liquid,
which is then later withdrawn for polymerase chain reaction
(PCR) analysis (Pan et al. 2019; Lindsley et al. 2017).

The aerosol filters are commonly used to collect particles
with smaller dimensions (bioaerosols) due to their simplicity
and low cost. During filtration, the particles are collected at the
filter through interception, inertial impaction, and diffusion.
Filter-based sampling is particularly useful for personal
bioaerosol sampling, as the filter-based collectors are small,
light, and work well with personal sampling pumps. Filters
can be preceded by selective particle size openings, such as a
cyclone or impactor, to remove larger particles and provide
bioaerosol particle size classifications (Lindsley et al. 2017).

Electrets filters, used by Cai et al. (2020), are made from a
combination of positively and negatively charged fibers,
which substantially increase the effectiveness of collection,
allowing for higher sampling rates during longer periods,
using batteries.

On the electrostatic precipitator, particles are charged via
corona effect to create electrostatic attraction, as the charged
particles are directed towards the collection plates (opposite
charge) (Pan et al. 2019).

Regarding the cyclone, when the aerosol current enters it,
the air flows by the interior curved wall and into a spiral
system. Ifthe aerosol particles are bigger than the set diameter,
they collide into the cyclone wall and deposit at its bottom.
The airflow with lighter particles climbs through the cyclone’s
center and exits through the top of the equipment (Pan et al.
2019). Coriolis ¢ (BERTIN INSTRUMENTS 2020) is based
on a cyclonic technology, combined with a high airflow rate
(Zhou et al. 2020). The airflow rate from this equipment can
degrade viral RNA during its collection when superior to 200
L/min; thus, the recommended airflow rate is 200 L/min and 1
m® of air during each experiment. The ideal collective liquid
medium recommended for the sampling of aerosols that con-
tain viruses is the saline phosphate buffer.

Liquid mediums, such as impinger-type sterilized liquid
mediums (Faridi et al. 2020), the SASS 2300 Wetted Wall
Cyclone Sampler (Guo et al. 2020), and bioaerosol samplers
such as the NIOSH BC 251 and SKC® Biosampler are also
utilized in some of the papers presented, according to Ahn
et al. (2020) and Kenarkoohi et al. (2020).
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According to Chen et al. (2017), each device possesses
notable advantages and limits itself to the sampling of a spe-
cific environment and analysis method. Despite the wide
range of bioaerosol sampling devices, most samplers that col-
lect airborne microorganisms still have many limitations.

Alonso et al. (2017) compared the performance of two air
samplers with different sizes in disease surges that occurred in
porcine and poultry installations considered to be at risk re-
garding viral presences. The analyzed viruses were porcine
respiratory syndrome virus (PRRSV), porcine epidemic diar-
rhea virus (PEDV), and highly pathogenic avian influenza
virus (HPAIV). Air samples were collected using two sampler
types: the Andersen impactor (ACI; Thermo Electron,
Waltham, MA) and the Tisch cascade impactor (TCI; Model
230, Tisch Environmental, Village de Cleves, OH). The TCI
is a high-volume air sampler and both it and the ACI are air
samplers with size differentiation that distributes the particles
that are captured into different aerodynamic diameters. The
ACI sampled 28.3 L/min for 1 h and separated the particles
into eight diameter intervals according to their acrodynamics:
04<D<0.7,0.7<D<1.1,1.1<D<2.1,2.1<D<33,33<
D<4.7,47<D<5.8,5.8<D<9.0,and D>9.0 um. The TCI
sampler collected samples at 1130 L/min for 30 min, separat-
ing the particles into four stages relative to their aerodynamic
diameter 0f 0.95, 1.5, 3.0, and 7.2 pum. Particles were captured
using P/N TE-230-GF (New Star Environmental, Roswell,
GA) equipment, and those that were smaller than 0.95 pm
were captured by a backup filter. All three of the viruses were
detectable and associated with the aerosolized particles. The
proportion of positive sampling events was 69% for PEDV,
61% for HPAIV, and 8% for PRRSV. Higher viral concentra-
tions were detected on PEDV, followed by HPAIV and
PRRSV. Both air collectors performed equally at detecting
the total concentration of the viruses.

In the paper by Tan et al. (2020), two types of aerosol
samplers were utilized for the sampling of respiratory viruses
in patients present in waiting areas from three clinics in
Singapore in the year of 2016. A BioSampler SKC with a
BioLite air sampling pump was utilized for 60 min at 8
L/min, and SKC AirChek TOUCH personal air samplers with
Teflon® filter cassettes were utilized for 180 min at 5 L/min.
The research was conducted by using molecular assays with
the influenza A virus, the influenza B virus, the adenovirus,
and the coronavirus. In 33.3% of the 48 samples, there were
signs of at least one respiratory pathogen, with a positive for
the influenza A virus, three (6%) positives for the influenza B
virus, and twelve (25%) positives for the adenovirus. The
authors suggested the combination of aerosol sampling with
molecular assays for the management of contaminations in
clinical environments.

Lindsley et al. (2017) conclude that filters, regardless of
causing more damage to viruses compared to other methods,
are more effective at determining viral contents in aerosols.

Whichever the techniques or recommendations proposed for
the sampling of aerosols that contain the virus, it is important
to consider the collecting of a representative sample, which
must contain both nano and larger airborne particles.

Kim et al. (2018) utilized a modified Coriolis ;- (BERTIN
INSTRUMENTS 2020) equipment—using a cyclone-type col-
lector for the collection of air samples in an assay prepared with
the generation of an aerosol environment containing viruses.
The authors detected influenza antigen with great
effectiveness and high sensitivity. During a SARS outbreak,
Booth et al. (2005) detected airborne coronavirus in several
rooms of a hospital in Toronto, Canada, using a sampler in a
liquid medium, as well as Teflon® membrane filters. The sam-
pling of humid air was done through a system of a high-
resolution slit sampler developed by Defense Research and
Development Canada (DRDC). The air was sucked in through
a0.15 x 48 mm slit at a flow rate of 30 L/min and was impacted
to a 150 mm Petri dish with a gelatin base (12%) and coated
with a viral collection medium (sterile phosphate buffer with
7.5% bovine serum albumin, 10,000 U/mL of penicillin G,
10,000 mg/mL of streptomycin sulfate, and 25 mg/mL of
amphotericin B). Other samples were collected in a
polytetrafluoroethylene (Teflon®) membrane with 0.3 pm
pores in a disposable three-piece closed face plastic cassette
and with a personal sampling pump operating at approximately
2 L/min. The swab and humid air samples were evaluated by
reverse transcriptase polymerase chain reaction (RT-PCR), be-
ing that the ribonucleic acid (RNA) was extracted from 100 puL
of a viral transportation fluid using the RNeasy Mini Kit
(QIAGEN) with an added RNA transporter.

Sampling challenges

The detection of viruses in air samples presents many challenges.
In comparison to other microorganisms, viruses are present in the
air only at extremely low concentrations, which translates to the
necessity of sampling relatively larger air volumes, in cubic me-
ters, to obtain trustworthy analysis results, unlike the samplings
of chemical agents. There is another issue since the viral integrity
must also be maintained to obtain trustworthy estimates on viral
feasibility. Therefore, to evaluate the presence of viruses in air
samples, adequate sampling is required, despite the various is-
sues associated with traditional sampling methods. The first issue
is punctual sampling, that is, it represents a single instant, being
that it cannot be used to evaluate long-term bioaerosol—particles
contain fungi, bacteria, and viruses (Reponen 2017).

According to Verreault et al. (2008), studies on the aerobi-
ology of infectious diseases, including viral diseases, have been
greatly limited. This is mainly due to the difficulty in collecting
and analyzing airborne biological contaminants, especially vi-
ruses. Several sampling devices can be used to collect the air-
borne virus, the most common being liquid and solid impactors,
as well as filters and electrostatic precipitators.
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Pan et al. (2019) presented several challenges when evalu-
ating the environmental concentration of viruses in the air:
ineffectiveness at collecting fine particles; viral dehydration
during the collection process; viral damage occurring due to
impact forces, resulting in the loss of some or all viral viabil-
ity; reaerosolization of viral during collection; and losses due
to the viral retention at the samplers’ inputs or walls.

Air sampling for SARS-CoV-2 detection

Some studies conducted in health institutions on symptomatic
patients contaminated by COVID-19 have reported the pres-
ence of the SARS-CoV-2 RNA in air samples (Chia et al.
2020; Guo et al. 2020; Santarpia et al. 2020; Zhou et al.
2020; Liu et al. 2020; Ma et al. 2020; Lednicky et al. 2020a;
Kenarkoohi et al. 2020). Other similar investigations did not
find viable SARS-CoV-2 virus in air samples (Faridi et al.
2020; Cheng et al. 2020a, b; Ong et al. 2020; Yamagishi
2020; Dohla et al. 2020; Wu et al. 2020; Ding et al. 2020;
Lei et al. 2020; Li et al. 2020; Ahn et al. 2020; Lane et al.
2020; Cai et al. 2020).

Seeking to conduct a literature review of methods for air
sampling in indoor environments to detect SARS-CoV-2,
search engines of academic databases were used to select pa-
pers describing sampling methods for SARS-CoV-2 detec-
tion. On PubMed, Science Direct, and Web of Science data-
base, the Boolean operators “AND” and “OR” were used to
combine the following keywords: air sampler, coronavirus,
COVID-19, indoor, and SARS-CoV-2. A total of 193 articles
published until October 2020 were found with potential inter-
est from the initial search, and their titles were screened based
on their research context. Following duplicate removal, 167
papers were selected, and after initial screening, 68 articles
were selected, and their abstracts were appropriately
reviewed. The final exclusion was performed based on the
following criteria: (i) air sampler was not assessed; (ii) study
was not conducted in indoor environments. Finally, 25 papers
showed qualitative results for COVID-19 in air samples and
were summarized in this manuscript. The PRISMA flow dia-
gram (Moher et al. 2009) was applied using only qualitative
synthesis to the final inclusion, as shown in Fig. 1.

Solid impactors

Lane et al. (2020) utilized 2-stage cyclone samplers (NIOSH
BC 251) and a cassette filter containing a Teflon® filter mea-
suring 37 mm in diameter and having 2 pm in porosity. The
sampling took place in an isolated room of the ICU in the
Serious Communicable Disease Unit at Emory University
Hospital in Atlanta (20 air exchanges/h with HEPA filters).
Each sampler was connected to an air sampling pump (PCXR-
4, SKC, Eighty-Four, PA) at a flow rate of 3.5 L/min, between
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315 and 360 min. None of the 28 samples tested positive for
SARS-CoV-2.

In Xiangya Hospital (H-X), Chenzhou Second People’s
Hospital (H-C), and Shaoyang Central Hospital (H-S), the
exposure risk to SARS-CoV-2 was evaluated by Ge et al.
(2020). All air samples were collected for 30 min using the
NIOSH BC251 bioaerosol sampler (National Institute for
Occupational Safety and Health) and air pumps (XR5000,
SKC) at 3.5 L/min. The NIOSH sampler segregates air sample
into large particles (> 4 pm), medium particles (1-4 pum), and
small particles (< 1 um). Environmental surfaces were sam-
pled using swabs by scrubbing the object surfaces. Positive
rate of SARS-CoV-2 nucleic acid was 7.7% in COVID-19
respiratory investigation wards and 82.6% in ICUs with con-
firmed COVID-19 patients.

In the study by Chia et al. (2020), six bioaerosol NIOSH
BC 251 samplers were utilized in samplings distributed into
three particle size fractions. All of the NIOSH samplers were
connected to SKC AirCheck Touch pumps or SKC Universal
air sampling pumps adjusted at a flow rate of 3.5 L/min and
working for 4 h, collecting a total of 5040 L of samples from
each room. Results revealed that 66.7% of the air samples
were positive for SARS-CoV-2. According to the authors,
there is great difficulty in cultivating viruses due to the low
viral concentrations in the air samples, as well as their com-
promised integrity due to the stress caused by sampling im-
pacts, even in ICU environments and hospital areas.

Liquid impactors

A total of 14 air samples were taken from different places in
the infirmaries of the Shahid Mustafa Khomeini hospital in
Iran. The impinger SKC type biosampler was used with a flow
rate of 12 L/min at a height of 1.5 m from the floor. Two air
samples presented positive results for SARS-CoV-2, indicat-
ing that the virus has several air transmission paths besides
transmission from person to person (Kenarkoohi et al. 2020).

In the research by Li et al. (2020), 135 air samples were
collected with an impinger-type sampler (BIO-Capturer-6,
Bioenrichment Co., Hangzhou, China). All samples from the
45 places presented negative results for SARS-CoV-2 RNA.

Air and surface samples were collected in the isolated
rooms of three COVID-19 patients that presented severe
pneumonia. The air samplers were operated for 20 min with
a flow rate of 12.5 L/min and 10 L/min for the SKC
BioSampler. The air samples tested negative for SARS-
CoV-2 (Ahn et al. 2020).

High-volume air samples were collected in Jiangjunshan
Hospital at Guizhou Province, Southwest China, using a
WA 400 Portable viral aerosol sampler (Dingblue Tech,
Inc.), at 400 L/min for 15 min. Air samples were taken 0.5 m
away from the patient’s bedside in the isolation room and in
the middle of the staff PPE dressing room. The sampling
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height for both locations was 1.5 m. Their findings revealed
the presence of SARS-CoV-2 in the indoor air of the ICU and
indicate that the virus may be shed via aerosol for days, even
after a patient has tested negative (Jin et al. 2020).

Filters

Cheng et al. (2020a) performed air sampling with samplers
that had sterile gelatin filters close to six COVID-19 patients,
either asymptomatic or symptomatic, with or without surgical
masks. To increase the proportion of sampled air and to reduce
the proportion of environmental air from the air conditioning
system with 12 air exchanges per hour, an umbrella equipped
with a transparent plastic curtain was used as an air shelter to
cover patients during sample collection. Inside this aerial shel-
ter, samples were collected using the airscan Sartorius MD8
sampling device (Sartorius AG, Germany), with sterile gelatin
filters (80 mm in diameter and 3 pum pore size (type 17528-80-
ACD)) (Sartorius AG). The environmental surfaces that were
always touched by people and near 21 patients had swab sam-
plings before daily environmental disinfection. The correla-
tion between the viral charges present in the patients’ clinical
samples and environmental samples was analyzed. All air
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samples tested negative for SARS-CoV-2 RNA in the six
patients that were in isolation rooms.

Ong et al. (2020) evaluated rooms with good ventilation—
12 air exchanges per hour—of three patients infected with
SARS-CoV-2 in Singapore, using SKC Universal pumps
(37 mm Teflon® filter, 0.3 um porosity, 4 h at 5 L/min) in
the room and waiting room. They utilized a Sartorius MD8 air
sampler with a gelatin membrane filter for 15 min at 6 m*/h.
All of the air samples presented negative for viruses.

Air was sampled for 4 days in the East—-West Lake
Fangcang Shelter Hospital using an air virus collection equip-
ment (NingBo iGene TecTM) with a 0.1um gelatin mem-
brane filter for 10 min at 6 m*/h. A total of 48 air and envi-
ronmental surface samples were collected. All PCR results
were negative for SARS-CoV-2 RNA (Zhang et al. 2020).

In the study by Cheng et al. (2020b), it was not possible to
detect the presence of SARS-CoV-2 in the air sampled at
10 cm from the chin of a patient, with or without a mask
and in a single environment, even among symptomatic
patients with high viral charges and in a patient receiving
oxygen at the ICU. By contrast, Santarpia et al. (2020) per-
formed COVID-19 samplings at the Nebraska hospital and
detected viral contamination in all samples, indicating that
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SARS-CoV-2 can spread itself through direct means (droplets
from person to person) and also by indirect means (contami-
nated objects and airborne transmission).

Yamagishi (2020) performed a study on a cruise ship that
was cruising with around 3700 passengers and crew members
that were under quarantine in the Yokohama harbor, Japan,
and submitted to health exams. Among the results of the 601
samples that were tested, SARS-CoV-2 RNA was detected in
58 samples (10%). The RNA of SARS-CoV-2 was not detect-
ed in all of the 14 air samples.

Air samples were collected using a sampler (FSC-1V;,
Hongrui, Suzhou, China) with filter membranes that had pore
sizes of 0.22 um for 15 min at a flow rate of 100 L/min. The air
sampler was put at around 0.6 m away from every patient and at
1 m above the ground, in each room. The filter membranes were
cleaned with pre-humidified and sterile swabs (Copan). The air
was sampled from all of the six patient rooms, but all of the
samples presented negative results for SARS-CoV-2.
However, three of the six samples from the exhaustion system
outputs presented positive for SARS-CoV-2 (Wei et al. 2020).

In the study by Cai et al. (2020), 15 air samples and 128
environmental surface swabs were collected from 14 patients
in four departments with temporary infirmaries at the ICU des-
tined to COVID-19 in a hospital in Wuhan. The real-time poly-
merase chain reaction (RT-PCR)/quantitative polymerase chain
reaction (QPCR) confirmed the existence of COVID-19 patho-
gens. All air samples presented negative results for SARS-CoV-
2 through RT-PCR. The 15 air samples were collected using an
air sampler with a dry filter (52 mm electret filter, InnovaPrep
ACD-200 Bobcat, America), operating at a flow rate of 200 L/
min for 60 min in the 14 temporary infirmaries at the ICU.

Other/various sampling methods

Air and surface samples were collected in areas close to critically
or gravely ill COVID-19 patients as well as in areas used by the
intensive care unit (ICU) team, for 16 days (Lei et al. 2020). The
authors used two cyclonic sampling devices: a two-stage cyclon-
ic bioaerosol sampler developed by NIOSH and a liquid aerosol
particle concentrator (model W-15, Beijing Dingblue
Technology Co., Ltd.). The air was continuously collected for
4 h at a flow rate of 3.5 L/min in three size fractions: > 4 um
(collected in a 15 mL tube), 1-4 um (collected in a 1.5 mL tube),
and < 1 um (collected in a Teflon® membrane filter with
3.0 um pores). In this study, all air samples collected in the
semi-contaminated and clean areas were negative.

Lednicky et al. (2020a) presented the results in a pilot study
of air sampling for the detection of SARS-CoV-2, which took
place in the Student Health Care Center (SHCC) of the
University of Florida (Gainesville, FL, EUA). The virus was
detected in an air sample, and a phylogenetic inference on the
complete genome sequence of SARS-CoV-2 was observed.
The analysis through real-time reverse transcription
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polymerase chain reaction (rtRT-PCR) detected viral RNA
(VRNA) in an air sample, and the amount of virus present in
390 L of the sampled air was low (approximately 340 equiv-
alents in the virus’s genome). Consequently, the estimated
SARS-CoV-2 concentration was that of 0.87 viral genomes
by liter of air. The result of this environmental sampling pro-
vided evidence of an aerosol containing SARS-CoV-2 at the
SHCC because the sample was collected 3 m from the closest
patient traffic rout, in other words, farther than 2 m, defined by
the WHO for viral transmissions via aerosols (WHO 2020b).

Air samples were collected in the room of two COVID-19
patients at the University of Florida Health Shands Hospital, and
one patient was positive for SARS-CoV-2. Three serial 3-h
samplings were performed using a prototype VIVAS air sam-
pler and a BioSpot-VIVAS BSS300P (commercial version of
the VIVAS-Aerosol Devices Inc., Ft. Collins, CO). The airborne
particles were collected using a water-vapor condensation meth-
od. Viable virus was isolated from air samples collected from 2
to 4.8 m away from the patients (Lednicky et al. 2020b).

Ding et al. (2020) realized environmental sampling in four
COVID-19 isolation rooms at the Hospital of Nanjing-China
and analyzed the association between the sampling results and
the environment, as well as the SARS-CoV-2 transmission
risk, and they concluded that the concentrations were too
low at the hospital that was studied. Forty-six samples were
evaluated, and four sampler types were used, yielding only
one positive sample.

Jiang et al. (2020) collected 19 air samples in high-risk
areas using natural sedimentation and a MAS-100 ECO air
sampler, finding one positive sample.

In Table 1 and Fig. 2, the sample collection methods and
the results obtained on the evaluations regarding the presence
of SARS-CoV-2 in air samples analyzed through reverse tran-
scription polymerase chain reaction (RT-PCR) are summa-
rized. Reverse transcriptase polymerase chain reaction (RT-
PCR) is considered the gold standard for the detection of
SARS-CoV-2 because of its high sensitivity, being the most
used method for this purpose. The RT-PCR can detect 4—8
copies of the virus, considering a 95% confidence interval
(Rahmani et al. 2020), and has been used to detect SARS-
CoV-2 in a variety of samples, including air and surfaces,
besides saliva, blood, stool, and urine (Rahmani et al. 2020,
Park et al. 2020; Kenarkoohi et al. 2020). Optimization of
primer sets and detection protocols for SARS-CoV-2 using
PCR and real-time PCR was evaluated by Park et al. (2020).

As shown in Table 1, different air samplers based on var-
ious mechanisms have been used to collect air samples for
SARS-CoV-2 detection, and positive results were obtained
using the following samplers: NIOSH BC 251 bioaerosol
sampler; ASE-100 biological aerosol special-collection liquid,;
SASS 2300 wetted wall cyclone sampler; microbial air sam-
pler MAS-100 ECO; high-volume WA 400 Portable viral
aerosol sampler; SKC impinger-type bio sampler; prototype
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Table 1

reverse transcriptase polymerase chain reaction (RT-PCR).

Sample collection methods and results in investigations for the presence of viruses focusing on SARS-CoV-2 in air samples analyzed by

Sample collection method

Result summary

Reference

Solid impactors

Liquid impactors

Filters

Air samples were collected in 3 COVID-19 patient
rooms, using 6 NIOSH BC 251 bioaerosol
samplers in each room, placed at different heights
from the floor (1.2, 0.9, and 0.7 m), and between
1 and 2.1 m from patients. 245 surface samples
were collected from 30 COVID-19 patient rooms

33 air samples were collected for 30 min using the
NIOSH BC 251 bioaerosol sampler (National
Institute for Occupational Safety and Health) with
air pumps (XR5000, SKC) at 3.5 L/min. The
NIOSH sampler segregates air sample into
large (> 4 pm), medium (1-4 pm), and small
(< 1 um) particles

28 samples were collected using 2-stage cyclone
samplers (NIOSH BC 251), filter cassette
containing a Teflon® filter (D = 37 mm and
2 pm porosity), and a sampling pump
(PCXR-4, SKC, Eighty-Four, PA) at a flow
rate of 3.5 L/min for 315-360 min

Air samples were collected in COVID-19 isolation
rooms used for three patients with severe
pneumonia, using a SKC BioSampler at
12.5 L/min and at 10 L/min, both for 20 min,
placed 1.2 m from the floor, and at a 1-m
distance from patients

10 air samples were collected during 1 h,
using a vacuum pump at 1.5 L/min, in SKC
sterile standard midget impingers at a height
of 1.5-1.8 m from the floor and at a distance
of 2-5 m from beds of patients with severe and
critical symptoms

Air samples were collected using a SASS 2300
wetted wall cyclone sampler (Research
International, Inc., https://www.resrchintl.com)
at 300 L/min for 30 min

Air samples were collected using a high-volume
WA 400 Portable viral aerosol sampler
(Dingblue Tech, Inc.), at 400 L/min for 15min

Air samples were collected using the SKC
impinger-type biosampler at a flow rate of
12 L/min, placed 1.5 m from the floor

135 air samples were collected using an impinger
sampler (BIO-Capturer-6, Bioenrichment
Co., Hangzhou, China), for 30 min at 80 L/min,
and placed 1.0-1.5 m from the floor

26 air samples were collected into 3-mL virus culture
liquid (MT0301, Yocon Biology Inc., Beijing,
China) using the WA-15 and WA-400 impactors
(Beijing dBlueTech, Inc.) at flow rates of 15 L/min
and 400 L/min, respectively

15 air samples were collected using a dry filter air
sampler (52-mm electret filters, InnovaPrep
ACD-200 Bobcat, America) for 60 min at 49 L/min

1000-L air samples from air shelters with patients
were collected using the Sartorius MD8 sampler
with sterile gelatin filters (D = 80 mm and pore
size = 3 um) (Sartorius AG, Germany) for 20 min
at a flow rate of 50 L/min, being the air sampler
perpendicularly positioned 10 cm from the patient’s

66.7% of the air samples were positive
for SARS-CoV-2 (1.84 x 10° to
3.38 x 10°> RNA copies/m>). Rooms
with viral particles in the air also
presented surface contamination

7.7% and 82.6% of samples were
positive for SARS-CoV-2 in
COVID-19 respiratory investigation
wards and ICUs with confirmed
COVID-19 patients, respectively

All samples were negative for
SARS-CoV-2

All samples were negative for
SARS-CoV-2

All samples were negative for
SARS-CoV-2

SARS-CoV-2 was detected in air
at a 4-m distance from patients

SARS-CoV-2 was detected in 01
out of 02 air samples

02 out of 14 air samples were positive
for SARS-CoV-2

All samples were negative for

SARS-CoV-2

One air sample was positive
for SARS-CoV-2

All samples were negative
for SARS-CoV-2

All samples were negative
for SARS-CoV-2

Chia et al. (2020)

Ge et al. (2020)

Lane et al. (2020)

Ahn et al. (2020)

Faridi ct al. (2020)

Guo et al. (2020)

Jin et al. (2020)

Kenarkoohi et al. (2020)

Li et al. (2020)

Ma et al. (2020)

Cai et al. (2020)

Cheng et al. (2020a)
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Table 1 (continued)

Sample collection method

Result summary

Reference

Other/various
sampling methods

chin

1000-L air samples were collected using a SAS Super
ISO 180 model 86834 (VWR International PBI Srl,
Milan, Italy), being the air sampler perpendicularly
positioned 10 cm from the patient’s chin

Air samples were collected using SKC Universal
pumps (with 37 mm filter cassettes and 0.3-pm
Teflon® filters) for 4 h at 5 L/min, and a Sartorius
MD8 microbiological sampler (with gelatin
membrane filter) for 15 min at 6 m*/h

05 air samples were collected using an AirPort MDS
with gelatin membrane filters (Sartorius, Varedo,
MB, Italy) for 40 min at 50 L/min, placed 1.5 m
from the floor

24 high-volume air samples were collected using a
Sartorius Airport MDS air sampler at 50 L/min
for 15 min, and gelatin filters (D = 80 mm); and
08 low-volume personal air samples were collected
at 4 L/min using Personal Button Samplers (SKC,
Inc.), AirChek pumps (SKC, Inc.), and gelatin
filters (D = 25 mm)

06 air samples were collected using a FSC-1V air
sampler (Hongrui, Suzhou, China) with filter
membranes (0.22-pum pore size) for 15 min at
100 L/min, placed 1 m from the floor and 0.6-m
away from patients

04 air samples from ship cabins were collected using a
Sartorius Airport MD8 air sampler at 50 L/min for
20 min and a Sartorius gelatin filter type 175
(area = 38.5 cmz)

Air samples were collected in the East-West Lake
Fangcang Shelter Hospital, using an air virus
collection equipment (NingBo iGene TecTM)
with a 0.1 um gelatin membrane filter for
10 min at 6 m*/h. A total of 48 air samples
were collected

Four bioaerosol samplers were used: an Andersen
one-stage viable impactor (QuickTake-30, SKC,
USA), an AirPort MD8 with gel film (Sartorius,
Germany), an ASE-100 (Langsi Medical Technology,
Shenzhen, China) in liquid medium, and a WA-15
(Dinglan Technology, Beijing, China)

28 air samples were collected by natural sedimentation
and using a microbial air sampler (MAS-100 ECO)
at 100 L/min

Three serial 3-h samplings using a prototype VIVAS
air sampler and a BioSpot-VIVAS BSS300P. The
airborne particles were collected using a water-vapor
condensation method

Air samples were collected using a two-stage cyclonic
bioaerosol sampler (NIOSH) for 4 h at a flow rate of
3.5 L/min, into three size fractions: > 4 um (15-mL
tube), 1-4 um (1.5-mL tube) and < 1 pm (Teflon®
membrane filter with a pore size of 3.0 um), and a
cyclonic aerosol particle liquid concentrator (model
W-15, Beijing Dingblue Technology Co., Ltd.) for
30 min at a flow rate of 14 L/min

Aerosol samples were collected consisting of 03
different types: total suspended particles, segregated
aerosol, and deposition. Total suspended particles

All samples were negative
for SARS-CoV-2

All samples were negative
for SARS-CoV-2

All samples collected from
contaminated area were positive
for SARS-CoV-2

14 out of 24 high-volume air
samples were positive for
SARS-CoV-2. All personal air
samples were positive for
SARS-CoV-2

All samples were negative for
SARS-CoV-2

One air sample was positive for
SARS-CoV-2

All samples were negative for
SARS-CoV-2

45 out of 46 samples were
negative for SARS-CoV-2

One air sample was positive for
SARS-CoV-2

Viable virus was isolated from air
samples collected from 2 to
4.8 m away from the patients

02 air samples were positive for
SARS-CoV-2

19 out of 35 samples were positive
for SARS-CoV-2, being 113

Cheng et al. (2020b)

Ong et al. (2020)

Razzini et al. (2020)

Santarpia et al. (2020)

Wei et al. (2020)

Yamagishi (2020)

Zhang et al. (2020)

Ding et al. (2020)

Jiang et al. (2020)

Lednicky et al. (2020b)

Lei et al. (2020)

Liu et al. (2020)
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Table 1 (continued)

Sample collection method Result summary Reference

copies/m’ the highest RNA
concentration

were collected on 25 mm styrene filter cassettes
(SKC Inc., USA) at 5 L/min using a portable pump
(APEX2, Casella, USA). Segregated aerosol samples
were collected using a cascade impactor (Sioutas
impactor, SKC Inc., USA) at 9 L/min. Aerosol
deposition samples were collected using filters

(D = 80 mm) placed on the floor and intact for 7 days

Air samples were collected into conical tubes containing
5 mL of Dulbecco’s minimum essential medium

14 out of 31 air samples were Zhou et al. (2020)

positive for SARS-CoV-2 RNA

(DMEM) using a Coriolis 44 air sampler (BERTIN

INSTRUMENTS 2020)

VIVAS air sampler and BioSpot-VIVAS BSS300P; filter cas-
settes; WA-15 and WA-400 impactors; AirPort MD8 with
gelatin membrane filters; and Coriolis p air sampler.
Importantly, negative results are not exclusively related to
the type of sampler, given that a concentration below the de-
tection limit or even the absence of the virus may occur.

As shown in Fig. 2, most of the studies included in this
review collected air samples for SARS-CoV-2 detection using
variations of filtration systems (n = 9), while liquid impactors
represented the second most used mechanism (n = 7), follow-
ed by other/various methods (n = 6), being solid impactors the
least used mechanism. Regarding the efficacy of each mech-
anism as measured by the percentage of studies with positive
results, the literature review indicates that solid impactors are
more effective than liquid impactors, or filters, and the com-
bination of various methods may be recommended.

Overview and final remarks

To evaluate possible microbiological air, surface, and hos-
pital equipment contamination, reliable sampling methods

Fig. 2 Summary of air sampling
mechanisms for SARS-CoV-2
detection and percentage of stud-
ies with positive samples

Number of studies (n)

Studies with positive samples (%)

are required. However, as reported by Kowalski (2012),
this type of sampling is yet unregulated by the diverse
legislations from around the world. Secondly, according
to the Centers for Disease Control and Prevention (CDC),
airborne particles containing fungi, bacteria, and viruses
(bioaerosols) require new sampling techniques, regarding
both reduced handling and increased risk detection pro-
cesses, through more precise ribonucleic acid (RNA), de-
oxyribonucleic acid (DNA), and immunologic assay
identifications.

According to Napoli et al. (2012), through correct air sam-
pling and adequate detection methods, it is possible to evalu-
ate microbial contamination in environments that are at high
risk of infection, which can then be used to identify ventilation
systems and hygiene procedures efficacies. According to the
authors, there are several international standards combined
with sampling techniques (active or passive) and many differ-
ent types of samplers, meaning that the users are free to choose
systems. The great challenge is standardizing the viral collec-
tion methods, especially the ones used for COVID-2, for, as it
is presented in Table 1, several different methods have been
utilized.

Air sampling methods for SARS-CoV-2 detection

=
o

100%

9 90%
8 80%
7 70%
6 60%
5 50%
4 40%
3 30%
2 20%
1 10%
0 L Lo . Other / Various
Solid impactors  Liquid impactors Filters methods
3 7 9 6
66,7% 57,1% 33,3% 100%
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In active monitoring, a microbiological air sampler sucks in
a known air volume through or over a particle collection de-
vice that can be either a liquid or solid medium or a filtering
membrane, and the quantity of present microorganisms is
measured in colony-forming units (CFU)/m’ of air. This sys-
tem is applicable when the microorganism concentration is
not too high, as is in a surgical intervention room and other
controlled hospital environments. In passive monitoring, Petri
dishes containing specific culture mediums are exposed to air
for a period to collect biological particles that “deposit” them-
selves. In both cases, samples are incubated for posterior mi-
croorganism detection and quantifying, expressing their re-
sults in CFU/dish/time or CFU/m?/hour (Napoli et al. 2012).
Despite the costs for both methods being moderate, there is
not a dominant sample collection method, especially regard-
ing the aerial medium. A fact that stands out is that liquid
mediums in the particle collection system helps to maintain
viral integrity and viability and can be analyzed directly, with-
out the need to prepare and extract the viral target from the
filtering medium (Pan et al. 2019).

In active sampling, dry filters—such as polyvinyl chloride
(PVC) and polytetrafluoroethylene (PTFE) used by Ong et al.
(2020) and Booth et al. (2005), glass fiber, cellulose ester
(MCE), and polycarbonate (PC)—and gelatin filters that can
be used in the MD-8 Air Scanner (Santarpia et al. 2020;
Cheng et al. 2020a; Ong et al. 2020; Razzini et al. 2020;
Yamagishi 2020), as well as impinger-type liquids and other
mediums, can be utilized. As presented in Table 1, active
sampling was used in all works, with various equipment.
Sartorius MD 8 equipment with gelatin filters was utilized in
five papers, NIOSH BC 251® in four studies, and SKC
impinger-type BioSampler® in three works.

Filters have been pointed out as the most effective means to
capture particles with sizes that are smaller than 5 um. Viruses
can be identified through reaction assay methods in a poly-
merase chain reaction (PCR) to detect the presence of viral
DNA. However, the challenge is at collecting, upkeeping, and
performing the PCR that yields representative results. For the
COVID-19 virus to be detected precociously in the body using
real-time RT-PCR, scientists need to convert RNA into DNA.
This is a process called “reverse transcription.” They must do
so because only DNA can be copied—or amplified—which is
a fundamental part of the RT-PCR process in real-time for
viral detection (IAEA 2020).

To collect sufficient airborne viruses for detection via cur-
rent molecular techniques, longer active sampling times may
be required (Lednicky et al. 2020a, b). The methods that uti-
lize real-time polymerase chain reaction (RT-PCR) can be
used to identify viruses much faster than traditional PCR
methods (Carter et al. 2020; Chan et al. 2020).

It is important to mention that the elution and separation of
the sampled viruses is a critical step in the detection process.
The use of filtering mediums can present less efficiency at the
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time of viral elution. Besides that, environmental factors and
the desiccation of viral particles caused by the airflow are
variables that justify deeper inquiries before considering using
a high-volume air sampler with filters under field conditions
(Alonso et al. 2017). The collection mediums that dissect the
organisms (such as gelatin or impinger filters in which the
water evaporates during sampling) may not be adequate, as
is reported by Lednicky et al. (2020a, b). According to what
was pointed out by Reponen (2017), as each technique has its
unique advantages and disadvantages, usually, it is beneficial
to employ several techniques at a study. This way, a tech-
nique’s limitations can be compensated by the advantages of
others. Professionals should understand the limitations of vi-
ruses sampling methods to properly interpret their results. Due
to the variations in the performances of several samplers, the
results between different studies can only be compared if the
same sampling methods are utilized. The sampling device is a
critical step in all bioaerosol studies (Mbareche et al. 2018).

It is important to point out that no single sampling process
is appropriate for all bioaerosol types. There are many
bioaerosols with different behaviors associated with particle
size, and, therefore, the choosing of an appropriate sampling
procedure is fundamental. To sample a specific type of air-
borne virus, different types of sampling devices, suction
pumps, sampling volumes, sampling times, culture mediums,
and incubation conditions must be taken into account. Each
one of the sampling methods can provide different perfor-
mances for sampling and detection of several types of viruses
(Rahmani et al. 2020). Some of the important characteristics
of acrosol samplers are size, mass, airflow rate, sampling ef-
fectiveness, energy requirements, sampling mechanisms, vol-
ume, and others (Mbareche et al. 2018).

Environmental conditions play a fundamental role in the
sampling and viral detection processes in a confined hospital
environment, such as ventilation, air movement, distance from
the patient to the sampler, room occupation, patient activities
during sampling, relative humidity, temperature, number of
patients, sampling flow rate, sampling time, and sampling
medium, which may affect results. All of the research listed
for airborne COVID-19 studies presented limitations.

The investigations of viruses in aerosols report the environ-
mental contamination of indoor areas and potential transmis-
sion to adjacent areas, commonly in closed environments,
such as hospitals and clinics, while sampling the air for viruses
in open environments is not a common practice due to the low
levels of viruses normally present in such environments.

Conclusions

In a post-pandemic scenario, regardless of chemical or phys-
ical decontamination methods, air and surface monitoring
may be required to safeguard public health, and therefore
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well-defined protocols and equipment, as well as qualified
personnel, play an important role.

A literature review on sampling methods to detect SARS-
CoV-2 in indoor air was conducted. Overall, papers report sev-
eral sampling methods for SARS-CoV-2 detection, using differ-
ent approaches for distance, height from the floor, flow rates, and
sampled air volumes. Most of the studies included in this review
collected air samples for SARS-CoV-2 detection using varia-
tions of filtration systems, while liquid impactors represented
the second most used mechanism, followed by other/various
methods, being solid impactors the least used mechanism.
Only four studies performed segregation of acrosol particle sizes.

Out of 25 studies, 10 found negative results in all collected
air samples, and 15 found at least one positive sample. The
literature review indicates that solid impactors are more effec-
tive than liquid impactors, or filters, and the combination of
various methods may be recommended. Therefore, the chal-
lenge of selecting the best sampling method is illustrated in
this systematic review.

As a final remark, determining the sampling method is not
a trivial task, as the samplers and the environment influence
the presence and viability of viruses in the samples, and thus a
case-by-case assessment is required for the selection of sam-
pling equipment.
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