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• From the 48 analyzed studies, 34 sam-
pled surfaces, 27 sampled air and 9 sam-
pled water.

• In 44 out of the 48 studies was detected
SARS-CoV-2.

• The sampling approach should include
active and passive sampling methods.

• The digital PCR technique is expected to
increase application.
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The SARS-CoV-2 exposure assessment is critical to implement control measures and guarantee safety of patients
and workers from different occupational environments. The aim of this review article was to identify methodol-
ogies applied for SARS-CoV-2 sampling and analyses in environmental samples in different occupational and in-
door environments. This study reports the search of available data published between May 29th 2020 and
November 1st 2020. The search strategy used allowed the identification of 48 papers that comply with selected
inclusion and exclusion criteria. The most described indoor environment consisted of health care facilities. From
all the analyzed studies, 34 sampled surfaces, 27 sampled air (impactors and impingers being themost used), and
9 sampled water. All studies were based on molecular detection by qPCR of viral RNA extracted from collected
samples. SARS-CoV-2 was detected in 44 out of the 48 studies. The results suggest that the sampling approach
should include both active and passive sampling methods in order to overcome each method limitations.
Concerning the assays used, although most studies were based on qPCR detection, the fact that the digital PCR
technique allows SARS-CoV-2 detection at lower concentrations, indicates that this should be the chosenmethod
for future detection studies.

© 2021 Elsevier B.V. All rights reserved.
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Table 1
Inclusion and exclusion criteria in the articles selected.

Inclusion criteria Exclusion criteria

Articles in English language Articles in other languages
Articles published from September 1st
2019

Articles published prior to September
1st 2019

Articles related to SARS-CoV-2 Articles not related to SARS-CoV-2
Articles related to environmental samples Articles related to biological samples
Scientific original articles on the
topic/journal articles

Congress abstracts, reviews, reports

Articles related to humans Articles related to other species
1. Introduction

AnewCoronavirus - SARS-CoV-2 -wasdiscovered at the endof 2019,
as the causal agent of severe acute respiratory syndrome. The virus has
rapidly spread all over the world since then, causing a coronavirus dis-
ease 2019 (COVID-19) pandemic (Wilder-Smith et al., 2020). Scientific
evidence from othermicroorganisms, such as SARS and influenza, report
droplet and contact dissemination as the primary transmission routes
(Otter et al., 2016; Wilder-Smith et al., 2020).

Hospital infections due to SARS-CoV-2 in workers and staff has been
reported, and is probably correlated to ineffective implementation of
prevention and control measures (Evans et al., 2020; Gowri et al.,
2004; He et al., 2020; Wilder-Smith et al., 2020). The transmission dy-
namics in indoor and occupational environments is likely to be multi-
factorial, since contaminated surfaces and air were proven to be
important factors in the transmission dynamics of different viruses
(Otter et al., 2013, 2016; Wilder-Smith et al., 2020). In SARS-CoV-2, in
addition to transmission via direct contact with infected people and
larger respiratory droplets, contact with contaminated surfaces or inha-
lation of small airborne droplets are alternative routes of infection to be
considered (Morawska et al., 2020). Importantly, it has been reported
that the SARS-CoV-2 can survive on dry surfaces and in aerosols for sev-
eral days to weeks (Chin et al., 2020; Van Doremalen et al., 2020).

Appropriate building engineering controls include sufficient and ef-
fective ventilation, possibly enhanced by particle filtration and air disin-
fection, avoiding air recirculation and preventing overcrowding. Often,
such measures can be easily implemented and without much cost, as
long as they are recognised as significant in contributing to infection
control goals.

The SARS-CoV-2 exposure assessment is critical to implement con-
trol measures and guarantee safety of workers from different occupa-
tional environments (Buonanno et al., 2020). Furthermore, patient
safety is also a concern since several outbreaks have been reported in
clinical or elderly facilities among patients and staff (Hu et al., 2020;
Zhang et al., 2020). As such, it is critical to identify the best protocol
regarding sampling collection and analyses. The literature indicates a
wide range of sampling and analyses methods currently applied to
detect SARS-CoV-2 in the environment. The results obtained from
these different studies may have implications for future policy and
guidelines, highlighting the importance of a consensus regarding
exposure assessment.

The aim of this review article was to identifymethods used for SARS-
CoV-2 sampling and analyses in environmental samples in different
occupational and indoor environments. This work is important to
ensure both an accurate risk characterization and the development
and future application of effective control measures.

2. Materials and methods

This study reports the search of available data published between
September 1st 2020 and November 1st 2020. The search aimed at
selecting studies on SARS-CoV-2 in different indoor environments and
included the terms “SARS-CoV-2 in environmental samples” with
English as the chosen language. The databases chosen were PubMed,
Scopus, and Web of Science (WoS). This search strategy identified 292
papers in all databases. Articles that did not meet the inclusion criteria
and duplicates were excluded from further analysis (Table 1).
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The diagram describes the different phases of the selection of papers
and the papers that were obtained in final phase (Fig. 1).

3. Results

The most described indoor environment were health care facilities
(35 out of 48), followed by different environmental matrices: 9 waste-
water treatment plants, rivers and household, 1 cruise, 1 household en-
vironment and 2 industrial occupational environments (Table 2).

From all the analyzed studies, 34 sampled surfaces, 27 sampled air
and 9 sampled water (Table 2).

Concerning sampling methods, all surface sampling (34) was col-
lectedwith swabs and all water samples (9mentioned above)were col-
lected in to sterile containers. Regarding air sampling it was either
performed with impingers (14 out of 27), impactors (11 out of 27) or
both (2 out of 27) (Ong et al., 2020; Liu et al., 2020) (Table 2).

In all the studies, molecular tool kits were used for RNA extraction
which was then subject to detection by PCR methods (Table 2).

SARS-CoV-2was detected in 44 out of the 48 articles (Table 2). Con-
sidering the environmental matrixes analyzed, SARS-CoV-2 was de-
tected in all the 9 articles that sampled water; in 19 of 27 articles that
sampled air and in 31 of the 34 articles that sampled surfaces (Table 2).

4. Discussion

Some discussion has been raised among industrial hygienists
concerning the sampling and analyses methods for SARS-CoV-2 expo-
sure assessment. Studies focusing on virus exposure assessment have
been critically limited. This is mainly due to the difficulties in collecting
and analysing airborne viruses. Among the active sampling methods,
several sampling devices can be used to assess the airborne virus,
being the most common the impactors and impingers, as well as filters
and electrostatic precipitators (Verreault et al., 2008) (Table 2). Besides
active sampling methods (air sampling), also passive methods, such as
swabs, can be used. In fact, this was the sampling method mostly used
in the selected papers corroborating its importance in the assessment
of bioburden exposure (comprising fungi andbacteria) in health care fa-
cilities (Viegas et al., 2019) and in other indoor environments (Viegas
et al., 2020).

Concerning active sampling methods, it should be stressed that lon-
ger active sampling times may be required to ensure collection of suffi-
cient airborne viruses for detection by molecular techniques (Lednicky
et al., 2020). Thus, as in other microbiologic agents' assessment, the
challenge to provide a protocol from the field to bench work, will be
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Fig. 1. PRISMA methodology of selection of papers.
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to have a minimum standardized sampling volume. This is especially
true for SARS-CoV-2 detection, where there is still much to learn. As it
is presented in Table 2, several methods were used for sampling with
volumes ranging from 60 L (Zhang et al., 2020) to 54,720 L (Setti et al.,
2020) resulting in either negative or positive detection of SARS-CoV-2
independently of the sampling method used. From these studies the
standard consensual condition is the use of an airflow rate of 200 L/
min and the minimal of 1 m3 of air during each sample collection
when using Coriolis μ (impingermethod device) for SARS-CoV-2 assess-
ment (Bertin Instruments, 2020). However, the sampling duration can
affect the integrity of the virus structure and decrease their infectivity,
being these drawbacks more emphasized on filters samples (Verreault
et al., 2008). In fact, every virus and strains have a unique response to
environmental factors, increasing the difficulty to select the optimal
sampling device and conditions (Verreault et al., 2008).

Exposure assessors should acknowledge the restrictions of each ac-
tive samplingmethod to be able to interpret their results. Due to the dif-
ferent performances from several devices, the results between studies
can only be compared and discussed if the same sampling methods
are applied, since the sampling device is of utmost importance in all
bioaerosol studies (Mbareche et al., 2018). Furthermore, as it was the
case of two studies (Ong et al., 2020; Liu et al., 2020), two different sam-
pling devices to collect air samples can be used to overcome each other
limitations (Viegas et al., 2019).

Impinger methods using liquid medium potentiate the viral in-
tegrity and viability and can be analyzed directly, without the need
to extract the viral target solid medium or filter (Pan et al., 2019).
On the contrary, the liquid used can also promote the inactivation
of the SARS-CoV-2 useful for safety reasons either in the field work
as in lab work. This can be a feature also from the impinger devices,
since most of the industrial hygiene laboratories facilities don't
have the proper safety measures to deal with a pandemic virus,
such as SARS-CoV-2. Furthermore, safety measures should be put in
place when positive detection results were obtained, independently
of the viability status of the virus.
3

Furthermore, the parallel use of active with passive sampling
methods should be considered. In fact, air sampling is limited by short
sampling periods (mostly minutes), representing only a small fraction
of the bioburden exposure (Stamatelopoulou et al., 2020). Contrary, sur-
face sampling can collect information from a larger period of time or
even from several surfaces (composite samples) (Viegas et al., 2019).

Concerning the assays used to detect SARS-CoV-2, theseweremostly
based on one-step reverse transcriptase quantitative PCR detection (RT-
qPCR), which is much faster than traditional PCRmethods (Carter et al.,
2020). The samples were extracted with different extraction kits/re-
agents dependingon thematrix,with some of them, namelywater sam-
ples, being subject to concentration prior to analysis. One to three sets of
probes for different SARS-CoV-2 viral genome regionswere usually used
in each assay, with positive results reporting to the amplification of all
the regions subject to analysis in each particular study. The CT or cycle
threshold thatwas considered a cut-off, abovewhich sampleswere con-
sidered negative, variedwithin the studies, ranging fromCT 38 to CT 43.
A few studies (e.g. Liu et al., 2020; Gonzalez et al., 2020) have used the
recently developed digital PCR technique, which has higher sensitivity
and accuracy when compared to standard RT-qPCR, allowing the detec-
tion of viral nucleic acid present at low concentrations. With this
method, quantification is achieved without the need of PCR cycle
threshold values or standard curves. Instead, a PCR sample is portioned
into droplets, with each droplet containing the target sequence being
detected by fluorescent and considered positive, allowing absolute
quantitation of target sequence. As the abundance of viral particles in
the environment is usually low, future studies should consider this ap-
proach do detect SARS-CoV-2 nucleic acid in environmental samples.

5. Conclusions

The most common sampling devices used to assess exposure to
SARS-CoV-2 are impactors and impingers. In addition to active sampling
methods (air sampling), also swabs are being used widely in the scope
of the exposure assessment. The sampling approach should include

Image of Fig. 1
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active (with an air volume of, at least 1 m3, per sample) and passive
sampling methods to overcome each method limitations.

Concerning the assays used to detect SARS-CoV-2, theseweremostly
based on one-step reverse transcriptase quantitative PCR detection
(RT-qPCR), but an increase in digital PCR technique is expected, since
it allows SARS-CoV-2 detection at lower concentration ranges.
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