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ABSTRACT

Because bioaerosols are related to adverse health effects in exposed humans and indoor
environments represent a unique framework of exposure, concerns about indoor bioaerosols
have risen over recent years. One of the major issues in indoor bioaerosol research is the
lack of standardization in the methodology, from air sampling strategies and sample treat-
ment to the analytical methods applied. The main characteristics to consider in the choice
of indoor sampling methods for bioaerosols are the sampler performance, the representa-
tiveness of the sampling, and the concordance with the analytical methods to be used. The
selection of bioaerosol collection methods is directly dependent on the analytical methods,
which are chosen to answer specific questions raised while designing a study for exposure
assessment. In this review, the authors present current practices in the analytical methods
and the sampling strategies, with specificity for each type of microbe (fungi, bacteria,
archaea and viruses). In addition, common problems and errors to be avoided are discussed.
Based on this work, recommendations are made for future efforts towards the development
of viable bioaerosol samplers, standards for bioaerosol exposure limits, and making associ-
ation studies to optimize the use of the big data provided by high-throughput sequenc-
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ing methods.

Introduction
Indoor bioaerosols

Bioaerosols are airborne particles that originate from
biological sources including bacteria, viruses, fungi,
protozoa, plants, and animals. These ubiquitous par-
ticles can include a variety of living and non-living
entities, and may be single or grouped organisms or
spores, fragments of organisms, or residues or prod-
ucts of organisms like endotoxins or mycotoxins.
Particle sizes can range in size from tens of nano-
meters to more than 100 pm and can vary with rela-
tive humidity. Indoor environments include homes,
office buildings, schools, factories, agricultural facili-
ties, aircraft, subways, buses and other indoor loca-
tions. Indoor bioaerosols have been the topic of a
substantial body of research in recent years, primarily
because of their health effects on humans, and they
have been the subjects of numerous reviews addressing
topics such as bioaerosol sources, exposure-response
relationships, disease transmission, and sampling and
detection methods (Mbareche et al. 2017; Mirskaya
and Agranovski 2018; Mubareka et al. 2019; Walser

et al. 2015). The purpose of this review is to provide a
brief overview of techniques for studying indoor bio-
aerosols, identify some common problems and mis-
conceptions, and discuss future research needs for
methods to better understand indoor bioaerosols.

Sources of indoor bioaerosols

Indoor bioaerosols can be generated from various nat-
ural and anthropogenic sources. Microbes can grow
on a variety of items such as food, wood, paper, tex-
tiles, and damp construction materials, and can
become airborne in liquid or dry particles. Because of
their small size and mass, they are easily transported
from one place to another, and persist in the air for
long periods of time (Brown and Hovmeller 2002).
The sources of indoor bioaerosols include outdoor air,
building materials, furnishings, human occupants
(coughing, sneezing, talking, walking, etc.), animals,
plants, and organic wastes (Prussin and Marr 2015).
In some specific cases, such as indoor locations near
farms, waste treatment facilities and composting sites,
the transport of outdoor bioaerosols into the indoor
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environment is of particular concern (Douglas et al.
2018; Pearson et al. 2015).

General guidelines for indoor bioaerosol sampling

No single sampling or analytical method is appropri-
ate for all indoor bioaerosols. Bioaerosol behavior is
strongly coupled to particle size (Nazaroff 2016), and
thus sample collection is dependent on the size select-
ivity of the sampler. Each study will have a specific
type of sampling equipment, number and location of
samples, volume of air to be sampled, and, if cultur-
ing, type of culture medium and incubation condi-
tions. Quality control decisions are also method-
specific such as determination of an acceptable sample
and procedures of identification, counting, and data
analysis (Macher, Chatigny and Burge 1995).

Conditions at each sampling location should always
be recorded, including the location within the room
(potentially with a drawn figure), air movement (for
example, if the heating, ventilation and air condition-
ing [HVAC] was on or off), air exchange rates, dis-
tance from air supply vents, occupancy and activities
occurring during sampling. Additional information
such as temperature, relative humidity and carbon
dioxide levels are also beneficial to record.
Environmental information is particularly helpful
when studying the air microbiota because it allows
variations in microbial diversity to be linked to spe-
cific environmental conditions during sampling. This
linkage will lead to a better understanding of the
impact of environmental conditions on the microbial
dynamics of bioaerosols.

The sampling principles for biological and non-bio-
logical aerosols are the same, but minimizing damage
and ensuring the survival and integrity of microorgan-
isms is required when subsequent analyses include the
determination of the culturable or infectious portion
of the bioaerosol. In such cases, minimizing the
microbial stress during sampling (such as desiccation,
shear forces, or high-speed impaction that could affect
the cell integrity), and immediate care of samples is
often necessary to maintain the cultivability of
microbes. When molecular methods are applied,
maintaining the viability is not mandatory, but main-
taining nucleic acid integrity is essential, especially for
RNA viruses that can rapidly degrade during sam-
pling. For that reason, more aerosol sampling options
are available when molecular analytical approaches
will be used. A selection of commercially available
samplers for bioaerosol collection can be seen in
Table 1 (Lindsley et al. 2017). A further discussion on
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bioaerosol sampling strategies and challenges is also
presented in this special issue (Mainelis 2019).

Methods for indoor bioaerosol collection
and analysis

Many factors affect the indoor air composition includ-
ing the presence of bioaerosol sources (plants, ani-
mals, humans, damaged materials), building
conditions, and air exchange with the outdoors. The
choice of analytical methods depends upon the agents
in bioaerosols that need to be measured and the pur-
pose of study. Bioaerosols in indoor air have been
principally characterized by the presence and quantifi-
cation of endotoxins, mycotoxins, microbial volatile
organic compounds (MVOC’s), (1 — 3) f-D-glucan,
and microorganisms (bacteria, archaea, fungi,
and viruses).

Culture-based methods are widely used to charac-
terize indoor microbial communities. Culture-based
methods determine if the microorganisms are viable
and thus capable of growth and infection. Bacteria
and fungi are often collected directly onto culture
plates or impinged into liquid media that is then
applied to plates. However, culture can be difficult
and time-consuming, and, by definition, culture-based
methods only detect microorganisms that are cultura-
ble. A large majority of microorganisms currently can-
not be cultured by routine laboratory methods
(DeLong and Pace 2001), and many microorganisms,
including many pathogenic bacteria, can enter a viable
but non-culturable state in which they cannot be read-
ily cultured in the lab but can still cause illness (Li
et al. 2014). In addition, the non-viable, non-cultivable
portion of bioaerosols can still be harmful to exposed
persons since several health issues related to bioaero-
sol exposure are not linked to microorganism viability
or infectious potential.

Molecular methods offer a broader view of the
microbial diversity using amplicon-based sequencing
or metagenomics. Other molecular techniques such as
metatranscriptomics can identify transcript DNA from
a given sample and provide an explanation of aerosol
changes in the microbiota community and gene expres-
sion under different environmental factors (Coulon
and Colbeck 2017). This could be particularly helpful
when understanding the influence of the built environ-
ment on gene expression and the implications for
human health (Hegarty, Dannemiller and Peccia 2018).
In addition, the general biomass or the concentration
of a specific microbe of interest (e.g., Legionella pneu-
mophila) can be determined by quantitative polymerase
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Table 1. Common commercially-available samplers for bioaerosol collection, adapted from Lindsley et al. (2017).

Filter Samplers

Single-stage Impactors

Single-stage Impactors

Manufacturer/ Manufacturer/ Manufacturer/
Distributor Sampler Name Distributor Sampler Name Distributor Sampler Name
Bi-Air Bi-Air Filter Cassette AP. Buck BioAire™/BioSlide™ EMD Millipore MAS-100 Air Sampler
/Bio-Culture™
Burkard High Throughput ‘Jet’ Aquaria MICROFLOW RCS® Microbial
Spore and Microbiological Air Sampler
Particle Sampler Air Sampler
Dycor CSU-1 Low Volume Barramundi Mattson-Garvin Model Environmental Allergenco MK-IIl/
Air Sampler 220 Air Sampler Monitoring Systems Allergenco-D
(240V is Model 270)
EMD Millipore Various filter and Beijing SENNON  Handy Microbial BioSIS Slit Impaction

GE (Whatman)

InnovaPrep

Pall Corp.

Research International

Sartorius

SKC

Zefon

Multi-stage Impactors

Manufacturer/Distributor

MSP Corporation

Thermo Scientific

membrane media
Various filter and
membrane media

ACD-200 Bobcat
Air Sampler

Various filter and
membrane media

SASS® 3100 Dry
Air Sampler

AirPort MD8

Air Sampler
Button

Aerosol Sampler

Various filter and
membrane media

Sampler Name

MOUDI™ Impactor/
Nano/Mini

Andersen
Cascade Impactor

bioMérieux

Bioscience
International

Burkard

Climet

Dycor

Air Sampler®
Microbial Air Sampler
(Universal®,
Professional®,
airlDEAL®)
airlDEAL® 3P™
Traceabiligx/
Samp’air”
Air Sampler
SAS Duo 360/SAS
Isolator/SAS
Super 100
24-Hour Recording
Volumetric
Spore Trap
Continuous Recording
Air Sampler
Personal Volumetric
Air Sampler

Portable Air Sampler
for Agar Plates
Recording Air Sampler

Seven-Day Recording
Volumetric
Spore Trap
Cl-90/CI-95/CI-99
Airborne
Microbial Sampler
Dycor Slit Sampler

Air Sampler
Micro5/cyclex-
d Cassettes

E6 Single-Stage
Bioaerosol
Impaction Sampler
F.W. Parrett MicroBio MB1/MB2
Air Sampler

Particle Measuring Systems  Air Trace®/BioCapt™/

MiniCapt™
Sartorius AirPort MD8

Air Sampler
SKC BioStage® Standard

Single-Stage Viable
Cascade Impactor

VersaTrap® Spore
Trap Cassette

IUL Basic Air/Spin Air
Air Sampler

SMA MicroPortable®
Air Sampler

Thermo Scientific

Veltek

Air-O-Cell®)/Via-Cell®
Sampling Cassette

Zefon International

A-6
Bioaerosol Impactor

Cyclones Wetted-Surface Bioaerosol Samplers Real-Time Bioaerosol Monitors
Manufacturer/ Manufacturer/ Manufacturer/
Distributor Sampler Name Distributor Sampler Name Distributor Sampler Name
Burkard Cyclone Sampler for Bertin Coriolis® p Microbial Bioscience International SAS-PCR Pathogenic

Airborne Particles Air Sampler Microorganisms

Cyclone Sampler for Coriolis® RECON Air Sampler
Field Operation Portable
Air Sampler
Evogen Sceptor DryClone™ Bioscience SAS Cyclone Droplet Measurement Wideband Integrated
International Air Sampler Technologies Bioaerosol

FLIR Systems

Impingers
Ace Glass

C100 Modular
Tactical Collector

AGI-30 Impinger

Greenburg-
Smith Impinger
Midget Impinger

Evogen

FLIR Systems

InnovaPrep

InnovaTek

Sceptor SpinCon™
Advanced
Air Sampler
Fido® B1 (BioCapture®
650) Portable
Air Sampler

SpinCon® Il Advanced
Air Sampler
BioGuardian®
Air Sampler

Dycor

Environics
FLIR Systems

Particle Measuring
Systems

Sensor (WIBS)
C-FLAPS Biological
Detection System

ENVI BioScout™
Fido® B2
Instantaneous
Biological
Aerosol Detector
BioLaz™ Real-Time
Microbial Monitor

(Continued)
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Cyclones Wetted-Surface Bioaerosol Samplers Real-Time Bioaerosol Monitors
Manufacturer/ Manufacturer/ Manufacturer/
Distributor Sampler Name Distributor Sampler Name Distributor Sampler Name
Burkard Multistage Research BioHawk® 8-Channel Research International BioHawk® 8-Channel
Liquid Impinger International Collector/ Collector/
Bioidentifier Bioidentifier
XMX/102 High Volume SASS® 2300/ SASS® TacBio™ Biological
Bioaerosol 2400 Low-Volume Aerosol Detector
Sampling System Wetted-Wall
Air Sampler
Dycor XMX/2L-MIL Bioaerosol SKC BioSampler® TSI BIOTRAK® Real-Time

Sampler — Military

XMX-CV Microbial Air
Sampler — Civilian

Tecora

CIP10-M personal
bioaerosol sampler

Viable Particle
Counter 9510-BD
Fluorescence Aerosol
Particle Sensor
(FLAPS) 3317
(FLAPS 11)™

chain reaction (qPCR) (Sanchez-Parra, Nunez and
Moreno 2019). Other approaches include ATP-based
bioluminescence, which provides a less expensive way
of quantifying the biomass content of a bioaerosol, and
propidium monoazide (PMA) staining, which allows
the specific PCR amplification of targeted genes
extracted from intact cells only (Bonifait et al. 2015;
Bonifait et al. 2014).

Lately, culture-based methods have gained more
popularity due to culturomics, which combines high-
throughput culture with 16S rRNA amplification and
sequencing or matrix-assisted laser desorption/ioniza-
tion-time of flight (MALDI-TOF) for the identifica-
tion of previously unidentified colonies. Studies
applying culturomics allowed the identification of new
colonies of the gut microbiota, previously undetected
by culture-independent methods, and the method was
later also used with bioaerosols (Azhar et al. 2017).
For this and other reasons (e.g., viability, phenotypic
and genotypic characteristics), both culture-based and
culture-independent methods are used to provide a
fuller image of indoor bioaerosols. Assays and enu-
meration of bioaerosols are further discussed in a sep-
arate paper within this special issue (King et al. 2019).

Passive bioaerosol samples can be collected using
methods such as settling plates or electrostatic dust
collectors (Frankel et al. 2012; Noss et al. 2010).
Passive sampling results cannot be easily related to
airborne concentrations because the sample air vol-
ume is undetermined, but passive sampling can be
useful in situations where the settling of microorgan-
isms is the primary concern, such as the contamin-
ation of wounds during surgery or food in a
production line (Friberg, Friberg and Burman 1999;
Haig et al. 2016b; Smith et al. 2018).

One study has suggested that assessing the micro-
bial diversity of bioaerosols with filter-based high-flow

rate air samplers may allow a higher diversity cover-
age than liquid-based high-flow rate air samplers
when applying bacterial and fungal amplicon-based
high-throughput sequencing approaches (Lemieux
et al. 2019; Mbareche et al. 2018). This is possibly
because the collection media in the liquid cyclonic
impactors may be subject to evaporation depending
on the environment and the relative humidity. This
liquid loss may cause an imbalance in the microbial
diversity represented in bioaerosol samples.

Bioaerosol analysis standardization has been a hot
topic for the last decade, and with the rapid development
in analytical method possibilities, this is becoming more
urgent. Several technical organizations and standard-set-
ting bodies have subcommittees and working groups that
are focused on bioaerosols. ASTM International has a
subcommittee on microorganisms, and both the
International Organization for Standardization (ISO) and
the European Committee for Standardization (CEN)
have bioaerosol working groups. All three of these
groups have published standards or technical specifica-
tions related to bioaerosols, most notably fungi. There is
a need to support and encourage reproducibility and
continuity within bioaerosol research. Ultimately, such
initiatives could lead to a more efficient interpretation of
bioaerosol study data. A further discussion on biological
aerosol reference standards is also presented in this spe-
cial issue (Eversole et al. 2019).

Indoor fungi

Indoor sampling of fungal aerosols often is performed
to better gain an understanding of the level of expos-
ure when there is suspected or known fungal growth
in the indoor environment. When indoor fungal
exposure is being assessed, building characteristics
such as water damage and/or moldy odor are often
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recorded (Adhikari et al. 2010). Fungal species have
different growth requirements, habitats where they are
likely found, and health effects on individuals.

Methods

Most bioaerosol data of indoor fungal sampling have
been collected utilizing culturing methods or microscopy
(Nazaroff 2016). Results on culturable fungi only reflect
viable organisms that were successfully sampled and
grown on the selected media. Not all fungal species can
easily be cultured, some grow more slowly than others,
and competition can occur when multiple species are
present. Non-viable spore traps are commonly used to
collect airborne fungi for analysis by microscopy. This is
labor intensive, needs to be performed by a specialist,
and identification can be limited to spore types or
groups of genera. However, microscopy can yield reliable
results and be combined with staining to highlight fea-
tures such as metabolic competence.

Quantitative PCR is suitable for quantification of total
fungal DNA using universal probes and primers, or for
species-specific quantification (Haugland et al. 2004). The
Environmental Relative Moldiness Index (ERMI) includes
gPCR of 36 specific mold species based on settled dust
sampling in homes across the United States. This method
can also be utilized with indoor air sampling (Cox et al.
2017). The ERMI has advantages over traditional culturing,
since it is not dependent on viability of the organisms, and
over high-thoughput sequencing, as the ERMI has estab-
lished protocols including species-specific primers and
probes. The main disadvantage, however, is that ERMI
only evaluates 26 known species that are associated with
water damage, and 10 species associated with the outdoor
environment (Vesper et al. 2007). Other species that could
be informative of the fungal diversity are not included.

Devices

Fungal aerosol samples can be collected with impac-
tors, impingers, cyclones or filters (Haig et al. 2016a;
Lindsley et al. 2017; Macher 1999). When sampling
for total fungal spores, slit-to-slide samplers are com-
monly used for microscopic analysis. Andersen cas-
cade impactors collect directly onto culture plates,
eliminating some losses that can occur in processing.
Passive bioaerosol samples can be collected using the
settle plate method or electrostatic dust collectors.
Settled dust has been collected as a means of identify-
ing bioaerosols in buildings, especially allergens and
mold. However, settled dust can also contain particles
from non-aerosol sources such as shoes, skin flakes,

and clothing fibers, which can make interpretation
difficult. Settled dust has been collected using vac-
uums, swabs, wipes, adhesive tape, and contact plates
(Cox et al. 2017; Reponen et al. 2011).

Indoor location and conditions

For evaluation of fungal contamination in a building,
the American Conference of Governmental Industrial
Hygienists (ACGIH) recommends that sampling be
conducted in an expected high exposure area, an
expected low exposure area, and an outdoor area adja-
cent to the air intake for the building (Macher 1999).
Additional outdoor sites could include near and/or far
potential sources of outdoor bioaerosols. When assess-
ing a ventilation system for fungal contamination, the
investigator should take samples at different times
during the unit’s cycle, including when it has been
turned off and when it has resumed after being off.

Typically, indoor and outdoor air samples are col-
lected simultaneously, and the general assumption is
that indoor concentrations should be lower than the
outdoor concentrations. Some species of fungus are
known to be abundant indoors, like Aspergillus, while
others are rarely found indoors, like most basidiomy-
cetes (National Research Council 2005). Overall, how-
ever, most indoor fungi originate from the outdoor
air and are present in lower concentrations indoors
than outdoors (Burge et al. 2000). If the indoor fungal
levels are higher than the outdoor levels, this could
indicate an indoor fungal source (Rao, Burge and
Chang 1996). Human activity has been shown to
result in significantly higher concentrations of air-
borne spores (Lehtonen, Reponen and Nevalainen
1993; Scheff et al. 2000). In Buttner and Stetzenbach
(1993), surface sampling of a carpet revealed moderate
to heavy contamination despite relatively low airborne
counts when there was no human activity. As men-
tioned previously, conditions during sampling can
impact the concentration of fungal spores and should
be recorded. For example, the level of fungal spores in
a room may increase if the relative humidity rises and
causes condensation that promotes active growth. The
activity in the room and conditions during sampling
need to be considered when evaluating the quality of
the indoor air and when making comparisons with
other studies or recommended values.

Indoor bacteria

Humans are a common source of indoor airborne
bacteria. Human occupancy of a classroom has been



shown to greatly increase bacterial bioaerosols
(Hospodsky et al. 2012), and human-associated bac-
teria were shown to be twice as abundant in indoor
air compared to outdoor air (Meadow et al. 2014).
Animals can be important sources of indoor airborne
bacteria, particularly in indoor agricultural environ-
ments (Blais Lecours et al. 2012; Just et al. 2011;
Wathes 1995). Other sources, such as humidifiers,
water sprays and aerosol-generating medical proce-
dures can increase the risk of exposure to pathogens
in indoor air (Sattar 2016). For example, Legionellae
bacteria can grow in building water systems and
become aerosolized by aeration systems and water
sprays, while the flushing of toilets can aerosolize bac-
teria contained in feces such as Clostridium difficile
(Best, Sandoe and Wilcox 2012; Springston and
Yocavitch 2017). Indoor bioaerosol sampling for bac-
teria is often performed because of health concerns
from exposure, particularly in locations such as
healthcare facilities where the risks of disease trans-
mission are heightened (Stockwell et al. 2019).

Methods

Culture-based methods are useful for determining if
airborne bacteria are capable of causing an infection,
or when studying the performance of indoor air disin-
fection techniques such as ultraviolet germicidal
irradiation. However, non-culturable and non-viable
bacterial aerosols can carry endotoxins and other toxic
components which can have adverse health effects and
therefore are still of concern. For these reasons, both
culture-based and culture-independent methods are
needed, and bioaerosol sampling techniques for both
are widely used (Lindsley et al. 2017).

Devices

For culture-based analysis, airborne indoor bacteria
are most commonly collected using impingers and
impactors (Lindsley et al. 2017). Filter collection is
less common because desiccation of the bacteria can
greatly diminish their viability unless the bacteria are
hardy, such as Bacillus spores (Dybwad, Skogan and
Blatny 2014; Jensen et al. 1992; Macher and First
1984). Culture-independent methods of analyzing
indoor bacterial aerosols avoid the need to preserve
bacterial viability, which allows the use of a wider
range of aerosol collection techniques. For culture-
independent analysis, the collection of bacterial aero-
sols with filters is common (Lindsley et al. 2017).
Some investigators have explored the analysis of
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building HVAC filters as a simple method of collect-
ing samples from high air volumes over extended
times (Haaland and Siegel 2017).

Indoor archaea

Archaea are ubiquitous microbes in a vast range of
environments including soils, oceans, and human and
animal skin and gastrointestinal tracts. No archaea are
presently known to be human pathogens, but this
may change as more is understood about these micro-
organisms (Lurie-Weinberger and Gophna 2015).
Archaea are understudied in bioaerosols, and their
presence in indoor air and factors affecting their
abundance are not well characterized. Exposure to
archaea is known to induce a full immune response in
a murine model of airway exposure (Blais Lecours
et al. 2011).

Methods

The great diversity of the archaeal domain was
revealed by culture-independent techniques that
allowed the detection and identification of a consider-
able number of uncultured archaea with unknown
culture conditions (Bahram et al. 2018). Quantitative
PCR can be applied to measure the total archaeal
counts in indoor environments (Just et al. 2013;
Nehmé et al. 2009). Amplicon-based high-throughput
sequencing methods usually target the prokaryotic 16S
rRNA gene to study archaeal diversity. Several primers
are available for amplification of bacterial and archaeal
16S rRNA genes. However, these primers are more
suited for bacteria as they fail to amplify the broad
spectrum of archaeal diversity (Eloe-Fadrosh et al.
2016). Recently, specific primers targeting different
sub-regions of the 16S rRNA gene than the ones nor-
mally used for bacteria offered a better coverage of
the archaeal diversity (Bahram et al. 2018). Therefore,
indoor studies designed for the characterization of
archaea should consider the recommended set
of primers.

Devices

The choice of the indoor sampling strategy for
archaea follows the same rules as bacteria. The com-
parison of three samplers (IOM sampler with a gelatin
membrane, NIOSH two-stage cyclone, and the liquid
impinger Coriolis) gave comparable results in terms
of archaeal gene copy number per cubic meter of air
in dairy farms (Blais Lecours et al. 2012). This
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indicates that impingers can be used for aerosol sam-
pling, and the sample then divided for both culture-
based and culture-independent analysis of archaea.

Indoor viruses

Indoor airborne viruses are most often studied because
of concerns about infectious disease transmission. Many
human pathogenic viruses, such as measles, influenza
and norovirus, can spread through the indoor air when
they are expelled by infected people or when they are
aerosolized by medical procedures, flushing of toilets,
and other means. The potential airborne transmission of
viruses such as influenza is of particular concern because
of the constant threat of a global pandemic. Thus, studies
of indoor viral bioaerosols are often focused on examin-
ing the prevalence of pathogens in a specific indoor set-
ting (such as a healthcare facility) or on the effectiveness
of various infection control measures.

Bacteriophages are viruses that infect bacteria rather
than eukaryotic cells. Because bacteriophages do not
infect humans, they are safer to work with than patho-
genic viruses, and bacteriophages are easier to culture
since they grow in bacteria. For these reasons, bacterio-
phages such as MS2 are often used as surrogates for
pathogenic viruses in studies of indoor viral bioaerosols
(Turgeon et al. 2014; Verreault et al. 2015). Airborne
bacteriophages also can be a problem in indoor indus-
trial environments in which bacteria are used, such as
plants making dairy products (Verreault et al. 2011). The
methods and issues described here for viral aerosol col-
lection also apply to bacteriophages.

Methods

As with bacterial aerosols, the methods used to collect
and analyze airborne viruses can be broadly divided
into culture-based and culture-independent methods,
and many of the same considerations apply (Lindsley
et al. 2017; Verreault, Moineau and Duchaine 2008).
Culture-based methods require preserving the viability
of an airborne virus during and after bioaerosol col-
lection, which is more difficult than preserving the
viability of bacteria or fungi. In addition, because
viruses are parasites and require host cells in order to
reproduce, viral assays are considerably more complex
and difficult than bacterial or fungal assays, and many
viruses currently cannot be cultured. PCR and other
culture-independent methods are more widely used
than culture-based methods, but they do not deter-
mine if the airborne virus is potentially infectious or
not, which is often the question of greatest interest.

Devices

The impinger is the most commonly used aerosol sam-
pler to collect airborne viruses for culture-based analysis
(Verreault, Moineau and Duchaine 2008). The liquid col-
lection media in an impinger preserves the viability of
sensitive viruses much better than dry collection, and
this factor usually outweighs the drawbacks of impingers.
Culture-independent methods of virus detection allow
the use of a broader range of aerosol sampling equip-
ment. Filter and cyclone-based aerosol samplers are often
used to collect viral bioaerosols for culture-independent
analysis because of their simplicity and because they are
effective at collecting aerosol particles of all sizes
(Lindsley et al. 2017). A recently-developed aerosol sam-
pler using a condensation-based growth tube collector is
reported to collect airborne viruses with minimal dam-
age, which helps maintain viability (Pan et al. 2016).

Common problems and misconceptions with
indoor bioaerosols

Bioaerosol concentrations are not the same
everywhere in a room

It is not uncommon to see indoor bioaerosol studies in
which only a few, or even just one, sampling location is
monitored within an indoor space. This can be necessary
for many reasons, including time, cost and equipment
limitations. However, investigators do not always appre-
ciate how much bioaerosol concentrations can vary
within a building, or even within a room, especially if the
source of the bioaerosols is within the space (Crawford
et al. 2009; Morey 2007). For example, if a person has a
viral respiratory infection, the concentration of airborne
virus from that person tends to be highest in their imme-
diate vicinity and decrease rapidly as the sampling loca-
tion moves further away (Jones and Brosseau 2015).
Other factors such as building airflow patterns and oper-
ation of the HVAC system also can substantially affect
bioaerosol distributions (Luongo et al. 2016). To fully
characterize an indoor bioaerosol, sampling locations
should be carefully thought out and samples should be
collected in as many locations as feasible. If the variations
in bioaerosol concentrations in space are not of interest
or if the bioaerosol concentrations are low, the samples
can be pooled to get an average concentration, which
reduces the cost of analysis.

Bioaerosol concentrations change over time

In addition to spatial variations, large temporal variations
in bioaerosol concentrations are common over time scales



ranging from seconds to months, particularly if the bio-
aerosol source is intermittent or seasonal (LeBouf, Yesse
and Rossner 2008; Lindsley et al. 2010). Thus, sampling at
multiple time points or for long durations is frequently
needed to fully understand the dynamics of the bioaero-
sols in an indoor space (Emerson et al. 2017). Indoor bio-
aerosol samples are often collected for short time periods
(typically 15-30 min for viable impactors and impingers),
which only provides the average bioaerosol concentration
during the collection time. However, the bioaerosol
exposure for an individual is a function of both the bio-
aerosol concentration and the exposure time. Fluctuations
in bioaerosol concentrations can greatly affect the overall
exposure, and this can be missed by limiting sampling to
a few short-term collections.

The size of a microorganism does not necessarily
indicate the size of the bioaerosol

Bioaerosols often are not produced by the aerosolization
of individual microorganisms, but rather by the aerosoli-
zation of agglomerations or of solutions containing many
components besides the microorganisms themselves.
Thus, airborne microorganisms are frequently part of a
larger mixture of material, and the size of the bioaerosol
particles can be much larger than the size of the native
microorganisms (Eduard et al. 1990). For example, the
influenza virus has a diameter of about 100 nm, but influ-
enza is normally shed in droplets that contain salts, pro-
teins and cellular debris in addition to the virus, and thus
airborne influenza virus usually is primarily found in par-
ticles greater than 1 um (Lindsley et al. 2010).

Filter pore size does not indicate the size of the
aerosol particle that will be collected

The manufacturer’s specifications of an aerosol filter often
include a “pore size” or “equivalent pore diameter”. It is
important to understand that the filter pore size does not
indicate the minimum aerosol particle size that will be
collected by a filter. Unlike in liquid filtration, aerosol fil-
ters collect particles primarily through impaction, electro-
static capture, interception, and diffusion, and most
aerosol filters will efficiently collect aerosol particles that
are much smaller than the nominal pore size. This is
important because filters with smaller pore sizes typically
have a higher air flow resistance, which reduces the max-
imum air flowrate, decreases the running time for a bat-
tery-powered pump, and increases the pump noise level.
Investigators also occasionally err in assuming that they
can use a filter with a given pore size as a size-selective
aerosol filter, which emphatically is not the case. A more
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detailed discussion of the collection of aerosol particles
with filters and the role of filter pore size can be found in
Lindsley (2016), which is available on-line.

Static aerosol sampling does not necessarily
indicate personal aerosol exposure

Static (area) aerosol sampling provides the bioaerosol
concentration at a specific location, while personal aero-
sol sampling measures the bioaerosol concentrations
around a person as they go about their tasks. Static sam-
pling has several advantages; it can measure aerosol pro-
duction from specific sources, it does not encumber
people with aerosol samplers, it allows for more data col-
lection when the number of people or the time they
spend in a particular location is limited, and it is neces-
sary when using samplers and pumps that cannot be
worn. However, static sampling does not always provide
a reliable indication of the personal aerosol exposure that
people experience, particularly if the person is close to
the aerosol source (Cherrie et al. 2011; Kissell and Sacks
2002). Thus, both types of sampling may be necessary to
fully characterize the exposure of people to indoor bio-
aerosols (Toivola et al. 2002). The recent ISO standard
EN 689, for example, requires that personal sampling
devices be used instead of static sampling whenever pos-
sible for workplace exposure measurement (ISO 2018).

Fungal cell recovery from liquid aerosol samplers
can be affected by centrifugation

Concentrating aerosol samples before nucleic acid
extraction is necessary to obtain detectable amounts of
DNA or RNA before applying culture-independent
approaches. The concentration is usually achieved by
centrifuging liquid samples and resuspending the pellets
in a smaller volume. This concentration method causes
the loss of fungal cells, possibly due to their known dif-
ferent behavior in a liquid-air surface caused by hydro-
phobicity and polarity at the cell membrane (Gregory
1957; Mbareche et al. 2019; Wosten et al. 1999).
Filtration offers higher yields qualitatively and quantita-
tively for a better description of the fungal exposure of
indoor aerosol studies (Mbareche et al. 2019). Filtration
should be applied in studies where liquid-based analyses
are expected no matter what aerosol sampling regime is
used. For example, studies involving bulk dust or settled
dust sampling (vacuuming or electrostatic dust collec-
tion) that include resuspension of dust into a liquid will
have the same concentration challenge.
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Future needs

Better viable bioaerosol samplers and
sampling methods

The viability of airborne microorganisms is often a crit-
ical parameter; for example, only viable microorganisms
can cause an infection. However, as noted earlier, effi-
ciently collecting airborne microorganisms while pre-
serving their viability is fraught with difficulty, especially
for viruses. Improved collection systems and methods
are needed to better understand the viability of airborne
microorganisms and the risks that they pose.

Standards for acceptable bioaerosol
exposure limits

Standards and recommendations for acceptable expos-
ure limits for airborne fungi and bacteria are limited,
and standards do not exist for viruses, protozoa, or
archaea. Eduard (2009) suggested an exposure limit of
10° fungal spores/m> of air, but this is limited to fungal
spores that are not pathogenic and do not produce
mycotoxins. The Health Council of the Netherlands has
proposed a limit of 90 units/m> for endotoxin based on
acute effects on lung function (Health Council of the
Netherlands 2010). The Federal Institute for
Occupational Safety and Health in Germany established
a workplace limit of 50,000 CFU/m® for mesophilic
fungi (BAuA 2013). Exposure limits for bioaerosols
have been discussed recently in reviews by Walser et al.
(2015), Eduard et al. (2012), Pearson et al. (2015).

Exposure limits are difficult to establish because,
although it is widely agreed that exposure to various bio-
aerosols can lead to adverse health outcomes, it is very diffi-
cult to define a safe exposure level. This lack of guidance
places tremendous limitations on the practical applications
of bioaerosol measurements. For example, suppose a sam-
pling study shows that airborne viruses or bacteria are pre-
sent at a certain level in a healthcare facility. This
information may be useful if it shows that high-risk bioaer-
osols are present or absent, or that concentrations are very
high in certain locations or during certain medical proce-
dures. However, most locations in the facility will have
some level of bioaerosols, and the practical use of this infor-
mation is limited because it is unclear how much risk this
presents to patients and staff. Unfortunately, establishing
acceptable exposure limits for bioaerosols is extremely
challenging because bioaerosols are often complex mix-
tures of microorganisms and other materials, most micro-
organisms and their components have not been well-
characterized, and the health effects of bioaerosol compo-
nents can vary substantially from person to person.

Standardization for bioaerosol sampling protocols

It would be beneficial to achieve a standard for bio-
aerosol sampling protocols so that sampling and ana-
lysis can be performed consistently. Organizations
such as ISO, CEN and ASTM International have cre-
ated standards and recommendations for sampling for
bioaerosols, primarily for airborne fungi (ASTM 2014;
CEN 2011; ISO 2008). However, such standards are
often not used by researchers, especially as new tech-
nologies are brought into use that are not covered by
the standards. Several studies have attempted to stand-
ardize and compare sampling protocols by evaluating
the relative efficiencies of selected sampling methods
for the retrieval of fungal aerosols (Buttner and
Stetzenbach 1993; Eduarda and Heederik 1998; Nieto-
Caballero et al. 2019). Unfortunately, it is difficult to
compare results between studies utilizing different
methods, and even if the same methods are used,
investigators can reach different conclusions.
Interpreting mold aerosol sampling results to decide if
an indoor source exists is not always straightforward.
Investigators tend to develop their own set of criteria
relying on their personal judgement because there is
no consensus for analyzing results. When evaluating
the level of agreement among practitioners of indoor
air quality in their evaluation of sampling data for air-
borne mold, Johnson et al. (2008) found there was
only weak overall agreement and substantial inter-
evaluator differences. The development and more
widespread use of standardizing protocols would allow
studies to be compared more easily. However, this
remains challenging as each study has different envir-
onmental settings, aims, and access to resources.

Better use of the big data generated from High-
Throughput sequencing

The avalanche of information accumulated from the
high-throughput sequencing approaches should be
used for future association and epidemiological studies
to take full advantage of the results. Presently, this
information is used to identify as many microbes as
possible. The idea is to push this information further
to create associations, in the long term, between the
core microbiome of a specific indoor environment,
the identified microbial markers, and the health out-
comes observed on the type of population exposed.
Practically, this can be resource intensive, but can take
bioaerosol studies a step further in the determination
of standards for acceptable bioaerosol exposure limits.



Concluding remarks

The study of indoor air has received significant atten-
tion in the last few decades because of the recognition
of major health impacts and severe disease outbreaks
due to exposure to airborne pathogens. This recogni-
tion has also led to the rise of the development,
assessment, and application of methods to decontam-
inate indoor air. Despite the recognized significance
of indoor air as an important factor affecting the
health of exposed individuals, major gaps exist in
indoor bioaerosol characterization and standardiza-
tion. The authors hope that this review will serve as a
guideline that encourages reproducibility and that it
will help inform field sampling of indoor bioaerosols
and analytical methods for future bioaerosol research.
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