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S U M M A R Y

Investigations into the suspected airborne transmission of pathogens in healthcare envir-
onments have posed a challenge to researchers for more than a century. With each
pathogen demonstrating a unique response to environmental conditions and the me-
chanical stresses it experiences, the choice of sampling device is not obvious. Our aim was
to review bioaerosol sampling, sampling equipment, and methodology. A comprehensive
literature search was performed, using electronic databases to retrieve English language
papers on bioaerosol sampling. The review describes the mechanisms of popular bio-
aerosol sampling devices such as impingers, cyclones, impactors, and filters, explaining
both their strengths and weaknesses, and the consequences for microbial bioefficiency.
Numerous successful studies are described that point to best practice in bioaerosol sam-
pling, from the use of small personal samplers to monitor workers’ pathogen exposure
through to large static samplers collecting airborne microbes in various healthcare set-
tings. Of primary importance is the requirement that studies should commence by
determining the bioefficiency of the chosen sampler and the pathogen under investigation
within laboratory conditions. From such foundations, sampling for bioaerosol material in
the complexity of the field holds greater certainty of successful capture of low-
concentration airborne pathogens. From the laboratory to use in the field, this review
enables the investigator to make informed decisions about the choice of bioaerosol
sampler and its application.

ª 2016 Published by Elsevier Ltd on behalf of the Healthcare Infection Society.
Introduction

Recent outbreaks such as severe acute respiratory syn-
drome (SARS), H1N1 influenza, and the H5N1 avian influenza
pandemic have raised concerns among infection control
teams about the importance of the aerosol transmission of
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pathogens and have been an impetus to investigate the
transmission dynamics of bioaerosols including influenza.1e3

Studies of suspected airborne transmission routes of various
pathogens have been undertaken with differing degrees of
success.4

Bioaerosol material is derived from biological origins,
including aerial suspensions of bacteria, viruses, fungi, en-
zymes, and pollen. The size range varies from submicron-sized
viral particles to fungal spores and pollen grains up to 1mm in
diameter. If carried by a favourable air flow, bioaerosol ma-
terial may be distributed over large distances with potentially
nfection Society.
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fatal results. For example, a community-wide outbreak of Le-
gionnaires’ disease, which resulted in 18 fatalities, had an
outbreak source in industrial cooling towers 6 km from the
affected community.5 However, bioaerosols may be relatively
delicate structures susceptible to damage due to environ-
mental conditions, such as desiccation.6

There are several different types of bioaerosol sampler
available to investigators, which broadly fall into four cat-
egories including impingers, cyclones, impactors, and filters
(Figure 1). Impingers and cyclones collect airborne particles
into a liquid collection medium, whereas impactors collect
particles on to solid/semi-solid mediums and filters trap bio-
aerosol material on fine fibres or porous membrane surfaces.
The mechanisms of each collection method and their associ-
ated benefits/drawbacks are discussed in detail in the subse-
quent section. This paper constitutes a review of bioaerosol
sampling mechanisms and seeks to address practical issues
such as choosing a bioaerosol sampling device, bioefficiency,
and operational considerations.

Methods

A comprehensive literature search was performed, using
electronic databases to retrieve English language papers on
bioaerosol sampling within hospitals and the wider environ-
ment. The databases searched were Science Direct, Medline
(Web of Science), ProQuest, and Taylor & Francis Online. The
primary search criterion was bioaerosol with secondary search
criteria being sampling, hospital, pathogen, infection, envir-
onment, cyclone, impactor, impinger, and aerosol. The final
search was on January 16th, 2016. Initially papers were
included from 1994 to present day; however, having received
expert advice, the search was revised to included papers from
1940 onwards. Patents and foreign language papers were
excluded from the literature review. The search yielded 314
publications, of which 131 were included in the review. The
software programme EndNote was used for reference
management.
Figure 1. (a) SKC BioSampler (impinger); (b) Coriolis sampler (cyclo
Principles of bioaerosol collection

Bioaerosols may be collected using passive or active sam-
pling systems as described in the following sections, with active
sampling devices involving a mechanical component.7,8

Passive sampling

Passive sampling is arguably the most readily available,
economic, and unobtrusive method of bioaerosol sampling
and relies on particles settling by means of gravity, on a
collection substrate housed in a settle plate. The collected
particles are usually quantified in terms of the number of
colony-forming units (cfu) within the area of the settling
plates for the duration of a specified time-period (for example
in units of cfu/m2/h). As no mechanical aids, such as a pump,
are required, passive sampling has the benefit of not dis-
turbing the surrounding air. The settling velocity of a particle
describes the speed of the particle as it descends in still air
and is dependent on particle size and density.9 Smaller,
lighter particles will remain airborne for longer than larger,
denser particles; and if the air speed exceeds the settling
velocity the particle will remain suspended indefinitely. In
addition, as airflow, even within an enclosed room, will be
driven by subtle variations in temperature, the source volume
of air for the passively collected sample will be unknown. The
combination of these factors has allowed passive sampling to
be regarded as both quantitatively and qualitatively inaccu-
rate, and as a subordinate collection method to active sam-
pling. However, this is an oversimplification to the invariably
complex nature of bioaerosol sampling. If the area of interest
is the dust contamination of surfaces, for example wounds or
surgical instruments, then the assessment of the microbial
fallout, as opposed to particles remaining suspended in the
air, is the imperative.10 Substantial effort has been made to
standardize the use of settle plates in the investigation of
microbial surface contamination, with consideration given to
plate size, position, and length of exposure.11 The 1/1/1
ne); (c) SKC BioStage Impactor; (d) SKC Button Sampler (filter).
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Figure 2. Inertial impaction in a pipe.
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scheme refers to the positioning of 90 mm diameter Petri
dishes at a height of 1 m above floor level, 1 m from a wall, and
with an exposure time of 1 h. This standardized method also
allows for description of the microbial contamination of the
surrounding atmosphere through the use of an index of mi-
crobial air contamination (IMA). More recently an investiga-
tion into contamination in modern operating theatres (OTs)
with turbulent airflows suggested that the IMA value could
lead to an underestimation of the risk.12

In a study which compared air and surface sampling for
Aspergillus sp. using contact plates within a hospital ward, a
significant difference between the collection of airborne and
surface spores was noted, with aspergillus accounting for>25%
of the fungi isolated in the air but <2% of fungi isolated from
surfaces.13 This study underlined the need to be aware of the
fact that pathogens which have settled on to a surface (sub-
sequently collected on a contact plate) or settle plate may not
give an accurate reflection of the suspended airborne con-
centrations of that pathogen. Another study concluded that
although settle plates could demonstrate a close correlation
with bioaerosol collection undertaken by active samplers,
there were exceptions, with settle plates shown to be less
sensitive to the collection of fungal spores.14 To countermand
this deficiency an increase of the exposure time of settle plates
from 1 to 4 h was proposed. By contrast, using a 30min settle
plate exposure time, a study in post-flood central Thailand
demonstrated that settle plates can be used as an alternative
to active sampling systems.15 The study did, however,
acknowledge that the higher than average fungal bioaerosol
presence may have limited the generalizability of their
findings.

Surface sampling in intensive care units has been under-
taken using tryptic soy agar contact plates accompanied by air
sampling using a Sampl’air lite (Aes Chemunex, Bruz,
France).16 The total viable count of collected microbes varied
between the surface and air sampling methods, which sug-
gested that the source of the contamination may be different.
Surface contamination is especially influenced by human ac-
tivity such as touch. Surface and air sampling both concluded
that the bed areas were consistently highly contaminated. The
effectiveness of nitrocellulose membranes as an alternative to
replication detection and organism counting (RODAC) plates for
surface sampling has been demonstrated.17 The membranes
have the advantage of being more effective at removing mi-
crobes, while also enabling samples to be taken from curved
surfaces.

Passive sampling can also be used to describe more unusual
methods of collection of bioaerosol material such as solid phase
microextraction (SPME).18 Microbial volatile organic com-
pounds (MVOC) have been successfully collected using an 85 mm
stableflex carboxen/polydimethylsiloxane fibre contained in a
commercial housing.

Active sampling

Active sampling cannot be discussed without reference to a
particle’s mass and inertia. The mass of a particle is equal to its
volume multiplied by its density, so it is possible for two par-
ticles to have the same mass but differing volumes and den-
sities. If, however, two particles have the same density but
differ in volume, then the larger particle will have a greater
mass than the smaller particle. The inertia of a particle can be
described as follows: consider two particles with differing
masses being carried by an air flow inside a pipe. On reaching a
bend in the pipe, the particle with the smaller mass will be able
to travel along the airflow streamline and continue beyond the
bend, whereas the particle with the larger mass will be unable
to turn as quickly and will hit the wall and potentially become
attached (Figure 2). When a particle collides with a wall
because its mass is too great to allow it to travel with the
airflow, the collision is known as inertial impaction. If particles
of varying size all have the same density then the larger par-
ticles will succumb more readily than the smaller particles to
inertial impaction, hitting the wall at a bend in the pipe. Hence
the smaller particles will be collected in the sampling devices
but the larger ones will not.

There are several active sampling devices including
impingers, cyclones, and impactors, which will be discussed in
detail later. However, all active bioaerosol sampling systems
consist of five fundamental elements which are necessary to
undertake accurate sampling:19

1. inlet to the sampling device
2. transport of the air sample through the device
3. particle size selection (not always present)
4. collecting medium
5. pump and calibrated flow monitoring.

First, the design of the inlet combined with the air flow rate
is essential in the collection of a representative sample that
correctly reflects the concentration and size distribution of the
airborne particles.9 In a moving air stream, such as a ventila-
tion duct, this is achieved by isokinetic sampling. This method
considers the ratio of duct and sampling probe diameters, air
flows, and inlet orientation to the air stream to ensure suc-
cessful capture of particles regardless of size or inertia, thus
providing a representative sample.

Sampling in still air is also affected by particle inertia, with
larger particles being susceptible to evading probe collection;
as the particle nears the inlet its velocity increases, thus
increasing its stopping distance which may permit the particle
to bypass the probe, distorting the concentration in the sample
collected. The situation in still air is more straightforward but
the probe inlet must be positioned horizontally to prevent an
over/underestimation sampling bias.
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Sample path

Once the air sample is within the device, the sample path
should be as straight and direct as possible in order to minimize
losses in the conducting tubing.9 Where this is not possible, for
example in a cascade impactor, particle loss will occur through
inertial impaction on the bends between collection stages. In
devices with sampling probes, particle loss may also occur in
the probe head or flexible connective tubing, as particles will
be lodged on to the side wall and will not reach the sampling
medium. Examples of this include liquid-based bioaerosol
samplers, which also experience collection losses through
evaporation of the collecting liquid and adhesion of the par-
ticles to the device walls. When this occurs the particles do not
enter the collection liquid and the sampling process may
therefore yield lower or false-negative results.20

Regardless of the mechanism of particle loss, predicting the
quantity of losses is problematic, as much depends on the
interaction of the air/liquid flows, particle inertia and the
design of the sampler. An estimation of losses can be achieved
through appropriate laboratory validation, which is discussed
in more detail below.

Particle size selection

Identification of particle size selection is not always avail-
able in a sampling device; however, there are several ways of
selecting by particle size, either by using a pre-classifying
cyclone or a series of impaction plates.

Collecting medium

Collection of the bioaerosol samples is normally on to agar
or a filter or into liquid, with liquid collection placing less stress
on the bioaerosol particles as they are not dried out and are
more likely to maintain their viability than the other two
methods.6

Calibrated flow modelling

Calibrated flow monitoring and the pump are crucial to the
collection procedure as they ensure that the sampling device
operates with an accurate air flow rate. Each device will have
an optimum speed at which the air flow should pass through the
inlet and subsequent tubing to ensure that the bioaerosol
particles will be collected with maximum efficiency. Bioaerosol
samplers vary considerably in size from large static samplers to
smaller, portable personal samplers. Large static samplers
operate with higher flow rates of about 12.5e800 L/min,
allowing them to collect larger volumes of air more rapidly than
personal samplers operating at about 2e4 L/min.21e24

Impingers

Impingers operate by channelling particle-laden air flow
through nozzles that exit into a chamber containing liquid
(example shown in Figure 1a).6 As the particles exit the nozzles
in a jet of air they enter the collection chamber (Figure 3). The
distance from the nozzle outlet to the surface of the liquid
along with the air flow rate influences the diameter of the
particles that will be collected. Collection on to liquid prevents
desiccation of the collected particles; however, shear forces in
the jet in conjunction with the turbulence caused by the air
being forced into the chamber may result in loss of viability.
This bioefficiency (the ability of the sampling device to main-
tain the viability of the bioaerosol during and after sampling)
may also be reduced through evaporation, re-aerosolization
(loss of previously collected particles) and adherence of par-
ticles to the internal walls of the collection chamber.20,25e27

Bioaerosol impingers that are widely used include the All-
Glass Impinger (Ace Glass Inc., Vineland, NJ, USA), the Bio-
Sampler (SKC Inc., Covington, GA, USA) and the Multistage
Liquid Impinger (Burkard Manufacturing Co. Ltd, Rickmans-
worth, UK) among others.24,28e30
Cyclones

In a cyclone sampler (Figure 1b) the particle-laden air is
forced by the shape of the collection chamber into a spiral,
swirling flow (Figure 4). Within this airflow, particles experi-
ence a centrifugal force proportional to their diameter, den-
sity, and speed. This centrifugal force carries particles with
sufficient inertia towards the cyclone wall where they are
separated from the air flow into a liquid.31 This generally
means that larger particles are more likely to be collected than
smaller particles, and, as with all samplers, a calibrated airflow
is essential to maintain the correct collection efficiency. On
reaching the bottom of the cyclone, the air flow reverses its
direction and carries the smaller, uncollected particles out of
the cyclone through a vortex finder positioned in the cyclone
roof.

To increase the bioefficiency, a film of liquid is injected near
to the cyclone’s inlet, resulting in wetting of the cyclone walls;
the liquid is then collected at the base of the cyclone for
analysis.32,33 Collecting the particles on a liquid film maintains
their viability but shear forces may still reduce bioefficiency.
Collection losses may again arise from evaporation of the
collection liquid, resulting in the re-aerosolization of



Air
streamlines

Collection substrate

Figure 5. Particle-laden airflow in a culture plate impactor.

Gas outlet
or
‘vortex
finder’

Separation
space
cyclone
body

Dust
outlet

Inlet

Figure 4. Spiralling airflow pattern in a cyclone.31

C.W. Haig et al. / Journal of Hospital Infection 93 (2016) 242e255246
previously collected material or through liquid carryover where
the liquid injected into the cyclone travels over the cyclone
roof and vortex finder wall before escaping from the system,
carrying with it collected particles.34,35

Cyclones vary considerably in size and airflow rate, with
both the cyclone geometry and the airflow rate affecting the
collecting efficiency. Depending on the scale of the cyclone
they can be used for collecting large volumes of air while
operating at high flow rates or as miniature cyclones that can
be worn on a person’s clothing in potentially hazardous en-
vironments, with the collected material being analysed at the
end of each day to assess exposure.36 Cyclones are also
frequently used as pre-classifiers, removing larger particles
from an airflow before further size classification by other types
of sampler.37

Cyclones that are widely used include the Coriolis� m (Bertin
Technologies, Saint Quentin en Yvelines, France), SASS 2300
(Research International, Inc., Monroe, WA, USA), Burkard
Cyclone sampler (Burkard Manufacturing Co. Ltd, UK) along
with several other cyclones specifically designed for bioaerosol
sampling.24,29,38e43
Impactors

In common with cyclones, impactors use the inertia of a
particle to facilitate collection. The air sample is passed
through an array of nozzles that channel a jet of particle-laden
air across a gap towards an agar culture plate, which lies
perpendicular to the nozzle outlet. The air flow of the jet will
follow a set of curves known as streamlines through the
sampler; these curves lie tangentially to the velocity vectors of
the flow. The plate deflects the streamlines by 90�, with the air
flowing past the plate and through the passageway between
the plate and the device walls (Figure 5). The particles with
sufficiently low inertia will be carried by the streamlines and
escape capture. However, particles with higher inertia will be
unable to follow the 90� curve of the streamlines, and, under
the influence of the centrifugal force, will impact on the agar
plate. The collection efficiency of an impactor is therefore
primarily dependent on the diameter and density of the par-
ticle and the diameter of the nozzle, along with the air velocity
of the jet (hence the need to calibrate the air flow through the
device). The efficiency of an impactor should have a sharp cut-
off curve, with the ideal impactor acting like a sieve, with all
particles above a certain size, known as the cut-off size, being
captured by the agar plate. This feature makes impactors
highly suitable as particle size classifiers, with particles greater
than a given size being separated from the air flow, while
smaller particles remain airborne. A single-stage impactor has
one cut-off size, so only requires one set of nozzles and an agar
plate (see example in Figure 1c).

Cascade impactors can be used to gain information on the
particle size distribution of an aerosol, with the particle-laden
air flow being passed through successive tiers of nozzles and
impaction plates. Each tier, known as a stage, will collect
particles of a specific size with the smaller particles remaining
airborne and passing on to the next stage. At each subsequent
stage, the nozzle diameter will become progressively smaller,
hence the jet velocity increases, and the particle cut-off size is
reduced. Finally the air flow will pass through a filter to allow
remaining small particles to be captured. By weighing the
impaction plates from each stage and the filter, before and
after sampling, the fraction of the total mass in each particle
size range can be established. After cultivation the number of
cfu should be enumerated and the counts corrected by
positive-hole correction method, which accounts for deposi-
tion of multiple bioaerosol particles at the same deposition
area.44e47

In practice, each stage in a cascade impactor will not
behave entirely like a sieve, and some particles will be
deposited in the passageways between the stages or may
bounce off the impaction plates and avoid capture. The airflow
over the impaction plates may also be disturbed by the build-up
of deposited particles, leading to altered collection effi-
ciencies; however, this can be overcome by the use of multi-jet
impactors with >100 nozzles. The bioefficiency of impactors is
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reduced due to the shear forces on the bioaerosol particles
within the jet and on impaction with the agar plates. The mi-
crobial species under investigation along with jet velocity and
jet-to-plate distance have been found to play an important role
in the enumeration of bioaerosols.48 Desiccation of the patho-
gen will also reduce bioefficiency, which can be overcome by
mineral-oil-spread agar plates.49 Despite the drawback of
reduced viability, impactors are frequently used in sampling for
many airborne pathogens.18,50,51

Virtual impactors also use the centrifugal force and inertia
to separate particles depending on their diameter. However,
virtual impactors do not collect on to an agar plate but instead
have a collection probe operating with a minor flow. This works
by particles entering the impactor and being carried by the
major flow around a bend (Figure 6). The smaller particles are
able to follow the streamlines around the curve while the
particles larger than the cut-off diameter of the apparatus
have sufficient inertia to carry them into the collection probe.
The minor flow in the collection probe carries these larger
particles on to a collection filter. Likewise the smaller particles
are collected on a filter in a separate part of the device. Virtual
impactors usually have only one or two stages, as each sepa-
ration stage requires control of both the major and minor flow
rates. The use of a collection probe rather than an agar plate
avoids issues of particle bounce and deposition build-up;
however, virtual impactors suffer collection losses near to
the size of the cut-off diameter at the inlet of the probe. A
useful feature of these devices is that the airflow in effect
concentrates the particles larger than the cut-off size into a
smaller volume of air, making virtual impactors useful as par-
ticle concentrators.52

Slit impactors operate using the same principles of centri-
fugal force and particle inertia as described with regard to
other impactors. Rotating agar plates are especially useful as
they provide a record of bioaerosol concentration over a
specified time-period to enable certain activities to be
Air
streamlines

Collection
probe

Figure 6. Particle-laden airflow in a virtual impactor.
monitored. Bioaerosol particles enter the apparatus through a
slit, causing the particles to impact on the slowly rotating agar
plate below. The smallest particles will escape capture by
following the streamlines of the air flows over the plates
through the passageways to the outlet.

Impactors may also take the form of sticky plastic rods, such
as Rotorods (Ted Brown Associates, Los Altos Hills, CA, USA), or
sticky glass plates where the airflow rate through the device
can be adjusted in order to vary the collected particle size
diameter, for example VersaTrap spore trap cassette (SKC,
Inc.).53

Examples of impactors include various single-stage and
multi-stage Anderson impactors, Aerotech N-6 impactor (Aer-
otech Laboratories, Coventry, UK), Air Test Omega (LCB, La
Salle, France), Air Samplair Mas-100 (Merck, Lyon, France), and
BioImpactor 100-08 (AES), BioStage impactor (SKC, Inc.) among
many others.50,54e59
Filters

Personal samplers are small, portable devices that are
attached to workers’ clothing to provide a representative
sample of the exposure of the individual to hazardous aerosol.
As with larger devices, personal samplers require a pump to
draw air through the device, with a sample head, foam, or
cyclone being used as pre-selectors for particle size.6 The
bioaerosol particles are collected on to filters from where they
can be transferred on to plates or dissolved into a liquid solu-
tion for culturing, or examined by microscopy (e.g. immuno-
fluorescence). Sampling by filtration is commonplace in aerosol
collection but less popular for the collection of bioaerosol
particles due to the loss of bioefficiency through desiccation of
the pathogen; however, there have been notable successes
with filter collection of bioaerosols.60,61

Fibrous filters consist of layers of fine fibres with relatively
substantial gaps between the fibres that allow the filter to be
between 70% and 99% air. As particles pass through the filter
they are captured by the fibres. Membrane filters have a
complex pore-like structure and a porosity of about 50e90%
less than fibrous filters. As particle-laden air enters the mem-
brane filter, the particles are deposited on the pore structures,
with the benefit that particles much smaller than the pore di-
ameters may be successfully captured.

Personal samplers with various filters include the Inhalable
GSP samplers (CIS; BGI, Inc., Waltham, MA, USA) used with
Teflon and polycarbonate filters, PAS-6 sampling heads con-
taining polytetrafluoroethylene (PTFE) filters (Millipore,
Merck, France) and the Button Aerosol Sampler containing
gelatin filters (SKC, Inc.).23,60,61
Other bioaerosol sampling techniques

Less widely used bioaerosol sampling techniques include
electrostatic precipitation and condensation techniques. On
entering the inlet of an electrostatic precipitator, the bio-
aerosol particles are electrically charged at the inlet before
progressing through an electric field, where they are separated
from the air flow and deposited on to charged plates. Although
there is active research into the natural charge on bioaerosol
particles and the efficiency and design of electrostatic pre-
cipitators, there is concern that the electric field undermines



C.W. Haig et al. / Journal of Hospital Infection 93 (2016) 242e255248
the viability of microbes and that more extensive investigations
are required into this sampling technique.53,62e65

Sampling of bioaerosol through condensation techniques
involves the air sample being processed through a humidifier.
Subsequently the warm, humid air is rapidly cooled with the
bioaerosol particles acting as condensation nuclei. Although
this method can be used effectively to amplify small microbes,
hence improving their chances of detection, the system is
complex to use and heat transfer to the microbes may result in
a loss of viability.53,55,66

Choosing the bioaerosol sampler

Considerations when choosing a bioaerosol sampler include
the type and size of micro-organisms under investigation, the
environment where the sampling is to be undertaken, and cost.
Other factors, more specific to active samplers, should include
ease of cleaning/disinfection and precautions that need to be
implemented to prevent exhaust air from contaminating the
sampling environment.8 Manufacturers’ websites usually pro-
vide information regarding the suitability and cost of their
devices; however, more revealing is the practical use made of
bioaerosol samplers by investigators in the field. Sampling for
airborne pathogens that may pose a health risk is not limited to
healthcare environments. Wastewater treatment plants
(WWTPs), farms and slaughterhouses, public and residential
buildings, compost facilities and the general outdoor environ-
ment have all been the focus for bioaerosol studies and much
can be learned from such research.23,38,50,51,60,67e101

If the research is focused on an individual’s risk of exposure
to harmful airbornemicrobes, then the obvious choice of device
is the personal sampler. These samplers can be worn on the
person’s clothing and have proven successful in capturing fungi,
bacteria, and even viruses.60,98,102,103 One notable study
investigated the potential for workers at a Danish WWTP to be
exposed to aerosolized noroviruses (NoVs), adenoviruses (AdVs),
endotoxins, moulds, and bacteria.60 This is consistent with
previous studies reporting increased occurrence of gastroin-
testinal illness among WWTP workers compared with control
groups.104,105 The study used Inhalable GSP samplers (CIS; BGI,
Inc.) to monitor the exposure of sixteen workers. Teflon filters
were fitted to the GSP samplers to allow endotoxin capture,
whereas polycarbonate filters were successfully used for bac-
teria, mould, and virus collection. This study was the first to
detect viruses, specifically norovirus GI, using GSP samplers.47

The exposure risk experienced by workers in a slaughter
house was also undertaken with the wearing of personal sam-
plers.23 The samplers consisted of PAS-6 sampling heads con-
taining 1 mm pore size polytetrafluoroethylene (PTFE) filters
(Merck Millipore SAS, Molsheim, France) attached in the
breathing zone and were connected to portable sampling
pumps (Gilian 3500, Sensidyne, Inc., St Petersburg, FL, USA).
The PTFE filters successfully captured WU polyomavirus and
human papillomavirus 120 along with other pathogens. One
drawback of this study, which was focused on analysing the
inhaled breath of the workers, was that it became apparent
that the filters were also sampling exhaled breath. This would
have been overcome by the use of larger static samplers placed
away from workers’ immediate environment that were able to
sample a bulk background air volume. On occasion, using more
than one type of sampler may be necessary to overcome spe-
cific sampler limitations.53
Personal samplers have also been used as static samplers in
a variety of situations. Gelatin filters (3 mm pore size) fitted to
a Button Inhalable Aerosol Sampler (SKC, Inc.) have success-
fully captured influenza A virus (H5N1) nucleotides, dermato-
phagoides allergens (Der f 1 and Der p 1), and Bacillus subtilis
in a laboratory setting;61 whereas other studies have used
gelatin filters with IOM personal samplers (SKC, Inc.) to suc-
cessfully capture airborne legionellae from a WWTP and
shower rooms in nursing homes and Methanobrevibacter spe-
cies and Saccharopolyspora rectivirgula (causative agents of
farmer’s lung) in a dairy barn.21,106 However, gelatin filters
were noted to perform poorly in high-humidity environments,
as they dissolved when sampling in a shower room for
>30 min.21 Gelatin filters fitted to IOM samplers have been
shown to have good efficiency in capturing total and viable
legionellae but perform very poorly in capturing culturable
samples.21 Midget impingers (SKC, Inc.) have been successfully
used to assess the effectiveness of a selection of surgical face
masks against aerosolized influenza.107

Having undertaken field work, it may be possible to correlate
field data to laboratory results to assess the potential risk to
workers’ health of exposure to other degrees of contamination.
A study investigating organic dust toxic syndrome (ODTS) in a
seed handling factory used GSP inhalable samplers attached to
workers’ clothing to collect bioaerosol samples during 8 h
shifts.108 In the laboratory it was determined that a rotating
drum (HSE Rotating Drum Dustiness Tester, J.S. Holdings, Hert-
fordshire, Stevenage, UK) containing contaminated dust could
successfully aerosolize bacteria and fungi. By comparing results
with the samples collected by the personal samplers, it was
possible to calculate the concentration of airborne microbes to
which the workers would be exposed from the tested dust.

One major limitation with personal samplers is their rela-
tively low flow rate, which can be as low as 2 L/min.21,23,93,106

Therefore longer sampling times are more appropriate to
sample a significant volume of air and this may lead to loss of
bioefficiency through desiccation of the pathogen, however
the loss of bioefficiency is dependent not only on sampling
time, but also the microbial species and relative humidity.6,109

In comparison with personal samplers larger static samplers,
with their associated higher flow rates, enable the capture of
larger, more representative air samples over the same time
interval. Their associated flows rates vary considerably from
about 12.5 L/min for the BioSampler (SKC, Inc.) and the AGI-30
(Ace Glass, Inc.) through 100 L/min for the Coriolis cyclone
(Bertin Technologies) and the MAS-100/A (Merck), to 800 L/min
for a described impactor.21,22,106 Larger samplers have been
used extensively in healthcare environments and in other in-
door and outdoor environments to successfully capture viruses,
bacteria, and spores.50,110e113

Investigating the aerial transmission dynamics of influenza
gained impetus during the recent H5N1 avian influenza
pandemic; however, prior to this and during the H1N1 pandemic,
work was undertaken to assess the risk to healthcare workers
carrying out aerosol-generating procedures (AGPs) on H1N1-
positive patients.1e4 Using Glass May three-stage impingers
(produced at Health Protection Agency, Porton Down, UK), air
was sampled 1m from the head of the H1N1-positive patient
while AGPs were being undertaken. The impinger operated at
55 L/min for 40min intervals and classified the particles into
three aerodynamic size ranges (>7.3 mm, 4e7.3 mm and
0.86e4 mm) to assess the respiratory fraction. The air was
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collected into 15mL of phosphate-buffered saline and samples
analysed using quantitative reverse transcriptionepolymerase
chain reaction. The study showed that the May three-stage
impinger proved successful in capturing H1N1 RNA.

Other studies have used larger static samplers to investigate
airborne microbial concentration in operating theatres and
recovery rooms, the aerial spread of MRSA in hospitals and
residential environments, along with investigations undertaken
in non-healthcare environments.50,71,82,106,110,114,115

Determining the bioefficiency

The most important aspect of bioaerosol sampling for the
user to understand is bioefficiency.7 The bioefficiency of the
sampling device is affected by the mechanical stress and
desiccation experienced by the pathogen and will vary with the
type of sampling device chosen, the sampling time, the type of
pathogen under investigation and environmental condi-
tions.48,109 Many studies have compared the effectiveness of
various samplers but unless previous studies have examined the
pathogen that you wish to investigate then such studies are of
limited use in providing information on bio-
efficiency.20e22,24,29,30,59,116 It is therefore necessary to test
the sampler/pathogen combination in a laboratory, preferably
at a similar humidity to that which is expected in the field. This
can be undertaken by spiking the sampler with a known con-
centration of the pathogen and then assessing the concentra-
tion collected.60 However, earlier studies used various other
methods, such as using two samplers in tandem or parallel, to
assess sampling efficiency.117 Surrogate viruses may be used to
limit the hazard when investigating high-risk pathogens, but it
should be borne in mind that each pathogen responds uniquely
to the conditions experienced.118 The time-interval during
which the sampler will operate should also be replicated during
laboratory testing in order to identify any operational issues or
time-related loss of bioefficiency. During such bioefficiency
tests, inherent variations in performance of the sampler may
also become evident over different particle size ranges.119

With the limitations of different sampling devices being
widely acknowledged and variation in collection efficiency
between such devices being noted, establishing the bio-
efficiency of your chosen sampler against the target microbe in
itself provides a valuable contribution to the field of bioaerosol
sampling.11,53 If the target microbe is unknown and a general
assessment of bioaerosol particles present in an environment is
sought, then the use of different types of sampling devices will
mitigate the limitations of individual samplers, making a
comprehensive study more likely.

Finally this is also a good opportunity to test the storage,
enumeration and identification procedure, be that through
cultivation and visual enumeration of the cfu, various PCR
techniques, metagenomics, mass spectrometry, epifluor-
escence microscopy, matrix-assisted laser desorption/ioniza-
tion mass spectrometry or other means.3,21,23,50,54,60,92,93

These enumeration and identification methods, along with
their advantages and limitations, have recently been discussed
and are not repeated here; however, it should be noted that
quantification of the pathogens captured by active samplers is
normally expressed per cubic metre of air, which provides
another reason to determine accurately the air flow rate of the
device and the sampling time-period.11,50,53,92
Bioaerosol sampling out in the field

The statistical analysis relating to bioaerosol sampling varies
considerably depending on the nature of the study, and an
investigator would do well to consult a statistician when
designing any study.3,106,110 Errors arising from bioaerosol
sampling are typically threefold: random error of samples
containing a finite number of discrete particles; errors due to
non-uniformity of the bioaerosol distribution in the atmo-
sphere; and errors due to sampling techniques.117

The sampling period will be influenced by factors that
include the operational limitations of the sampling devices,
such as the rate of evaporation of the collecting liquid, or the
amount of time one has access to a site. However, even with
such matters taken into consideration, the sampling time-
periods used by investigators varied widely, from as low as
3 min to several hours.60,110 The longer the sampling period
the greater the volume of air being collected, thus the higher
probability of capturing airborne pathogens, as long as the
bioefficiency of the sampler does not deteriorate with time.
When using samplers with differing flow rates concurrently, it
may be preferable to calculate the sampling time of each
device so that the volume of air captured is the same. If short
sampling periods are most suited to the device being used,
then repeating the sampling in triplicate should be consid-
ered.93 The overall length of the study may span from one
day to a couple of years.120 New techniques such as light-
induced fluorescence (LIF) methodologies are being imple-
mented in real-time online biological particle sensors,
enabling continuous on-site detection of bioaerosol
counts.121

The height of the sampling device above floor level within an
indoor environment is also important if the investigation is
collecting samples from the breathing zone of patients.3,110 If a
more general bioaerosol sampling regime is undertaken, then
sampling at different heights within a room and at several
spatial locations will provide good sampling coverage.122 Once
the samples have been taken, they should be transported and
stored in conditions that preserve their efficacy until cultiva-
tion and/or identification can be undertaken.

Having previously undertaken a bioefficiency study, the
investigator is in a strong position to estimate with reasonable
accuracy the concentration of the target bioaerosol in the
sampled environment. Combining this information with the
genus of the captured microbe, the particle size range
(informing on the penetration of the respiratory system), and
the health effects on the human or animal population, con-
clusions can be made regarding bioaerosol concentration and
health risk. Presently there is no international consensus on
the acceptable exposure limits of bioaerosol concentration,
with a recent review drawing attention to this research
deficit.53 A lack of bioaerosol studies targeting viruses and
archea has also been identified, further limiting our under-
standing of the impact of airborne microbes on human
health.123 Several of the studies discussed in this review were
based in bioaerosol-emitting facilities, such as WWTP and
compost facilities, where the exposure to harmful microbes is
a cause for concern for occupational safety reasons and for
risk to health of the population in the surrounding area. In
such cases the task for current research is to establish suitable
doseeresponse relationships to enable health-based exposure
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limits for bioaerosols to be derived.124 Such exposure limits
would be designed to protect the general population from the
ill effects of long-term exposure to bioaerosols. The situation
for healthcare studies is quite different with a wide array of
‘at risk’ groups needing to be considered, making the deri-
vation of health-based exposure limits challenging. The staff,
patients or their visitors may be the source of the bioaerosol
health risk, such as with SARS virus, respiratory syncytial vi-
rus, influenza, measles, mumps, or rubella viruses.53 Their
stay in hospital may be brief and may not be contained to one
ward, making it difficult to trace the source of an outbreak.
The wider environment may also be a source of harmful bio-
aerosols, such as an increased risk of airborne aspergillus
during construction activities or the risk of legionella bacteria
in HVAC (heating, ventilation, and air conditioning) or water
systems.
Healthcare-specific field studies

To gain a greater understanding of the transmission dy-
namics of certain airborne diseases and to increase hygiene
standards through improved infection control, bioaerosol
sampling studies have frequently focused on healthcare
environments.

Bioaerosol sampling in operating theatres (OTs) is motivated
by the need to reduce the incidence of surgical-site infections.
With the inclusion of high-efficiency particulate air (HEPA) fil-
ters within OTs, cleanroom technology standards have
frequently been applied to these healthcare settings with the
airborne particulate count being monitored. With the obser-
vations that bioaerosol sampling is time consuming, requires
trained personnel and that results are not instantaneous, in-
terest has grown in the correlation between microbiological
and dust contamination, to the extent that it has been sug-
gested that microbial sampling should be limited to epidemics,
validation of protocols, or changes to the OT environment that
may affect microbial content.125

Further investigations have been unable to establish a
relationship between dust particles and microbes in OTs,
although a relationship between the number of airborne
microbes and human activity was confirmed.126 This rela-
tionship between increased airborne bacterial concentration
and human activity is widely accepted.127,128 Approximately
5e10% of human skin debris carries bacteria and skin shed-
ding increases with physical activity, with millions of parti-
cles being shed per person each day. In addition to measuring
the dust count using a light-scattering particle analyser,
bioaerosol sampling was undertaken using both passive and
active sampling. Settle plates with a 90 mm diameter were
placed at strategic locations, 1 m above floor level,
throughout the OT and left exposed during 23 surgical oper-
ations. The active sampling was undertaken using a single
stage slip-type impactor operating at 25 L/min for duration
of 20 min, with samples taken during 13 operations. The
study did observe an increased concentration of dust parti-
cles >5 mm during conventional surgery as opposed to scope
procedures. An inverse relationship between dust and bac-
terial concentration was reported. As the OT door opened
into the anaesthetic room, the turbulent airflow resulting
from the pressure differential between the two rooms in
effect removed dust from the OT. However, the bacterial
concentration increased and it was proposed that this may be
due to increased movement of the staff. This highlights the
need for the investigator to be aware of airflow in and be-
tween areas under investigation, in addition to patterns of
human activity.

Over a three-year sampling period, a study of surface and
airborne microbial contamination was conducted in 29 OTs.14

Both passive and active sampling was conducted during the
commissioning of OTs, during major renovations and surgical
activities, as well as in adjacent corridors. Passive sampling
was undertaken using 90 mm diameter settle plates using the
1/1/1 scheme (explained in the section on ‘Passive sampling’)
with tryptic soy agar used for the total aerobic bacterial
count, whereas Sabouraud dextrose agar with chloramphen-
icol was used for fungal isolation. Active sampling of airborne
contamination was carried out using a DUOSAS 360 sampler
(Pbi International, Milan, Italy) operating at 180 L/min. The
study found a moderately strong correlation between the
active and passive sampling methods, with the discrepancy
between the two techniques being attributed to the relatively
short sampling period and limited spatial collection zone of
the active sampler compared with the longer exposure time of
the settle plates. The investigation also concluded that bio-
aerosol sampling could be used for the evaluation of the
ventilation and air conditioning system within the OT.
Comparing the results from sampling during different surgical
procedures also had the potential to inform improved surgical
hygiene practice.

Correlation between active and passive sampling was also
described during a study comparing different ventilation re-
gimes in OTs.12 Using a Surface Air System sampler (SAS, In-
ternational Pbi, Milan, Italy) operating at 180 L/min and settle
plates, both with tryptic soy agar, the study showed that uni-
directional airflows within OTs did not guarantee low counts of
airborne bacteria. The study also confirmed that an increased
number of people and door openings in an OT influenced an
increase in bacterial count.

A year-long monitoring of airborne microbial contamina-
tion in OTs and surrounding areas has also been studied using
mixed effect models to assess the influence of air temper-
ature, relative humidity, number of people in a space and
different sampling locations on levels of CO2, suspended
particulate matter, and airborne bacteria.110 Bioaerosol
sampling was undertaken using an Andersen one-stage viable
impactor (N6; Andersen Samplers, Atlanta, GA, USA), with
tryptic soy agar. The sampling period was 3 min, with
duplicate samples taken at a height of 1.2e1.5 m from floor
level to represent the breathing zone of healthcare workers.
In concurrence with a previous study, Bacillus spp., Micro-
coccus spp., and Staphylococcus spp. bacteria were
frequently found in the operating theatre area.116 The study
found a positive correlation between airborne bacterial
concentration and suspended particulate matter (PM10 and
PM2.5). A positive correlation was also found between the
number of people in a room and CO2 concentrations, but,
when temperature, relative humidity and sampling location
were accounted for, no significant correlation was found
between the number of people and bacterial concentrations.
One exception was the postoperative recovery room where
there were a greater number of people, higher CO2 levels,



Box 1

Key points for bioaerosol sampling

Passive sampling

e Settle plates

e Consider using the 1:1:1 scheme with 90mm plates11

e Surface sampling

e Consider using membranes (e.g. nitrocellulose) as an

alternative to contact plates on curved surfaces

e Surface and aerial contamination may have different

sources

e Results from passive and active samplers should not be

assumed comparable

Active sampling

e Impactors

e Collection on to agar plates

e Collection efficiency highly dependent on particle size

(should be sieve-like in performance)

e Ideal as a particle size classifier

e Loss of bioefficiency: shear forces, desiccation, particle

bounce, and deposition build-up

e Virtual impactors

e Collection into liquid, thus minimizing risk of

desiccation

e Collection efficiency dependent on particle size

e Useful as particle concentrators

e Slit impactors

e Collection on to agar plates

e Loss of bioefficiency: shear forces, desiccation, particle

bounce, and deposition build-up

e Records variation in bioaerosol concentration over a

specified time-period

e Impingers

e Collection into liquid, thus minimizing risk of

desiccation

e Loss of bioefficiency: shear forces, re-aerosolization,

evaporation, adherence to device walls

e Collection efficiency dependent on particle size

e Cyclones (wetted)

e Collection into liquid, thus minimizing risk of

desiccation

e Loss of bioefficiency: shear forces, liquid carryover,

evaporation, adherence to device walls

e May be used as pre-classifiers for particle size

e Collection efficiency dependent on particle size

e Vary considerably in size and airflow rate

e Filters

e Small, portable personal samplers

e Loss of bioefficiency: desiccation

e Collection efficiency dependent on particle size (sam-

ple head, foam, or cyclone being used as pre-selectors)

In the laboratory

e Calibrate the flow rate of the active sampler

e Ensures the maximum collection efficiency

e Influences the size of particles collected

e Determine the bioefficiency of the sampler against the

target pathogen

e Test in air conditions expected in the field (relative

humidity and temperature)

e Spike sampler with known concentration of the target

pathogen

e Each type of pathogen has a unique response to con-

ditions experienced

e Surrogate viruses may be used in place of hazardous

pathogens; however, response may differ from target

pathogen

e Check that bioefficiency is maintained throughout

planned sampling time

e Determine errors in numeration when sampling from a

known, repeatable concentration of the target pathogen

e Ensure that the sampler exhaust is not a source of patho-

gen contamination to the environment

e Test the storage, enumeration, and identification

procedure

In the field

e Position of the inlet sampler

e Avoid strong airflows around the inlet of the sampler

e If using an inlet nozzle, position horizontally

e Ensure that the sample position is beyond the range of

droplet fallout from a source (e.g. coughing/vomiting

patient)

e Aerial microbial concentration

e Expect non-uniformed concentration in the area stud-

ied (expect associated sampling errors)

e Consider taking samples at various locations in the

area studied

e Note human/animal activity and number of humans/

animals present, as thismay influence concentration of

certain microbes

e Be aware of airflow patterns due to HVAC (heating

ventilation and air conditioning) and natural ventilation

e Note air quality: relative humidity, temperature (also

consider CO2 and particle dust count)

e There may be seasonal variation in concentration of

the target pathogen

e Active samplers: quantification of pathogens

e Expressed as enumeration per cubic meters of air

e Need to know the collection time and flow rate of the

sampler
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and higher concentrations of bacteria. Caution should be
exercised when investigating the relationship between the
number of human occupants and the concentration of
airborne microbes. Although a correlation has been noted
within one room of this investigation and in previous studies
mentioned in this section, a study carried out in an envir-
onmental chamber suggested that outdoor air had a greater
influence on the bioaerosol composition.129

Airborne viral and bacterial concentrations were moni-
tored in the outpatient area of a paediatric unit and in the
paediatric emergency room twice a week for one year.111

The sampled air was filtered through a closed face, three-
piece disposable, plastic cassette containing a 0.2 mm poly-
tetrafluoroethylene filter and operating at 12 L/min. The air
within the outpatient area was sampled for 8 h a day whereas
the air in the emergency room was monitored during 24 h
periods. In both cases, the bioaerosol sampler was positioned
in the breathing zone between 1.2 and 1.5 m above floor
height. During the course of the study, 186 filter samples
were taken and airborne adenovirus and Mycoplasma pneu-
moniae were detected in both monitored areas, with great-
est prevalence found in the outpatient area. The negative
control was the use of filters with no air flow passing though
the sampling device. No adenovirus and M. pneumoniae was
found on the negative controls. The study did, however,
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notice evidence of seasonal variation in this Taiwanese hos-
pital, with airborne adenovirus peaking in the summer
months, whereas M. pneumoniae detection rates increased
in the autumn and winter. Identifying peaks in bioaerosol
contamination during certain months allows for ventilation
rates in affected areas to be increased to reduce the risk to
patient health. Effective ventilation and controlled airflow
patterns within wards alongside improvements in hygiene
and operational procedures are arguably the strongest
defence against high concentrations of airborne microbial
contamination.4,112,130,131

These hospital-based bioaerosol investigations highlight
many of the issues facing the bioaerosol researcher. The
methodologies applied differ between research teams.
Sampling devices vary with regards to their collection effi-
ciency. Concentrations of airborne pathogens are influenced
by airflows within the hospital building and seasonal varia-
tion. The influence and correlation between human activity,
air quality (humidity, temperature, CO2 concentration) and
dust particle count on bioaerosol concentration is uncertain,
with contradictory results being presented. The transmission
dynamics of some pathogens are not fully understood and an
airborne component to transmission should not be over-
looked. Even with a good understanding of the concentra-
tions of bioaerosols in an environment, the health-based
exposure limits for a diverse group of patients and staff may
not be known. Yet such research can inform on appropriate
ventilation rates to maintain good air quality, assess the
bioaerosol risk to patients and staff, gain a greater under-
standing of the transmission dynamics of pathogens, and
suggest improvements to hygiene procedures. Amid all the
uncertainties and difficulties of bioaerosol research, the goal
remains to gain a greater understanding of airborne patho-
gens and to provide safe healthcare environments for our
patients and staff.

A summary of the key points in bioaerosol sampling is pre-
sented in Box 1.

Conclusion

A wide variety of bioaerosol samplers have been used to
investigate airborne pathogens in healthcare facilities and
other environments. We have described the underlying prin-
ciples behind bioaerosol sampling devices along with benefits
and disadvantages of various designs. Examples of bioaerosol
sampling have been given to point to best practice and to
highlight the wide array of devices used and pathogens
captured. Due to the unique response of each variety of
pathogen to environmental conditions and the stresses ex-
perienced in differing sampling devices, the investigator should
commence studies by determining the bioefficiency of the
chosen sampler and the pathogen under investigation within
laboratory conditions. From such foundations, sampling for
bioaerosol material in the complexity of the field holds greater
certainty of successful capture of low-concentration airborne
pathogens.
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