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Fungi are well known as common contaminants of the indoor environment with the ability to grow on many types of
building materials and to subsequently release biological particles into the indoor air. The aerosolization of allergenic
compounds or mycotoxins borne by fungal particles or vehiculated by dust may have a direct impact on the occupant’s
health.
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| 1. Introduction: Importance of Moulds as Indoor Contaminants

The biological contaminants of the indoor environments include fungi, bacteria, viruses, pollen, etc. @, However, the ability
of fungi to grow on almost all building materials, whether natural or synthetic, especially if they are hygroscopic or wet [,
necessitate the study of their development on such substrates. Water activity (amount of free water available for microbial
metabolism) is considered the most impacting factor for fungal development Bl. Researches have emphasized that many
kinds of materials are susceptible to growth once there is a sufficient amount of available water: wood, gypsum boards,
wallpapers, mortars, etc. . In parallel, according to various intrinsic parameters, including chemical composition, pH,
presence of dust, etc., building materials can present different bioreceptivities, i.e., susceptibilities, to support and favour
mould growth BIEIAE! Moreover, their development is governed by various environmental factors, including temperature
and relative humidity, and their spread in the indoor environment can also involve other factors, including air exchange
rate, air movement, building structure and location, design and ventilation system; however, this list is not exhaustive .

Due to their reliance to water activity, water-damaged buildings are highly sensitive sites in terms of indoor fungal
development &, However, the increase in water content on/into building materials may also be caused by plumbing & and
water vapour condensation on the walls in strongly insulated buildings 9. In Northern Europe and North America, the first
works on indoor contamination by fungi were published in the 1970s. This problem increased strongly with time in
conjunction with changes in human activities and the increasing time spent inside buildings (more than 80% of the time in
industrialized countries). Studies showed that 20% to 40% of buildings in these regions display a visible mould presence
(L0121 Moreover, various building types were reported to present moisture problems and subsequent fungal
contaminations, including homes, schools, workplaces and hospitals, representing many sources of exposure to toxic
compounds 13415l |ndeed, in parallel with their growth, moulds are able to release biological particles (spores,
mycelium fragments, etc.) and toxic compounds (allergic molecules, mycotoxins) into the air, referred as bioaerosols.

Bioaerosols correspond to aerosols involving microorganisms, such as fungi, bacteria and viruses, or organic compounds
emanating from microorganisms, such as endotoxins, metabolites, toxins, etc. L8IL7 The biological part of bioaerosols
forms approximately 50% of all aerosol particles (18, and their sizes usually range from 0.001 nm to 100 pm . They are
released from surfaces into the indoor air either by active processes that are specific to the moulds’ forms of development
or by passive processes that mostly rely on air movement in buildings due to human activity or ventilation. These
aerosolization processes contribute to the degradation of indoor air quality (IAQ) and may subsequently affect the health
of occupants due to the inhalation of toxic particles, leading to allergies or respiratory troubles LEILZIL920021]

Indeed, depending on their size, particles can be inhaled by exposed individuals and infiltrate different parts of the lungs
(from the trachea to the bronchioles), leading to various health problems 22231 Even if the direct causality between the
presence of moulds and specific diseases among exposed individuals is difficult to demonstrate, strong associations have
been reported in many works [24l25126127] anq such a direct relationship is also highly suspected by health authorities 22,
In addition, it should be emphasized that different fungal genera and, more precisely, different fungal species pose
different health risks for humans. For example, some species belonging to the Aspergillus genera, such as Aspergillus
flavus (281293081 or Aspergillus fumigatus BA33I34] are well known to play specific role in three different clinical settings



in humans: opportunistic infections, allergic states and toxicosis B4, Cladosporium species are rarely directly pathogenic
to humans, even if they have been sometimes reported to cause infections of the skin and lungs. However, the spores of
Cladosporium species are significant allergens and their presence in large amounts in the air can severely affect people
with asthma and other respiratory diseases 2238l By contrast, Penicillium species are diverse and widely distributed in
the environment, but despite their abundance and diversity, they are not commonly associated with human and animal
infections [,

| 2. Aerosolization of Moulds Particles from Contaminated Materials

Most aerosolization studies focused on moulds as common microorganisms that are capable of growing on building
materials, reproducing and then releasing airborne particles into the indoor air under specific conditions and in various
forms, such as spores or mycelial fragments, that may contain mycotoxins. The release of fungal particles from colonized
sites, e.g., building materials, into the indoor air can be defined as an aerosolization process 1€ In the following section,
the mechanisms of aerosolization and different factors influencing the release of particles (fungal spores, fungal
fragments) from contaminated surfaces into the indoor air are presented.

2.1. The Mechanism of Aerosolization and Characteristics of Airborne Particles

Both passive and active mechanisms may be involved in the release of fungal particles from materials 28], Active release
involves fungal spores and is based on forces arising inside the fungi and is attributable to a burst of energy by osmotic
pressure and surface tension discharge B9, Passive release can involve spores but also other particles and occurs due to
energy originating from outside the fungus, such as mechanical disturbances of the colony, e.g., handling, vibrating or
ventilating, which may cause release of particles from surfaces 28!, In the indoor environment, human daily activities, such
as vacuuming, sweeping, walking, etc., are considered passive mechanisms for the release of fungal particles and have
been shown to increase fungal spore concentrations in the indoor air 29, In addition, the transfer of spores into air
strongly depends on their shape and on the organization of conidia in fungal structures (Figure 1). For instance,
Aspergillus and Penicillium spp. are characterized by spores that are organized in long chains (Figure 1a,b), which allow
them to be easily released. On the other hand, spores of the Stachybotrys spp. are clusters covered with dry slime and
are therefore not directly exposed to air flow, which makes it harder for them to become airborne (Figure 1c) 4242][43]
Thus, the aerosolization processes and mechanisms are affected by the nature of involved micro-organism, some of them
being designed to spread more easily in the air (Aspergillus spp., Penicillium spp., etc.) than others (Stachybotrys spp.).

'a' Aspergillus spp. 'b' Penicillium spp. 'c' Stachybotrys spp.

Figure 1. Mycelium and conidiophore organization in Aspergillus spp. (a), Penicillium spp. (b) and Stachybotrys spp. (c);

la and 1b: long chains of spores easily dispersed by a sufficient air flow, 1c: conidia grouped as cluster and covered by a
slime [431[44][45]

Different studies reported that the release of fungal fragments from contaminated building materials may exceed that of
spores. In aerosolization chamber studies, Gorny et al. 24l and Cho et al. 23] reported that the release of fungal fragments
is 11 to 320 times higher than the release of spores for Aspergillus versicolor, 17 to 170 higher for Cladosporium
cladosporioides and 7 to 270 higher for Penicillium mellini, emphasizing that other fungal particles than spores can be
aerosolized from a contaminated substrate. By evaluating the size of these particles, researchers were able to distinguish
between fungal fragments and fungal spores. In that work, authors based their classification on previous studies that
evaluated spore size distributions through the microscopic observations of the studied fungal species. They were 2-3.5
pum for A. versicolor (close to spheres), 2-3 um by 4-7 um for C. cladosporioides (ellipsoidal shape) and 5-6 um for P.
mellini (close to spheres) 48, Based on these data, the particle size of 1.6 um was selected by Gorny et al. as the lowest



size limit separating fungal spores from fungal fragments 44, They evaluated the air speed necessary to observe the
highest ratios of fragments/spore release. The results were 5.8 m/s for A. versicolor, 1.4 m/s for C. cladosporioides and
0.3 m/s for P. mellini, and the highest ratios were obtained at 29 m/s for all species 4. It has to be noted that air speeds
used in that study are very much higher than those normally encountered in buildings.

After their release, airborne fungal spores and fragments can be considered as solid particles and will behave differently
in the air and, if inhaled, in the lungs, based on various particle-related (physical, chemical) and human-related (biological)
factors 121, Physical factors include the morphological characteristics (size, shape, density, electrical charge, etc.) of
particles. Chemical factors include composition and hygroscopicity 4. Regarding physico-chemical factors, it has been
reported that the inhalation of airborne particles by human is interdependent on both their size and the period they are
actually suspended in the air [48]: microbial particles of 100, 10, 3, 1 and 0.5 ym require 5.8 s, 8.2 min, 1.5 h, 12 h and 41
h to be inhaled, respectively, according to Stoke's law 49, Biological host-related factors, such as the breathing pattern,
the route of the breath and the anatomy of the airways, will also influence inhalation, as well as fungi-related factors, such
as the presence of membranous proteins (e.g., adhesins). Fragments and spores can be both harmful to human health
but the fact that fragments are smaller in size than spores provides them a stronger ability to go deeper through the
respiratory system when inhaled by humans (Figure 2) 2811441,
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Figure 2. Relation between the size of particulate matters (PM) and their ability to penetrate the respiratory tract of human
(adapted from Costa et al. BY).

For instance, according to their size (5 to 6 um), Penicillium mellini spores may penetrate the respiratory system only to
pharynx level, whereas the spores of Aspergillus versicolor of 2 to 3.5 um may penetrate up to bronchi levels. The
fragments of different species may penetrate in all the respiratory system as their sizes are <1.6 pm (Figure 2) B1. These
data are obviously to be re-evaluated according to the physiological state of the subject’s bronchi.

2.2. External Factors Impacting the Release of Bioaerosols

There are numerous environmental factors that may impact directly or indirectly the release and spread of bioaerosols in
the indoor air. They are related either to the involved microorganisms, to the colonized material, to the occupants’
activities and to the environment that impact both of the growth of microorganisms as well as their aerosolization.

Microbial-related factors include diversity, age of colonization, spreading and stage of development, etc. As presented
previously, certain fungal species are more likely to be aerosolized than others (e.g., Stachybotrys spp. vs. Aspergillus
spp.). It has to be highlighted that there are no data on the impact of multi-species colonization on the release of the
different involved species (additivity, synergy or even antagonism towards aerosolization process).

Material factors include hydroscopy, smoothness, roughness, composition, etc. “1148l52] | ee et al. & studied the release
of different fungal particles from different flood-damaged building materials in vitro: linoleum, rugs, carpets and pillows.
They observed that, at an air velocity of 0.9 m/s, the total amount of particles released over 10 min was the highest for
linoleum (25,503 particles/cm?), followed by rugs (1562 particles/cm?), carpets (508 particles/cm?) and pillows (24
particles/cm?), which was correlated with the highest particle concentration observed in linoleum and the lowest observed
in the pillow samples. While comparing the duration required for release, Lee et al. detected that time required to
aerosolize 90% of the total released particles was shortest for linoleum (<6 s), followed by pillows (<12 s), carpets (24 s)
and rugs (78 s), which correlates with the hardness and smoothness of the surfaces 2. Another study focused on the
nature of substrate as an important factor affecting the release of mycotoxins. From different substrates maintained at a
constant temperature, relative humidity and luminosity conditions, Moularat and Robine 3 observed clear variations in
the release of sterigmatocystin (ST) from A. versicolor. The percentage of toxin released compared to the total amount



produced on the substrates was 4% in the case of traditional wallpaper, while only 1% of ST was aerosolized from fibre
glass and vinyl wallpaper due to the chemical and physical effects of substrate on the aerosolization process 23, The
chemical composition of different substrates provides diverse nutrients and thus different energy levels for the
microorganisms to grow. It may therefore directly influence the quantity of toxins produced during fungal development.
Considering its further aerosolization, microbial adhesion on the material, microbial development and water retention in
the material depend on the structure of the substrate, which would, in this situation, influence the percentage of the toxin
to be aerosolized 2,

Environmental factors mainly include turbulence and air velocity, temperature and relative humidity 224854l The indoor
air velocity may be affected by natural ventilation that varies according to the weather and climate and also to the air
exchange rates. It can also be influenced by mechanical ventilation due to the presence of ventilators inside the rooms or
by heating or air-handling systems. Gérny et al. 24 and Aleksic et al. (41 investigated the effect of increasing air velocities
on the aerosolization of particles in laboratory conditions. They studied the release of fungal spores and fungal fragments
from agar surfaces and ceiling tiles 24 or from wallpapers 41, using specific aerosolization devices. As expected, higher
air velocities implied the higher release rates of fungal particles from surfaces into the air in both studies. It was found by
Aleksic et al. 41 that air velocities of 0.3 m/s (movement in a room), 2 m/s (mechanical ventilation) and 6 m/s (strong
mechanical ventilation or strong draft while opening a window) were able to aerosolize particles of Penicillium
brevicompactum, Aspergillus versicolor and Stachybotrys chartarum, respectively 1. Moreover, an air velocity of 0.3 m/s
was sufficient to release different numbers of particles for A. versicolor, Cladosporium cladosporioides and Penicillium
mellini 4],

Relative humidity is also one of the most studied environmental factors that impact aerosolization. Frankel et al. B4 tested
the effect of relative humidity (RH) on the release of particulate matters (PM1) (0.54-1.037 um) and inhalable fractions (1—
20 um) from gypsum boards colonized with Penicillium spp. in laboratory conditions. They found that the percentages of
gypsum board surface area colonized with fungi correlated positively and significantly with the number of aerosolized
particles. In addition, a significantly higher number of PM1 were aerosolized from low RH (22.5 to 27.7%) surfaces
(median: 433, range 41-1764 particles/min/cm?) compared to those with high RH (94.3 to 96.7%) (median: 83, range 9—
303 particles/min/cm?). In general, the literature shows that the lower the RH, the higher the concentration of fungal
particle in the air BEIB8IET, However, it was demonstrated that particles released under wet conditions have a higher total
inflammatory potential (TIP) than those released under dry conditions 4. It is worth noting that the total inflammatory
potential is obtained by using Granulocytes assay (an assay used to assess the microbial contamination of medical drugs)
(58] HL-60 cells are exposed to the particles collected by GSP sampler and react by producing reactive oxygen species
(ROS) when exposed to microbial compounds. The total inflammatory potential of a particle correlates positively with the
ROS produced 24,

Moreover, meteorological factors have also been shown to impact indoor airborne concentrations of bioaerosols. Frankel
et al. B compared the quantities of airborne particles of fungi and bacteria in the indoor environment according to
different seasons. They concluded that: (1) in winter and spring, the main sources of airborne fungi present in the indoor
air are originated from indoor environments, while in other seasons, the main sources of fungal airborne particles have
outdoor sources. (2) In all seasons, as the outdoor temperature, indoor temperature and AER (air exchange rate)
increase, the concentration of indoor airborne particles of fungi increases 59,

In summary, this text highlights that air velocity, material type and relative humidity appear to be, if not the main, the most
studied factors in different aerosolization building-related studies. It appears that microbial-related factors are less studied
in building environments, thus it is difficult to quantify their impact on particles aerosolization and to compare it with
environmental or material factors. In addition, it should be noted that, among the reviewed studies, there is no indication of
the relative importance of one of these factors or another on the release of particles.

These findings provide perspective on the aerosolization of microbial particles from materials, which is a well-known
phenomenon in the field of microbiology but surprisingly unstudied in the context of building contamination. This section
also emphasizes that the aerosolization mechanisms seems a key parameter in the degradation of IAQ by material-
colonizing mould.
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