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What do spore particles look like - use of real-time measurements and 
holography imaging to view spore particles from four bioaerosol generators

Clara-E Pognera, Elias Grafb, Erny Niederbergerb, and Markus Gorfera 

aCenter for Health & Bioresources, AIT Austrian Institute of Technology GmbH, Tulln, Austria; bSwisens AG, Emmen, Luzern, 
Switzerland 

ABSTRACT 
To study bioaerosols under controlled conditions, aerosol chambers equipped with aerosol 
generators have been used for a long time. The method used for generation can change 
the constitutionand properties of the bioaerosol produced, including the viability of fungal 
spores, bacteria or airborne viruses. The properties of a bioaerosol in turn influence the 
results of detection and enumeration methods downstream. To evaluate and compare bio-
aerosol generators, previous methods provided either real-time data without particle charac-
terization, relied on labor-intensive microscopy or used culturing, which has high variability. 
In our study, we used the novel instrument SwisensPoleno Jupiter, providing real-time enu-
meration and subsequent bioaerosols characterization through holographic image analysis. 
With this tool, we investigated the characteristics of bioaerosols produced by four different 
aerosol generators using fungal spores from Aspergillus brasiliensis, Cladosporium cladospor-
ioides and Trichoderma longibrachiatum in controlled chamber environments. The rotating 
brush generator (RBG) produce small, round particles for A. brasiliensis, between 5 and 
15 mm, while the fungal aerosol generator (FAG) released small particles for C. cladospor-
ioides and T. longibrachiatum. Conversely, the SwisensAtomizer (SWA) produced larger non--
spheric particles, likely spore aggregates, and the liquid sparging aerosolizer (LSA), exhibited 
a high portion of datapoints with empty images, supposedly water droplets. All generators 
showed a wide range of particle sizes. Holographic image analysis revealed that the choice 
of bioaerosol generator had a significant influence on the constitutionof produced aerosols, 
in terms of proportions of single spores, chains and agglomerates, emphasizing the impor-
tance to select the bioaerosol generator depending on the desired aerosol.

GRAPHICAL ABSTRACT

ARTICLE HISTORY 
Received 20 November 2023 
Accepted 9 March 2024 

EDITOR 
Hans Moosm€uller   

CONTACT Clara-E Pogner clara.pogner@ait.ac.at Center for Health & Bioresources, AIT Austrian Institute of Technology GmbH, Konrad-Lorenz- 
Straße 24, Tulln, 3430 Austria. 

Supplemental data for this article can be accessed online at https://doi.org/10.1080/02786826.2024.2338544. 

� 2024 American Association for Aerosol Research

AEROSOL SCIENCE AND TECHNOLOGY 
2024, VOL. 58, NO. 7, 779–795 
https://doi.org/10.1080/02786826.2024.2338544 

http://crossmark.crossref.org/dialog/?doi=10.1080/02786826.2024.2338544&domain=pdf&date_stamp=2024-05-31
https://doi.org/10.1080/02786826.2024.2338544
http://www.tandfonline.com
https://doi.org/10.1080/02786826.2024.2338544


1. Introduction

Small-sized biological material in air, so-called bioaer-
osols, consisting mainly of pollen, fungal spores, bac-
teria and viruses, have an impact on human life in 
various areas. Bioaerosols are generated by man-made 
or natural particle emissions, and can affect the health 
of humans, animals and plants by illnesses like aller-
gies or infections. Therefore most studies about bio-
aerosols focus on their negative effects, for example 
on air quality (G�orny et al. 2002; Hasegawa, 
Yamasaki, and Horiguchi 2011; Yamamoto et al. 2012; 
Heo, Kim, and Lee 2014; Unterwurzacher et al. 2018), 
human health (Douwes et al. 2003; Liebers, Raulf- 
Heimsoth, and Br€uning 2008; Kim, Kabir, and Jahan 
2018), health risks, and disease development and pre-
vention (Soler and Schlosser 2012; Viegas et al. 2015; 
Oteros et al. 2019). Bioaerosols also play an important 
role in damp buildings (Gunnbj€ornsdottir et al. 2003; 
Mudarri and Fisk 2007), hospital hygiene concepts 
(Stockwell et al. 2019) and safety and security of 
pharmaceutical products as well as food (European 
Commission 2008; Masotti et al. 2019; Theisinger, De 
Smidt, and Lues 2021). The state of knowledge about 
these particles in the air around us is limited. For the 
impact on human health, dose-response relationships 
are still not or not fully understood. Therefore, 
the improvement of the available data is a focus 
point to better understand exposure and thus the 
dose involved in negative health effects (Walser- 
Reichenbach et al. 2020). The reason for the poor 
state of knowledge is that measuring such particles in 
the air with conventional measuring methods is, on 
the one hand, very time-consuming and thus expen-
sive and, on the other hand, involves a time delay. 
For the areas of hospitals, food and pharma safety, 
detection of any organism that can lead to negative 
health effects or to contamination of the product is 
essential (Douwes et al. 2003). As the detection and 
classification of bioaerosols is important in these 
areas, a variety of sampling and analysis techniques 
have been developed over the years (Ghosh, Lal, and 
Srivastava 2015).

To test and validate established as well as newly 
developed bioaerosol sampling instruments and ana-
lytical methods, measurements under controlled 
laboratory conditions are performed. In some coun-
tries such efficiency and performance characterization 
of instruments are already mandatory, and the experi-
mental design and used equipment are defined in 
standards (CEN/TC 137/WG5, 2021). An overview of 
commonly used chambers and bioaerosol generators 
used in these artificial setups is given by Pogner 

et al.’s (2019) supplementary section. The setups focus 
on reproducible, well defined aerosols and stable con-
ditions, often with single spore particles or small aero-
sols. However, in real live environments bioaerosols 
are produced by different mechanisms (Alsved et al. 
2020), and fungal spores often develop in aggregates 
(e.g., as conidial chains from the hyphal network), but 
are normally released in single units to the atmos-
phere (Madsen et al. 2016). In development of bioaer-
osol generation methods, the focus has been laid on 
different properties, such as producing high concen-
tration, generate particles with the same properties as 
in the final application or influence the viability as lit-
tle as possible (Mainelis et al. 2005; Jung et al. 2009; 
Scheermeyer and Agranovski 2009; Lee et al. 2010; 
Simon and Duquenne 2013; Madsen et al. 2016). An 
overview of different technologies used for bioaerosol 
generation from liquids, powders and colonies is given 
by Alsved et al. 2020, while investigations of the gen-
erators effect on cultivability of fungal spores and bac-
teria have been done in experimental studies such as 
L€ondahl et al. 2012; Zhen et al. 2014; Danelli et al. 
2021. For these comparisons, a method for measuring 
and describing the particles properties has to be used. 
All evaluations are therefore based and influenced by 
the chosen detection method. Most of the time analyt-
ical techniques are used that give a result after a cer-
tain sampling time, for example sampling onto filters 
for microscopy or into liquid for culturing 
(Scheermeyer and Agranovski 2009; Zhen et al. 2014). 
Most of the used techniques rely on active sampling 
into or onto a medium or surface, leading to delays 
between sampling and result, potential change in par-
ticle properties (e.g., dissolution of agglomerates), and 
only momentary or sparse data from long sampling 
periods. This is especially noticeable for high-through-
put sequencing techniques, which provide an excellent 
taxonomic resolution at the expense of temporal and 
spatial resolution (Ghosh, Lal, and Srivastava 2015). 
In outdoor air the volumetric Hirst method is widely 
used for detection of pollen and bigger fungal spores 
(Hirst 1952). Typically, individual particles are col-
lected and identified by a trained person. This results 
in lower specificity, compared to next-generation 
sequencing techniques, but immediate availability and 
time resolved monitoring. In many cases also optical 
particle counters are used, that give the particle num-
ber and size distribution as real-time data, but provide 
no distinction between biological and non-biological 
particles (Pogner et al. 2019). Newly developed bioaer-
osol real-time monitoring instruments may solve 
some of these issues, as the data is available 
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immediately and continuously over a long period of 
time (Huffman et al. 2020). The instruments provide 
the characteristics of the individual particles in real 
time and also identify a selection of particle types, for 
example, by automatic pollen identification (Buters 
et al. 2022). The classification can be done with the 
help of supervised machine learning, where an algo-
rithm learns to distinguish between certain particle 
classes, on the basis of labeled datasets. Real time clas-
sification of pollen has previously been shown feasible 
(Tummon et al. 2021), and also potential for detection 
of fungal spores (Erb et al. 2023). But most fungal 
spores have considerably smaller size and less pro-
nounced surface characters than Alternaria and could 
be a major challenge for real time classification.

The goal of the study presented here was to com-
pare different bioaerosol generators to each other, by 
using state of the art, real-time aerosol characteriza-
tion methods. To achieve detailed descriptions and 
characterization of the produced fungal bioaerosols, 
the SwisensPoleno Jupiter was used. This instrument 
makes use of holographic image analysis that allows 
real time classification and counting of airborne par-
ticles in the size range of fungal spores. Assessment of 
selected morphological characteristics such as size, 
shape and surface properties together with UV auto-
fluorescence detection provides an increased reso-
lution of fungal spore types and allows distinction 
from non-fungal particles. A detailed description of 
the instrument is provided in Sauvageat et al. (2020). 
Through the obtained imaging data and the following 
analysis of the produced bioaerosols, the range of 
application of the tested aerosol generators can be 
described, depending on which kind of aerosols the 
laboratory studies is aiming on.

We hypothesized that nebulization from liquid sus-
pensions would create differences in particle charac-
teristics compared to aerosolization from solid 
sources. Additionally, distinct effects from different 
dust aerosolization techniques were expected on the 
ratio of aggregates to spore chains.

2. Material and methods

To test and validate established as well as newly devel-
oped bioaerosol generators under controlled labora-
tory conditions, a new detection and characterization 
method was used. In the study presented here, we 
compared bioaerosol generators using an air-flow 
cytometer for real-time bioaerosol identification, the 
SwisensPoleno Jupiter. In contrast to optical particle 
counters, the system uses holographic images of the 

detected particles to analyze their size and morph-
ology, which enables further investigation of the com-
position of the generated bioaerosol. With this data 
we were able to evaluate the generated bioaerosols 
regarding their steady output, particle size, particle 
shape, as well as combinations of these parameters. 
The fluorescence and polarization measurement 
results from SwisensPoleno Jupiter were not used for 
this study.

2.1. Bioaerosol generators

Four aerosol generators with different methods of 
aerosolization were tested in this study. Based on 
the classification of Alsved et al. 2020 the used 
methods can be described as powder dispersion 
(SwisensAtomizer, SWA), agar plate dispersion (fungal 
aerosol generator, FAG), rotating brush (rotating 
brush generator, RBG) and bubble bursting (liquid 
sparging aerosolizer, LSA). Two generators operate 
with dry material (dust; SWA and RBG), one emits 
the particles directly from fungal colonies (FAG) and 
one uses liquid suspensions as primary mater-
ial (LSA).

2.1.1. RBG1000
The rotating brush generator RBG1000 (Palas GmbH, 
DE; abbreviated “RBG”) is designed to disperse dry 
material provided in a cylinder. The cylinder is pre-
pared by filling in and gently pressing the fungal 
material layer by layer. During aerosolization, the 
cylinder is moved upward toward the rotating brush. 
The brush then collects material from its bottom side 
and transports the dust to the upper side, where com-
pressed air blows the dust from the brush into the 
outlet tube. The RBG is able to produce high concen-
trations of aerosols. Within this study the material 
was supplied with the lowest possible feed rate of 
1 mm/h, the airflow was set to 1 bar, the rotation of 
the brush was set to 1200 rpm. The generator was 
connected to the aerosol chamber CCB3000 (Pogner 
et al. 2019).

2.1.2. SwisensAtomizer
The SwisensAtomizer (Swisens AG, CH; abbreviated 
“SWA”) aerosolizes dry material, which is provided in 
a 2.5 mL macro cuvette (Pastibrand). The cuvette is 
placed on a vibrational membrane which loosens up 
the sample with an adjustable vibration frequency and 
amplitude. The loose particles are then transported 
away by a slight air stream which is guided into the 
cuvette. The cuvette and membrane are enclosed in a 
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small chamber outfitted with a HEPA filter at the air 
inlet. After dispersion the aerosolized particles need to 
be actively absorbed by the measuring instrument 
connected to the SWA outlet, which is designed to 
directly fit onto the inlet of the SwisensPoleno Jupiter.

2.1.3. Fungal bioaerosol generator
The fungal bioaerosol generator (constructed by 
Swisens AG, CH; abbreviated “FAG”) was first 
described by Lee and his team (Lee et al. 2010) for 
aerosolization of fungal spores directly from a petri 
dish. The version used in this study was constructed 
by the Swisens AG following the design of Lee and 
his team. It consists of two chambers, with the first 
being only slightly bigger than the petri dish itself, 
with an inlet for compressed air at the center. The 
inlet guides the airstream through six horizontal noz-
zles with a diameter of 0.7 mm. The aerosolized par-
ticles are led into a second chamber for distribution 
and dilution, which is directly attached to the inlet of 
the SwisenesPoleno Jupiter. The second chamber has 
a volume of 3.4 L and a HEPA filtered fresh air inlet, 
in order to prevent excessive over or under pressure 
at the instrument input. The aerosolization can be 
influenced by the volume flow rate of compressed air 
of the first chamber, which changes the velocity across 
the petri dish. It is known that the share of size cate-
gories and form classes can be influenced by the 
speed, the air flows across the colony (Lee et al. 
2010). In this study the airflow was set to 750 – 
1000 L/h.

2.1.4. Liquid sparging aerosolizer
For the production of bioaerosols from liquid spore 
suspensions, the Liquid Sparging Aerosolizer (CH 
Technologies, USA; abbreviated “LSA”) was used, 
which enables gentle aerosolization and low impact on 
the cell integrity and viability (Mainelis et al. 2005; 
Zhen et al. 2014). Aerosols are produced in a low con-
centration range of several hundred particles per cubic 
meter by transportation of the suspension onto a por-
ous disk (Ø 2.54 cm, stainless steel, 0.2 mm pore size) 
by a peristaltic pump (PP 3000 C, VWR) and channel-
ing compressed air through the disk to create bursting 
bubbles and release of aerosols. The suspension needs 
to be stirred (topolino, IKA) to keep the suspension 
homogenous throughout the experiment. Only a por-
tion of the suspension is aerosolized and further 
transported, while the majority is collected at the bot-
tom of the LSA. In this study the airflow of com-
pressed air was adjusted to 750 L/h, the supply of 

liquid set to 1 mL/min and the generator connected to 
the aerosol chamber CCB3000 (Pogner et al. 2019).

2.2. Test material

2.2.1. Organisms
As test organisms, three fungal species were chosen 
for this study, as they belong to common airborne 
genera (Li, Liu, and Yao 2022). They were reviewed 
for their taxonomy by sequencing the ITS and Beta- 
tubulin region of their DNA. Aspergillus brasiliensis 
(strain DSM 1988) was selected as it is a typical test 
organism in biotechnological and spore aerosolization 
studies. Aspergillus species are important in various 
health effects associated with bioaerosols and are very 
common in indoor air and occupational settings 
(Sharpe et al. 2013). The conidiospores of Aspergillus 
brasiliensis are black and round and have with a 
diameter of 3.5 to 4.5 mm. Cladosporium cladospor-
ioides (strain F1186) belongs to one of the most abun-
dant genera in outdoor air (Dannemiller et al. 2014). 
The species is associated with plant decay (Bensch 
et al. 2010) and therefore also detectable indoors 
where a lot of plants are accumulated. Conidiospores 
are brown-green, smooth, conical formed and have a 
size of 3–3.5� 2.5–3 mm. Trichoderma longibrachiatum 
(strain L20) was selected as a health relevant species 
found indoors and outdoors. It is commonly found in 
soil and on decaying plant and mushroom material 
and has a worldwide distribution with a preference 
for warmer climates (Druzhinina et al. 2008; Samuels 
et al. 2012). T. longibrachiatum is frequently found in 
water-damaged buildings and is one of the leading 
sources of emerging human mycoses (Thrane et al. 
2001; Hatvani et al. 2019). The conidiospores are 
green, round, smooth and have a size of 3.5–5� 2– 
3 mm. Aspergillus brasiliensis was purchased from the 
DSM strain collection, the other two species are from 
air sample isolates and belong to the AIT strain 
collection.

2.2.2. Cultivation and preparation
As the methods for aerosol production are different 
for the tested aerosol generators, the starting material 
needs to be produced in different ways. For the FAG, 
petri dishes filled with malt extract agar (MEA, Merck 
Millipore GmbH, USA) were inoculated with fungal 
spores and incubated for 7 to 14 days at room tem-
perature. The fully grown plates were directly inserted 
in the FAG. To produce spore suspensions for the 
LSA, fully grown fungal plates were harvested by 
scraping the spores off the surface of the agar medium 
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with a metal spatula. The spores were placed into 
phosphate-buffered saline (PBS, pH 7.5; 11.5 g 
Na2HPO4, 2,96 g NaH2PO4, 5.84 g NaCl, 1 L deion-
ized water) with Tween 20 (Sigma-Aldrich, USA) to a 
final concentration of 0.01%. Spores were separated 
from mycelia by vortexing and filtering through sterile 
glass wool (extra fine, Karl Hecht, DE), placed in a 
10-ml-syringe. The suspension was diluted to a con-
centration of about 107 spores/mL. The final concen-
tration was determined by counting cells in a 
Neubauer-improved counting chamber (C-Chip, 
INCYTO Co, KR). For the production of fungal spore 
dust from Cladosporium or Trichoderma, fungal plates 
were harvested by the use of a metal spatula. Instead 
of a buffer, deionized water was used to create a sus-
pension. After filtration, the suspension was frozen 
and the spores subsequently freeze dried (Alpha 2-4 
LSC, Christ, DE). Aspergillus brasiliensis can be har-
vested by inverting the petri dish onto a clean alumi-
num foil. By tapping onto the bottom or gently 
streaking with a metal spatula over the surface of the 
plate, the spores are loosened from the mycelia and 
collected on the foil. No further preparation steps 
were necessary. The dry spores were stored until use 
and then either filled loosely into a cuvette (SWA) or 
carefully pressed into a cone (RBG).

2.3. Aerosol chambers

Two of the aerosol generators, the SWA and the FAG, 
are a combination of an aerosol generator and a mix-
ing chamber, where the produced aerosol is diluted in 
the air of the mixing chamber. The airstream in the 
two cases is produced by the aerosolization airflow and 
the airflow of the SwisensPoleno Jupiter, which draws 
air from the chambers. The air in the chambers is 
replaced by the outside air entering the mixing cham-
ber through HEPA filters (DC29, Dyson DE). The LSA 
and RBG are designed to be connected to a separate 
aerosol chamber. In this study the test facility 
CCB3000 (Palas GmbH; Konlechner, et al. 2013) at 
AIT was used, which comprises of a chamber and a 
setup to produce a constant airstream. It has HEPA fil-
ters at the inlet and the outlet, and a radial compressor 
providing an airflow of 70 m3/h. The aerosol is injected 
into the airstream before it enters the chamber unit, 
which has a total volume of 1.2 m3 (0.53 m3 in the 
measurement area). One SwisensPoleno Jupiter instru-
ments was placed inside the chamber. Due to the size 
of the chamber, it was also possible to position a light 
scattering particle spectrometer (11-C, Grimm Durag 

AG, DE) inside, and compare the results of the two 
instruments.

2.4. Particle measurement instruments

To characterize, measure and further analyze the par-
ticles produced by the four aerosol generators, the real- 
time monitoring system SwisensPoleno Jupiter (Swisens 
AG, CH) was used (Sauvageat et al. 2020). It can deter-
mine many independent features of the aerosol par-
ticles using airflow cytometry based on the 
measurement of light scattering, holographic images, 
UV-induced fluorescence and polarization. An aerosol- 
concentrator with a particle size dependent concentra-
tion factor of up to 1000 for particles > 10 mm enables 
a volume flow rate of 40 L/min to be analyzed, result-
ing in high time resolution of the measurements. Size 
and morphological feature information of each individ-
ual particle is derived from high-resolution digital hol-
ography, yielding images from two sides of the 
particles by two 90� displaced cameras (Figure 1). The 
advantages of holography include a wide field of view 
in x, y and z-axes while maintaining a high resolution. 
This is achieved by capturing the diffraction pattern 
generated by the particle, and then focusing and recon-
structing the particle’s image. In addition to the images 
themselves, the SwisensPoleno Jupiter provides various 
image processing features, such as calculating the par-
ticle area, the eccentricity, the minor and major axis of 
an ellipse with the same normalized central moments 
as the particle, and the minimal, mean and maximal 
grayscale intensity of the particle on each holographic 
image. The time-resolved measurement of the vertical 
and horizontal polarized scattered light provides infor-
mation related to the surface structure, size and the 
refractive index, allowing for an elaborate particle char-
acterization. With SwisensPoleno Jupiter particles in 
the range of 0.5 to 300 mm can be detected and meas-
ured. However, the image resolution of 0.595 mm per 
pixel limits the minimum particle size at which the 
holography can still accurately detect and image the 
particles to approx. 2 mm.

In the CCB3000 an 11-C (Grimm Durag AG, DE) 
light scattering particle spectrometer was used to 
evaluate the particle concentration. The particles in a 
size range of 0.25 to 32 mm are measured in 31 size 
channels, at a flow rate of 1.2 L/min. The data is pro-
duced as particle number concentration in the differ-
ent size ranges. No further characterization of the 
particles is possible with this method.
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2.5. Experimental setup/design

Each of the aerosol generators was tested with 
all three organisms. To direct the airflow from 
generator to the measurement instrument, either a 
SwisensPoleno Jupiter was placed side-by-side with 
the 11-C in the CCB3000 (LSA, RBG) or the aerosol 
generator (FAG, SWA) was placed directly on top of 
the SwisensPoleno Jupiter. All experiments were 
repeated with two SwisensPoleno Jupiter (P1, P10), 
which were built with the same components and used 
the same software. For each combination of test 
organism, aerosol generator and instrument, at least 
6000 data points with recognized particles were col-
lected. Depending on the used aerosol generation 

method, different concentrations of particles could be 
reached. Therefore, also the time to receive the 
required amount of measurement events was different.

During the laboratory experiments, the instruments 
were regularly checked to ensure a correctly aligned 
laser beam and particle stream, as this can be altered by 
vibrations, which can occur by frequent transportation 
of the instrument in and out of the CCB3000 chamber.

2.6. Data analysis

To calculate the size of the particles, recorded by the 
SwisensPoleno, transformation from pixel to mm was 
necessary. For this the theoretical image resolution of 

Figure 1. Examples of holographic images of different spore particles categories, for three test organisms aerosolized with different 
aerosol generators and recorded by SwisensPoleno Jupiter; SWA¼ SwisensAtomizer, FAG¼ fungal aerosol generator, 
RBG¼ rotating brush generator, LSA¼ liquid sparging aerosolizer.
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0.595 mm/px was used. The size calculation is influenced 
by a relative size-overestimation of the holographic 
images, which is lower for larger particles. Additionally, 
the size estimation can be influenced by poorly focused 
particles and difficult differentiation between particle and 
image background. This mostly for smaller particles, 
which also tend to be brighter. The result is a pro-
nounced overestimation, which decreases drastically above 
5 mm. This effect has been noted, but not compensated in 
the presented data, as the same estimations are true for 
all four aerosol generators and has no major impact in 
the allocation of the particles in the size categories.

The recorded particles were categorized according to 
several parameters calculated from image properties 
(Li, Wilkinson, and Patchigolla 2005). The equivalent 
circular area diameter DA is calculated from the area A 
occupied by the particle in the holographic image upon 
transformation into a circle with the same area A:

DA ¼ 2 �
ffiffiffiffi
A
p

r

The equivalent circular perimeter diameter DP, is 
calculated from the perimeter P of the silhouette of 
the measured particle upon transformation into a cir-
cle with the same perimeter P:

DP ¼
P
p 

Assuming that chains of spores and aggregates are 
also produced and measured, the particles were cate-
gorized according to their shape, as this can have an 
impact on their behavior in the human respiratory 
tract (Finlay 2021). For this classification, the follow-
ing characteristic values were determined from the 
holography images: major and minor axis as well as 
sphericity (S). Based on the minor and major axis, the 
particles were classified as spore chains (minor 
<10 mm, major >20 mm) or round particles. We 
assume that roundish particles include single spores, 
small groups of spores and agglomerates in different 
sizes. To evaluate how round the particles are, the 
sphericity (Li, Wilkinson, and Patchigolla 2005) was 
calculated from the ratio of DA to DP:

S ¼
DA

DP

� �

Sphericity provides an estimate of the roundness of 
a particle, i.e., how closely it matches a sphere.

These parameters were calculated for each holographic 
image of the data set. To capture all particles, the 
SwisensPoleno Jupiter instruments were operated with 
the highest sensitivity. However, this can lead to images 

with no particles in them, which can be artifacts, too 
small particles or occur due to bad focus. These images 
can be identified based on the intensity of the recorded 
pixels. To filter these, the difference between the max-
imum and minimum grayscale intensity of all pixels in 
both images is determined. If the intensity difference is 
less than 10% of the pixel grayscale intensity range, the 
measurement events were labeled as “Empty images.” 
Very small (<4 mm) and very bright particles will cause 
the image analysis to fail. As a result, the characteristic 
values determined from the images are not meaningful 
and distort the results. Therefore, such measurement data 
were labeled as unknown particles. After filtering these 
images and particles out of the datasets, the remaining 
data points were considered microbial particles in this 
study. This filtering was especially relevant for the data 
derived by the tests with the LSA, as is described in the 
results section.

Based on their size (DA) and shape, the microbial par-
ticles were classified in different categories. The size cate-
gories were chosen to match the ranges important for 
penetration of the regions of the human lung, where over 
20 mm are not inhalable and 20 mm to 1 mm are inhalable 
(Brown et al. 2013). Depending on the size, the particles 
are expected to deposit in different regions of the respira-
tory tract (Sierra-Vargas and Teran 2012; L€ondahl 2014; 
Lazaridis 2023). To relate the produced bioaoerols by the 
generators to the depositions, we grouped them in the 
following categories: >20 mm (lower probability of depos-
ition in mouth and nose, about 30%), 20−9 mm (high 
probability of deposition in mouth and nose, over 30%), 
9−5 mm (probable deposition in tracheobronchial region), 
<5 (probable deposition in alveolar region). In addition 
to the size (DA) and shape (S) categorization, randomly 
chosen pictures were checked manually to ensure plausi-
bility. No particles below 2 mm have been recorded, there-
for this category is not shown in the results section and 
the smallest category defined as under 5 mm.

2.7. Data conversion for comparison of 
measurement instruments

To compare particle size distribution measured by the 
SwisensPoleno Jupiter and the Grimm 11-C the aggre-
gated size counts from the 11-C were transformed 
with the inverse concentrator characteristic of the 
SwisensPoleno (Figure S1). The reason for this is 
the integrated aerosol particle concentrator of the 
SwisensPoleno Jupiter, which concentrates particles 
above 10 mm by a factor of up to 1000 following a 
function of particle size. For the transformation it was 
assumed that the particles have a density of 0:6 kg

m3 :
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In order to compare magnitudes from an imaging 
method with a scattered light measurement method, a 
conversion method was used utilizing the analysis of the 
equivalent area diameter (DA) and the sphericity (S) of 
the particle image (Li, Wilkinson, and Patchigolla 2005). 
The conversion was applied to the measurement data of 
the SwisensPoleno Jupiter and done for both holographic 
images separately. To have a single key value for each 
particle the mean of the equivalent diameter from both 
sides of the particle was calculated:

SizeLD ¼
ffiffiffi
S
p
� DA 

Besides the equivalent diameter the major and minor 
axis of the ellipse with the same central moments as the 
particle were analyzed (van der Walt et al. 2014).

3. Results

In the study presented here, we tested four bioaerosol 
generators using three fungal organisms and two 
SwisensPoleno Jupiter real-time particle characteriza-
tion instruments. For each combination of aerosol 
generator, fungal organism and sampling instrument, 
at least 6000 particles were recorded. To compare the 
produced aerosols of the aerosol generators, we ana-
lyzed the produced particle number concentrations, 
the particle size distribution and the dependence of 
the particle shapes on the dispersal method.

3.1. Particle concentrations in test aerosols

As the tested aerosol generators use different principles 
for the production of bioaerosols, as well as different 
aerosol- or mixing chambers, the concentration of spores 
delivered to the SwisensPoleno Jupiter instruments dif-
fered between the aerosolization methods. Therefore, the 

time to receive the required amount of data points was 
different. The RBG with its lowest setting delivered about 
12000 to 17000 particles/m3 to the instrument. For the 
FAG and the SWA the reached output depends strongly 
on the chosen settings. For them up to 15000 to 16000 
particles/m3 could be produced with the chosen settings, 
but also lower concentrations were possible. The setup 
with the LSA delivered between 2000 and 2500 particles/ 
m3 to the SwisensPoleno Jupiter. All the data mentioned 
include all particles detected by the SwisensPoleno Jupiter 
before filtering out empty images and unknown particles 
(see the online supplementary information). The LSA for 
example produces small droplets in addition to solid par-
ticles, and thus were detected by the instrument but 
excluded later in post processing.

3.2. Size distribution of the particles

To evaluate the size of the particles produced by the 
different aerosolization methods, the equivalent area 
diameter DA and the length of the major and minor 
axes of each particle, calculated by the SwisensPoleno 
software from the holographic image area.

The RBG and FAG produced the particles with the 
smallest DA (Figure 2) and smallest axes (Figure 3) for all 
three test organisms. Calculated diameters closely resem-
ble values for single spores published in literature from 
Aspergillus brasiliensis, but are slightly above published 
values for Cladosporium cladosporioides and Tirchoderma 
longibrachiatum. In both figures, individual spores should 
be represented in the low end of the x-axis, here the 
RBG shows the highest relative abundance for A. brasi-
liensis. For C. cladosporioides and T. longibrachiatum, 
beside the RBG, also the FAG has the highest proportion 
of particles in the bin where individual spores are 
expected. The SWA showed a slight shift to bigger 

Figure 2. Particle size distribution calculated by equivalent area diameter, as relative abundance of all recorded particles, of each 
aerosolizer methods for three test organisms (A. brasiliensis, C. cladosporioides, T. longibrachiatum); SWA¼ SwisensAtomizer 
(n¼ 21372, 8752, 21241), FAG¼ fungal aerosol generator (n¼ 22698, 13969, 27572), RBG¼ rotating brush generator (n¼ 20483, 
20412, 22529), LSA¼ liquid sparging aerosolizer (n¼ 16623, 14628, 13257).
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particles compared to the FAG and RBG, with the most 
overlap for T. longibrachiatum. For the LSA a high por-
tion of big particles was recorded starting with 10 mm 
diameter. These big particles between 20 and 60 mm 
rather resemble droplets instead of single spores. When 
excluding the particles, defined as empty images and 
unknown particles, the remaining particles detected by 
the SwisensPoleno Jupiter are in the size range compar-
able to the other aerosolization methods (Figure 4). All 
aerosolizers have a wide particle size spectrum, which 
makes it clear that not only individual spores are pro-
duced, but also chains and agglomerates.

3.3. Shape distribution of the particles

The holographic images captured from two sides of the 
particle, represent the cross sectional area. Therefore, 
we were able to analyze roundness of the particles, 
using the sphericity and investigate differences between 
the aerosolization methods. Figure 5 shows that there 
is a difference in the particle sphericity depending on 
the used organism and aerosolizer. Similar to the 
results for DA and length of axes, sphericity values 

obtained upon aerosolization with the RBG and the 
FAG were similar for each spore type. The RBG com-
bined with A. brasiliensis showed the biggest share of 
very round particles, with a sphericity around one. 
Only a minority of particles from C. cladosporioides 
showed a high sphericity upon aerosolization with the 
FAG, whereas the major part was shifted toward low a 
sphericity. The SWA generally resulted in particles 
with low sphericity, but particles with a more complex 
shape. This was especially clear for A. brasiliensis and 
C. cladosporioides. For the LSA the sphericity of most 
of the images was very low, but it must be considered, 
that these data include all images, including empty pic-
tures and unknown particles, which also include data 
points presumed to be water droplets. According to the 
Figure S3, the majority of the particles measured with 
LSA are water droplets or unknown particles.

3.4. Classification as spore agglomerates and 
chains of microbial particles

As described, especially the particles produced by the 
LSA and their pictures recorded by the SwisensPoleno 

Figure 3. Distribution of the length of the major and minor axis, as relative abundance of all recorded particles produced by each 
aerosolizer methods for three test organisms (A. brasiliensis, C. cladosporioides, T. longibrachiatum); SWA¼ SwisensAtomizer 
(n¼ 21372, 8752, 21241), FAG¼ fungal aerosol generator (n¼ 22698, 13969, 27572), RBG¼ rotating brush generator (n¼ 20483, 
20412, 22529), LSA¼ liquid sparging aerosolizer (n¼ 16623, 14628, 13257).
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Jupiter often showed unspecific particles, or no par-
ticles could be found on the pictures. After filtering 
the original data sets, for the types A. brasiliensis, C. 
cladosporioides, T. longibrachiatumg this resulted in 
about 40000 to 49000 data points for the FAG, RBG 
and SWA and only under 800 for the LSA. These data 

points are presumed to include microbial particles 
and were further analyzed by categorizing them 
according to their shape into spore chains and 
agglomerates.

Figure 4 shows that the proportion of chains is 
much smaller compared to agglomerates and round 

Figure 5. Distribution of the sphericity as relative abundance of all recorded particles, produced by each aerosolizer methods for 
three test organisms (A. brasiliensis, C. cladosporioides, T. longibrachiatum); SWA¼ SwisensAtomizer (21372, 8752, 21241), 
FAG¼ fungal aerosol generator (n¼ 22698, 13969, 27572), RBG¼ rotating brush generator (n¼ 20483, 20412, 22529), LSA¼ liquid 
sparging aerosolizer (n¼ 16623, 14628, 13257).

Figure 4. Size distribution of measured microbial particles classified as spore agglomerates (top) or chains (bottom), as relative abun-
dance of each aerosolizer methods for three test organisms (A. brasiliensis, C. cladosporioides, T. longibrachiatum); y-axis are scaled dif-
ferently for better readability; SWA¼ SwisensAtomizer (n¼ 17311, 5230, 17518), FAG¼ fungal aerosol generator (n¼ 17123, 8972, 
22517, RBG¼ rotating brush generator (n¼ 12774, 15125, 16856), LSA¼ liquid sparging aerosolizer (n¼ 328, 389, 62).
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particles. Considering the size distribution of the 
chains, all organisms result in very similar size pat-
terns, regardless of the aerosolization method. Again, 
as for the total particles, the RBG with A. brasiliensis 
produced the highest share of round particles, which 
were classified as small agglomerates. For A. brasilien-
sis the patterns of RBG and FAG fit well together, 
whereas for T. longibrachiatum also the SWA pro-
duced a similar distribution. For A. brasiliensis and C. 
cladosporioides the comparison of RBG and FAG with 
SWA, showed that the share of small particles of the 
SWA is smaller. The curve of the LSA data is deviant, 
as only a small number of data points is available.

3.5. Examination of sizes and shape of microbial 
particles

Based on the sphericity and the size (diameter), the 
particles were combined into categories (<5 mm, 5- 
9 mm, 9-20 mm and �20 mm, see Figure 6). Only for 
the combination LSA and T. longibrachiatum a recog-
nizable share of particles could be found with a size 
below 5 mm. Considering each of the combinations of 
aerosolization method and organism separately, it is 
clear that the FAG produced the highest fraction of 
microbial particles in the size range of 9–20 mm and 
the highest share of roundish particles in that size. 
The output of the RBG was highly influenced by the 
used material. For A. brasiliensis a higher portion of 
particles were between 5–9 mm than for T. longibra-
chiatum and C. cladosporioides. The SWA produced 
the highest share of microbial particles larger than 
20 mm. The particles produced by the LSA were mostly 
bigger than 9 mm, but considering the size range of 5 
to 9 mm, a high portion of the particles had a spher-
icity close to one, being most probable single spores. 
Especially in the size range of �20 mm the graphs for 
the LSA shows quantization artifacts, as for this aero-
sol generator a lower number of particles was used for 
the analysis due to excessive filtering. In general, the 
data shows, that the bigger the recognized particles 
were, the farther away they are from a sphericity of 1.

3.6. Comparison of particle size of the 
SwisensPoleno Jupiter and the grimm 11-C

As the SwisensPoleno Jupiter is a new method to 
evaluate fungal airborne particles, we compared the 
detected particles with the particle concentration 
recorded by a light scattering particle spectrometer, 
while the RBG was used to produce aerosols inside 
the CCB3000. The SwisensPoleno sizes and the 

Grimm 11-C counts were transformed (see 2.7) and 
the SwisensPoleno data was binned according to the 
size channels of the Grimm 11-C. Figure 7 shows that 
for C. cladosporioides the agreement of the two instru-
ments fits very well. For A. brasiliensis, a shift between 
SwisensPoleno Jupiter and Grimm 11-C can be seen, 
where the Grimm 11-C recognized more small par-
ticles and the SwisensPoleno Jupiter more particles 
between 5 and 10 mm. Also for T. longibrachiatum a 
slight shift can be seen, but far less than for A. brasi-
liensis. This could be due to a higher overestimation 
of the particle size by the SwisensPoleno Jupiter for 
smaller particles. Also, the instrument is more sensi-
tive to bigger particles, therefore the recognition of 
smaller particles is reduced. In summary, the data 
shows that for the higher particle sizes, the two instru-
ments fit very well together, whereas for small par-
ticles the sensitivity of the SwisensPoleno Jupiter is 
lower in the total particle number recognition.

4. Discussion and outlook

The goal of the study presented here was to character-
ize the fungal aerosol produced by four different aero-
sol generators with a new real-time detection method, 
enabling detailed analysis of the airborne particles. 
Our results show that the particles produced differ in 
concentration, size and shape, depending on the used 
aerosolization method and fungal organism.

The detection system, of course, also has an influ-
ence on the obtained data. Real-time instruments 
were also used in other studies for testing of bioaero-
sol generators (Jung et al. 2009), where the instrument 
was a particle size distribution analyzer (PSD 3603). 
With that instrument, no subsequent inspection and 
analysis of the particles is possible after data collec-
tion. On basis of the holographic imaging of the 
SwisensPoleno Jupiter, the particles can be further 
analyzed after the experiment and spot-checked by 
microscopy specialists. Another potential advantage is 
the combination of holographic imaging and the use 
of the fluorescence measurement data from the 
SwisensPoleno Jupiter for the detection of fungal 
particles.

As previous studies already showed, it is possible to 
discriminate between various biological particles like 
pollen, fungal spores and bacteria, based on their 
fluorescent profile recorded by single-particle fluores-
cence detection (Pan 2015). Furthermore, the possibil-
ity of discriminating different shapes of particles by 
machine learning algorithms has been tested previ-
ously in a simulation study (Piedra et al. 2019). A 
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Figure 6. Different size categories, as relative abundance of microbial particles of each aerosolizer method, plotted against the par-
ticles sphericity, for all three test organisms (A. brasiliensis, C. cladosporioides, T. longibrachiatum); SWA¼ SwisensAtomizer 
(n¼ 17311, 5230, 17518); y-axis are scaled differently for better readability; FAG¼ fungal aerosol generator (n¼ 17123, 8972, 22517, 
RBG¼ rotating brush generator (n¼ 12774, 15125, 16856), LSA¼ liquid sparging aerosolizer (n¼ 328, 389, 62).
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recent study by the Lucerne University of Applied 
Sciences and Arts (HSLU), (ASMO – Advanced Spore 
Monitoring) showed that with the SwisensPoleno 
Jupiter, it is possible to differentiate between different 
fungal taxa according to their fluorescence profile 
(data in preparation for publication). In principle, it is 
possible that the different aerosol generators as well as 
the preparation of the source material, also influence 
the fluorescence profile of the microbial particles pro-
duced. These analyses have not been done yet on the 
here presented data, however, and need to be done in 
the future.

Comparing the four aerosolization methods, the 
produced concentration varied, giving the highest out-
put by the RBG, with a high share of small and round 
particles, especially for A. brasiliensis. Although the 
total concentration was not as high, the FAG showed 
very similar patterns in microbial particle size, shape 
and distribution for all three test organisms. For C. 
Cladosporioides the FAG produced more very small 
agglomerates assumed as single spores than the RBG. 
For the FAG, the size and shape of produced particles 
can be adjusted by the air flow of pressured air, used 
to generate the aerosol (Lee et al. 2010). In the pre-
sented study, only one setting was used for all fungal 
taxa and repetitions and this potential for optimiza-
tion not further investigated. The SWA produced a 
high share of non-spheric, rather large particles. This 
may be due to the clustering of spores together in the 
dust and low shear forces in the aerosol production 
by vibration and airflow. The lowest concentration of 
particles, and especially as microbial classified ones 
was produced by the LSA. Although a high concentra-
tion of spores in the suspension was used, the concen-
tration was limited to a few thousand particles per 
m3. This can be mainly attributed to a concentration 

plateau, as has been previously described (Mainelis 
et al. 2005; Dellinger 2020). Additionally a high per-
centage, up to 90%, of non-spore particles, depending 
on the size category was recognized. We assume that 
not fully dried small droplets reached the sampling 
area, but are too small to be recognized as particles by 
image processing. The microbial data, which includes 
the chains and agglomerates, showed a recognizable 
number of particles below 5 mm only for the LSA.

Comparing the SwisensPoleno Jupiter with the Grimm 
11-C, especially for Aspergillus brasiliensis, more particles 
below 5 mm could be recognized with the later, suggesting 
an underestimation of this size range by the 
SwisensPoleno Jupiter. This under recognition of small 
particles may be the reason for the low concentration rec-
ognized from aerosolization with the LSA, as this aerosol-
izer is built to mainly produce single spore aerosols, 
which would be in the range of 3 to 7 mm.

The underestimation of small particles by the 
SwisensPoleno Jupiters can be explained, as particles 
larger than 10 mm are concentrated almost up to 1000 
times, to improve the time resolution of the concentra-
tion determination of large particles such as pollen. 
In turn, this means that the counting efficiency for 
smaller particles is reduced. Additionally, the mechanisms 
of particle recognition and size calculation of the 
SwisensPoleno Jupiter and the Grimm 11-C are particu-
larly different. Where the first uses holographic imaging, 
where an interference pattern is recognized by a camera 
and algorithm based image reconstruction is used to 
obtain the holographic image. In comparison, the later 
uses light-scattering, where the particle is illuminated by a 
laser and the mie dispersion is recognized. To obtain the 
particle size, the outline of the holographic image is rec-
ognized, the area calculated and compared to the area of 
a sphere to obtain the diameter of the particle in pixel. A 

Figure 7. Comparison of the size of all measured particles, calculated by the SwisensPoleno Jupiter and the optical particle coun-
ter Grimm 11-C, depicted for all three test organisms, produced by the RBG and measured by both instruments, side by side in 
the aerosol chamber CCB3000.
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subsequent transformation into micrometer is necessary. 
For light scattering a calibration to spherical particles 
with known diameter is used, assigning the specific peak 
to the recognized dispersion. These differences may result 
in different size recognition of particles and size classifica-
tion of complex aggregates. Furthermore, the size calcula-
tion of the SwisensPoleno Jupiter is influenced by a halo 
around particle images, and very small (<5 mm) and 
bright particles may not be recognized at all.

The shape and size distribution as well as the 
reachable concentration range influence the possible 
applications of an aerosol generator. Based on the 
measured spores with the Hirst method, it is assumed 
that individual spores are relevant for natural dispersal 
outdoors. For training and evaluation of real-time 
detection instruments, therefore, the spores should be 
in the air as individually as possible. According to lit-
erature, the ideal setup for this application would be 
particles with the following characteristics: A. brasi-
liensis round particles in the range 3.5-4.5 mm, C. cla-
dosporioides, conical particles in the range 2.5-3 mm or 
3-3.5 mm and T. longibarchiatum round particles in 
the range 2.5-5 mm (Bensch et al. 2010; Dannemiller 
et al. 2014). In summary for this application the gen-
erators should only generate particles that are smaller 
than 5 mm. Our investigations show that the methods 
used are not ideal but can still be used for this pur-
pose, if the measurement system provides sufficient 
information about the individual particles. Thanks to 
the diverse measurement values of the SwisensPoleno, 
the measurement data can be filtered to generate 
training data sets containing individual spores. To 
fully evaluate the similarity between the produced 
aerosols and real life bioaerosol, data and images from 
spores from outdoor, indoor and occupation environ-
ments would be needed. A recent study already 
showed, that it is possible to detect Alternaria spores 
with the SwisensPoleno Jupiter (Erb et al. 2023). 
Further studies, with smaller fungal spores in outdoor 
environments would be needed. For occupational set-
tings, aerosolization mechanisms may differ from 
nature-based ones, as other forces lead to the disper-
sion of the particles. Until now, there is limited know-
ledge about the size or shape of the produced particles 
in various occupational settings.

Besides the presented results for the aerosol genera-
tors, also the influence of the preparation of the mater-
ial has to be considered when evaluating the usability 
of the aerosol generators for a specific study (Alsved 
et al. 2020). As the FAG uses fungal colonies without 
any further manipulation, only the matter of an artifi-
cial growth media, lab conditions and monoculture are 

obvious influences compared to nature. The LSA’s 
principle of dispersion of spores through water can 
occur in nature, but is not presumed as the relevant 
dispersion mechanism for common airborne taxa like 
Aspergillus, Cladosporium and Trichoderma 
(McCartney 1994; Li, Liu, and Yao 2022). Also, the 
residence time of the spores in the liquid can alter the 
spores, for example regarding their size (Reponen 
et al. 2001). Furthermore, the chosen buffer could 
influence the properties of the spore aerosol or the 
detection method. In the course of dust production, 
the spores of Trichoderma and Cladosporium for this 
study have been freeze dried, to reduce the liquid. In 
later work, also the drying of media plates and collec-
tion of dust, like for Aspergillus brasiliensis, has been 
tested for other taxa (unpublished data). A comparison 
of freeze dried to heat dried material could give new 
insight into the impact of the dust production method. 
In general, airborne dispersal of dry spores is common 
in nature and of high relevance in indoor environ-
ments with mold growth (Li, Liu, and Yao 2022).

As a result, the data and differences in airborne 
microbial particles presented here, are a combination 
of the used material and the aerosolization method. 
Each step of bioaerosol generation, i.e., preparation 
and storage of material, aerosol generation and char-
acterization, is critical for the interpretation of data 
(Alsved et al. 2020). In future investigations of bioaer-
osol generators, the combination of different detection 
methods, like real-time particle counters, holographic 
images as well as classical sampling on microscopic 
slides, filters and on media for subsequent culturing 
would give the most information about the advantages 
and disadvantages of the aerosol generation method.
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