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Abstract. Biological particulate matter or bioaerosol are
a subset of atmospheric aerosol. They influence climate,
air quality, and health via several mechanisms which of-
ten are poorly understood. In particular, the quantitative
study of possible relationship between bioaerosol viabil-
ity and air quality or meteorological conditions is an open
and relevant issue. The difficulty of retrieving such pos-
sible correlations by analyses of data collected during in-
field campaigns can benefit of targeted experiments con-
ducted in well-controlled conditions inside atmospheric sim-
ulation chambers (ASCs). ChAMBRe (Chamber for Aerosol
Modelling and Bio-aerosol Research) is an ASC in Genoa
(Italy) designed and built to perform experimental research
on bioaerosol. In this article, we focus on bacteria viability.
A multi-step protocol was developed and thoroughly tested
to cultivate a suitable bacteria population (E. coli), nebulize
and inject in a chamber of viable cells, expose and moni-
tor the viability variation inside ChAMBRe, hold at selected
conditions, and finally incubate and count the concentration
of viable bacteria. The whole procedure showed an estimated
lifetime of total (T) and viable (V) E. coli of about 153 and
32 min, respectively and a V :T lifetime ratio of 40± 5 min
when ChAMBRe is held in a reference baseline condition.
The coefficient of variation of 13 % shows how sensitive the
protocol is also to changes in viability when the bacteria
are exposed to other (e.g. polluted) conditions. First results
showing a viability reduction observed exposing the E. coli
strain to NOx concentrations and solar irradiation are pre-
sented and discussed. The present results pave the way for

systematic studies aimed at the definition of dose–effect re-
lationship for several bacteria strains under different condi-
tions of atmospheric pollutants.

1 Introduction

This article focusses on bioaerosol, which is the aerosol of
biological origin. The major types of bioaerosols are primary
and secondary biological aerosols and biogenic aerosols.

Primary biological aerosols (PBAs) refer to bioaerosols
that are directly released into the atmosphere from biological
sources, such as plants, animals, or microorganisms; these
aerosols can be composed of various biological materials,
including bacteria, viruses, fungi, pollen, spores, algae, or
other organic particles (Ariya and Amyot, 2004; Fröhlich-
Nowoisky et al., 2016).

Secondary biological aerosols (SBAs) are the result of en-
vironmental processes or human activities that modify or
transform primary biological aerosols. Unlike primary bio-
logical aerosols, SBAs are not directly released from biolog-
ical sources but are generated through secondary processes,
like oxidation and condensation, involving biological materi-
als. SBAs are fragments of larger biological particles, mate-
rial released from cells (disruption, excretion, etc.), nucleated
biogenic gases, or cells “born” in the air from microbial mul-
tiplication (Morris et al., 2014; Ervens and Amato, 2020).

The PBAs vary in size, depending on the specific bio-
logical material being aerosolized; they range from several
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nanometres (e.g. viruses and cell fragments) to a few hundred
micrometres in aerodynamic diameter (e.g. pollen and plant
debris; Pöschl, 2005). Larger particles of biological material,
such as large pollen grains or larger fragments of plants or
insects, can be lifted into the air; however, due to their rel-
atively high settling velocities, they tend to rapidly settle or
deposit onto surfaces rather than remain suspended in the air
for extended periods. As a result, these larger particles are
typically not considered atmospheric aerosol particles (De-
sprés et al., 2012).

Among all the different bioaerosol microorganisms, bac-
teria are considered to play a significant role in the com-
position and dynamics of bioaerosols (Gong et al., 2020).
They are ubiquitous in the atmosphere, and their presence
and abundance can vary, depending on factors such as lo-
cation, season, and local environmental conditions. Usually,
over the land, the concentration in the atmosphere is greater
than 104 cells m−3 (Burrows et al., 2009), while our under-
standing of airborne microbes over oceans is indeed lim-
ited compared to the knowledge we have about microbes
in terrestrial and aquatic environments. In a recent work
(Mayol et al., 2014), the airborne prokaryotic abundance
over the North Atlantic Ocean ranged from about 3000 to
20 000 prokaryotes m−3 (average about 8000 cells m−3).

Bacteria, as small airborne particles, or aerosols can have
relatively long atmospheric residence times compared to
larger particles. This is due to their small size and low settling
velocity, which allows them to remain suspended in the air
for prolonged periods (Després et al., 2012). Airborne bacte-
ria may be suspended as individual cells or attached to other
particles, such as soil or leaf fragments, or found as agglom-
erates of many bacterial cells (Lighthart et al., 1993). For this
reason, whereas individual bacteria are typically of the order
of ∼ 1 µm or smaller in size, the median aerodynamic diam-
eter of particles containing culturable bacteria at several con-
tinental sites has been reported to be ∼ 2–4 µm (Shaffer and
Lighthart, 1997; Wang et al., 2007). Even if several works
have contributed to the identification of bacterial diversity in
the atmosphere up to now (Amato et al., 2007; Burrows et
al., 2009; Després et al., 2012; Romano et al., 2019), it re-
mains difficult to establish a clear picture of the actual abun-
dance and composition of bacteria in the air. Numerous stud-
ies have suggested that the presence of bacteria in the atmo-
sphere can have significant implications for cloud formation,
atmospheric chemistry, microbial biogeography, and climate.
As a matter of fact, bacteria can serve as ice-nucleating par-
ticles and cloud condensation nuclei, influencing the precip-
itation processes and affecting cloud lifetime, optical prop-
erties, and climate patterns (Bauer et al., 2003; Morris et
al., 2004; Sun and Ariya, 2006; Möhler et al., 2007).

In particular, bacterial viability, the proportion of viable
to total bacteria concentration, can act as cloud condensation
nuclei (CCN), thanks to the hygroscopic properties of their
surfaces (Delort et al., 2010). Additionally, the near-surface
atmosphere’s viable bacteria can have a significant impact

on human health, including allergies, acute toxic effects, and
infections (Bolashikov and Melikov, 2009).

Since bacteria have also been shown to metabolize within
cloud droplets, some authors have proposed an impact on the
chemistry of cloud droplets and air (Fankhauser et al., 2019;
Jaber et al., 2020, 2021; Khaled et al., 2021). Finally, the
presence of bacteria in the atmosphere can influence micro-
bial biogeography (Martiny et al., 2006) by facilitating long-
distance dispersal and the establishment of microbial popu-
lations in new environments.

Bacteria can enter the atmosphere as aerosol particles from
various surfaces, including soil, water, and plant surfaces
(Burrows et al., 2009). Once in the air, they are carried up-
wards by air currents and may remain in the atmosphere
for many days before being removed by wet or dry depo-
sition onto surfaces. Indeed, the mechanisms that govern the
transport, survival, and activity of bacteria in the atmosphere
are complex and multifaceted. Understanding these mecha-
nisms is crucial for various scientific disciplines, including
microbiology, atmospheric science, and public health. This
complexity is related to some key factors such as aerosoliza-
tion, transport and dispersion, survival, hygroscopicity, inter-
actions with other particles, droplet nucleation, deposition,
activation of ice nucleation, impacts on cloud formation, and
chemistry; all these processes are indeed intertwined (Am-
ato et al., 2023). The interactions between bacteria and their
living environment, as well as the atmospheric conditions,
play crucial roles in determining their behaviour and impacts
on climate (Deguillaume et al., 2008) and, consequently, on
health.

Atmospheric simulation chambers (ASCs) have been
widely used to study chemical and photochemical atmo-
spheric processes, but the high versatility of these facilities
allows for a wider application that covers all fields of at-
mospheric aerosol science. For example, a consistent im-
provement in characterizing bioaerosols, in understanding
the mechanisms affecting their behaviour in the atmosphere,
and finally in elucidating their impacts can be obtained us-
ing atmospheric chamber facilities, where transdisciplinary
studies addressing atmospheric physics, chemistry, and biol-
ogy issues are possible.

In the last few decades, the use of atmospheric simulation
chambers has been much more focused on the potential inter-
est of bioaerosol as ice nuclei and cloud condensation activ-
ity (Bundke et al., 2010; Chou et al., 2011). Few studies have
investigated bacterial survival and activity using simulation
chambers, and some of them are old (Wright et al., 1969;
Ehrlich et al., 1970; Krumins et al., 2014). Recently, ad-
dressing the public health concerns related to bioaerosol con-
tamination has led to increased research efforts focusing on
the survival and transformation of bioaerosols in the atmo-
spheric environment. Innovative chamber studies have been
initiated to investigate these questions and gain insights into
the behaviour of bioaerosols (Amato et al., 2015; Brotto et
al., 2015). These works have led to the development of a
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new dedicated simulation chamber, ChAMBRe (Chamber
for Aerosol Modelling and Bio-aerosol Research; Massabò
et al., 2018). The chamber has been installed at the Na-
tional Institute of Nuclear Physics in Genoa (Italy), in col-
laboration with the Environmental Physics Laboratory at the
Physics Department of the University of Genoa. ChAM-
BRe is also a national facility of the constituting ACTRIS
ERIC, the worldwide largest research infrastructure to study
atmospheric phenomena, set up by the European Union on
25 April 2023 (CID, 2023). The main scientific target at
ChAMBRe is the description of the behaviour of biological
microorganisms in the atmosphere, aiming to gain a deeper
understanding of the still-unclear mechanisms that control
the evolution of bioaerosols in atmosphere, in particular their
bacterial components. The long-term goal is the parameteri-
zation of survival and activity of bioaerosols to develop spe-
cific tools to be implemented in chemical transport mod-
els (e.g. CAMx; Wagstrom et al., 2008) presently limited to
treat transport and chemistry of gaseous and non-biological
aerosol species.

This article gives all the details of the present status and
capability of the ChAMBRe facility and introduces a multi-
step, interdisciplinary procedure assessed to perform quanti-
tative studies on the impact of different pollutants on bacte-
ria viability. Preliminary results are also shown to illustrate
the sensitivity of the experimental procedures developed at
ChAMBRe that pave the way to systematic investigations on
different strains and air quality conditions.

2 Material and methods

Since the beginning of 2017, ChAMBRe has been one of
the nodes of the EUROCHAMP-2020 network, with specific
tasks on bioaerosol studies. From the date of installation, the
ChAMBRe control and acquisition system has been enriched
with a wide range of equipment aimed at monitoring and con-
trolling the processes occurring inside the chamber. In addi-
tion, most efforts have been devoted to developing protocols
to produce, inject, expose, and collect bioaerosols to maxi-
mize the experiments reproducibility.

Briefly, ChAMBRe (Massabò et al., 2018) has a cylindri-
cal shape with domed bases. It has a maximum height and
diameter of 2.9 and 1 m, respectively, and a total volume of
about 2.2 m3.

The main body is divided into three parts (two domed
cylinders connected by a central ring) equipped with several
flanged apertures of different diameters that match the differ-
ent types of fittings for the instrument interface.

To favour the mixing of the gas and aerosol species, a
fan is installed at the bottom of the chamber. It is a stan-
dard venting system with a particular pass-through compo-
nent designed and built at INFN Genoa (National Institute of
Nuclear Physics) to ensure the vacuum seal. The fan speed

can be regulated by an external controller and set to up to
50 Hz in steps of 0.1 Hz.

One of the two flanges in the bottom part is connected
through a pneumatic valve to a smaller horizontal cylinder
(length about 1 m), which hosts a movable tray designed to
move specific samples inside the chamber. The samples are
typically Petri dishes for bacteria collection inside the cham-
ber during the experiments. They can remain exposed for the
whole experiment or for a selected time interval controlled by
the user. A custom-made side flange has been worked in the
central ring of the main body of the chamber. The large tipper
tailgate allows the introduction and positioning of bulky sen-
sor devices for testing and calibration purposes. The flange
features a small window for visual inspection and four vac-
uum feedthrough connectors to power and communicate with
devices inserted in the chamber.

ChAMBRe is equipped with a composite pumping system
(rotary, root, and turbo pump), which can evacuate the in-
ternal volume to a level of about 5× 10−4 mbar. The return
to atmospheric pressure can proceed by flowing ambient air
inside the chamber through a five-stage filtering–purifying–
drying inlet system, including an absolute high-efficiency
particulate absorbing (HEPA) filter and a zeolite trap or using
synthetic air from a cylinder (reducing the relative humidity
close to zero).

Two types of UV lamps are permanently installed inside
the chamber. A 58 cm long lamp (W = 60 W; λ= 253.7 nm;
UV-STYLO-F-60H, Light Progress s.r.l.) is inserted through
a custom side flange to sterilize the chamber volume without
producing ozone after any experiment involving bioaerosol.
A second type of lamp, producing UV radiation at λ <
240 nm, can be inserted through one of the ISO-K100 flanges
of the central ring to generate ozone.

A set of two pressure gauges is used to measure the atmo-
spheric pressure inside (range 5× 10−4–103 mbar) and out-
side (range of 5×10−2–103 mbar). ChAMBRe internal tem-
perature and relative humidity are continuously measured by
a sensor located in the upper ISO-K100 flange on the top
dome.

Supervised injection of known volumes of different gas
species inside the chamber is made by a set of software-
controlled digital mass flow controllers (MFCs) ranging from
5 to 30 L min−1 full-scale manufactured by Bronkhorst®.
Two 5 L min−1 MFCs are designed for the injection of CO2
and other gases (i.e. SO2, CO, NO, and NO2), respectively,
whose concentration in the chamber can be selected by the
operator (units in parts per million or parts per billion); a
PID (proportional–integral–derivative) controller, using the
gas concentration values read from the corresponding gas
analyser, keeps the gas concentration in ChAMBRe constant
during the experiment.

A 30 L min−1 MFC regulates the injection of dry air in-
side the chamber. In this case, the PID controller (using
the ChAMBRe pressure values measured by pressure sensor
mentioned above) allows us to maintain a predefined pres-
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sure gap between inside and outside the chamber. MFCs
with 12 and a 0.2 L min−1 are dedicated to the injection
of known volumes of air and fuel, respectively, inside the
burning chamber of a Miniature Inverted Soot Generator
(MISG-2; Argonaut Scientific Corporation, Edmonton, Al-
berta, Canada). The MISG can be connected to an inlet flange
of ChAMBRe for the study of the properties of soot particles
exposed and maintained in different conditions or to study
the effects of soot particles. The input airflow of the nebu-
lizers (see Sect. 2.2), responsible for the crucial process of
bacteria injection inside the chamber, is regulated by an ana-
logue 5 L min−1 full-scale MFC (EL-FLOW, Bronkhorst®).

2.1 Instruments permanently connected to the
chamber

The concentration of several gaseous pollutants potentially
present inside the chamber can be monitored by a set of
calibrated gas detectors manufactured by ENVEA®, includ-
ing a non-dispersive carbon monoxide and dioxide analyser
(CO12e), an ozone analyser (O342e), a sulfur dioxide anal-
yser (AF22e), a chemiluminescent nitrogen oxide analyser
(AC32e), and a gas chromatography volatile organic com-
pound (VOC) analyser (VOC72M). Details on the quoted
monitors are provided in Sect. S1 in the Supplement.

A custom solar simulator manufactured by Sciencetech
Inc.™ has been installed on the top of the upper dome of
the chamber. The top ISO-K250 flanged aperture has been
appropriately modified by inserting a dedicated quartz win-
dow (diameter= 25 cm) with a high degree of transmittance
(> 95 %, with 300< λ < 900 nm) and reflectance (< 1.5 %,
with 300< λ < 900 nm) to the solar spectrum radiation. The
system consists of two main sections, namely the light source
and the power supply. The light source, a 1600 W Xenon
short-arc lamp (Sciencetech Inc.™; XE1600), is mounted
inside a dedicated housing, where a set of optical lenses
and mirrors deflects the light beam perpendicularly to fit the
quartz window aperture. A set of filters is available to in-
tercept the light beam and cut off selectable portions of the
spectrum before entering the chamber. In particular, the sim-
ulator can be fitted with a low-pass optical filter, designed
to cut off a portion of the spectrum in the infrared (IR) re-
gion. Alternatively, the optical absorption of the atmosphere
can be simulated by using a dedicated filter (AM1.5G 3×3′′

air mass filter; Sciencetech Inc.™), which cuts off selected
bands to mimic the light interaction of an air mass coeffi-
cient of 1.5 (i.e. an optical path length that is 1.5 times that
of light traversing the atmosphere at the zenith). Figure 1
shows the impact of the available filters on the light spec-
trum sent to the chamber. The nominal maximum irradiance
provided by the solar simulator without any filter is about
2.4 SUN (2424 W m−2), corresponding to about 119 W pass-
ing through the quartz window on the ChAMBRe top dome
with the AM1.5 filter mounted inside the solar simulator.

The solar simulator is also equipped with a set of four neu-
tral density optical filters to reduce the light intensity enter-
ing the chamber. These filters provide an attenuation of 19 %,
34 %, 50 %, and 71 % of the lamp power, respectively, and
can be fitted two at a time on the device, offering a mini-
mum transmittance of 7 %. The neutral density filters do not
significantly alter the shape of spectrum of the transmitted
light, attenuating the optical power uniformly (see Sect. S3
and Fig. S2 in the Supplement).

The radial distribution of the optical power measured in-
side the chamber volume is shown in Fig. 3 as a function of
the distance along a cross-sectional diameter in the centre of
ChAMBRe. The light intensity has a strong peak at the cen-
tre of the diameter, where the optical power is more than 6
times that close to the walls. To obtain the total light inten-
sity irradiated by the lamp in the chamber volume, the mea-
sured data points were fitted with a double Gaussian function,
which was then integrated in cylindrical coordinates, exploit-
ing the symmetry of the light beam. The resulting intensity
is 160± 6 W, with the lamp set at full power (power supply
set at 105 % of the nominal value) and no optical filter. The
total intensity with the AM1.5 filter is 94± 4 W, while with
the IR filter the total integrated intensity is 81± 4 W. With
respect to the irradiance measured directly at the solar sim-
ulator output, the value inside the chamber shows just a loss
of about 20 % (likely due to focusing or collimation). It must
be noted that, at the maximum power and no-filter, the irra-
diance measured on the middle plane of ChAMBRe is about
0.2 SUN, this almost corresponding to the dilution given by
the ratio of the surfaces of the top quartz window (diameter
of 25 cm) and of the chamber (diameter of 100 cm).

Particle concentration and size distribution inside ChAM-
BRe are monitored in real time by a scanning mobility par-
ticle sizer (SMPS; TSI Inc.; model 3938), in the range of
10–1000 nm, and an optical particle sizer (OPS; TSI Inc.;
model 3330) in the range 0.3–10 µm. The SMPS is formed by
three components, namely a neutralizer (i.e. a bipolar diffu-
sion charger), a differential mobility analyser (DMA; series
3080), and a condensation particle counter (W-CPC; model
3789) from TSI Inc. The model 3088 neutralizer uses a low-
energy (< 9.5 keV) soft X-ray source to generate high con-
centrations of both positive and negative ions to bring the
aerosol to a defined, steady-state charge distribution. The
DMA is available with two different columns, namely model
3081 long DMA, which provides the widest size range of
10–1000 nm; and the model 3085 nano DMA, which covers
the range of particle diameter from 2 and 150 nm. In a DMA,
an electric field is created, and the airborne particles drift in
the DMA according to their electrical mobility. The particle
size is then calculated from the mobility distribution. In the
CPC, downstream of the DMA, the particle size is increased
by water condensation on their surface, and then the particles
are optically counted. The maximum measurable concentra-
tion can reach 2× 105 particles cm−3. The SMPS working
airflow ranges between 0.2 and 1.5 L min−1.
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Figure 1. ChAMBRe layout.

Figure 2. Irradiance vs. wavelength measured with a calibrated
Avantes ULS2048CL-EVO spectrometer directly at the exit of the
solar simulator with and without the available filters. The spectrum
labelled “Sun” has been measured on a springtime sunny day in the
terrace of the Physics Department in Genoa, Italy. The uncertainties
in the irradiance (not reported in the graph) are ±10 % from 200 to
350 nm and 5 % from 350 to 1100 nm.

The model 3330 OPS is an optical particle sizer spec-
trometer that provides the measurement of particle number
concentration and particle size distribution based on single-
particle counting technology. The OPS has an inlet flow

Figure 3. Irradiance vs. wavelength measured with a calibrated
Avantes ULS2048CL-EVO spectrometer along a diameter at the
centre of the ChAMBRe volume, with and without the available
optical filters. The centre of the chamber is at a position of 50 cm.

rate of 1.0 L min−1
± 5 % and measures particles from 0.3

to 10 µm in 16 user-adjustable size channels (particles above
10 µm are counted but not sized). The OPS 3330 works on the
principle of optical scattering from single particles. The OPS
uses a laser beam (λ= 660 nm) and a detector to detect par-
ticles passing through a sensing volume illuminated by the
laser. Particle pulses are counted individually and binned into
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16 channels up to their pulse heights. The OPS is factory-
calibrated using different monodispersed polystyrene latex
(PSL) particles for size classification; the size resolution is
5 % at 0.5 µm, following the procedure described in the In-
ternational Organization for Standardization (ISO) 21501-1
normative. Particles exiting the chamber are trapped by a
gravimetric filter for possible chemical analysis after sam-
pling.

A waveband-integrated bioaerosol sensor (WIBS-NEO;
Droplet Measurement Technologies®) has been integrated
in the ChAMBRe particle monitoring system to measure
the bioaerosol concentration. The instrument uses two UV-
filtered flashlamp sources (λ= 280 nm and λ= 370 nm) to
excite fluorescence in individual particles (Lieberherr et
al., 2021). Detection wavebands have been selected to op-
timize the detection of common bioaerosol components and
let the user discriminate between different types of biological
microorganisms (bacteria, fungi, pollen, etc.). The massive
amount of data generated by the WIBS during the experi-
ments at ChAMBRe through a list-mode offline analysis has
made it necessary to develop a dedicated software tool, writ-
ten in the Igor PRO 8.0 (WaveMetrics, Inc.) language, aimed
at implementing a multi-parametric data reduction and to re-
trieve the airborne bacteria or bioaerosol concentration inside
the chamber as a function of time. Starting from the raw data,
the Igor procedure first sets a background threshold for the
particle fluorescence intensity and groups the particles into
three channels (A, B, and C) and their relative intersections
(AB, AC, BC, and ABC), according to their presence within
the three fluorescence detection waveband groups (FL1, FL2,
and FL3), following the terminology adopted in the WIBS
(Lieberherr et al., 2021). Then, for signal–background sepa-
ration purposes, fiducial cuts are applied on scatterplots (flu-
orescence intensity vs. particle size) relative to particles be-
longing to channel A, which is known to be mainly populated
by particles showing a bacteria-like fluorescence emission.
Examples of the scatterplots are reported in Fig. 4, where the
region of interest of the signal (E. coli bacteria) is well sepa-
rated from the background region.

Finally, the whole analysis is cycled over user-selectable
time intervals to retrieve the time-resolved particle concen-
tration during the whole experiment. Figure 5 shows the time
series of E. coli concentration inside the chamber during a
typical experiment.

Optical properties (i.e. absorption, extinction, and scat-
tering coefficients) of particles suspended inside the cham-
ber can be measured online by photoacoustic extinction me-
ters (PAXs; Droplet Measurement Technologies) at three
wavelengths of λ= 870, 532, and 405 nm. The PAX directly
measures in situ light absorption and scattering of aerosol
particles, from which it derives extinction, single-scattering
albedo, and black carbon mass concentration (Vernocchi et
al., 2022). PAX uses a modulated diode laser to simultane-
ously measure the light scattering and absorption. The stan-
dard infrared 870 nm wavelength option is highly specific to

black carbon (BC) particles, since there is relatively little ab-
sorption from gases and non-BC aerosol species at this wave-
length. A nominal 1 L min−1 aerosol sample flow is drawn
into the PAX using an internal vacuum pump controlled by
two critical orifices. The flow is split between the two dis-
tinct measurement regions, namely a nephelometer, for the
light scattering measurement, and a photoacoustic resonator,
for the absorption measurement. Absorbing particles heat up
and quickly transfer heat to the surrounding air. A sensitive
microphone detects the pressure waves produced by the heat-
ing, whose intensities are interpreted to infer the particle ab-
sorption coefficient (Moosmüller et al., 2009). In the neph-
elometer, a photodiode set at 90◦ with respect to the beam
detects the radiation reflected by the sampled particles. The
scattering measurement responds to all particle types, regard-
less of chemical make-up, mixing state, or morphology.

Acquisition and control of the instruments connected to
ChAMBRe is handled by a National-Instruments™-based
system made up of a main controller (NI cRIO-9057) and
several modules (C Series modules), which allow commu-
nication with the peripheral devices via analogue, serial,
and ethernet data transfer protocols. The operator interac-
tion with the sensor network is demanded to a single NI Lab-
VIEW™ SCADA (supervisory control and data acquisition)
custom application, which provides the user with a global
data overview and a full real-time control over all the instru-
ments parameters via a user-friendly human–machine inter-
face (HMI). In Sect. S2 (Fig. S1), a screenshot of the main
panel of the SCADA application is shown.

2.2 Other equipment for specific applications or
experiments

Aerosols to be used in ChAMBRe experiments can be gener-
ated in different ways, depending on the specific application.
The flow-focusing monodisperse aerosol generator (FMAG;
TSI Inc.; model 1520) can be used to produce monodisperse
particles in the diameter range 0.8–12 µm, starting from both
liquid and solid materials. The MISG is used to produce soot
particles from the controlled combustion of different gaseous
fuels (Vernocchi et al., 2022).

Three nebulizers designed for bioaerosol applications are
also available, namely the Collison nebulizer, the Blaustein
Atomizing Modules (BLAM), and the Sparging Liquid
Aerosol Generator (SLAG), all manufactured and distributed
by CH Technologies, Inc. The performances of the three neb-
ulizers in connection to the injection of viable bacteria in the
chamber have been previously investigated and described in
Danelli et al. (2021).

Bacteria injected inside ChAMBRe can be collected by
different methods. All of the methods described below al-
low us to perform offline analyses. A cylindrical horizon-
tal volume is connected to the chamber by an ISO-KF250
pneumatic valve; this volume can be alternatively opened
or closed without disturbing the inner atmosphere, thanks
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Figure 4. Size distribution of particles in channel A. (a) Background measured without any bacteria injected in ChAMBRe. (b) Particle
population after E. coli injection. The particles inside the rectangular blue region of interest are identified as E. coli.

Figure 5. Temporal trend of E. coli particles inside the chamber;
t = 0 is the injection start. The curve fit is also shown, where β is
the particle loss rate coefficient, and kd is the dilution factor (here
kd = 1.02×10−3 min−1). The error bars are the standard deviations
calculated following the Poisson statistics.

to another ISO-KF250 pneumatic valve. Inside the cylinder,
there is a sliding tray that can be inserted in ChAMBRe by
an external manual control to minimize the risk of contam-
ination. The tray can host up to six Petri dishes (diameter
of 10 cm each) to collect bacteria (or, in general, PBA) di-
rectly by gravitational settling. In addition, bacteria can be
collected on solid medium (i.e. Petri dishes filled with cul-
ture medium) by the active sampling by an Andersen im-
pactor (single-stage Andersen Cascade Impactor; Tisch Envi-
ronmental) working at a fixed airflow of 28.3 L min−1 that is
supplied by a dedicated pump. The impactor is connected to
the chamber by ISO-K flanges. Moreover, bioaerosol can be
collected through a liquid impinger (Flow Impinger, Aquaria
Srl) filled with 20 mL sterile liquid solution. Such a device
can be easily connected to the chamber volume through the
ISO-K flanges. The impinger operates at a constant airflow

of 12.5 L min−1 (e.g. by a low-capacity pump; model LCP5;
Copley Scientific Limited). Finally, aerosol suspended in the
chamber can be also collected on filters (i.e. quartz fibre,
PTFE, and cellulose). Sampling is managed by a low-volume
particulate matter sampler, setting the airflow in the range
10–50 L min−1.

2.3 Equipment to manipulate bioaerosol

A biological laboratory with specific instrumentation for iso-
lating and maintaining bacterial cells culture is part of the
ChAMBRe facility. It has the following instruments:

– A biosafety cabinet and laminar flow hood (Miniflow
Linear Blue Air; Aquaria, Milan, Italy) is used to pro-
vide a contamination-free working environment for the
workers. A laminar flow filters the air and traps dust
particles and microbes for providing a sterile working
environment in the stainless-steel cabinet. The hood is
equipped with HEPA filter and an UV lamp allows the
sterilization of the illuminated surfaces inside the hood.

– The centrifuge MPW-352 MPW MED instruments
(Warsaw, Poland) are used to separate particles from
a homogeneous solution through rotational movement
and centrifugal acceleration, thus causing the sedimen-
tation of its components. The MPW-352 has a swinging-
bucket rotor that swings out when a centripetal force is
applied and holds the pellet at an approximate 90◦ angle
relative to the angle of rotation.

– A Shimadzu 1900 spectrophotometer, designed for liq-
uid samples, is a double-beam UV-Vis device (Shi-
madzu Corporation, Japan) that measures intensity as a
function of the light source wavelength. For each wave-
length of light passing through the spectrometer, the in-
tensity of the light passing through the sample cell is
measured. The biological applications include measure-
ment of substance concentration such as protein, DNA
or RNA, growth of bacterial cells, and enzymatic reac-
tions.
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– A shaker incubator, designed for liquid samples, which
has an orbital rotation movement (SKI 4 ARGOLAB,
Carpi, Modena, Italy), provides a controlled environ-
ment for samples to grow and develop, while also pro-
viding the mechanical agitation to mimic the natural
movement of the cells in their environment. Shaking can
be used to promote the growth and development of cells
and microorganisms to increase the oxygen supply to
the cells. The oxygen is an important factor that can af-
fect the growth and metabolism of cells. By shaking the
culture, it is possible to increase the oxygen supply to
the cells by increasing the diffusion of oxygen into the
media.

– QUANTOM Tx™ microbial cell counter Logos Biosys-
tems, South Korea, is an automated cell counter that
can detect individual bacterial cells in a liquid sam-
ple. The instrument provides the counting of the to-
tal number of cells in the suspension using a fluores-
cent probe. It captures images of fluorescence-stained
cells (10 fields). The optimal concentration range of the
count is 5× 105–5× 108 cells mL−1, and the size range
of the count cells is between 0.3 and 50 µm. To evaluate
the uncertainty of the bacteria count (QTxTOT), we re-
peated the measurement on the same sample 10 times,
and we found a results repeatability of 5 %. This un-
certainty is much higher than the statistical error in the
total counting (assuming the Poisson statistic), and for
this reason, we adopted a 5 % uncertainty for all QUAN-
TOM Tx™ counts. The sample is prepared from the
bacterial suspension in physiological solution immedi-
ately before injection; to count the total number of cells,
three different solutions to 10 µL of the initial suspen-
sion are added, namely Total Cell Staining Dye, To-
tal Cell Staining Enhancer, and Loading Buffer I. The
first solution added is the Total Cell Staining Dye, a
membrane-permeable fluorescent dye, which is capable
of binding to nucleic acids in viable and non-viable cells
and allows the detection of Gram-positive and Gram-
negative bacteria. This probe has an excitation wave-
length of λ= 484 nm, and it emits λ= 504 nm. The sec-
ond solution used is the Total Cell Staining Enhancer to
guarantee a better cell penetration by the probe and to
obtain a uniform background during the images acqui-
sition by QUANTOM Tx™. The sample must be incu-
bated in the dark at 37 ◦C for about 30 min to favour
the penetration of the fluorescent dye into the cells. Fi-
nally, the Loading Buffer I solution is added and used to
uniform the distribution and the sedimentation of bacte-
rial cells in the counting stands. The slide, after being
centrifuged at 300 RCF (relative centrifugal force) for
10 min, is inserted in the specific support in the counter
and then illuminated with a lamp at λ= 470 nm, with a
bandpass of 30 nm. The light power can be set to nine
levels of intensity (labelled from one to nine). In our ex-

periments, the best results are obtained by selecting the
intensity of five to count the total cells.

Bacteria cultivation, injection, monitoring, and
experiments in ChAMBRe

The bacteria strain used so far to perform experiments at
ChAMBRe is Escherichia coli (ATCC® 25922™), which is
Gram-negative bacterio purchased by Thermo Scientific™
Culti-Loops™. E. coli is rod-shaped, about 1–2 µm long, and
about 0.25 µm in diameter (Jang et al., 2017). It is a common
inhabitant of the gastrointestinal apparatus of warm-blooded
animals, including humans. This strain is a non-pathogen
proxies for the typical atmospheric bacteria, which is exten-
sively used as model organisms in microbiology and molecu-
lar biology fundamental and applied studies (Lee et al., 2002;
Lee and Kim, 2003).

The first step of our procedure was to determine the growth
curve of E. coli by recording the optical density (OD) at
λ= 600 nm (OD600 nm) at specific time intervals during the
population’s evolution and measuring the bacteria total con-
centration by the QUANTOM Tx™ and the bacteria vi-
able concentration by standard dilution plating, as detailed
in Sect. S4.

To describe the growth curve of E. coli as a function of nu-
trient depletion, we followed the logistic function model that
has been shown to return the best fit for modelling bacte-
ria growth (Annadurai et al., 2000; Wachenheim et al., 2003;
Akin et al., 2020). The logistic equation is written as

y(t)=
y0

1+ e−b(t−t0)
, (1)

where y indicates the bacteria concentration in the solution,
y0 is the saturation value, b is the maximum specific growth
rate, and t0 is the time at the inflection point.

We followed the growth of E. coli in the suspension cul-
ture for about 8 h from the lag phase to the horizontal asymp-
tote and the values of reduced chi-squared (χ2), y0, b, and t0
of the logistic fit for OD600 nm, QTxTOT, and CFU (colony-
forming unit) (mL−1) are reported in Table 1.

The b values of OD600 nm and QTxTOT are compatible
within their uncertainties, and this result is expected, since
the OD600 nm is an indirect measurement of the total concen-
tration of cells in suspension. The grow rate of CFU (mL−1)
is faster, and the corresponding doubling time (about 19 min)
is compatible with the value reported in the literature (Son
and Taylor, 2021).

To prepare the inoculum for the chamber experiments,
the E. coli is grown in 30 mL fresh TSB (tryptic soy broth)
nonselective medium in a shaking incubator at 37 ◦C and
200 rpm (revolutions per minute), and its growth is followed
by checking the OD600 nm value until the mid-exponential
phase, when OD600 nm ∼ 0.5, 20 mL of this liquid prepara-
tion is centrifuged at 3000 rpm for 10 min. Afterward, the
bacteria pellet, separated by surnatant, is resuspended in a
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Table 1. χ2, y0, b and t0 of the logistic fit for OD600 nm, QTxTOT, and CFU (mL−1).

Logistic 3 parameters OD600 nm QTxTOT (mL−1) CFU (mL−1)

χ2 1.04 1.17 1.17
y0 1.35± 0.01 (212± 8)× 107 (211± 6)× 107

b (min−1) (3.3± 0.1)× 10−2 (3.4± 0.5)× 10−2 (5.2± 0.4)× 10−2

t0 (min) 128± 1 145± 5 151± 2

20 mL sterile physiological solution (NaCl 0.9 %w/v) to
prepare a suspension of approximately 108 CFU mL−1, as
verified by standard dilution plating. To retrieve the bacterial
concentration, the average of CFU counting on agar plates
and the uncertainty are calculated following the metric de-
scribed in Sect. S4.

For the experiments performed at ChAMBRe, the typical
bacterial concentration in the inoculum is 107 CFU mL−1.
To reach this concentration, a further dilution step is needed
(i.e. typically 1 : 10 or 1 : 5) before the injection (see Mass-
abò et al., 2018, for details).

The concentration of the solution to be injected inside
ChAMBRe is also controlled in terms of total cells (mL−1)
by QUANTOM Tx™ microbial cell counter. The sample is
prepared from the bacterial suspension in a physiological so-
lution. In each single analysis, QUANTOM Tx™ acquires
10 visual fields of the slide’s counting chamber, which cor-
respond to an approximate volume of 0.09 µL to retrieve the
bacterial count. To evaluate if the exposure of QUANTOM
Tx™ lamp degrades the fluorescent probe (photobleaching)
of the total cells, we repeated the total cell counts by insert-
ing and ejecting the same sample 10 times. The total count
probe did not show a particular sensitivity to the exposure to
the QUANTOM Tx™ lamp, and the coefficient of variation
turned out to be less than 5 %. Further details on the use of
QUANTOM Tx™ counter are given in Sect. S5.

The bacteria suspension, properly diluted, is injected into
the chamber volume mainly by using the Sparging Liquid
Aerosol Generator, SLAG, which ensured the better repro-
ducibility in earlier tests (Danelli et al., 2021). The injec-
tion phase typically lasts 5 min. Injection airflow and dura-
tion are automatically controlled by a mass flow controller
(Bronkhorst; model F201C-FA) managed via SCADA. In
this way, 2 mL of the bacterial suspension are nebulized in-
side ChAMBRe.

Experiments with E. coli have been performed by active
sampling via the Andersen impactor. The sampling time was
progressively increased after the injection to collect a suit-
able number of CFUs. Sampling times during E. coli experi-
ments are summarized in Table S2 in the Supplement.

After the experiments in the simulation chamber, the plates
sampled are incubated at 37 ◦C for 24 h. The CFUs are then
counted, and in the experiments conducted by active sam-
pling, the CFU (cm−3) are calculated.

The possible correlation between bacteria viability and air
quality can be investigated in terms of change in bacteria
viability due to the exposure to atmospheric pollutants. Ef-
fects on bacteria viability are compared in relation to “base-
line experiments”. In a baseline experiment, the viability of
airborne bacteria is measured at atmospheric pressure, with
temperatures around 20 ◦C and with relative humidity around
60 %. Such values have been chosen to reproduce an envi-
ronment suitable for the survival of bacteria (Dunklin and
Puck, 1948; Cox, 1966; Benbough, 1967). During baseline
experiments, the bacteria’s viability depended on their char-
acteristics and experimental procedures only. The baseline
was assessed both in dark (solar simulator off) and light (so-
lar simulator on) conditions. With light conditions, the so-
lar simulator was used with the AM1.5 filter mounted (see
Sect. 2.1) to reduce the UV radiation; several experiments
were replicated with the solar simulator lamp intensity set at
105 % and 80 % of the nominal value (i.e. the maximum and
minimum intensity level which guarantees stability without
using neutral filters). Baseline experiments (see Sect. 3) were
also particularly important to assess the reproducibility and
hence the sensitivity of the whole procedure.

The baseline assessment was followed by a set of ex-
ploratory experiments with E. coli exposed to selected pol-
lutants. We measured the possible bacterial viability changes
due to the exposure to atmospheric conditions typically met
in polluted urban areas. So far, E. coli was exposed to dif-
ferent concentrations of NO and NO2, which are two of the
most common pollutants emitted by vehicular and ship traffic
(Seinfeld and Pandis, 1998; Monks et al., 2009; Pöschl and
Shiraiwa, 2015).

3 Results

The experiments performed to investigate the possible ef-
fects on bacteria viability due to the exposure to atmospheric
pollutants were conducted by following the same procedure
adopted to assess the baseline and introducing the specific
pollutant inside ChAMBRe. During gas pollutant experi-
ments, NO or NO2 concentration was kept constant, thanks
to the feedback control system described in Sect. 2.1.3.
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3.1 Baseline experiments with E. coli in dark
conditions

E. coli behaviour in a set of eight replicated experiments,
led from separate cultures, was first determined in dark con-
ditions. The average total concentration and standard de-
viation of E. coli inside the chamber at t = 0 (3 min af-
ter the conclusion of the injection to allow proper mix-
ing or homogenization inside the ChAMBRe volume) was
(0.34± 0.08) cells cm−3, as measured by the WIBS; the av-
erage viable concentration and standard deviation, deter-
mined by the Andersen impactor sampling at t = 0, was
(0.04± 0.02) cells cm−3. The viable concentration at t = 0
was obtained by measuring the CFUs on three Petri dishes
consecutively sampled; the coefficient of variation on the
CFUs collected on the three Petri dishes had results equal
to 12 %.

The average ratio and standard deviation of viable : total
(V :T in the following) bacteria concentration inside ChAM-
BRe at t = 0 turned out to be V :T= (0.13± 0.07). The to-
tal and viable bacteria concentration values measured inside
ChAMBRe depended on the V :T ratio in the inoculum to
be injected (biological effects between each bacteria culture)
and on the aerosolization process affecting the bacteria via-
bility. The bacteria viable concentration in the inoculum was
determined via standard dilution plating, while the bacteria
total concentration was calculated by the QUANTOM Tx™.
During baseline experiments, the V :T ratio of the inoculum
ranged between 0.25± 0.03 and 0.50± 0.06. Time trends of
the averaged total and viable concentration of the bacteria,
nebulized inside ChAMBRe, are shown in Fig. 6. Bacteria
lifetime in ChAMBRe can be calculated by fitting the data of
each experiment with an exponential function as

C(t)= C0e
−
t
τ , (2)

where C0 is the total or viable concentration of E. coli just
after the injection (t = 0), and τ is the total or viable bacteria
lifetime, respectively. In Table 2, the average and standard
deviation of C0 and τ for the E. coli total and viable concen-
tration of eight experiments are reported.

The total E. coli average lifetime is about 153 min; this
value agrees with data reported in Massabò et al. (2018) for
generic aerosols, with particles in the same size range of
E. coli (1–2 µm) and τ = 2–3 h. The viable E. coli average
lifetime is about 32 min, lower than the aerodynamic life-
time, thus indicating the difficulty this microorganism has in
surviving in the atmospheric medium.

3.2 Experiments with E. coli and NOx in dark
conditions

A preliminary check was performed exposing the E. coli
to O3, which is recognized to be a strong antimicrobial
agent (Kim et al., 1999; Thanomsub et al., 2002; Giuliani
et al., 2018); hence, the expected result was a complete

Figure 6. Time trend of E. coli average bacteria total (blue) and
viable (red) concentration inside ChAMBRe obtained by eight rep-
etitions of baseline experiments.

Figure 7. Time trend of the V :T ratio for E. coli in the baseline
(black) and in the experiments with ChAMBRe maintained at a con-
stant concentration of NO2 (900 ppb red and 1200 ppb blue) and NO
(900 ppb in dark red and 1200 ppb in grey).

viability loss. The exposure of bacteria to O3 (concentra-
tion> 1000 ppb) resulted in a complete cell mortality, as ex-
pected. The initial condition immediately after the injection
was V :T= (0.03±0.01), and no CFUs were collected in any
of the following sampling activities (starting 30 min after the
injection).

In another experiment, bacteria were exposed to NO2 and
NO concentrations, with 900 and 1200 ppb for both the pol-
lutants. The exposure of bacteria to such pollutants showed a
V :T reduction. The average results, obtained in a set of eight
experiments led from separate cultures, are shown in Fig. 7.

The quantitative reduction in the E. coli lifetime, due to
the exposure to pollutants, can be evaluated considering the
V :T ratio and fitting the data with an exponential curve, as
previously described; the results are shown in Table 3.
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Table 2. C0 and τ (average± standard deviation) of the exponential fit for total and viable concentration of E. coli.

Exponential function Total E. coli Viable E. coli

C0 (0.33± 0.08) cells cm−3 (0.04± 0.02)CFU cm−3

τ (min) 153± 22 32± 5

Table 3. Initial values and τ (average and standard deviation) of
the exponential fit for V :T ratio of E. coli at different pollutant
concentrations.

Exponential function (V :T t = 0) τ (min) Experiment no.

Baseline 0.13± 0.07 40± 5 8
NO2 900 ppb 0.11± 0.02 25± 2 2
NO2 1200 ppb 0.06± 0.02 11± 2 2
NO 900 ppb 0.05± 0.01 26± 3 2
NO 1200 ppb 0.10± 0.02 25± 4 2

E. coli average lifetime in baseline experiments, calculated
on the V :T ratio, turned out to be about 40 min. The expo-
sure of E. coli to NO2 reduced the lifetime to about 25 and
11 min, with a concentration of 900 and 1200 ppb, respec-
tively. The exposure to 900 and 1200 ppb of NO decreased
bacteria lifetime to 26 and 25 min, respectively, and the val-
ues are similar to the value obtained with the lowest NO2
concentration. The increase in the NO concentration did not
correspond to a decrease in the E. coli viability, as observed
with NO2; these results suggest a greater toxic effect of NO2
than of NO on E. coli. The literature regarding a comparison
of the toxic effects of NO and NO2 on E. coli is poor. Some
research articles have demonstrated negative effects of these
two gases on bacterial strains. Kosaka et al. (1986) found a
decrease in E. coli viability with increasing NO2 concentra-
tion. Janvier et al. (2020) highlighted a significant adverse
effect of NO2 on some commensal skin bacterial strains.
Mancinelli and McKay (1983) found that a low concentra-
tion of NO is bacteriostatic for some organisms but not for
others. It is worth noting that NO has a strong antimicrobial
property, as it is an endogenously produced molecule that is
critical for critical infection defence (Fang, 1997), although
some bacteria are able to escape this NO action (Privett et
al., 2012).

3.3 Experiments with E. coli and solar simulator

E. coli behaviour when exposed to light was determined in
a set of dedicated baseline experiments. No significant dif-
ferences in the results appeared when changing the inten-
sity of the solar simulator operated with the AM1.5G filter,
and the data with a solar simulator intensity of 100 % are
reported here. After the injection, the average total concen-
tration of E. coli reached inside the chamber was (0.30±
0.03) cells cm−3, which is compatible with the dark base-
line, while the average viable concentration was (0.019±

Figure 8. Time trend of the V :T ratio for E. coli in the dark baseline
(dark blue) and light baseline (red) experiments.

0.005) cells cm−3 and lower than what was obtained in dark
experiments. The consequent V :T ratio was (0.06± 0.02).
The viable concentration collapses quickly, reaching zero af-
ter 30 min. The comparison between V :T ratio obtained for
dark and light baseline is shown in Fig. 8.

These results indicate a significant decrease in bacte-
ria viability due to their exposure to solar radiation. The
behaviour, here evaluated in an atmospheric environment,
agrees with observation in water environments reported in
several works (Whitman et al., 2004; Jozić et al., 2014; Ti-
wari et al., 2022); the solar radiation is indicated to be an abi-
otic factor, with the negative effect of bringing some bacteria
strains, among which are E. coli, into a temporary inactiva-
tion or non-cultivable state.

4 Discussion, conclusion, and perspectives

The main result presented in this work is the assessment
of a multi-step and well-controlled protocol to perform ex-
periments on the impact of air quality on bacteria viability
by an atmospheric simulation chamber, which is ChAMBRe
in this case. Even if the chamber configuration is still in
progress and several new pieces of equipment will be de-
ployed at ChAMBRe in the near future, the present set-up
opens the possibility of systematic studies. The average τ of
the V :T ratio of eight baseline experiments was 40 min, with
a standard deviation of 5 min; the coefficient of variation of
13 % corresponds to the experimental sensitivity to changes
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in E. coli viability due to exposure to pollutants and/or other
relevant parameters. The baseline reference must be exper-
imentally determined for each bacteria strain, and efforts
are planned to repeat the observation with Bacillus subtilis,
Bacillus spizizenii, and Pseudomonas fluorescens in the near
future. It is worth noting that the experimental protocol re-
turns the lifetime of total and viable bacteria injected in the
chamber. The figure for total bacteria corresponds to the
aerodynamic behaviour of aerosol of diameter around 1 µm,
as already reported in Massabò et al. (2018), while the life-
time of the viable bacteria is much shorter (about half an
hour) due to the difficulty of this microorganism has in sur-
viving in the atmospheric medium. Such a shorter lifetime
posed clear constraints on the first experiments, with the ex-
posure of E. coli to NOx inside ChAMBRe. A time window
of 2 h after the bacteria injection was considered to observe
the behaviour of E. coli viability, and it was possible to quan-
tify a lifetime reduction, in dark conditions, that are clearly
related to the NO and NO2 concentration inside ChAMBRe.
These findings pave the way for systematic studies that in-
clude other bacteria strains and pollutant species. With E. coli
exposed to the light produced by the solar simulator oper-
ated with the AM1.5 filter, the viability that resulted was very
short, even in the baseline conditions, and therefore, no fur-
ther experiment with pollutants was performed. With other
bacterial strains, the impact of light on viability will have to
be reinvestigated.

It is well known in the literature that the viable but non-
culturable condition (VBNC) is a survival strategy of many
bacteria in the environment in response to adverse environ-
mental conditions (e.g. solar radiation). There is a growing
scientific interest in studying VBNC cells, including to un-
derstand novel public health implications of VBNC cells. In
our simulated experiments, we are investigating alternative
methods to detect bacterial viability and VBNC state, such
as “live and dead staining” by fluorescence microscopy. This
assay can be used to monitor the viability of bacterial popula-
tions as a function of cell membrane integrity using different
fluorescent dyes.

Further experiments with “flow cytometry” could certainly
be more beneficial not only to enumerate live and dead bac-
teria but also to evaluate the health and viability of bacterial
cells by determining the activity of bacterial oxidases and re-
ductases.
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