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Airborne biological particles, such as pollen, fungi, bacteria, viruses, and plant or animal detritus, are
known as bioaerosols. Understanding bioaerosols’ behavior, especially their reaction to pollutants
and atmospheric conditions, is crucial for addressing environmental and health issues related to

air quality. Such complex investigations can benefit from experiments in controlled but realistic
environments, such as the Atmospheric Simulation Chamber facility ChAMBRe (Chamber for Aerosol
Modeling and Bio-aerosol Research). In this work, we report on the results of several experiments
that were conducted at ChAMBRe using three strains of bacteria: E. coli, B. subtilis, and P. fluorescens.
The goal of these experiments was to quantitively study how the culturability of these bacteria is
affected by exposure to NO, NO,, and light. The experimental approach was simple but carefully
controlled: before being introduced into ChAMBRe, the bacteria samples were characterized using
three different methods to determine the ratio of viable to total bacteria. The bacteria suspension was
then aerosolized and introduced into ChAMBRe, where it was exposed to two different concentrations
of NO and NO,, in dark conditions and with simulated solar radiation. The culturability of the bacteria
was assessed by collecting bacteria samples directly onto Petri dishes by an Andersen impactor at
various time intervals after the end of injection. Finally, the formed bacteria colonies were counted
after 24-48 h of incubation to measure their culturability and the temporal trend. The results show a
reduction of culturability for all bacteria strains when exposed to NO, (from 50 to 70%) and to high
concentrations of NO (i.e. around 30% at more than 1200 ppb) at concentration values higher than
the typical urban ambient values. Even higher effects were observed exposing the bacteria strain to a
proxy of solar light. The findings show how atmospheric simulation chambers help the comprehension
of interactions between pollutants and bioaerosols in controlled atmospheric environments.

Air pollution presently constitutes the foremost environmental hazard to human health, whether indoors and
outdoors, by chemical, physical, or biological agents that alter the natural properties of the atmosphere!. Outdoor
and indoor air pollution contribute to respiratory and cardiovascular disorders, affect the central nervous system,
and are significant sources of morbidity and mortality. Consequently, there is an increasing political, journalistic,
and economic focus on air quality concerns, and public health threats will garner heightened attention in the
forthcoming years. Mitigating air pollution and its effects necessitates a comprehensive understanding of its
origins, the mechanisms of pollutant transport and transformation in the atmosphere, the temporal changes
in atmospheric chemical composition, and the repercussions of pollutants on human health, ecosystems, and
climate.

As a result, there is a growing interest in characterizing bioaerosols and in the factors influencing the
distribution and microbial diversity, particularly due to their impact on the climate and human health. It
has been suggested that up to 25% of atmospheric aerosol may be made up of materials of biological origin?.
Bioaerosols consist of various components, with bacterial species being one of the most significant. According
to their natural habitats, including woods, mountains, farms, and cities®, airborne bacteria have a cell count of
between 10* and 10® per cubic meter?; their species diversity varies complexly, exhibiting great diversity™>®.

These bacteria mainly originate from natural sources like soil’, water, plants, and human activities such as
crop cultivation, livestock operations and biomass burning activities®® and contribute significantly to ecological
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balance and atmospheric processes. As a matter of fact, studying the viability of airborne bacteria is crucial for
environmental and public health reasons: in particular, the ice nucleation activity of some airborne bacteria,
which are mostly phytopathogens, can induce cloud and ice formation, leading to precipitation'®!!. This can
have an impact on climate and the dispersion of microbial biogeography: viable bacteria contribute to nutrient
cycling and may play roles in processes like carbon sequestration or nitrogen fixation when deposited on new
environments'2. In recent years, several studies have reported that airborne microorganisms can cause diseases
in animals and humans, including respiratory and skin diseases'®!%. Certain bacteria, such as Mycobacterium
tuberculosis and Legionella pneumophila, can become aerosolized and lead to infections!>!®. In addition, knowing
how long bacteria remain viable in the air aids in understanding transmission dynamics, in risk assessment and in
the formulation of disease control strategies in crowded places like hospitals, schools, and public transportation.
Finally, because bioaerosol can alter the oxidative potential of the harmful compounds found in airborne PM
(Particulate Matter), it can alter the toxicity of PM!7:1%,

The relationship between bacteria and other organic and inorganic atmospheric components determines
bacterial viability!*-?% this means that different environmental conditions have an impact on the survivability of
bacteria. The most researched variables with abiotic or biotic effects include temperature, relative humidity (RH),
wind and UV radiation exposure?’. Higher temperatures and moderate RH levels often favour bacterial survival
and growth. However, extremes in temperature or relative humidity that fall outside of the ideal range can lead
to decreased viability and higher vulnerability to environmental stresses?®. A study showed that S. aureus have
significantly lower survival rate in the aerosol at RH above 60%2°. Exposure to UV radiation drastically decreases
the viability?®. In a broader view, bacteria viability can be influenced by solar radiation; they can show different
tolerances to damaging radiation and both positive and negative effects of solar radiation exposure are reported
in the literature. Negative effects are both direct and indirect, especially due to the UV fraction of the radiation.
UVB radiation induced cellular damages on DNA/RNA, such as the formation of photoproducts starting from
the nucleic acid or strand breaks and base modifications?”. UVA and visible radiation are responsible for oxidative
stress by ROS (Reactive Oxygen Species) generation which lead to different DNA lesions. However, the UVA can
be also responsible for the activation of photolyase, a repair enzyme involved in photoreactivation®®?°. Additional
investigations demonstrated a correlation between nanoparticles discharged into the environment and bacterial
viability. Silver nanoparticles (AgNPs), utilized as antiseptics and medical treatments, have been shown to exhibit
toxicological effects on diverse organisms, including bacteria, fungi and algae®*-*2. Environmental stressors on
bacteria can also induce the viable but not culturable (VBNC) state: it refers to a state in which bacteria are alive
but cannot be grown on standard laboratory culture media*>. VBNC is a survival strategy for bacteria in harsh
environments, such as nutrient deprivation, extreme temperatures, osmotic shock, oxidative stress and UV
irradiation enabling them to withstand adverse conditions until conditions become favourable again®*. VBNC
bacteria elude detection by standard plate counting methods (the culturability), resulting in an underestimation
of possible microbiological hazards®®. The examination of bacterial viability in the atmosphere is intricate owing
to the dynamic and diverse nature of aerial environments; experiments conducted in controlled conditions,
such as an Atmospheric Simulation Chamber (ASC), can facilitate the investigation of these factors’ effects on
bacterial viability. ASC provides a controlled environment for researchers to mimic atmospheric conditions
and study airborne bacteria behaviour, survival, and interactions in a laboratory setting The ASCs are used to
examine the effect of bioaerosol on ice nuclei activity. In light of the public health concerns linked to bioaerosol
contamination and the numerous uncertainties regarding the survival and transformation of bioaerosols,
including bacteria, in the atmospheric environment, recent innovative chamber studies have commenced to
tackle these challenges®”?°. Specifically, our facility Ch AMBRe (Chamber for Aerosol Modelling and Bio-aerosol
Research)*®, provides a consistent and expedited methodology that bridges in vivo and in vitro studies for the
examination of biological systems. Our experimental modelling employs living organisms to replicate biological
processes under controlled conditions.

Here, we present the results of a set of experiments which investigated the effects of different concentrations
of NO and NO,, in dark conditions and of simulated solar radiation, on the survival of three bacterial
strains: E. coli, B. subtilis and P. fluorescens. These two gases were selected as they are products of combustion
processes, predominantly generated by transportation, energy generation, household heating and cooking, and
manufacturing facilities; their concentration serves as a significant indicator of anthropogenic activity. NO,
significantly contributes to smog and fine particulate matter generation, acting as a catalyst for tropospheric
ozone and as a precursor for secondary inorganic aerosols, and is associated with respiratory and cardiovascular
disorders®. The study aims to offer insights how an ASC can be an instrument to study the bacteria viability and
how high concentrations of NO and NO, and light affect the bacteria culturability.

Material and method
Bacteria strains and techniques of inoculum characterization
Threebacteria strains, Escherichia coli, Bacillus subtilis,and Pseudomonas fluorescens, widely used in biotechnology
and research, have been selected. These prokaryotic cells were chosen because they are easy to propagate and
study in the laboratory and they are model organisms used to study biological systems*. In addition, they can
also be found in the air due to soil resuspension or human activities*!~*3. The details of the bacteria strains used
are reported in Supplementary Material (S2).

To prepare the bacteria suspension for the chamber experiments, each bacteria strain was grown in
30 mL of broth; specifically, tryptic soy broth (TSB) was used for E. coli and B. subtilis, while P. fluorescens
required nutrient broth (NB). Bacteria culture is incubated into a shaker incubator (SKI 4 ARGOLAB, Carpi,
Modena, Italy) for the time needed to reach the desired OD, usually between 1 and 2 h. The shaking speed is
200 rpm while the temperature depends on the bacteria strain (37 °C for E. coli and B. subtilis and 25 °C for P
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fluorescens). The growth was continuously monitored by measuring the absorbance at1=600 nm (OD with
a spectrophotometer (Shimazu 1900) until it reached the logarithmic (log) phase (around 0.5-0.6).

At this point, 20 mL of the bacteria suspension were centrifugated (B. subtilis and E. coli at 3000 rpm for
10 min; P, fluorescens at 5000 rpm for 10 min) and resuspended in 20 mL of sterile physiological solution (NaCl
0.9%).

The purpose of preparing the bacteria suspension is to ensure the maximum number of viable bacteria and
to determine the ratio of viable to total bacteria before injection into the chamber. Three different methods were
used to collect these data: the first one was to count the Colony Forming Unit (CFU) on agar plates. Four Petri
plates were prepared with two different dilution levels (two plates for each dilution level). The number of CFUs
was then averaged to determine the bacterial concentration in the solution, along with its statistical uncertainty
(standard error of weighted mean). The dilution levels for plating were 107> and 107> for E. coli and B. subtilis,
and 107>° and 107 for P, fluorescens. This technique required at least 24 h of incubation (37 °C for E. coli and B.
subtilis and 25 °C for P. fluorescens) before CFU counting became possible, and the results were known the day
after the injection into the chamber. The second method involved an automatic cell counter, the QUANTOM
Tx™ (QTx) from Logos Biosystems (https://logosbio.com/quantom-tx/). The QTx is a computerized cell counter
that uses images to detect and quantify individual bacterial cells. The system automatically captures and analyzes
several photos of fluorescence-stained cells to detect bacterial cells. Using two different stains, SYTO 9 and
Calcein AM (CAM), the QTx can count total and viable cells, respectively. For each count, we perform replicates
measuring two slides for each sample. The primary constraint of QTx is the viable dye: the CAM can be used to
detect live cells, but its capability for Gram-negative bacteria is limited*-*’.

To address the limitations of the two previous techniques, a fluorescence microscopy approach was also
pursued. The technique allowed us to choose the proper dyes and count the viable and total bacteria with high
accuracy before the start of injection. The kit used for the experiments was the LIVE/DEAD BacLight Bacterial
Viability Kits (Molecular probes by Thermo Fisher Scientific Waltham, Massachusetts, USA)*. The kit contains
SYTO 9 dye (for the total cells) at a concentration of 3.34 mM (Component A) in 300 pL of DMSO solution,
and Propidium iodide (PI) (for the dead cells) at a concentration of 20 mM (Component B) in 300 pL of DMSO
solution. Finally, the live cells can be retrieved by the ratio between dead and total cells.

To perform the LIVE/DEAD test, the bacteria solution was diluted by a factor of 10 to prepare the sample
and then stained with a mixture of Components A and B in a 1:1 ratio. After staining, the sample was incubated
at room temperature for 10-15 min and protected against light. After the incubation period, a 10 pl sample was
placed in a Thoma counting chamber, and the concentration of viable and total bacteria was determined using an
optical fluorescence microscope (BX43F EVIDENT Europe GmbH, Hamburg, Germany). The images captured
by the microscope were analyzed using Fiji Image] software 2.9 (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA). The complete procedure carries out about 20 min, obtaining information about the
injection solution (viable to total ratio) before injecting the bacteria into the atmospheric simulation chamber.

600nm)

Bacteria injection in ChAMBRe and experiments setup

Experiments were performed in the ChAMBRe ASC: it is an indoor stainless-steel chamber, with a volume of
about 2.2 m?. The chamber equipment is described in3®4°->!, The whole experimental procedure is described
in®!, with proper tuning for each different bacteria strain. Here, we briefly summarize the procedure.

The bacteria in the physiological solution were introduced into the chamber volume using the Sparging
Liquid Aerosol Generator (SLAG, CH Technologies) with a 0.75"” diameter porous disc and nominal pore size of
2 um®2, which improved the consistency of results in previous experiments*!. 2 mL of the bacterial suspension
with a syringe pump flowrate of 0.4 ml min~! were dripped onto the SLAG porous stainless-steel disk and
nebulized inside ChAMBRe.

After the injection, bacteria total concentration was monitored continuously by WIBS-NEO (Droplet
Measurement Technologies’) and bacteria culturable concentration was determined by collecting bacteria directly
in Petri dishes using an Andersen impactor (Single Stage Andersen Cascade Impactor, TISCH Environmental
working at a fixed air flow of 28.3 Ipm) at various time intervals. The initial time of the experiment (t=0) is
three minutes after the end of injection: this time window was selected as it is the necessary time for the injected
liquid solution to mix and achieve homogeneity inside the ChAMBRE’s volume; as reported in®, the mixing
time of ChAMBRe is about 2 min, keeping the mixing fan on at a constant rotation speed of 5 Hz (selected for
our experiments). The data produced by WIBS were examined offline using an internally built software tool, as
detailed in®!. The program enabled us to reduce data and isolate the bacterial signal by analyzing the scatterplot
(intensity fluorescence against particle size) and choosing the region of interest (ROI) pertaining to bacteria.
The scatterplots and ROIs of all bacteria are reported in the figure S1 of Supplement. Furthermore, the Andersen
impactor has 400 orifices and deposits the aerosol in specific patterns on the plate. To minimize the likelihood of
multiple bacteria landing on the same locationthe bacterial concentration in the chamber and sampling duration
were set to achieve a maximum of 200 colonies on each petri dish. Additionally, during the initial sampling,
which exhibited elevated bacterial concentrations in ChAMBRe, three Petri dishes were sampled in succession,
and the CFU was averaged; the coefficient of variance for the CFUs obtained from the three Petri dishes was
less than 20% for all experiments. The sampling times for all experiments are documented in the table S1 of
Supplement. Each Petri dish, collected by Andersen impactor, was incubated at 37 °C for 24 h for E. coli and B.
subtilis and 25 °C for 48 h for P, fluorescens.

The correlation between bacteria culturability and air quality can be studied by examining the impact of
atmospheric conditions on bacteria culturability compared to “baseline experiments” (i.e. without any pollutant
inside ChAMBRe, see Section “Baseline experiments”). The conditions of baseline experiments, chosen, were
approximately 21 °C ambient temperature, ambient pressure, about 400 ppm of CO, (ambient concentration),
about 60% relative humidity (RH) and dark conditions. These conditions were selected because bacteria
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generally thrive in moderate temperatures; most pathogenic bacteria prefer temperatures between 20 °C and
40 °C%. Extremely high or low temperatures can inhibit bacterial growth or kill bacteria. Secondly, bacteria
tend to survive longer in environments with higher relative humidity (at or above 60%)>*. Finally, ultraviolet
(UV) light from the sun is detrimental to bacterial survival. Bacteria are more viable in indoor environments or
shaded areas where they are less exposed to UV radiation®”.

For each bacterial strain, we conducted several experiments by varying the concentration of NO and NO, (900
and 1200 ppb) in ChAMBRe and comparing the results with those obtained under baseline conditions. These gas
concentration values have been selected to expose the bacterial strain to arbitrary pollutant concentration values
about 9-12 times higher than the maximum hourly ambient limits (200 ug m~* NO, ppb, P9_TA(2024)0319,
European Parliament legislative resolution of 24 April 2024). This choice aims to favour the interactions between
bacteria, gaseous species and light, making them observable within the experimental timeframe to maintain
viable bacteria suspended in ChAMBRe. The gas concentration inside the chamber was kept constant by a
control system based on a real-time NOx gas monitor (ENVEA-AC32e) as described in°!.

We also performed experiments in light conditions, using a custom solar simulator manufactured by
Sciencetech Inc.™ and installed on the top of the upper dome of the chamber. Using a special filter (AM1.5G
3x3” air mass filter; Sciencetech Inc.™) simulating the optical absorption of the atmosphere, the irradiance
spectrum inside the chamber is similar to the Sun irradiance spectrum measured at geographic coordinates
(44.403°N 8.972°F, 40 m a.s.l.) nearby European latitudes®'. The irradiance spectrum of solar simulator and Sun
at our geographic coordinates is reported in figure S2 of supplement.

At the end of each experiment, the chamber volume is pumped down to 1072 mbar by a vacuum pump
system including a TRIVAC" D65B rotary pump and a RUVAC WAU 251 root pump. Then, ChAMBRe is
refilled with ambient air filtered by a multi-stage filtration system. This cleaning procedure ensures that there
is no contamination during experiments; we periodically check the level of cleanling given by the procedure
performing Andersen sampling in the absence of bacteria. If needed, an UV lamp (W =60 W;1=253,7 nm; UV-
STYLO-F-60 H, Light Progress s.r.1.) can be used for an higher sterilization level.

Results and discussion

Characterization of injection liquid

The average results of inoculum characterization for each experiment, conducted using the three techniques
described earlier, are depicted in Fig. 1.

For all experiments, the average ratio of viable to total cells, determined using live and dead dyes and
fluorescence microscopy (V/T}), was found to be over 90% for all bacterial strains. This confirmed that during
the log phase, the bacteria are predominantly alive. The average ratio of CFU to viable cells (CFU/Vy), as
measured by fluorescence microscopy, was about 80%. This suggested that approximately 20% of viable cells
were viable but non-culturable (VBNC) cells, which means they are live bacteria that do not grow or divide®.
When using fluorescence microscopy and QTx (T ) to measure total cell counts, there was a partial agreement
for B. subtilis, with an average ratio and standard deviation of (72 £ 14) %. However, for E. coli and P. fluorescens,
the QTx overestimated the bacteria by a factor of about 5 and 2, respectively. These two Gram-negative bacteria
are smaller than B. subtilis, and the QTx’s cell detection and de-clustering algorithms were not able to separate
the bacteria from, for example, dye fragments. Finally, the ratio of viable to total cells, measured with QTx, was
compatible with the value obtained with the Thoma chamber for B. subtilis, the only Gram-positive bacteria in
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Fig. 1. Average and standard deviation of the ratio of V /Ty, (viable and total cells measured by fluorescence
microscopy), CFU/V, (CFU and viable cells measured by fluorescence microscopy), Tp/T (total cells
measured by fluorescence microscopy and QTx, respectively) and VQ/TQ (viable and total cells measured by
QTXx) of all bacteria strains.
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Fig. 2. Time trend of the average concentration of B. subtilis bacteria, both total (blue) and culturable (red),
inside the ChAMBRe was obtained by five repeats of baseline tests.
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Fig. 3. Time trend of the average concentration of P, fluorescens bacteria, both total (blue) and culturable (red),
inside the ChAMBRe was obtained by four repeats of baseline tests.

our experiments. It was not possible to show the V /T, ratio for Gram-negative bacteria because the viable dye
used by QTx is not suitable for this type of bacteria, as mentioned above.

Baseline experiments

For each bacteria strain from separate cultures, several baseline experiments were conducted: the results in
terms of total concentration (cells m~3), measured by WIBS, and culturable concentration (CFU m~?), obtained
by counting the CFU on Petri dishes, collected by Andersen impactor, for B. subtilis, P. fluorescens and E. coli are
reported in Figs. 2, 3 and 4.

The values of total cells at t=0 of all bacteria strains are compatible within the uncertainties: the average
and standard deviation of cells concentration is (4.4+1.0)-10° m~3 and (4.2+1.3)-10° m~3 for B. subtilis and
P fluorescens respectively (in agreement with (3.4+0.7)-10° m~3 for E. coli reported in°!). That means that the
injection procedure of bacteria inside the chamber is robust and well repeatable. The cuturable cells (CFU
m~3) at t=0 of all bacteria are significantly lower than the corresponding total cells: the average and standard
deviation of CFU cm™ of P. fluorescens is compatible, within the uncertainties, with the value of E. coli reported
in®! ((3+1)-10* m~2 and (4£2)-10* m~3, respectively). In contrast, the culturable cells of B. subtilis drop down
by a factor of 10 ((3+1)-10° m3). It is worth knowing that the bioaerosol generators exert mechanical stress on
bacteria during aerosolization, leading to the cell membrane’s rupture and the release of genomic DNA**7. The
more reduced culturability of B. subtilis, compared to E. coli and P. fluorescens, at t=0 can be attributed to the
distinct characteristics of their bacterial cell membranes: Gram-positive bacteria, in contrast to Gram-negative
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Fig. 4. Time trend of the average concentration of E. coli bacteria, both total (blue) and culturable (red), inside
the ChAMBRe was obtained by eight repeats of baseline tests.

Total B. subtilis Culturable B. subtilis
G, (4.240.9)-10° cellsm™3 | (3+1)-10> CFUm™?3
t (min.) | 115+20 36+4

Culturable P.

Total P. fluorescens Sfluorescens
C, (4.5+1.3)-10° cells m™3 | (3+2)-10* CFUm™3
t (min.) | 400+80 19+1

Total E. coli Culturable E. coli
C, (3.3+0.8)-10° cells m™? | (4£2)-10 CFUm*
t (min.) | 150+22 3143

Table 1. C and t (average + standard deviation) of the exponential fit of five, four and eight baseline
experiments for total and culturable concentrations of B. subtilis, P. fluorescens and E. coli, respectively.

bacteria, lack an outer lipopolysaccharide membrane and the cell membrane and respiratory chain are the two
locations susceptible to damage during the aerosolization process®®.

In order to determine the lifetime of both total and culturable bacteria, the data were adjusted for the dilution
factor, taking into account the flow rate of the WIBS instrument (0.3 L min~!) and the duration of Andersen
sampling to collect appropriate CFUs on Petri dishes (reported in the Supplement). Finally, the data of each

experiment are fitted using the exponential function:
C(t)=Coe 7 1)

where C is the total or culturable bacteria at t=0 and t is the total or culturable lifetime. The equation used
to determine the lifetime of total bacteria in ChAMBRe is the same adopted in?. Furthermore, the identical
equation may also be used for culturable bacteria. Specifically, the inactivation kinetics of culturable bacteria
can be accurately represented by the well-established exponential inactivation equation formulated by*®. This
equation is also suitable for modelling the inactivation kinetics of single-strain populations, as suggested by®.
Finally, our experimental results demonstrate a high level of concurrence with Eq. (1), which assumes a constant
reduction rate of culturable bacteria rate. However, more complex models could not be evaluated using the
available dataset.

The average and standard deviation of C; and t of B. subtilis and P. fluorescens are reported in Table 1.
These values can be compared with the results of E. coli (reported in®!) and, shown here in Table 1 to make the
comparison easier.

The total B. subtilis, P. fluorescens and E. coli average lifetime is around 115, 400 and 150 min respectively;
these values agree with the data reported in*® where, for particles in the size interval 0.7-3 pum, the lifetime in
ChAMBRe ranges from 1 to 7 h. In addition, at t =0 and during all experiments, The WIBS data showed particles
with an optical diameter of less than 2.5 pm, suggesting a low aggregation level (figure S1). In other words, these
numbers depend essentially on the fluid dynamics inside the confined ChAMBRe environment.

The average culturable lifetime of B. subtilis and E. coli is similar, but P. fluorescens has an average culturable
lifetime that is about half as long. In general, the average culturable lifetime for all bacteria is shorter than their
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average total lifetime, indicating that these cells struggle to survive in the air. The lifetime of culturable bacteria
can be tentatively corrected for wall losses by considering the total lifetime, obtained by WIBS data, for each
bacteria strain inside ChAMBRe. The final adjusted lifetime for culturable bacteria is therefore 65+4, 23+2
and 37 +7 min, for B. subtilis, P. fluorescens and E. coli, respectively. By this correction, we can roughly estimate
the lifetime in open air, without the constraint’s characteristic of a confined ASC. A comparison between the
adjusted and unadjusted culturable lifetimes shows that for E. coli and P. fluorescens, the values are similar within
the error, while for B. subtilis, the adjusted value is approximately double the unadjusted value.

Experiments with NO and NO,,

In the second batch of experiments, each bacterial strain was exposed to two different concentrations of NO
and NO, (900 ppb and 1200 ppb). The effect of these gases on E. coli, B. subtilis and P. fluorescens is illustrated in
Fig. 5, showing the trends of CFU normalized at t =0 for each bacteria strain under different ambient conditions.
To accurately compare the trends of gases and baseline experiments, the data from the gas experiments were
adjusted to reflect the varying dilution factors. Specifically, for NO and NO,, an additional gas monitor was used
with a flow rate of 1 L min~?, along with different Andersen sampling times to collect suitable CFUs on Petri
dishes. The average and standard deviation of bacteria concentrations (# cm™?) @ t=0 of all experiments are
reported in Table S2 of Supplement.

The experimental data can be fitted with exponential curves, described above, to calculate the average value
of the lifetime of each viable bacteria strain at different gas concentrations. Table 2; Fig. 6 show the average
culturable lifetimes and standard deviation of E. coli, B. subtilis and P. fluorescens, respectively. The average and
standard deviation of T and RH and the number of whole experiment (i.e., inoculum characterization, bacteria
injection and sampling) repetitions are reported.

The lower concentration of NO did not show an impact on the bacteria’s culturability inside the chamber.
However, at a concentration of 1200 ppb, NO reduced the culturability of E. coli, B. subtilis, and P. fluorescens
of about 32%, 20%, and 26%, respectively. On the other hand, NO, had a different effect on bacteria. Both
concentrations of NO, reduced the culturability of B. subtilis and P. fluorescens by about the same factor (on
average about 57% and 68%, respectively). However, for E. coli, higher concentrations of NO, increased the loss
of culturability. It is important to note that NO, reduced the bacteria culturability more than NO. This effect could
be related to the reaction between NO, and H,O, producing NO and nitric acid, a strong acid and a powerful
oxidizing compound®!. The literature contains limited studies on the interaction of these bacterial strains with
NO and NO,: one of these studies demonstrated that the NO, induced in P. fluorescens envelope alterations and
decreased membrane integrity®?; in another study® several alterations in terms of reduced swimming motility
and decreased swarming were observed when P. fluorescens were exposed to high NO, concentration. The®*
study demonstrated that, for the airborne bacterial strain P. fluorescens, NO, is far more hazardous than NO at
comparable doses. Finally, according to®, E. coli was significantly susceptible to the bactericidal effects of NOx
in the gas phase.
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Fig. 5. Time trend of the CFU normalized at t=0 of E. coli, B. subtilis and P. fluorescens in the baseline
condition (black) and for the experiments with ChAMBRe maintained at a constant concentration of NO, (900
ppb dark red and 1200 ppb blue) and NO (900 ppb in red and 1200 ppb in grey).
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Experiment ‘ t+s (minutes) ‘ T (°C) ‘ RH (%) ‘ Experiments No.
E. coli

Baseline 31+3 19.0£0.4 | 601 8
NO 900 ppb 32+1 22.1+£0.6 | 60£1 3
NO 1200 ppb | 21+2 215402 [59+1 |2
NO, 900 ppb | 21.8+0.5 21.5+0.8 | 60£1 2
NO, 1200 ppb | 10£2 20.0+£0.2 | 59%1 2
B. subtilis

Baseline 364 22.1+£0.2 | 60x1 5
NO 900 ppb 37+6 225+1.0 | 60£2 4
NO 1200 ppb | 29+4 232405 [59+1 |4
NO, 900 ppb | 14%3 23.0+0.3 | 58%1 3
NO, 1200 ppb | 17+2 222+0.2 | 60£1 3
P. fluorescens

Baseline 19+1 21.1+£0.3 | 60£1 4
NO 900 ppb 14+3 212402 | 59+1 3
NO 1200 ppb | 14+2 20.7+0.4 | 59+1 3
NO, 900 ppb | 61 222403 |59+1 |3
NO, 1200 ppb | 61 214402 [59+1 |4

Table 2. Average culturable lifetime (t) and standard deviation (s) of E. coli, B. subtilis and P. fluorescens at
different NO and NO, concentrations. Average and standard deviation of T and RH and number of whole
experiment Repetitions. Repetitions are reported.
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Fig. 6. Average culturable lifetime of NOx experiments, normalized to the value of baseline for all bacteria
strains. The light blue rectangles mark the uncertainties of each normalized baseline. The P-value of T student
test was calculated between pollutant experiments and baseline conditions for each bacteria strain. “NS” stands
for “Not Significant’, * p <0.05, ** p<0.01.

Experiments with light

Several experiments with bacteria and solar simulator were performed and the comparison of the data collected
in baseline conditions (dark) and with light are shown in Fig. 7. The atmospheric conditions inside the chamber
for both baseline and light experiments were the same and Table 3 shows the average culturable lifetime of
baseline and light conditions for all bacteria strains.

All bacteria showed a strong culturable lifetime reduction with light : the culturability reduction was found
to be about 80%, 75% and 92% for E. coli, B. subtilis and P. fluorescens, respectively. All bacteria are strongly
impacted by the solar simulator’s irradiance effect; light, particularly UV wavelengths, can inactivate a wide
variety of microorganisms, thereby lowering the viability of microbial communities®>®. In addition, simulated
solar irradiation is the most dominant factor in the aging process, followed by the combination of high RH and
ozone%s,

Finally, in the experiments, the relative humidity was maintained constant, but it has been demonstrated that
it is the primary environmental factor affecting the UV inactivation rate of certain bacteria®. Specifically, at a
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condition (dark) (blue) and with Light (red).

Experiment ‘ t+s (minutes) ‘ T (°C) ‘ RH (%) ‘ Experiments No.
E. coli

Baseline (dark) | 31+3 19.0+£0.4 | 60+1 8

Light 6.0+0.5 22.9+0.5 | 60£2 3

B. subtilis

Baseline (dark) | 36 +4 22.1+0.2 [60+1 5

Light 9+2 22.3+0.2 | 60£1 2

P, fluorescens

Baseline (dark) | 19+1 21.1+0.3 [60+1 4

Light 1.6+0.1 22.1+£0.6 | 591 3

Table 3. Average culturable lifetime (1) and standard deviation of all bacteria strains in baseline condition
(dark) and with light. Average and standard deviation of T and RH and number of whole experiment
repetitions are reported.

constant UV exposure, the UV inactivation rate of airborne M. parafortuitum cells diminished by a factor of 4
as relative humidity rose from 40 to 95%.

Conclusion

This research addressed the quantitative impact of NO, NO, and light conditions on the viability of three
different bacteria strains in an atmospheric simulation chamber. The lifetime of the total (i.e. all viable, alive and
dead) bacteria inside ChAMBRe of all strains in the baseline experiments resulted consistent with the data for
particles in a size range of 0.7 to 3 um, this indicating that such lifetime directly depended on the fluid dynamics
within the ASC. Conversely, the culturable lifetime of all bacteria strains was reduced, indicating that these cells
have challenges in sustaining their survival in the atmospheric environment.

The results regarding pollutants experiments indicated that NO, had a greater impact on bacteria
culturability than NO. A high concentration of NO, decreased the lifetime of E. coli, B. subtilis, and P. fluorescens
by approximately 70%, 53%, and 70% respectively. Conversely, the lower concentration of NO (900 ppb) did not
impact bacteria culturability, while the higher concentration of NO (1200 ppb) reduced the lifetime of E. coli, B.
subtilis, and P. fluorescens by about 32%, 20%, and 26%, respectively.

The solar simulator experiments revealed a significant abiotic effect of light on all bacterial strains, due to the
inactivation of microorganisms by UV wavelengths.
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The present encouraging results call for further investigations to determine whether pollutants and light
can deactivate bacteria, in terms of culturability reduction. Our findings and the novel methodology pertain
to pollutant concentrations that are rather arbitrarily chosen as references; yet, only rigorously evaluated dose-
effect curves can yield pertinent environmental outcomes as threshold values. Understanding also how the
pollutants and light affect the bacteria in terms of VBNC is crucial: the significance of VBNC is fundamental,
especially for public health, as VBNC pathogens can go undetected in clinical and environmental samples,
posing a concealed threat to public health. These pathogens can retain their virulence and cause infections
once they become active again. Various techniques, such as viability stains like SYTO 9 and propidium iodide,
flow cytometry, and metabolic activity assays such as ATP levels or reductase activity, can be used to measure
the VBNC state. All these techniques require collecting bacteria from a liquid sample, for example, using an
impinger. Understanding the VBNC state is vital for accurate microbial monitoring and for developing strategies
to manage and control bacterial populations in different settings. The impact of other pollutant species will be
addressed as well in future experimental campaigns.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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