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Abstract

Bioaerosol is a significant element of Particulate Matter (PM) and comprises various components, with
bacterial species ranking as some of the most important. Reliable and consistent bioaerosol generators
are essential for the investigation of bioaerosol in laboratory environments. Aerosol generators are
utilized to evaluate the performance of bioaerosol collectors, explore the transport and deposition of
biological particles, and study the health impacts and exposure to airborne microorganisms. The main
goal of the bacteria experiments is to have an aerosol generator able to aerosolize the maximum number
of viable and culturable cells at elevated particle concentrations. This study performs a comparative
investigation of two bioaerosol generators: the Sparging Liquid Aerosol Generator (SLAG) by CH
Technologies and the 1520 Flow Focusing Monodisperse Aerosol Generator (FMAG) by TSI. The analysis
concentrated on the vitality, culturability, fragmentation, and nebulization efficiency of E. coli cells. The
results indicated increased fragmentation using the SLAG nebulizer, and the size distribution varied
according to the concentration of the injection fluid for FMAG. Both nebulizers imposed significant
stress on bacteria during nebulization, halving their viability. Ultimately, the nebulization efficiency of

FMAG is twenty times higher than that of SLAG.

Introduction

Bioaerosols, also referred to as primary biological aerosol particles (PBAPs), constitute airborne
biological particles or materials of biological origin suspended in a gaseous medium (Després et al.,
2012). PBAPs can impact human health and well-being, though their specific effects remain unclear.
The study of these particles has evolved into a multidisciplinary field, combining expertise from

physical, biological, and medical sciences. The scientific community maintains a strong interest in
1
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bioaerosols due to their profound implications for human health, climate, and various atmospheric
processes (Frohlich-Nowoisky et al., 2016).

An important component of bioaerosols is bacteria (Burrows et al., 2009). Bacteria are found
ubiquitously in the atmosphere and play roles in atmospheric processes like cloud formation (Delort et
al., 2010), and can also pose risks to human health, including causing respiratory illnesses and allergies
(Bolashikov and Melikov, 2009).

Investigating bioaerosols and, in particular, bacteria, in real-world environments is challenging due to
the absence of standardized sampling techniques, the biological intricacy and variability of bioaerosols,
difficulties in analyzing low concentrations, the complexity of establishing the relationship between
exposure and health outcomes, and the swift alterations in bioaerosol properties induced by
environmental factors (Blais-Lecours et al., 2015; Mainelis, 2020; Mbareche et al., 2017).

The atmospheric simulation chambers (ASCs) enable the examination of bioaerosols by allowing for
precise control and observation of atmospheric conditions, thus facilitating the analysis of bioaerosol
behavior and interactions in ways not possible in complex, uncontrolled real-world environments. The
ASC enables researchers to manipulate variables, including temperature, humidity, and gaseous
pollutant concentrations, to examine their impacts on the viability and atmospheric behavior of
bioaerosols, offering more precise and controlled experimental conditions compared to the
unpredictable characteristics of the natural atmosphere (Brotto et al., 2015; Massabo et al., 2018;
Vernocchi et al., 2023).

Recent years have seen the execution of research involving nebulized microbes in ASCs. A study
assessed the disinfection efficiency of Weakly Acidic Hypochlorous Water (WAHW) in an atmospheric
simulation chamber against four specific model bacteria (Norkaew et al., 2024). The impact of nitrogen
oxides and light on the viability of three distinct bacterial species was examined in a separate study
(Gatta et al., 2025).

Previously, these investigations commenced by nebulizing bacteria using aerosol generators whose
principal aim was to maximize the quantity of viable and culturable cells aerosolized. The initial process
of aerosolization, the nebulization, will impart device-dependent mechanical stress, such as physical
shear and wall impaction, resulting from operation of the pressurized system (Stone and Johnson,
2002).

The aerosol generators stress bacteria, and the mechanisms of cellular damage among different
nebulizers primarily vary based on their operating principles and how they interact with microorganisms.
Bioaerosol generators, in general, exert mechanical stress on bacteria during aerosolization, which can
lead to cell membrane rupture and the release of genomic DNA (Danelli et al., 2021; Fahimipour et al.,

2018; Liu et al., 2023; Thomas et al., 2011; Zhen et al., 2014a).
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The goal of this study was to compare the performance of two aerosol generators in terms of

nebulization efficiency, size distribution, bacterial fragmentation, and the stresses produced on

bacteria during nebulization, including viability and culturability loss. Although bacterial aerosolization

involves multiple sequential stages, including nebulization, aerosol transport, chamber residence, and

sampling, these processes are coupled in atmospheric simulation experiments. Therefore, this work

adopts a comparative approach, evaluating the two generators under similar and controlled

experimental conditions representative of typical chamber-based bioaerosol studies. This methodology

enables the identification of generator-specific impacts on bacterial integrity and performance, while

preserving experimental relevance for laboratory and simulation chamber applications.

The experiments were conducted within a small-scale aerosol test chamber in stainless steel. This
device represents an optimal compromise between a full-scale chamber, as ChAMBRe (Chamber for
Aerosol Modelling and Bio-aerosol Research) (Massabo et al., 2018) and a benchtop setup, specifically
designed to investigate bacterial viability within a constrained volume. Functioning as an intermediate
simulation chamber, this system significantly facilitates the manipulation of aerosol generators,
mechanical equipment, and bacterial suspension. These tests provide a controlled environment for the
systematic evaluation of nebulizer performance parameters, specifically including nebulization rate
and particle size, thereby facilitating the selection of optimal devices for applications such as
developing methods to control biohazardous aerosols, which reached a crescendo during the COVID-

19 pandemic, or in general laboratory experiments (Kasler et al., 2025).

Material and Method

Bacteria strain

For this study, the Gram-negative bacteria Escherichia coli (ATCC® 25922™, Thermo Scientific™ Culti-

Loops™) were chosen as the bacterial species. These bacteria, with an aerodynamic diameter of around

1 um (Zhen et al., 2014b)-typicatsize-ofaround-2-m, are usually utilized in bioaerosol research, having
been proposed as a standard test bacterium (Lee and Kim, 2003; Ruiz and Silhavy, 2022). The E. coli

suspension for nebulization was prepared by cultivating the bacterial strain in tryptic soy broth (TSB)
and incubating it in a shaker incubator (SKI 4 ARGOLAB) at 37 °C. The growth curve was consistently
monitored by measuring the absorbance at A = 600 nm using a spectrophotometer (Shimadzu 1900)

until it reached the stationary phase (approximately 1 — overnight bacteria culture (ON)) corresponding
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to about 10° cells ml™. This approach is a common method for estimating cell culture concentration

(Mira et al., 2022). At this stage, 20 ml of the bacterial suspension was centrifuged at 3000 rpm, relative

centrifugal force (RCF) 1560 x g, for 10 minutes, using a 12436-centrifuge rotorin an MPW-352 centrifuge

(Med Instruments Warsaw, Poland). Finally, the pellet was resuspended in 20 ml of sterile distilled water

concentration was quantified using an automated cell counter (QUANTOM Tx™, Logos Biosystems, QTx).

Cell enumeration was performed following staining with Syto 9 fluorescent dye, and the quantification
was achieved through automated acquisition and analysis of multiple fluorescence images of the
stained cells (Gatta et al., 2025). The viable cells were measured instead by staining the bacteria with
LIVE/DEAD BacLight Bacterial Viability Kits (Molecular Probes by Thermo Fisher Scientific™) and
capturing fluorescence images using an optical fluorescence microscope (BX43F EVIDENT Europe
GmbH). The entire procedure is reported in Gatta et al. 2025. Culturable cells were quantified by
enumerating colony-forming units (CFUs) on agar plates. Four Petri dishes were prepared using two
distinct dilution levels, with two replicate plates for each dilution. The CFUs were averaged to ascertain
the bacterial concentration in the solution, including its statistical uncertainty (standard error of the

weighted mean).

Experimental setup

Figure 1 illustrates the schematic diagram of the experimental setup. The experiments were conducted
in a stainless-steel chamber with a volume of approximately 20 litres. Bacterial solution was
aerosolized utilizing one of the two aerosol generators evaluated in this study: the Sparging Liquid
Aerosol Generator (SLAG, CH Technologies) (Mainelis et al., 2005) and the Flow Focusing Monodisperse
Aerosol Generator 1520 (FMAG, TSI) (Duan et al., 2016). The size distribution of the bacterial
aerosolization was characterized using the Optical Particle Sizer (OPS) 3330 (TSI) in the optical diameter
range of 0.3 to 10 um, and the WIBS-NEO (Droplet Measurement Technologies®) in the range 0.55+- 10
pm. The aerosolized bacteria were collected with a BioSampler impinger (SKC Inc.) with a 20 ml cup
using sterile distilled water as collection fluid. Each sample was collected at the BioSampler nominal
flow rate of 12.5 | min™. During the experiment, the nebulization and collection processes were
performed simultaneously. At the end of each experiment, the chamber was evacuated by a vacuum
pump and subsequently purged with clean air passed through an additional HEPA filter. This cleaning
protocol guaranteed that there was no contamination during experiments, as corroborated by the OPS
and WIBS readings at the beginning of each experiment (the total and fluorescence particle number at

the beginning of all experiments was roughly zero particles cm™). An external connection with a HEPA

4
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filter was also installed to maintain the ambient pressure inside the chamber during the bacteria

nebulization from the aerosol generator and the collection through the impinger. The BioSampler flow

rate was balanced by a HEPA-filtered air inlet to maintain ambient pressure inside the chamber,

resulting in short and well-defined aerosol resident time across all experiments.

OPS WIBS

| A : l _:_--—- \ Pump
arnsn TS5+
generator )
-.-'—‘-—
| |
| n | N
Clean HEPA filter
air
OPS WIBS
I RH, T
Pump
12.5 I min?
generator
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Figure 1: Experimental setup used to aerosolize E. coli with SLAG or FMAG nebulizer (aerosol generator). The particle counter
(OPS and WIBS), the cleaning system (clean air and vacuum pump with HEPA filters), and the liquid impinger used to collect
the bacteria solution nebulized are also reported.
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Aerosol generator parameters and experimental settings

This study evaluated two aerosol generators: the SLAG and the FMAG. The SLAG (Mainelis et al., 2005)
employs a bubbling process that simulates the natural occurrence of bubble bursting to produce
particles. The liquid is dispensed with a syringe driver onto a 0.75” diameter porous disk with a nominal
pore size of 2 ym. The air is forced from beneath the disk, creating numerous jets. The air jets
disintegrate the liquid film into droplets that transport particles, and the smaller droplets eventually exit

the device at a designated flow rate. The larger droplets, generated during the process, gravitationally

return to the liquid reservoir and are not aerosolized, nor reintroduced into the circulation. Fhetarger

The FMAG 1520 employs the aerodynamic flow-focusing effect to precisely regulate the diameter of a
liguid jet, facilitating the generation of monodisperse droplets ranging from 17 to 90 um in diameter,
which are then dried with a dry dilution airflow (DF) to yield particles measuring between 0.8 and 12 ym
in diameter (Duan et al., 2016). During the standard operation, a syringe driver pumps the liquid into the
droplet generator; the generated liquid stream exits a 100 pym diameter nozzle and is elongated into a
significantly thinner filament by the converging gas flow (FF). The resultant thin liquid jet subsequently
disintegrates into uniformly sized droplets upon traversing a vibrating (v) ceramic aerosol production
head. This modest shear stress typically allegedly allows biological cells to maintain viability, even
following dispersion into uniform particles.

For all experiments, the bacterial suspension used for nebulization was prepared by washing the

overnight culture and resuspending the cells in MQ (as described in Bacteria strain section), which was

used as the injection medium for both SLAG and FMAG. The CFU in the injection solution was

approximately 10° CFU mL™", as determined by plate counting prior to nebulization. After aerosolization,

CFU concentrations measured in the impinger collection liquid ranged between 10° and 10 CFU mL™",

depending on the nebulizer and operating conditions (see Table 2). The aerosol generator parameters

selected for our experiments are reported in Table 1: the SLAG settings, used for nebulizing E. coli, were
identical to those employed in our prior experiments (Abd El et al., 2024; Agarwal et al., 2024; Gatta et
al., 2025; Vernocchi et al., 2023). The duration of the nebulizing process with SLAG and the collecting
process with the impinger of each experiment was 20 minutes. For the FMAG, we tested two conditions
with the same dilution air flow and flow focusing pressure (to maintain the same pressure inside and
outside the chamber during the experiment) but varying the vibration frequencies. The duration of the
nebulizing process with FMAG and the collecting process with the impinger of each experiment was 30
minutes. The nebulization durations were selected to ensure that the bacterial count in the impinger

collection liquid was above the minimum detection limit of the QTx and the fluorescence microscope

6
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(108 # ml"). For each setting of SLAG and FMAG, three replicated experiments with different E. coli

strains were performed. To avoid cross-contamination between replicated experiments, at the end of

each experiment, the two nebulizers were cleaned with a solution of Ethanol and MQ (70-30%) and

rinsed with MQ. All experiments were performed at a temperature of (22 + 1) °C and a relative humidity

of (49 £ 1) %, as recorded by a sensor inside the chamber.-

Table 1: SLAG and FMAG parameters setting of each experiment.

SLAG settings

Air flow (-min™) Liquid feed rate (ml-min™) Nebulized solution (ml)

EXP_S 3.5 0.4 8

FMAG settings

FF (psi) DF (I-min™) v (Khz) Liquid feed rate (ml-h") Nebulized solution (ml)

EXP_F1 2.40 14.5 0 4 2

EXP_F2 2.40 14.5 200 4 2

Liquid impinger analysis
Upon completion of the experiment, the liquid in the impinger was examined to determine the total,
viable, and culturable cell counts. The method employed to assess these three parameters was

identical to that utilized for characterizing the nebulized bacterial solution.

Results and discussion

Methodological framework for data interpretation

The experimental setup, while not permitting a fully decoupled, sequential quantification of each

process in bacterial aerosolization, includes numerous design characteristics that facilitate the

identification of the primary stressors impacting bacterial survival. The current setup links aerosol

generation, chamber resident time, and sampling, mirroring operational settings of atmospheric

modeling research. Bacterial culturability and viability were independently assessed in the nebulized

solution. Short chamber resident times were ensured, and identical sampling flow was applied for both

aerosol generators. In addition, particle size distributions and fragmentation patterns were

systematically examined. Under these controlled conditions, the principal differences observed

between SLAG and FMAG can be mainly ascribed to the aerosolization phasenebutized. This framework

provides a basis for interpreting the following results and for identifying generator-specific effects on

7
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bacterial integrity. Potential stress associated with aerosol resident time in the chamber and with the

Biosampler sampling is therefore considered a common background contribution, equally affecting all

experiments and not biasing the comparative evaluation of the two nebulizers.

Viability and culturability of E. coli in sterile distilled water

In these experiments, the E. coli bacteria were washed and resuspended in MQ, following a different
approach used in our previous research, where the bacteria were resuspended in physiological solution
(0.9% NaCl) (Abd El et al., 2024; Agarwal et al., 2024; Gatta et al., 2025; Vernocchi et al., 2023). The
physiological solution is ordinarily used for bacterial preparations and suspensions instead of deionized
or MQ water because it provides an isotonic environment essential for maintaining bacterial viability
and cellular integrity (Omotoyinbo and Omotoyinbo, 2016). However, the resuspension in MQ
eliminates the background signal produced by NaCl particles on the particle counter. It is shown that E.
coli in sterile distilled/deionized water at room temperature can survive for at least 8 days, even though
the viable population count decreases rapidly due to osmotic stress and the lack of nutrients (Aung et
al., 2016). The reason is that the bacteria cells exposed to distilled water experience hypotonic stress
owing to the absence of solutes in the external environment, resulting in an influx of water that may
cause cell enlargement, rupture (osmotic lysis), and subsequent mortality (Wood, 2015) For this
reason, we measured the CFU, live, and total E. coli bacteria at different time intervals, starting from the
resuspension of the bacteria in MQ, to determine how much MQ stresses the E. coli. The results are
reported in Fig. 2; T=0 represents the E. coli data immediately after the bacteria were resuspended in
MQ. Theresults showed that the total and live cell numbers increased over time, reaching approximately
3-10°and 2.5 - 10°, respectively, within 2 hours. The CFUs number increased in 1 hour and then the
number stabilized at a value around 1.5-10°. The results indicated that E. coli, resuspended in MQ, is not
stressed during the short time required to run a chamber experiment (less than one hour). The potential
loss of bacterial viability and culturability, as measured in the impinger liquid, can be attributed to the

nebulization stress induced by nebulizers. Viability and culturability measured in the BioSampler liquid

therefore reflect the combined effects of aerosolization, chamber residence, and sampling, which are

considered as a common background contribution in comparison of the two nebulizers.
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Figure 2: Total, live, CFU of E. coli (# mL™") after the bacteria resuspension in MQ (T=0) and after 1, 2, and 24 hours.

Size distribution of nebulized E. coli and impinger results

Figure 3 shows the normalized size distributions of E. coli nebulized with FMAG and SLAG. The data in
each graph represent the average and standard deviation calculated on the three experiments
performed at each nebulizer setting, as detailed in Table 1. The size distribution of FMAG nebulization,
assessed using WIBS and OPS, exhibits similarity across the two experimental conditions. Specifically,
for EXP_F1, the mean and standard deviation of the Gaussian curve were (2.8 = 0.6) um for WIBS and
(2.6 = 0.5) um for OPS. In F2, the values were (2.9 = 0.6) um for WIBS and (2.8 * 0.6) um for OPS. The
variable-frequency vibration of the FMAG aerosol generation head does not significantly affect the size
distribution of E. coli aerosols, although it influences the reproducibility of the results across
independent experiments over each setting; in fact, the standard deviation of the data in each size bin
of the experiments conducted at zero vibration frequency exceeds that of the experiments at a
frequency of 200 kHz. This outcome is expected as the frequency of the vibrating ceramic facilitates the
disintegration of the thin liquid jet into minute water droplets (Duan et al., 2016) harboring E. coli. The
size distribution of the SLAG aerosolization exhibited different characteristics: specifically, the OPS data
(fig.4) indicated a peak at the midpoint bin of 0.35 pm and another around 1 pm. The initial peak could
be linked to the fragmentation caused by the stress from the aerosolization process, which likely
originated from damaged bacteria (Park et al., 2009). When considering particles smaller than 0.5 pm

as fragments, this fragmentation accounts for approximately 40% of the total nebulized particles. The

9



247
248
249
250
251
252
253
254
255
256
F57
258
259
D60
D61
D62
D63

264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

WIBS and OPS data, normalized over the same diameter range, exhibited a similar trend, with the WIBS
peak slightly shifted, centered around 0.8 um (fig.5). The peak is higher compared to the OPS peak.
When comparing the size distribution of the two nebulizers, it becomes clear that fragmentation is
absent in the FMAG experiments, suggesting that FMAG nebulization applies less stress on biological
cells. It is worth noting that the size distribution obtained with FMAG and SLAG nebulizers differed:
subtracting the fragmentation window, the SLAG experiments exhibited an E. coli peak around 0.8 - 0.9
pm, analogous to previous research (Zhen et al., 2014), but FMAG demonstrated a value around three
times greater (around 3 pm). The larger particle diameter, achieved with FMAG, may be associated with
the concentration of bacteria in the injection solution. When the bacterial concentration is high, during
the nebulization process, the bacteria tend to aggregate, resulting in droplets that do not contain a
single bacterium. Click or tap here to enter text.The results corroborated this observation: the WIBS size
distribution of E. coli, nebulized by FMAG utilizing an ON concentration of 1:100 (ON in MQ, diluted by a
factor of 100), using the settings 2, has a peak approximately at 0.8 um (Fig. 6), similar to the SLAG

nebulization. The cell aggregation, occurred during the nebulization, may experience partial shielding

from environmental stresses such as dehydration and mechanical damage, potentially enhancing

survival compared with isolated single cells (Flemming and Wingender, 2010; Tang, 2009; Vejerano and

Marr, 2018).

Table 2 presents the results of total E. coli bacteria obtained from the MQ collected by the impinger post-
nebulization, detailing the ratio of viable cells and CFU relative to total counts (Live/Tot and CFU/Tot,
respectively). Figure 7 shows the average and standard deviation of nebulization efficiency (NE)
throughout duplicated tests with the two nebulizers. The NE is defined as the ratio of the total bacteria
collected in the impinger MQ to the total bacteria in the injection solution, divided by the volume of
nebulized solution (2 mlfor FMAG and 8 mlfor SLAG). Because the total and live cells collected with the
impinger were less than the minimum detection limit of QTx and the fluorescence microscope,
respectively (10° # cm™), the ON:100 data are not reported. For the FMAG, the two distinct settings
yielded comparable Live/Tot and CFU/Tot ratios. Specifically, for the Exp_F1 settings, the average and
standard deviation of Live/Tot and CFU/Tot across the three experiments were (43 = 4) % and (19 = 4) %,
respectively. In contrast, for the Exp_F2 settings, the average and standard deviation of Live/Tot and
CFU/Tot over the three experiments were (40 = 3) % and (21 = 2) %. The SLAG exhibited comparable
outcomes for the Live/Tot ratio, yet a higher CFU/Tot ratio: the mean and standard deviation of Live/Tot
and CFU/Tot across the three experiments were (41 £ 5) % and (33 £ 7) %, respectively. The data obtained
from the impinger's collected liquid can be compared with the data from the injection solution. The
average and standard deviation of the E. coli Live/Tot and CFU/Tot ratios in the injection fluid across the
nine studies were (89 £ 5) % and (50 = 17) %, respectively. Both nebulizers diminished the Live/Tot ratio

by approximately a factor of 2. In contrast, the CFU/Tot for FMAG in both settings decreased by roughly
10
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a factor of 2.5, while the values for SLAG of the injection solution and MQ in the impinger were
comparable within the error. Both nebulizers exerted strong stress on the aerosolized E. coli, halving the
number of live bacteria collected in impingers. Finally, it is important to note how the nebulization
efficiency is different between the 2 settings of FMAG and SLAG. In particular, the average and standard
deviation of NE were (0.13 = 0.03) %, (0.21 + 0.06) %, and (0.008 + 0.002) %, for FMAG Exp_F1, Exp_F2,
and SLAG, respectively. While the NE is similar for both FMAG conditions, the SLAG NE showed a value
of about 20 times less than the FMAG NE. The absolute value of NE can be influenced by the geometry
of the experimental chamber, in particular, the wall losses (Gatta et al., 2025); even so, it is evident that
the FMAG can nebulize bacteria more efficiently than SLAG. This may be attributed to the mechanical
stress incurred during the nebulization process and to the distinct nebulization techniques employed
by the two nebulizers. As previously demonstrated, the SLAG nebulization produced high fragmentation,
reducing the total cells collected in the impinger liquid. In addition, the liquid feed rate of FMAG is very
slow (4 ml h™"), and all the liquid dispensed in the droplet generator is nebulized. In contrast, the
nebulization design of the SLAG system (in which small liquid droplets fall onto a porous septum)

generates larger droplets that return to the reservoir rather than being nebulized.
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Figure 3: Normalized size distribution of E. coli nebulized using FMAG settings 1 (a) and settings 2 (b) with WIBS and OPS.
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using settings F2.

Table 2: Total E. coli concentration in the injection solution and in the MQ collected with the impinger over different nebulizer

settings and experiments. The ratio between live and total, CFU and total bacteria in the liquid impinger is reported. Finally,
the average and standard deviation of Live/Tot and CFU/Tot of each nebulizer and settings are reported.

FMAG Settings F1

Live/Tot CFU/Tot

Injection Total cells (# ml")  Impinger Total cells (# mL")
Impinger Impinger
EXP1 (2.34 = 0.04) -10° (4.8%0.5)-10° (39 +3) % (16 £ 2) %
EXP2 (4.6%0.5)-10° (1.55 % 0.01) -107 (44 £ 2) % (17 1) %
EXP3 (4.6 0.5)-10° (1.18 = 0.06) - 10’ (46 £ 2) % (23+1) %
Average * Std.Dev (43x4)% (19£4)%

FMAG Settings F2

Live/Tot CFU/Tot

Injection Total cells (# ml")  Impinger Total cells (# mL")
Impinger Impinger
EXP1 (2.6 0.2)-10° (8.4%0.1)-10° (41+1)% (19+2) %
EXP2 (2.45 = 0.01) -10° (1.4%0.5)-107 (37 £2) % (23 +9) %
EXP3 (2.45 = 0.01) -10° (9.1%0.2) -10° (43 £2) % (20 £ 2) %
Average * Std.Dev (40+£3)% (21£2)%

SLAG settings
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321
322
323
324
325

Live/Tot CFU/Tot
Injection Total cells (# ml")  Impinger Total cells (# ml")

Impinger Impinger
EXP1 (3.0x0.1)-10° (1.9+0.1)-10° (43+x12)% (39+2)%
EXP2 (3.0+0.1)-10° (2.4+0.3)-10° (36+x12)% (35+5)%
EXP3 (4.3+0.4)-10° (2.5+0.6)-10° (45+6) % (25+6) %
Average * Std.Dev (41+£5)% (33x7)%
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Figure 7: average and standard deviation of nebulization efficiency of FMAG, in configurations F1 and F2, and SLAG. The P-
value of the Student t-test was calculated for each experiment. “ns.” stands for “not significant”, * p < 0.05.

Conclusion

The experimental results indicated that the MQ did not induce stress in the E. coli for the duration
required to complete the nebulization experiments. The viability and CFU of E. coli resuspended in MQ
were relatively stable and did not decline within 24 hours following the MQ resuspension of the bacteria.

The two FMAG settings yielded identical bacterial size distributions, suggesting that FMAG frequency
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did not affect size distribution but solely impacted experimental repeatability. The size distribution of
FMAG was associated with the bacterial concentration in the injection solution. Utilizing the identical
FMAG setup, the nebulization of MQ with ON E. coli, diluted by a factor of 100, resulted in a shift of the
size distribution peak from roughly 2.8 pm to 0.8 pm. This indicates that with an ON MQ injection liquid
(total bacterial concentration > 10° #ml™"), the bacteria probably tend to cluster, leading to droplets
devoid of individual bacteria. The SLAG nebulizer generated a significant concentration of fragments:
using a setting previously employed in our earlier tests (Agarwal et al., 2024; Gatta et al., 2025;
Vernocchi et al., 2023), the fragmentation rate is roughly 40% of the total nebulized particles. Both
nebulizers induced stress throughout the nebulization process, resulting in a twofold reduction in the
viability of the bacteria collected in the impinger. Finally, the FMAG had a nebulization efficiency
approximately 20 times greater than that of the SLAG.

This study demonstrated the effect represents—a-firststepininvestigating-the-viabitity-of two different

aerosol generators on bacteria during-the aerosolization_of bacteria, using-two—different-devices—in
aerosot-generatorsnot only on culturability but also on viability. The compact volume of the chamber

represents a choice that prioritizes experimental control and reproducibility over direct

representativeness of indoor environments. While larger systems, such as biological safety cabinets or

full-scale chambers, allow longer aerosol residence times and closer analogy to ambient indoor

conditions, they also introduce additional complexity and variability. The present setup was designed

as an intermediate-scale system optimized for comparative evaluation of aerosol generators, rather

than for exposure simulation. ©u

—By isolating

generator specific effects under controlled conditions, this work provides a basis for selecting

aerosolization techniques in laboratory bioaerosol studies and for interpreting bacterial viability

measurements in more complex atmospheric simulations. Future work will extend this approach to

Gram-positive bacteria, in order to investigate how differences in cell wall structure may influence

bacterial response to nebulization in terms of viability, culturability, and fragmentation. Out+-werk-aims

Competing interests

The authors declare that they have no competing interests.

Author contributions

17



358
359
360
361

362

363
364
365
366
367
368
369
370
371

372

373

374

375
376
377
378

379
380
381

382
383
384

385
386
387

388
389
390

EG and FM thought up the study and performed the experiments. MB wrote the software to analyze the
WIBS data. FM and EG performed all data analysis, with contributions from DM and PP. FP helped with
the development of the stainless-steel chamber. EG and FM wrote the manuscript. All authors reviewed

and commented on the manuscript.

Funding

This research has been supported by PON PER-ACTRIS-IT (MURIT PON; project no. PIR_00015; “Per
ACTRISIT”), Blue-Lab 60 Net (FESR - Fondo Europeo Di Sviluppo Regionale Azione POR, Regione Liguria,
Italy), IROO00032-ITINERIS, Italian Integrated Environmental Research Infrastructures System (D.D. n.
130/2022 - CUP B53C22002150006) funded by the EU (Next Generation EUPNRR, Mission 4 “Education
and Research”, Component 2 “From research to business”, Investment 3.1, “Fund for the realisation of
an integrated system of research and innovation infrastructures”), the PNRR MUR Project "Multi Risk
sciEnce for resilienT commUnities undeR a changiNg climate (RETURN)” (grant no. PEO0000005 CUP
HUB B63D22000670006) and the Project 101131261 — IRISCC (Integrated Research Infrastructure
Services for Climate Change risks) — HORIZON-INFRA-2023-SERV-01.

Data availability

The dataset for this paper can be accessed at DOI: 10.17632/j962hdhc96.1 (Mazzei 2025)

References

Abd EL, E., Brunoldi, M., Gatta, E., Irfan, M., Isolabella, T., Massabo, D., Mazzei, F., Vernocchi, V.,
Parodi, F., and Prati, P.: Bacterial viability and air quality: Experimental approach and results at the
atmospheric simulation chamber ChAMBRe, in: Nuovo Cimento della Societa Italiana di Fisica C,
https://doi.org/10.1393/ncc/i2024-24319-1, 2024.

Agarwal, V., Abd EL, E., Danelli, S. G., Gatta, E., Massabo, D., Mazzei, F., Meier, B., Prati, P., Vernocchi,
V., and Wang, J.: Influence of CO2 and Dust on the Survival of Non-Resistant and Multi-Resistant
Airborne E. coli Strains, Antibiotics, 13, https://doi.org/10.3390/antibiotics13060558, 2024.

Aung, T. S., Rayaji, S. J., Oo, K. S, Lin, Z., and Masandid, H.: The Study on the Survival of Escherichia
Coli in Water at Room Temperature, Borneo Journal of Medical Sciences (BJMS), 10,
https://doi.org/10.51200/bjms.v10i1.561, 2016.

Blais-Lecours, P., Perrott, P., and Duchaine, C.: Non-culturable bioaerosols in indoor settings: Impact
on health and molecular approaches for detection, Atmos Environ, 110, 45-53,
https://doi.org/10.1016/j.atmosenv.2015.03.039, 2015.

Bolashikov, Z. D. and Melikov, A. K.: Methods for air cleaning and protection of building occupants from
airborne pathogens, Build Environ, 44, 1378-1385, https://doi.org/10.1016/J.BUILDENV.2008.09.001,
20009.

18



391
392
393
394

395
396
397

398
399
400
401

402
403
404
405

406
407
408
409

410
411
412

413
414
415
416

417
418

419
420
421
422

423
424
425

426
427
428
429

430
431
432

Brotto, P., Repetto, B., Formenti, P., Pangui, E., Livet, A., Bousserrhine, N., Martini, ., Varnier, O.,
Doussin, J. F., and Prati, P.: Use of an atmospheric simulation chamber for bioaerosol investigation: a
feasibility study, Aerobiologia (Bologna), 31, 445-455, https://doi.org/10.1007/s10453-015-9378-2,
2015.

Burrows, S. M., Elbert, W., Lawrence, M. G., and Poschl, U.: Bacteria in the global atmosphere — Part 1:
Review and synthesis of literature data for different ecosystems, Atmos Chem Phys, 9, 9263-9280,
https://doi.org/10.5194/acp-9-9263-2009, 2009.

Danelli, S. G., Brunoldi, M., Massabo, D., Parodi, F., Vernocchi, V., and Prati, P.. Comparative
characterization of the performance of bio-aerosol nebulizers in connection with atmospheric
simulation chambers, Atmos Meas Tech, 14, 4461-4470, https://doi.org/10.5194/amt-14-4461-2021,
2021.

Delort, A. M., Vaitilingom, M., Amato, P., Sancelme, M., Parazols, M., Mailhot, G., Laj, P., and
Deguillaume, L.: A short overview of the microbial population in clouds: Potential roles in atmospheric
chemistry and nucleation processes, Atmos Res, 98, 249-260,

https://doi.org/10.1016/J., ATMOSRES.2010.07.004, 2010.

Després, V. R., Huffman, J. A., Burrows, S. M., Hoose, C., Safatov, A. S., Buryak, G., Frohlich-Nowoisky,
J., Elbert, W., Andreae, M. O., Pdschl, U., and Jaenicke, R.: Primary biological aerosol particles in the
atmosphere: a review, Tellus B: Chemical and Physical Meteorology, 64, 15598,
https://doi.org/10.3402/tellusb.v64i0.15598, 2012.

Duan, H., Romay, F. J., Li, C., Nagwi, A., Deng, W., and Liu, B. Y. H.: Generation of monodisperse
aerosols by combining aerodynamic flow-focusing and mechanical perturbation, Aerosol Science and
Technology, 50, 17-25, https://doi.org/10.1080/02786826.2015.1123213, 2016.

Fahimipour, A. K., Hartmann, E. M., Siemens, A., Kline, J., Levin, D. A., Wilson, H., Betancourt-Roman,
C. M., Brown, G., Fretz, M., Northcutt, D., Siemens, K. N., Huttenhower, C., Green, J. L., and Van Den
Wymelenberg, K.: Daylight exposure modulates bacterial communities associated with household
dust, Microbiome, 6, 175, https://doi.org/10.1186/s40168-018-0559-4, 2018.

Flemming, H.-C. and Wingender, J.: The biofilm matrix, Nat Rev Microbiol, 8, 623-633,
https://doi.org/10.1038/nrmicro2415, 2010.

Frohlich-Nowoisky, J., Kampf, C. J., Weber, B., Huffman, J. A., Pohlker, C., Andreae, M. O., Lang-Yona,
N., Burrows, S. M., Gunthe, S. S., Elbert, W., Su, H., Hoor, P,, Thines, E., Hoffmann, T., Després, V. R.,

and Poschl, U.: Bioaerosols in the Earth system: Climate, health, and ecosystem interactions, Atmos
Res, 182, 346-376, https://doi.org/10.1016/).ATMOSRES.2016.07.018, 2016.

Gatta, E., Abd EL, E., Brunoldi, M., Irfan, M., Isolabella, T., Massabo, D., Parodi, F., Prati, P., Vernocchi,
V., and Mazzei, F.: Viability studies of bacterial strains exposed to nitrogen oxides and light in
controlled atmospheric conditions, Sci Rep, 15, https://doi.org/10.1038/s41598-025-94898-y, 2025.

Kasler, D. R., Ali, M. M., Ramiji, N., Malone-Povolny, M., O’Neil, J., Sastry, S. K., Kwiek, J., and Yousef, A.
E.: A pilot-scale aerobiology chamber to investigate bioaerosol control agents: Factors affecting
longevity of aerosolized pathogenic and nonpathogenic bacteria, Aerosol Science and Technology, 59,
127-145, https://doi.org/10.1080/02786826.2024.2432962, 2025.

Lee, B. U. and Kim, S. S.: Sampling E. coli and B. subtilis bacteria bioaerosols by a new type of
impactor with a cooled impaction plate, J Aerosol Sci, 34, 1097-1100, https://doi.org/10.1016/S0021-
8502(03)00076-4, 2003.

19



433 Liu, J., Yang, L., Kjellerup, B. V., and Xu, Z.: Viable but nonculturable (VBNC) state, an underestimated
434 and controversial microbial survival strategy, Trends Microbiol, 31, 1013-1023,
435 https://doi.org/10.1016/j.tim.2023.04.009, 2023.

436 Mainelis, G.: Bioaerosol sampling: Classical approaches, advances, and perspectives, Aerosol
437  Science and Technology, 54, 496-519, https://doi.org/10.1080/02786826.2019.1671950, 2020.

438 Mainelis, G., Berry, D., An, H. R., Yao, M., DeVoe, K., Fennell, D. E., and Jaeger, R.: Design and
439 performance of a single-pass bubbling bioaerosol generator, Atmos Environ, 39, 3521-3533,
440 https://doi.org/10.1016/J.,ATMOSENV.2005.02.043, 2005.

441 Massabo, D., Danelli, S. G., Brotto, P., Comite, A., Costa, C., Di Cesare, A., Doussin, J. F., Ferraro, F.,
442 Formenti, P., Gatta, E., Negretti, L., Oliva, M., Parodi, F., Vezzulli, L., and Prati, P.. ChAMBRe: a new
443 atmospheric simulation chamber for aerosol modelling and bio-aerosol research, Atmos Meas Tech,
444 11, 5885-5900, https://doi.org/10.5194/amt-11-5885-2018, 2018.

445 Mbareche, H., Brisebois, E., Veillette, M., and Duchaine, C.: Bioaerosol sampling and detection
446 methods based on molecular approaches: No pain no gain, Science of The Total Environment, 599-
447 600, 2095-2104, https://doi.org/10.1016/).SCITOTENV.2017.05.076, 2017.

448 Mira, P., Yeh, P., and Hall, B. G.: Estimating microbial population data from optical density, PLoS One,
449 17, https://doi.org/10.1371/journal.pone.0276040, 2022.

450 Norkaew, S., Narikawa, S., Nagashima, U., Uemura, R., and Noda, J.: Efficacy of treating bacterial
451 bioaerosols with weakly acidic hypochlorous water: A simulation chamber study, Heliyon, 10, e26574,
452 https://doi.org/10.1016/j.heliyon.2024.e26574, 2024.

453 Omotoyinbo, O. V and Omotoyinbo, B. I.: Effect of Varying NaCl Concentrations on the Growth Curve
454 of Escherichia coli and Staphylococcus aureus, Cell Biology, 4, 31-34,
455 https://doi.org/10.11648/j.cb.20160405.11, 2016.

456 Park, D., Kim, Y. H., Woo Park, C., Hwang, J., and Kim, Y. J.: New bio-aerosol collector using a
457 micromachined virtual impactor, J Aerosol Sci, 40, 415-422,
458 https://doi.org/10.1016/J.JAEROSCI.2008.12.007, 2009.

459 Ruiz, N. and Silhavy, T. J.: How Escherichia coli Became the Flagship Bacterium of Molecular Biology, J
460 Bacteriol, 204, e00230-22, https://doi.org/10.1128/jb.00230-22, 2022.

461 Stone, R. C. and Johnson, D. L.: A Note on the Effect of Nebulization Time and Pressure on the
462 Culturability of Bacillus subtilis and Pseudomonas fluorescens, Aerosol Science and Technology, 36,
463 536-539, https://doi.org/10.1080/02786820252883775, 2002.

464  Tang, ). W.: The effect of environmental parameters on the survival of airborne infectious agents, J R
465 Soc Interface, 6, https://doi.org/10.1098/rsif.2009.0227.focus, 2009.

466 Thomas, R. J., Webber, D., Hopkins, R., Frost, A., Laws, T., Jayasekera, P. N., and Atkins, T.: The cell
467 membrane as a major site of damage during aerosolization of Escherichia coli, Appl Environ Microbiol,
468 77, 920-925, https://doi.org/10.1128/AEM.01116-10, 2011.

469  Vejerano, E. P. and Marr, L. C.: Physico-chemical characteristics of evaporating respiratory fluid
470 droplets, J R Soc Interface, 15, 20170939, https://doi.org/10.1098/rsif.2017.0939, 2018.

471 Vernocchi, V., Abd EL, E., Brunoldi, M., Danelli, S. G., Gatta, E., Isolabella, T., Mazzei, F., Parodi, F., Prati,
472 P., and Massabo, D.: Airborne bacteria viability and air quality: A protocol to quantitatively investigate

20



473
474

475
476
477

478
479
480

481

the possible correlation by an atmospheric simulation chamber, Atmos Meas Tech, 16, 5479-5493,
https://doi.org/10.5194/amt-16-5479-2023, 2023.

Zhen, H., Han, T., Fennell, D. E., and Mainelis, G.: A systematic comparison of four bioaerosol
generators: Affect on culturability and cell membrane integrity when aerosolizing Escherichia coli
bacteria, J Aerosol Sci, 70, 67-79, https://doi.org/10.1016/J.JAEROSCI.2014.01.002, 2014a.

Zhen, H., Han, T., Fennell, D. E., and Mainelis, G.: A systematic comparison of four bioaerosol
generators: Affect on culturability and cell membrane integrity when aerosolizing Escherichia coli
bacteria, J Aerosol Sci, 70, 67-79, https://doi.org/10.1016/j.jaerosci.2014.01.002, 2014b.

21



