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mitigating exposure to chemical pollutants and hazardous microorganisms is therefore essential.
While green health strategies appear promising for enhancing biodiversity resilience, a strong
evidence-based approach is required to validate their effectiveness. This study aims to evaluate
the impact of an active plant-based air treatment device on the indoor aerobiome. Air sampling
was conducted in two educational environments: a primary school and a university meeting
room. Air quality was assessed using both culture-dependent and culture-independent (next-
generation sequencing, NGS) methods. The global microbial contamination index ranged from
504 to 1747 CFU/m°. The applied aerobiome assessment protocol demonstrated reliable per-
formance. Alpha diversity analysis indicated a significantly higher Shannon index values in
outdoor (median 4.57) and treated indoor air (median 5.16) compared to untreated air (median
3.29) (pairwise ranking, p = 0.041). Beta diversity clustering was also observed, despite the
limited sample size. Notably, the portable botanical biofilter significantly modulated the abun-
dance of several microbial species, including some with potential implications for human health.
This study is among the first to evaluate indoor aerobiome quality in relation to an active plant-
based air treatment device. While promising effects on aerobiome modulation were observed,
further research is needed to assess their repeatability, long-term consistency, and impact on
human health.

1. Introduction

The quality of inhaled air is a critical determinant of human health. Over the past 50 years, research has extensively explored health
risks associated with the inhalation of chemical, physical, and biological contaminants. Recently, the concept of the "aerobiome" has
been defined as the collection of microorganisms and their metabolic by-products present within a specific airspace. Early evidence
suggests that higher biodiversity within the aerobiome (i.e., greater biological heterogeneity) may have protective effects on human
health [1].
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Aerobiome biodiversity can positively influence human health through both direct mechanisms—such as maintaining the integrity
of respiratory epithelial cells and supporting immune system development—and indirect mechanisms, such as the microbial meta-
bolism of airborne pollutants. Aerobiome composition and diversity are influenced by multiple factors, the most significant currently
known, including climate, weather, season, time, pollution, land use and land cover. Furthermore, in enclosed spaces, the technical
and structural characteristics of buildings, as well as air exchange rates, play a more significant role. Additionally, the intended use of
the space and the behavior of its occupants are also critical factors [2].

Although biodiversity is a cornerstone of human health and well-being, the evidence supporting the environmental microbiota-
human health pathway remains moderate, while the evidence linking broader nature-exposure pathways, such as the time spent in
green-spaces, to various health outcomes is moderate to high. These outcomes range from reductions in molecular oxidative stress to
enhanced well-being and improved social cohesion. However, a deeper mechanistic understanding of the diverse pathways through
which biodiversity influences human health is still needed [3]. Research on broader nature pathways has generally not included
specific biodiversity metrics, such as taxonomy, diversity/richness, structure, or function. Consequently, these studies have not yet
established a definitive link between biodiversity and health outcomes [4].

Today, environmental science is focused on identifying the sources of emerging pollutants and their impact on planetary health,
with an emphasis on sustainable remediation strategies [5], often overlooking the crucial role of the environmental microbiome.
Plant-based remediation in the form of botanical filters, such as green walls and potted plants, has shown significant potential for
removing indoor air pollutants. Recent studies consistently highlight the ability of air-purifying plants to effectively eliminate various
contaminants, including volatile organic compounds (VOCs) and particulate matter (PM), achieving removal efficiencies exceeding 50
%. While standardization of phytoremediation methodologies and expansion to a broader array of pollutants are still required [6] there
is potential for improved overall air quality in indoor environments [7].

These systems leverage the natural capabilities of plants to absorb and metabolize pollutants through their leaves and roots, as well
as the biocatalytic activity of the microbial communities within the substrate and rhizosphere, involving the soil and its composition.
Certain plants commonly used for indoor decoration—such as Epipremnum aureum (Pothos), Syngonium podophyllum, Chlorophytum
comosum, Spathiphyllum wallisii, and Nephrolepis exaltata bostoniensis—exhibit high pollutant removal rates due to their unique
physiological traits and elevated transpiration rates [8]. Understanding the specific interactions between pollutants and plant species
can help identify the most efficient plants for air filtration purposes [9].

Studies showed an increase of the indoor air microbiome in terms of richness and evenness in the presence of plants [10], with an
even greater purification rate observed when plants are integrated into active air-processing systems [8]. The process of botanical
filtration is inherently symbiotic. Active botanical biofilters utilize mechanical systems, such as fans, to force air toward the roots,
which are primarily responsible for phytoremediation—accounting for approximately 90 % of pollutant reduction—due to the activity
of the rhizosphere. Bacterial genera such as Pseudomonas, Enterobacter, Azotobacter, Alcaligenes, Arthrobacter, Bacillus, Serratia, and
Rhizobium have been implicated in the removal of airborne pollutants, particularly VOCs [7,11,12]. A specific application of this
technology is the active green wall, a type of active botanical biofilter designed as a vertical garden system. These systems offer the
advantage of maximized surface area, enhancing air-purifying efficiency [12]. Innovations in this field include substrate optimization
to enhance pollutant capture, provide a suitable microbial habitat, and promote microbial biostimulation. However, further research is
needed to better understand the specific plant characteristics that contribute to pollutant removal [13].

The performance of active botanical filters is influenced by a variety of factors, including relative humidity, temperature, airflow,
pollutant concentrations, and plant types. The significant variability in these parameters across studies makes it challenging to
determine optimal design and operational conditions [7]. Nevertheless, the widespread availability and low cost of these systems have
garnered growing attention, both at the laboratory scale and in larger implementations. Future research should focus on exploring the
role of plant-microbe interactions in pollutant degradation and evaluating the economic and environmental benefits of incorporating
botanical filters into various indoor settings [8,14]. Aerosol particles are captured by the human body, and the number of deposited
particles may increase further under high air exchange rates, underscoring the need for a balanced ventilation strategy. There were
minimal differences in exposure risk to airborne transmission between adults and children [15]. However, the probability of infection
through contact transmission may be unexpectedly high for children, due to their frequent interactive activities, the deposition of
particles on the upper and lower limbs of accompanying parents, and on walls within their arm’s reach [4].

These findings highlight the importance of identifying cost-effective risk-reduction strategies for environments frequently visited
by children, such as schools [15]. Portable botanical biofilters are innovative systems designed to purify indoor air in environments
like workplaces, homes, and classrooms [16], eventually also enhancing aesthetic appeal. The system leverages the synergistic
air-purifying properties of plants and microorganisms. Robust plant growth is considered a potential indicator of the system’s effective
biological purification capabilities [17]. The aim of this research is to describe and evaluate changes in the indoor microbial quality
and aerobiome composition resulting from air treatment with an active portable botanical biofilter in real-scale classroom
environments.

2. Material and methods
2.1. Study design
This study focuses on assessing indoor microbiological air quality in the same environments both before and after the operation of a

novel air purification device. Two sampling sessions were conducted to evaluate the device’s impact on the air quality evaluated by
both culture-dependent and culture-independent (next generation sequencing, NGS) methods.
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The first session took place in a primary school classroom in Turin during the Christmas holiday, when students were not present.
The second session was conducted in a meeting room, at the Department of Public Health and Pediatrics, University of Turin. In this
case as well, the meeting room remained unused during the sampling period, except for necessary access related to sampling and
device management.

Sampling was performed across different environments, primarily indoors, with a subset of outdoor air samples collected to serve as
controls for external contamination sources, and to establish a baseline for natural environmental air contaminations (Table 1).

The sampling methodology (detailed in section 2.3) included the collection of bioaerosols on microbiological contact plates and the
collection of total suspended particles (TSP) on filters. Samples on contact plates were taken both before and after the operation of the

device.

Table 1

Description of the sampling environment and collected samples. The first sampling campaign was conducted in a primary school located in Turin
between December 2023 and January 2024. The second sampling campaign took place at the Department of Public Health and Pediatrics (DSSPP) in
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April 2024.
Sample Place Date Description Environment picture
Natural environment Public Park Jan-04-24 Beginning of the park near Po River bank
School classroom Primary school placed in Dec -27-23 Class involved as control, similar to the one in which
Turin and Jan-04- the device was running
24
School classroom with Primary school placed in Dec -27-23 It was possible to organize the activity only in the
a working device Turin and Jan-04- absence of the students so the duration of the
24 operation was = 8 days
Urban area with few Out from the Primary Dec -27-23 Samplers positioned outwards on the open classroom
green spaces School in Turin and Jan-04- window
24
Effluent air from the Primary School and Jan-04-24 Sampler placed 20 cm from the outlet air expulsion
purifier device meeting room at the and Apr-16- when the device is working
University 24
Apr-23-24
Empty room Meeting room at DSSPP Apr-16-4 Sampler placed 350 cm from the device before
starting operation
Empty room with a Meeting room at DSSPP Apr-23-24 Sampler placed 350 cm from the device after 7 days

working device

of working
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2.2. Technical description of the device

The device used is the mini-Moiiss (75 m?). Its patent application (FR2502340) received a positive decision from the French Patent
Office (INPI) in October 2025. The patent FR3109893B1 refers to the Moiiss 120 mz, a similar device of larger size. The mini-Moiiss is
not yet commercially available and is expected to be manufactured during 2026, whereas the Moiiss 120 m? is already available
(https://natureplus.tech/store).

The mechanism of such portable botanical biofilters was inspired by the phenomena whereby sub-micrometer particles are
captured by water droplets. This phenomenon is already known in urban areas plagued by air pollution, where lower rates of fine
particles are recorded after rainy weather [18].

The portable botanical biofilter mechanism comprises a fan to draw air inside its casing (Fig. 1). The air inlet is located on the back
of the machine, while the outlet is positioned on the upper front. The fan used in the system has a diameter of approximately 25 cm,
and is responsible for directing airflow through the botanical biofilter (flow of about 90 m®/h). The high flow rate necessitates frequent
hydration by adding water to the designated tank, which must not be left empty. The working activity of the device during the
samplings (Table 1), considering the volume of the schoolroom and of the meeting room involved in the work (177 and 112 m°
respectively) produced the passage of the indoor air through the device at least of 100 times before the final sampling.

Once inside the casing, air is forced through a series of plastic discs of approximately 10 cm in diameter, stacked parallel to each
other and rotating in a water reservoir of about 2.5 cm depth. The discs are perpendicular to the water surface and rotate in it, similarly
to a water mill. At each rotation, the discs become rinsed. Dust and, to some extent, fine particles, stick to the humid surface of the discs
and are transported in the water solution. The space between each disc stacking is less than 2 mm, to allow the airflow to pass between
discs without too much resistance, at the same time close enough to interact. Such a mechanism is used in some commercial hu-
midifiers and the rotation of the discs is slow (less than 20 rpm), in order to avoid water droplets to be projected in the air.

The water volume in the portable botanical biofilter is approximately 5 L. During continuous operation in a normally heated indoor
environment (18-20 °C), an evaporation rates of about 1 L per day is observed. As result of the evaporation, the water temperature
decreases by about 2 °C before stabilizing.

The soil substrate used was a mixture of commercial soil and natural soil, collected in Ambert (Puy-de-Dome, France), together with
local moss. The starting soil composition was approximately 45 % minerals (sand, clay, silt), 5 % organic material, 25 % air and 25 %
water. The volume of soil was about 1 L. Common plants are involved, such as Pilea peperomioides and Muehlenbeckia. They are
appreciated for their ornamental appearance and their versatility in growing both as climbers and ground covers, featuring small,
rounded leaves with an extended surface area exposed to air, and suitable for cultivation even in small pots. These species are primarily
ornamental and commonly found at the local level, and there is currently no scientific evidence supporting their phytoremediation or
bioremediation potential. However, related species, such as Pilea cadierei, are under evaluation [7]. On the other hand, a quite

water air substrate

Fig. 1. - Functional scheme of the portable botanical biofilter involved in the study.
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heterogeneous green cover can grow on the soil, as illustrated in Fig. 2. The larger the leaf surface area, the greater the phytor-
emediation effect we can generally expect to achieve [13].

Before reaching the outlet, the airflow passes through a 3 cm thick layer of humid porous media (expanded clay). This is a well-
known, low cost, method to create a biofilter, an area where a biological mechanism removes gaseous pollutants, such as volatile
organic contaminants from the air [19]. Biofiltration is used for indoor air treatment in buildings as active green walls, with ventilation
and watering system [19], but also at the industrial scale, for instance in some sewage plants, to reduce odors [9].

However, in the case of the active portable botanical device, the biofilter functions not only as a filter for gaseous pollutant
reduction, but also as a vehicle for the diffusion of biological components originating from the plants and their substrate into the
surrounding air. A patented mechanism maximizes the exchange but impedes the re-diffusion of fine particles in the air. In summary,
the portable botanical biofilter organizes different fluxes: the air flow, the water flow and the location of soil and biofilter. These flows
cross each other effectively to potentially capture fine air pollutants and release soil elements into the air.

2.3. Samplings

2.3.1. Air samplings

Bioaerosol sampling was performed using a DUO SAS Super 360 sampler (PBI International, Milan, Italy), which allows microbial
monitoring through air contact on Petri plates (RODAC™ Contact Plates, VWR, USA). Microbiological parameters were included as
described in Table 2. In particular: total bacteria at 22 °C was used as an indicator of environmental contamination; total bacteria at
37 °C reflected mesophilic contamination (typical sources are warm-blooded animals and humans), and the fungi parameter included
both yeasts and molds. The plates were prepared in the laboratory a few days before the samplings, following the medium suppliers’
instructions (Table 2). Different volumes were assigned for the various indicators (from 50 L to 2000 L). For all determinations, four
plates were used, to ensure technical reproducibility. At the end of sampling, plates were transferred to the laboratory and placed in a
thermostat-controlled environment set at the opportune incubation temperature (Table 2). After the proper incubation period the
colony forming units (CFUs) were counted in each plate and the results expressed as CFU for m® of air sampled.

2.3.2. Particle samplings

Total Suspended Particulates (TSP) is the fraction of airborne particles with an approximate diameter of <50-100 pm. TSP was
collected using the SKC AirChek XR5000 Sample Pump, at a constant flow of 2.2 L/min on glass microfiber filters (Nupore Filtration
System Pvt. Ltd., India, cod NV20), and 25 mm diameter on filter support (Aquaria cod B.2031). A portable air floating flowmeter
(ranging from 0.4 to 5 L/min) was used for air flow calibration after each filter assembly. The samplings were carried out for a long
period, in agreement with the sampling plan and the possibility to access to the sampling points, to reach an enough quantity of
particles (from 48 to 120 h) for the following determinations. Each filter, regardless of sampling source, was handled individually.
First, they were conditioned before and after the sampling by placement in a dry and dark environment for 48 h, then weighed in a
room with controlled temperature and humidity on analytical balance (sensitivity &+ 0.00001g). The TSP concentration in the sampled
air volume was calculated based on the mass of the particulate sampled and the volume of the air passed through the filters, then it was
expressed as pg per 1 m® of sampled air.

2.4. Extractions and evaluation of the quality of the extract

The extraction of the nucleic acids was carried out from the TSP collected on filters and from the bioaerosol captured on low
melting agar.

Fig. 2. An example of the green cover formed on the soil surface of the portable botanical biofilter after maturation. This cover may consist of a
dense layer of leafy vegetables, herbs, or small plants that have fully developed, effectively covering the soil.
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Table 2
Samples collected for each sampling point (Table 1) and details on culture soils and sampler.
Parameter Details Sampler
Culturable aero-dispersed Environmental bacteria at 22 °C and mesophilic bacteria at 37 °C ~ DUO SAS Super 180 (PBI International)
microbials on plate on Plate Count Agar, for 48 h. Three different volumes ranged from 100 to 1000 L in

Yeasts/fungi at 25 °C on Sabouraud glucose 4 % chloramphenicol  triplicate for each volume
agar for 5-7 days

Bioaerosol for biomolecular Sampling on plate with Low melting agar as support for bioaerosol =~ DUO SAS Super 180 (PBI International)
analyses capture Sampled volume: 2000 L in triplicate
Total Suspended Particles (TSP) Indoor site in which the device is working Personal sampler SKC AIRCHEK XR5000, with glass
fiber

Sampled air: 10 m®

The procedure involved different commercial kits for environmental samples but only the extracts obtained with DNA easy
PowerSoil by Qiagen were processed, due to the greater extraction efficiency. Details on such extraction procedures were previously
detailed [20]. The quantity and quality assessment of the extracts was conducted by the three different methods: spectrophotometric
method (Nanoquant TECAN, Switzerland), fluorometric method, only for a limited number of samples (Quantifluor PROMEGA Cor-
poration, US) and capillary electrophoresis (Tape Station 450 Agilent Technologies, genomic tape-kit). The DNA extracts were found to
be low biomass (mean 2.63 + 0.66 ng/pl) while still suitable to proceed with NGS analysis to characterize the bacterial aerobiome.

2.5. Amplicon library preparation and NGS analysis

The DNA extract were amplified to obtain a concentrated amplicon using the follow primers: S-D-Bact-0341
(CCTACGGGNGGCWGCAG) and S-D-Bact-0785 (GACTACHVGGGTATCTAATCC) [21]. The reaction included the PCR Master Mix for
PCR 2X (Bio-Rad, US) and followed the protocol (95 °C for 5 min and 30 cycles at 95 °C for 40 s, 55 °C for 30 s, 72 °C for 1 min, with a
final step at 72 °C for 5 min) by a T100 thermal cycler (Bio-Rad, US).

The quantity, size and quality of the amplicons were evaluated by capillary electrophoresis (mean 2.44 + 1.98 ng/pl). The library
preparation was performed by Magic Prep instrument (Tecan, Switzerland), using the library adapter set A1-A2-A3-A4 Revelo DNA-
Seq Enz for MagicPrep (Tecan, Switzerland). The quantity and the quality of the library were assessed by capillary electrophoresis
(mean 1.45 ng/pl size =~ 500 bps). The pool for the sequencing was prepared following the Illumina’ instruction and the sequencing
was produced on all the samples using the NextSeq 1000 instrument (Illumina, US).

2.6. Statistical analyses

Statistical analyses of the collected data were performed using the SPSS Package, version 29.0 (IBM, US) and R v4.3.1. For culture-
based and biomolecular data, we applied (1) a log transformation to non-normally distributed data, (2) the Spearman’s correlation to
assess relationships between variables, (3) a nonparametric test by ranks (Mann—-Whitney U test or Krustall-Wallis) for two or more
independent samples.

The culture-based data on the bioaerosol are also expressed as Global Index of Microbial Contamination (GIMC) and Index of
Mesophilic Bacteria Contamination (MCI). These indexes are commonly used for indoor environments such as classrooms and
expressed as Colony Forming Units (CFU) per m® of air. The evaluation on total microbial load can be considered "good" if this is
between 0 and 104 CFU/100 cm?. GIMC per m® of air was calculated as follows: CFU mesophilic bacteria (37 °C) + CFU psychrophilic
bacteria (20 °C) + CFU fungi. For GIMC <1000 CFU/m?® the contamination level is considered "Low". For GIMC >5000 CFU/m° you
enter the "High" contamination category. Index of Contamination by Mesophilic Bacteria (MCI) was calculated as follow: CFU mes-
ophilic bacteria (37 °C)/CFU psychrophilic bacteria (20 °C). This index evaluates the contribution to total bacterial contamination
with a human or warm-blooded animal origin, among which pathogens can be more probably present. It is indicative of the level of
crowding and the efficiency of air exchanges. Value below 3 indicates a low mesophilic contamination. The Amplification Index (AI),
calculated as the ratio of GIMC indoor to GIMC outdoor, is used to assess potential accumulation phenomena and the overall hygienic
condition in terms of indoor microbial contamination. An Al value below 3 indicates a low level of indoor accumulation [22].

For microbiome analysis, the samples were grouped based on the sampling type (Table 2) into four main categories: outdoor air
(natural environment and outdoor air), indoor air without the Portable botanical biofilter device operating (classroom without
Portable botanical biofilter and empty meeting room), indoor air after the portable botanical biofilter device operation (classroom and
meeting room after device working), and effluent air from the device.

The elaboration of the sequences was made by the 1llumina DRAGEN Metagenomics app 3.5.12, which provides taxonomic clas-
sification for complex microbial samples and performs taxonomic classification of reads using the MiniKraken2 algorithm and a
corresponding taxonomic database. The sequencing runs were optimal for 14 out of 16 samples, as indicated by the number of reads
and the percentage of sequences associated with known microbial taxa.

Alpha diversity was assessed using the Shannon index for each sample. Beta diversity analysis was performed computing the Bray-
Curtis dissimilarity index with the vegdist function of the vegan v2.6.4 R package. The analysis was performed on microbial species level
after the removal of low-abundant and rare taxa using the nearZeroVar function of the caret 6.0. The beta diversity analysis results were
visualized using the Nonmetric Multidimensional Scaling (NMDS) plot (metaMDS function) and statistically evaluated by
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PERMANOVA analysis performed with adonis2 function of the vegan R package (Repository NCBI: PRINA1224541). The analyses were
considered significant for p < 0.05 and highly significant for p < 0.01.

3. Results
3.1. Culturable bioaerosol

Culture-based evaluation of bioaerosols in the classroom and meeting room, with and without air treatment by the device, is
presented in Fig. 3 and Table 3, respectively. Given that the area of each room was approximately 50 m?, the colony-forming units
(CFUs) were consistently below 10*/cm?. The GIMC generally ranged between 1000 and 2000 CFU/m?, which is considered indicative
of low microbial contamination levels. One exception was observed on the first day of sampling in the primary school, during the
installation of the device, when GIMC exceeded 2000 CFU,/m°.

In the University meeting room, GIMC values remained below 1000 CFU/m®. Fig. 3 (A, B, and C) shows the distribution of airborne
CFUs across the sampled locations within the primary school. As expected, the highest contamination levels were associated with fungi
and yeasts, which exhibited substantial growth on the culture plates 72 h post-sampling. In contrast, bacterial colonies grew
consistently without any signs of resistant fungal overgrowth.

The microbial load in the room where the device was installed was higher than in the control classroom in terms of bacterial counts
(both at 22 °C and 37 °C), while fungal data showed greater variability between the two classrooms. The elevated bacterial load may be
attributed to prolonged human presence during device installation, as well as other confounding factors specific to the room and the
school environment, such as cleaning schedules and the presence of bulletin boards on classroom walls.

The outdoor microbial load after device operation was comparable to that of classrooms 1 and 2 for environmental bacteria
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Table 3

Heliyon 12 (2026) e44404

Culture-based bioaerosol results of the second sampling session into the meeting room before and after the portable botanical biofilter action.

Sampling

before action

after action

Mean Dev. St. Mean Dev. St.
Bacteria UFC/m? 22 °C 40 2.8 150 14.1
UFC/m® 37 °C 323 9.4 113 26.9
Fungi UFC/m® 247 18.9 432 139.1
GMCI UFC/m* 610 31.1 695 126.3
MCI ratio 8 0.3 4 2.2

cultured at 22 °C. However, an unexpected increase in microbial load at 37 °C was noted in room 1 and particularly in the air exiting

the device.

The Microbial Contamination Index (MCI) remained consistently below 3 (see Table 3), while the Al was also under 3 in all cases,
except for the first sample collected in the primary school and for the samples taken in the meeting room, where Al values reached 3.9,
8, and 4, respectively. Nevertheless, the higher contamination observed during the first sampling cannot be attributed to the operation

of the botanical biofilter, but rather to the installation process itself.

The elevated mesophilic contamination observed prior to device activation could also be due to the room being used for a meeting
the day before sampling. Despite these exceptions, overall microbial contamination levels were very low.
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3.2. Gravimetric analysis

The TSP concentrations were 1.68 pg/m? and 13.16 pg/m?3, respectively before and after the portable botanical biofilter operation.
Considering that the rooms were unoccupied, these results were quite expected. The nucleic acid extraction from the filters was
successful, yielding approximately 3 ng/pl of extract, suitable for subsequent biomolecular analysis.

3.3. Next generation sequencing results of all the collected samples

3.3.1. Alpha-diversity

Alpha diversity refers to the diversity within a single community or habitat, and includes metrics such as species richness (the
number of distinct species) and evenness (the relative abundance distribution among species). Fig. 4 presents both species richness and
the Shannon diversity index for the analyzed samples. A statistically significant difference was observed when comparing the effluent
air from the portable botanical biofilter to untreated indoor air (pairwise ranking, p < 0.05). Specifically, the effluent air exhibited a
higher Shannon index than the untreated indoor air, indicating increased microbial diversity following filtration by the device (Fig. 4,
top and bottom-right). An intermediate Shannon index was observed in the air from the environment where the device was operating,
suggesting a partial enrichment in microbial diversity. Overall, the air treatment contributed to an increase in alpha diversity, with
Shannon index values approaching those typically observed in outdoor air (Fig. 4, bottom left and right).

3.3.2. Beta-diversity

Considering the biodiversity among the different sample groups in relation to the sampling environment, a significant difference in
distribution patterns was observed. As shown in Fig. 5, despite the limited number of sample replicates, a clear separation between
groups can be appreciated, supported by a statistically significant overall model (p < 0.05). Outdoor samples clustered distinctly from
indoor ones. Furthermore, the air samples from the portable botanical biofilter effluent and from the indoor environment where the
device was operating tended to cluster together in the upper part of the plot. In contrast, the untreated indoor samples occupied an
intermediate position.

3.3.3. Differential analysis

Among the identified genera, several include microbial members known to be human pathogens [23]. These genera are listed in
Table 4, along with the percentage of corresponding sequences detected. A relative abundance exceeding 0.01 % may warrant
attention to air quality, especially in public or shared environments. However, several limitations should be considered. First, the
minimal infective dose of some pathogens may be very low. Second, pathogenicity is generally defined at the species level, rendering
genus-level classification insufficient for health risk assessment. Notably, a general increase in the relative abundance of the two most
represented genera—Corynebacterium and Streptococcus—was observed when comparing outdoor air microbiomes to those in indoor
environments where the device was operating, with relative abundances doubling and tripling, respectively. In contrast, these genera
were not detected at concerning levels in the effluent air from the portable botanical biofilter.

Species-level analysis revealed the presence of several well-known opportunistic or pathogenic microorganisms, including
Legionella pneumophila, Pseudomonas aeruginosa, Haemophilus parainfluenzae, Streptococcus salivarius, and Neisseria mucosa/subflava.
The prevalence of these species was generally low (<50 %) or very low (<25 %), with no significant differences observed between
sample groups. Importantly, four species—Legionella pneumophila, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Salmonella
enterica—are listed in Annex III of the European Biohazard Directive (Directive 2000/54/EC) as Group 2 biological agents [23].
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Fig. 5. - Principal Coordinates Analysis (PCoA) based on unweighted UniFrac distances. The plot illustrates the ordination of air microbiome
samples, highlighting differences in community composition across sampling environments. The analysis is based on unweighted UniFrac distances,
which account for the presence or absence of phylogenetically distinct taxa.
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Table 4

- Presence of bacterial genera, including species known to be pathogens for human respiratory infections [23], in the analyzed air samples, categorized by type of environmental sample.

Bacterial genus

% on the identified sequences

Outdoor Indoor Indoor with device Effluent from the device
Legionella <0.01 0.01 0.08 <0.01 0.01 <0.01 <0.01 0.01 <0.01 0.01 0.01 <0.01 0.01 0.08
Pseudomonas 0.55 0.10 0.92 1.49 0.72 0.27 0.19 0.78 0.01 1.15 1.05 0.33 1.75 0.32
Bordetella 0.05 0.01 0.01 0.01 <0.01 <0.01 <0.01 0.01 0.04 <0.01 <0.01 <0.01 0.1 <0.01
Corynebacterium 1.55 0.38 2.55 0.93 1.62 1.75 4.71 2.71 5.44 5.50 3.87 3.51 3.71 0.68
Haemophilus 0.04 0.06 0.14 0.31 0.60 <0.01 <0.01 0.23 0.34 1.36 0.57 0.09 0.25 0.30
Chlamydophila <0.01 <0.01 <0.01 <0.01 0.01 0.01 n.d. 0.01 <0.01 <0.01 <0.01 3.21 <0.01 <0.01
Mycoplasma 0.03 0.02 0.01 0.02 0.03 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.02
Streptococcus 1.06 0.38 1.32 1.88 3.15 0.75 2.75 2.01 3.59 3.78 3.05 1.58 1.34 2.78
Neisseria 0.10 0.02 0.11 0.08 0.67 0.25 0.73 0.39 0.04 0.42 0.47 0.13 0.02 0.30
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The detection of these potential pathogens in air samples is of particular concern for both public and environmental health.
Notably, L. pneumophila and P. aeruginosa are capable of forming and proliferating within biofilms, which confer resistance to envi-
ronmental stressors such as disinfection, antimicrobial agents, and host immune responses [24].

Differential analysis at the species level highlighted several statistically significant differences in microbial prevalence between the
effluent air from the device and untreated indoor air (p < 0.05). The following species were found to be increased in the device’s
effluent air, with corresponding log2 fold changes (log2FC): Corynebacterium sp. 2183 (+2.04 1log2FC), Corynebacterium geronticis
(+1.04 10g2FC), Corynebacterium glutamicum (+0.58 1og2FC), Klebsiella pneumoniae (+0.65 1og2FC), Finegoldia magna (+0.74 log2FC),
Saliniradius amylolyticus (+2.17 log2FC), Pseudonocardia dioxanivorans (+1.04 1og2FC), Salmonella enterica (+0.58 log2FC), Bacillus
velezensis (+0.18 log2FC).

Conversely, two species showed a significant decrease in the biofilter effluent compared to untreated indoor air (p < 0.05): Sut-
terella megalosphaeroides (—2.10 10g2FC), Paracoccus aminophilus (—2.67 10g2FC).

Importantly, statistically significant differences (p < 0.05) were also observed for Corynebacterium sp. 2183, Finegoldia magna, and
Sutterella megalosphaeroides when comparing treated indoor air (where the device was operating) with untreated indoor air. This
suggests that the portable botanical biofilter not only alters the microbial composition of its effluent air, but may also impact the
broader indoor aerobiome of the room in which it operates.

4. Discussion
4.1. Culturable bioaerosol and pollution mitigation

The microbial contamination of the air, as assessed by culture-based methods, was comparable to that found in other indoor en-
vironments lacking specific sources of contamination, apart from human occupancy and typical office activities [25,26]. The use of
active sampling provides a more comprehensive assessment of airborne microorganisms compared to passive methods [25].

As previously observed, fungal contamination is higher than bacterial contamination [19]. Moreover, the fungal levels observed in
this study exceed those reported in the literature, but only prior to the activation of the portable botanical biofilter.

According to indoor air quality guidelines [15], the contamination levels observed in this study fall within a low-risk range both
before and after air purification by the portable botanical biofilter.

While several studies have demonstrated the effectiveness of botanical biofilters in removing indoor air pollutants [6,7]—
particularly VOCs [13]—there is a lack of data regarding their impact on airborne microbiota. Existing data mainly focus on micro-
organisms associated with plant growth or optimal soil composition [8].

A comparison between the microbiota observed in this study and those reported in similar indoor environments revealed com-
parable results in terms of the Shannon index, which was approximately 3 [25]. However, other published studies have reported higher
levels of alpha diversity, with Shannon index values ranging from 3 to 5. These differences may be attributed to variations in envi-
ronmental settings and sampling methodologies [27-29]. In a few instances—particularly in studies focusing on specific indoor en-
vironments, such as those conducted during the summer or involving dust samples—Shannon indexes as high as 5 to 10 have been
reported [28,30]. The presence of indoor plants has also been linked to increased alpha diversity, reflected in both greater species
richness and elevated Shannon index values [10].

The majority of microbial signatures detected in this study correspond to common bacterial species previously identified in
classroom air [36], primarily originating from either human occupants or outdoor environments [26]. Among the genera identified
(Table 4), many are typically associated with human skin or mucosal surfaces, including Haemophilus, Streptococcus, and Neisseria, all of
which have also been reported in previous studies on indoor air microbiota [27].

NGS analysis revealed a significant presence of bacteria originating from outdoor sources consistent with existing literature, which
indicates that indoor microbial communities are also present and derived from outdoor environments [30]. For example, Pseudomonas
was consistently detected across all samples, likely introduced into classrooms via soil particles carried on occupants’ shoes. Addi-
tionally, genera such as Sphingomonas, Kocuria, Paracoccus, Corynebacterium, and certain Acinetobacter species likely entered the indoor
environment through outdoor air infiltration [29,30].

Klebsiella pneumoniae is noteworthy for its biofilm-forming fimbriae, which are involved in the adherence of the organism to
medical devices, such as ventilators, thereby contributing to ventilator-associated diseases. This pathogen is responsible for approx-
imately one-third of all cases of Gram-negative infections, including urinary tract infections, cystitis, pneumonia, surgical wound
infections and endocarditis [31]. Similarly, Salmonella enterica is of public health concern as a foodborne zoonotic pathogen [32].
Another noteworthy species, although not listed in Directive 2000/54/EC, is Finegoldia magna (formerly Peptostreptococcus magnus), a
Gram-positive opportunistic pathogen that has been associated with various infections, including wound and soft tissue infections,
osteomyelitis, and endocarditis [33]. Within the genus Corynebacterium found in our sample, the presence of Corynebacterium gluta-
micum is noteworthy, as literature has reported its ability to produce antimicrobial peptides and a potential cholesterol-lowering effect
[34].

In addition to species of human interest, the sample revealed the presence of microorganisms with potential environmental and
biotechnological implications. Of particular interest is Bacillus velezensis, an aerobic endospore-forming bacterium, known for its dual
role in promoting plant growth and suppressing microbial pathogens through the production of metabolites such as siderophores,
bacteriocins, and VOCs [35]. First described two decades ago, Pseudonocardia dioxanivorans CB1190 is a Gram-positive actinomycete
that has demonstrated significant efficiency in degrading 1,4-dioxane, with important implications for bioremediation [36,37].
Another metabolically interesting microorganism is Paracoccus aminophilus JCM 7686, a heterotrophic methylotroph capable of

11



E. Franchitti et al. Heliyon 12 (2026) e44404

utilizing a wide range of C1 compounds, including formamide and N,N-dimethylformamide, enabling its adaptation to contaminated
soil [38,39]. Finally, the presence of Saliniradius amylolyticus, a Gram-negative aerobic bacterium, with the ability to survive across a
broad range of temperatures (15-42 °C), pH levels (6-8), and salinity conditions (0.5-12 % NaCl) [40], suggests the presence of
bacteria adapted to variable environmental conditions.

Indoor environments have emerged as complex ecosystems. Studying them has enhanced our understanding of microbial in-
teractions within these artificial settings, providing valuable insights into how humans engagement with the microbiota of indoor
spaces. This study has certain limitations, primarily due to the small sample size and the absence of standardized procedures for
aerobiome analysis. Nevertheless, the microbial data obtained can contribute to the development of strategies aimed at mitigating the
health impacts of airborne exposure, particularly through the implementation of plant-based air purification systems.

5. Conclusion

The methods employed effectively characterize the microbial composition of the sampled air. Overall, the air quality in the indoor
environments analyzed is good. Culture-based analysis revealed a low number of CFU/m? and a GIMC index below 2000 CFU/m>,
indicating minimal microbial contamination. As expected, the highest recorded parameter pertains to fungi and yeasts. The levels of
culturable bacteria and fungi in indoor environments are not negatively affected by the operation of the portable botanical biofilter
system. The effluent air from the plant-based device exhibits unique alpha-diversity microbiome characteristics, closely resembling
those of natural environments.

Additionally, beta-diversity analysis suggests that the Portable botanical biofilter influences the air microbiome, altering its
composition. Some of these changes may be beneficial, such as an increased capacity for pollutant removal, while others could be
potentially hazardous, such as the proliferation of biofilm-forming species. Despite the limitations of this study, the findings
demonstrate the ability of the plant-based air treatment device to modify the microbiological characteristics of indoor air. However,
further studies are needed to evaluate the impact of these microbiome alterations on indoor air quality and their potential effects on
respiratory health.
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