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Abstract The respiratory system is equipped with several defence mechanisms to protect the body from microorganisms and
airborne pathogens. There are situations where the respiratory system can be overwhelmed or compromised and infection happens,
especially in individuals with weakened immune systems. Airborne pathogens are a serious risk for human and animal health, as
exemplified by the challenges faced during the COVID-19 pandemic. The list includes viruses of varying severity such as Influenza
virus, SARS-CoV-2, measles virus, Varicella-Zoster Virus, or Respiratory syncytial virus among others. Smaller particles can remain
suspended in the air for longer periods and may reach the lower respiratory tract, including the alveoli in the lungs. The real-time
detection of these pathogens in the air presents a significant challenge. The aerosols, especially those carrying viruses, are so small
that they often elude conventional air samplers, making it difficult both to detect their presence and to remove them effectively from
the air. This work introduces a recent technique designed for rapid aerosol sampling, with a particular emphasis on virus sampling.
The system underwent calibration using artificial $29 virus aerosols and was subsequently tested with naturally emitted aerosols
of SARS-CoV-2. A series of tests were conducted in diverse settings, including hospitals, farms, offices, and railway cars. The
equipment is also capable of swiftly removing bioaerosols from the air, thereby facilitating effective decontamination. The relevance
of this technology lies in its capability for swift detection and elimination of viruses and other kinds of aerosols from air, facilitating
prompt decision-making during high-risk events.

1 Introduction

Transmission of diseases through air has been extensively studied in the recent years due to COVID-19 pandemic. Airborne
transmission is traditionally defined as involving the inhalation of infectious aerosols or “droplet nuclei” smaller than 5 pum, mainly at
adistance of > 1-2 m away from the infected individual, and only for “unusual” diseases. However, there is robust evidence supporting
the airborne transmission of many respiratory viruses [1]. Particles up to 20 wm with favourable aerodynamic characteristics and
low settling velocity or by quickly evaporating can also remain longer in the air, behaving as aerosols in suspension [2—4]. The list
of respiratory viruses includes viruses of varying severity such as Influenza virus, SARS-CoV-2, measles virus, Varicella-Zoster
Virus, or Respiratory syncytial virus and also bacteria such as tuberculosis or respiratory anthrax among others. It is essential to
enhance our understanding of the airborne transmission pathway of respiratory viruses, enabling the formulation of more informed
strategies to mitigate the spread of respiratory infections.

Over the years, different methodologies for sampling the air have been developed; however, not all of them are capable of collecting
the finest particles such as viruses. The finest aerosols are precisely the most dangerous as they remain airborne much longer and
are more difficult to filter. In this work, we elaborate on the development of a new device for the surveillance and sampling of agents
present in the air. This system is called bioaerosol fast sampler (BIAFTS), and it is based in counterfog technology. Counterfog
technology was developed under a FP7 programme project. It has been proposed as a rapid decontamination and disinfection
technology of air and surfaces. Counterfog technology generates a dynamic jet of fog whose submicrometric droplets collide and
aggregate with the smallest NBRQ aerosols [5]. It was designed for collapsing all kind of dispersed agents using a fog made of

4 e-mail: jl.perezd @uah.es (corresponding author)

Published online: 06 September 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-024-05441-3&domain=pdf
http://orcid.org/0000-0003-0021-7624
mailto:jl.perezd@uah.es

795 Page2of6 Eur. Phys. J. Plus (2024) 139:795

@ BIAFTS sample A PTFE filter sample 10° Particle .5 == 0.5-1 1-2.5== 25-4== 4-10.0
— 1087 Y size (um)
o ] ..
£ 1014 e 10% = 9857.80.101x
£ 107 @ el y 8e
2 ] Al O Mnen, R2=0.9273
a 108 el T @y = 87e015% o 10° S
§  10° s S R2=0.999 o gy y=27354e 05
s 1 T E | e —"R2 5 0.8804
= 10%1 A, Y L O N
.g ............. Z 107, TR, y= 834.840203x
; 104 T A y= gogorsTx  Re gL o Tmeang, R2=0.8886
ol S T A T o
] 24 RZ=0.999 o TR, TR e T
§ 10 0 e y = 106e0-217x
& L 2=0.8969
100 100 r —— —r
0 10 20 30 a0 50 60 5 10 s, 20
Time (min) 10 y = 1648602k
Time (min) R?=0.8926

Fig. 1 Results from calibration tests in railway car. A Viral titre of bacteriophage $29 (PFU/m?) recovered using BIAFTS and PTFE filtration. B Natural
aerosol decay measured in number of particles/cm3 for different particle sizes: <0.5 wm (dark blue), 0.5-1 pm (red), 1-2.5 pm (yellow), 2.5-4 pum (light
blue), and 4-10 pm (grey). These graphics were created with Microsoft Excel

a solution that can also contain any neutralizing component. Based on this, BIAFTS has been designed as a portable device that
collects airborne particles into a liquid medium in just 2 min using this principle of aggregation and collision of particles [6]. This
work also showcases the results and effectiveness of BIAFTS in capturing viruses in various environments, including controlled and
known conditions, hospital settings, and farm surveillance.

2 Calibration of the system

In the initial phase of developing the bioaerosol fast sampler (BIAFTS), calibration tests were conducted to determine the recovered
virus quantity and, consequently, the efficiency of the system. These calibration tests played a crucial role in establishing the optimal
design features of BIAFTS, including sampling distances, the methodology for liquid recovery, and minimum sampling time. The
calibration tests involved a comparison with another validated methodology for air sampling—a filtration system that utilizes PTFE
filters with a very small pore size. The testing took place in a simulated operational environment, specifically a railway car of 156.47
m? with no ventilation system, mimicking real-world conditions. Prior tests in a laboratory setting were also carried out to fine-tune
the system.

A known quantity of bacteriophage $29, utilized as a surrogate for viruses, was intentionally dispersed throughout the entire
railway car. An aliquot of 7.6 x 10'! pfu (plaque forming units) of $29 was diluted in 1L of phage diluent solution (50 mM TrisCIH
pH 7.8, 10 mM MgCl,, 100 mM NaCl, 0.05% Tween-20). Three air pumps, each equipped with PTFE filters, were strategically
placed within the railway car—two at the ends and one in the centre. Liquid samples, utilizing the BIAFTS system, were taken
from one side of the railway car. Both samplers were positioned at approximately 1.5 m in height. Following nebulization, the PTFE
filtration systems were activated and in-liquid samples were simultaneously collected using the BIAFTS system. Air samples were
taken at various intervals over a 1-h period post-nebulization: PTFE filters (10 min, 0.3 m?>/min) and BIAFTS (2 min, 1.4 m3/min).
All samples were stored at 4 °C until further processing.

Furthermore, the number and size of particles were continuously monitored by a particle counter with a 10% mass concentration
precision (Sensirion Particle Sensor SPS30, Sensirion, Stifa, Switzerland). This device was positioned near the central door of the
railway car at an approximate height of 0.6 m.

The results show a comparable recovery of viral particles with both samplers: BIAFTS and filtration system (Fig. 1A). Figure 1B
shows the decay as a function of particle size. The figure shows that the decay is proportional to the particle size. Larger particles
exhibit a steeper logarithmic decay over time. Comparing the results in Fig. 1B with the $29 aerosols’ slope in Fig. 1A, it appears
that the generated $29 aerosols decayed according to a droplet size range of 0.5-1 pwm. The decay value suggests that the BIAFTS
is capable of capturing particles of at least 0.5-1 pwm [6].

The results of these calibration tests led to improvements in the design and functionality of BIAFTS for the subsequent tests in
hospital environment.

“Fast Air-to-Liquid Sampler Detects Surges in SARS-CoV-2 Aerosol Levels in Hospital Rooms” Licensed under a Creative
Commons Attribution 4.0 License.
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Table 1 RT-qPCR detection of Room Ctvalue Result Airborne SARS-CoV-2 (RNA copies m 3 air) ~ Sampler used
SARS-CoV-2 RNA in aerosols
from hospital rooms 1 _ Negative ND BIAFTS
33.49 Positive 547.09
- Negative ND
34.10 Positive 258.45 PTEE filter
2 31.04 Positive 4235.00 BIAFTS
39.02 Indeterminate  9.55
- Negative ND
35.06 Positive 234.45 PTEE filter
3 36.53 Positive 82.66 BIAFTS
36.10 Positive 146-28
36.54 Positive 99.00
33.64 Positive 650.74 PTFE filter
4 36.45 Indeterminate  5.10 BIAFTS
35.83 Positive 14.39
36.31 Positive 6.93
35.71 Positive 2.31
- Negative ND
34.47 Positive 148.15 PTEE filter
Bathroom—Room 4  36.6 Positive 391 BIAFTS
35.9 Positive 10.89
37.7 Indeterminate  3.63
5 36.45 Positive 197.42 BIAFTS
37.36 Positive 172.40

37.56 Indeterminate  132.08
37.64 Indeterminate  183.73

36.85 Positive 250.38
34.17 Positive 157.68 PTEFE filter
Bathroom—Room 5  38.32 Positive 272.06 BIAFTS

38.22 Indeterminate  230.39
38.96 Indeterminate  125.00

6 - Negative ND BIAFTS
- Negative ND
- Negative ND
The results are presented in RNA 3433 Positive 456.96 PTFE filter

copies/m3 air (N-gene)

3 Hospital rooms sampling during COVID-19

After conducting initial tests with artificial aerosols of the ¢29 surrogate, real-world field tests were executed. Samples of SARS-
CoV-2 were collected using both technologies in rooms containing COVID-19 patients at the Hospital Universitario Fundacién
Alcorcén in Madrid. The sampling duration for PTFE filters ranged from 1 h and 45 min to 2 h, and the collected filters were
stored in tubes containing 2 mL of phosphate-buffered saline (PBS) supplemented with 10 p.g/mL bovine serum albumin (BSA),
100 pg/mL gentamicin, 200 U/mL penicillin, and 20 pg/mL streptomycin. Air samples from BIAFTS were collected in 2—4 min in
50-mL Falcon tubes using PBS medium supplemented with 0.1% BSA, 100 pg/mL gentamicin, 200 U/mL penicillin, and 20 pg/mL
streptomycin. All samples were kept at 4 °C until further processing. Testing was conducted in six hospital rooms and two hospital
bathrooms occupied by COVID-19 patients in the early stages of infection (less than 3 days post-infection). Both systems were
positioned in the middle of the room at a considerable distance from patients’ beds. After the tests, samples were taken to the
laboratory and the presence of SARS-CoV-2 was determined by RT-qPCR in a CEX Opus 384 Real-Time PCR system (BIORAD).

The results of these sampling tests with both, BIAFTS and PTFE filters are presented in Table 1 [6].

Result interpretation as “indeterminate” refers to those samples with Ct>40 for one of the N-genes (N1 or N2).

The results show the detection of SARS-CoV-2 in the air using both systems simultaneously. The concentration of SARS-CoV-2
in the air is typically low, as indicated by high Ct values in RT-qPCR analysis. This is in line with the understanding that the vast
volume of air serves as a diluting factor, leading to a lower density of microorganisms compared to more concentrated sources, such
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Fig. 2 BIAFTS sampling in a
sheep farm

as clinical samples from infected patients. PTFE filters allowed us to see the average of virus concentration in a period of 2 h, whereas
BIAFTS is a fast sampler that allows punctual sampling in only a few minutes. With both systems, we obtained comparable results
(Table 1). Results from each room are different because patients and the aerosol emissions were different. We can observe rooms
with no or very low SARS-CoV-2-containing aerosols concentration (rooms 4 and 6) and others with higher levels of SARS-CoV-2
in aerosols (room 5). Interestingly, levels of SARS-CoV-2-containing aerosols were found to be similar in bathrooms, even when
there were no patients present during the sampling, as in rooms 4 and 5. This observation highlights the transport of aerosols through
the air. Surprisingly, results obtained from BIAFTS samples show that there are sudden boosts in SARS-CoV-2-containing aerosols,
detecting moments of high concentration of viral genome. This is especially striking in rooms 1 and 2 (Table 1) [6].

BIAFTS has demonstrated its capability to swiftly capture naturally emitted aerosols from infected patients, showcasing promising
results [6]. Detecting specific viruses in the air is challenging due to their generally low concentration. Following the tests at Hospital
de Alcorcén, additional enhancements have been implemented in the BIAFTS device, and it is currently in continuous use across
various environments.

“Fast Air-to-Liquid Sampler Detects Surges in SARS-CoV-2 Aerosol Levels in Hospital Rooms” Licensed under a Creative
Commons Attribution 4.0 License.

4 Intensive pig farm sampling

BIAFTS has undergone enhancements and optimizations to enhance its efficiency in capturing microorganisms. An autoclavable
module, consisting of a deposit and nozzle, has been developed to guarantee the sterility of the system and reliability of results.
This configuration is specifically designed for the detection of airborne microorganisms, minimizing the risk of contaminations.
The improved BIAFTS system has been successfully deployed in the HE FARM project from Horizon Europe programme aimed at
enhancing biosecurity throughout the Farm-to-Fork chain.

HE-FARM project aims to investigate the various transmission channels through which microorganisms enter farms and how
they are transported via these channels. By identifying methodologies and technologies to block these channels, we can help prevent
the spread of pathogens. As part of the HE-FARM project, different types of farms have been visited, including both intensive and
extensive operations as well as different species farms: pigs, cattle, poultry, snails...

BIAFTS has been employed in all these farm environments to quantify the presence of microorganisms in the air (Fig. 2).

This paper aims to highlight the evidence found in one of the farms visited, specifically an intensive mother and growing pig farm
in Spain. In this farm, a positive status for PRRS (porcine reproductive and respiratory syndrome) had been identified. PRRS is one
of the main pathogens targeted in HE-FARM project along with Avian Influenza Virus. This virus is one of the main threats that
pig farms face nowadays along Europe, especially due to a highly virulent variant A targeted sampling campaign was organized to
investigate the transmission channels of PRRS within the facility. Air samples were collected using both BIAFTS and PTFE filters,
and surface samples were also obtained. PCR analysis revealed the presence of PRRS in samples obtained from various production
stage areas of the farm, although not uniformly across all sections. Additionally, traces of PRRS were identified on surfaces within
the facility. Figure 3 shows the viral structures observed by electron microscopy in the different samples.
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Reference PTFE filter

BIAFTS BIAFTS

Fig. 3 Image of structural biology of PRRSV. Reference picture is from obtained from bibliography: The structural biology of PRRSV . Terje Dokland (2010)
[7], compared with viral structures observed in BIAFTS and PTFE filter samples

5 Discussion

The novel device for sampling aerosols used in the present paper is distinguished by a fundamentally different operating principle
compared to other air samplers documented in the literature. The latest findings of PRRS virus aerosols shown in the present paper
are consistent with the prior work using the BIAFTS device that had previously sampled other viruses and other microorganisms
from air.

This particularly dirty environment has been a real challenge for the processing of the samples. BIAFTS captures all types
of airborne particles—including dust and smoke—and this non-specificity can pose a challenge on the isolation and growth of
microorganisms, especially viruses, due to the interaction with dirt recovered from the air. Therefore, this paper demonstrates that
an additional purification step for the samples is enough enabling the procedure. Other physical limitations have demonstrated to
be necessarily taken into account -for example in outdoors environment where wind may reduce the sample recovery rate, although
microorganism detection remains possible.

Ongoing improvements aim to enhance the preservation of samples during transport from field sites to laboratories and fast
identification of the liquid sample.

The use of BIAFTS in different European projects will enable continuous development and the integration of improvements and
new features, such as automated sample collection. Future directions in counterfog technology will involve testing and assessing
the systems for emergency preparedness and CBRNe security. While tests have already been conducted with chemical substances,
future efforts will focus on radiological and nuclear detection and counteraction.

6 Conclusions

In conclusion, the air-to-liquid sampler—BIAFTS is an effective and fast tool for capturing airborne matter, including bioaerosols,
in a very short time, which allows fast decision-making when detecting any kind of hazard in the air. In this work, it is presented its
capacity for capturing viruses present in the air. Due to the generally small size of the viruses and the low concentration of them in the
air, BIAFTS is a very promising technology. Low virus concentration in the air is attributed to significant dilution within a spacious
environment. The results obtained with BIAFTS are very powerful since similar results to those obtained with other air-sampling
technologies, such as PTFE filtration, were obtained in much less time. PTFE filters measure the mean of the virus concentration
over a period of 2 h, while BIAFTS is rapid sampler for spot sampling and it detects transient levels of aerosols. BIAFTS allows
monitoring a large volume of air in a short period of time and offers the possibility of understanding aerosol dynamics by detecting
aerosol levels at very specific times.

Another aspect to take into account, regarding the virus levels detected in aerosols, is the cleaning capacity of BIAFTS as it
captures and collapses airborne agents, removing them from the air with an airflow of 1.44 m3/min.
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