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ABSTRACT 

 
Mitigation measures to reduce indoor transmission of SARS-CoV-2 and other pathogenic 

microorganisms are urgently needed to combat the current pandemic and to prevent future 
airborne epidemics or pandemics. Very efficient exhaust filters for nanoparticles down to sizes 
of only a few nanometers have been available for many years; they are used, for example, in 
diesel and, more recently, gasoline vehicles to reduce emissions. The size of soot particles emitted 
by combustion engines, i.e., primary particles and aggregates, includes those of viruses. Therefore, 
such particle filters should also efficiently remove viruses. This study aimed to design a filter test 
system with a controlled airflow allowing to aerosolize particles at the aerosol inlet and collect 
samples before and after the particle filter.  

As an example, results obtained for the NanoCleaner®, a filter designed to clean cabin air in 
vehicles, are presented. Validation with soot particles produced with a CAST soot generator 
revealed a filter efficiency higher than 99.5%. To assess the relevance of the test filter system to 
measure efficiency for viral particles removal, MS2 bacteriophages, also called Escherichia virus 
MS2, were used as virus surrogate and aerosolized into the filter test system with the commercially 
available Emser nebulizer. Filter efficiencies of more than 99% for MS2 bacteriophages were achieved 
using the NanoCleaner® in the filter test system. Experiments with ceramic wall-flow filters showed 
similar results. To enlighten the versatility of the filter test system, a typical aircraft cabin air filter 
was also characterized. The measurements confirmed the high filter efficiency, and in addition, 
we show a decrease of bacteriophage’s survival on the filter material over 48 h post-exposure. 

In conclusion, we have established a versatile system that is modular to test any filter system 
for the efficiency of eliminating MS2 bacteriophages as virus surrogates from air. 
 
Keywords: Particle filter, MS2 bacteriophages, Virus aerosols, Filter efficiency, Filter test system 
 

1 INTRODUCTION 
 

In the current coronavirus pandemic, several air-borne routes of the SARS-CoV-2 virus transmission 
have been described such as (i) large droplets and micro-droplets in the range of 1000 nm expelled 
during coughing, sneezing and speaking, and (ii) exhaled aerosols containing single viruses in the 
100 nm range released from breathing and speaking (Johnson and Morawska, 2009; Chu et al., 
2020; Riediker, 2020). Regarding aerosol transmission, the risk of SARS-CoV-2 outdoor transmission 
is much lower in comparison to indoor transmission (Bulfone et al., 2020). Most transmissions 
occur in indoor environments (Nishiura et al., 2020) and a recent systematic review has shown 
evidence that the virus is transmitted indoor via air, especially in hospitals and crowded places 
(Noorimotlagh et al., 2020). Monte Carlo simulation scenarios revealed the significance of viral 
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load, speaking and physical activity to estimate the viral exposure and inhaled dose in different 
indoor scenarios (Riediker and Monn, 2020). Importantly, there is evidence that viruses are very 
efficiently spread through aerosols by the patient's breathing only (Scheuch, 2020) and even 
asymptomatic patients infected by SARS CoV-2 release a cloud of such viruses when breathing 
normally (Furukawa et al., 2020). It has been shown that humans produce infectious aerosols in 
a wide range of particle sizes, but pathogens predominate in small particles below 5 µm (Fennelly, 
2020). Depending on the conditions, the exhaled carrier droplets can dry in a fraction of a second 
and the smaller remaining particles then spread unhindered in the indoor air as an aerosol (Klompas 
et al., 2020). However, exhaled aerosols also contain surfactants, lipids and proteins that can 
prevent this effect, and this has been shown to be largely dependent on relative humidity 
(Vejerano and Marr, 2018). Large droplets settle faster than they evaporate and can contaminate 
the immediate vicinity of the infected individual, whereas small droplets evaporate faster than 
they settle and can remain airborne for a much longer time (Bourouiba, 2020). 

From the viewpoint of aerosol physics, free viruses or what remains after the evaporation 
process (de Oliveira et al., 2021) are "biological" ultrafine particles. Like other such particles, they 
remain suspended in air for hours and can thus reach everyone in the same room. Therefore, 
keeping a distance in closed rooms is insufficient to prevent from infection once the virus has 
spread. Different mitigation measures have been proposed such as active ventilation with 
outside air, the ubiquitous wearing of face masks, and air ventilation (Nielsen, 2009; Lelieveld et 
al., 2020). The latter can be done by supplying fresh air from outside or by filtering and recirculating 
the room air (Morawska et al., 2020). The first possibility is the simplest but from an energetic 
point of view undesirable during cold or hot weather conditions. The second option requires 
adequate filters. In both cases it is essential that air is withdrawn from the room in a way avoiding 
the distribution of the viruses in the room. This can be achieved by a vertical flow such that 
exhaled air immediately moves upwards. Several filter systems have been reported recently with 
the aim to filter airborne viral particles. For instance, cellulose-based virus-retentive filters have 
been described (Junter and Lebrun, 2017) or the design of high-performance charged nanofiber 
filters that achieve over 90% capture of airborne SARS-CoV-2 simulated by the 100 nm sodium 
chloride aerosols (Leung and Sun, 2020).  

In addition, soot particle filters have gained the interest in this field. Electron microscopy 
analysis of the corona virus SARS-CoV-2 revealed a spherical shape and size between 60 nm and 
140 nm in diameter (Zhu et al., 2020). This is in the same range as soot particles (Maricq et al., 
2000). The mean size for combustion-derived primary particles is in the order of 20 nm. These 
primary particles are emitted as agglomerates having a lognormal size distribution with a median 
of around 80 nm for diesel and 60 nm for gasoline engines (Mayer et al., 2014). Therefore, particle 
filters such as those developed since the 1990's for the elimination of soot particles from the 
exhaust gas of diesel engines, and which have now become the state of the art in all vehicles with 
combustion engines, could also be suitable to filter viral particles (Mayer et al., 1999). Such particle 
filters achieve separation efficiencies of well over 99%, are space-saving and cost-effective. An 
additional advantage of using such filters is that not only viruses, but also all particulate air 
pollutants such as soot particles are removed.  

To apply such particle filters for the envisaged purpose, the efficiency of these filters to 
precipitate viruses needs to be investigated. Therefore, we developed a test bench with a controlled 
airflow allowing to aerosolize particles at the aerosol inlet and to collect samples before and after 
the filter. The first filter tested and reported here was a fiber-based nanofilter, the Nanocleaner®, 
used so far for vehicle cabin air cleaning (Burtscher et al., 2008). In a second step, a typical aircraft 
cabin air filter was used to assess the versatility of the system. The test system was validated with 
soot particles produced by a combustion soot generator (CAST). Then MS2 bacteriophages, also 
called Escherichia coli or Escherichia virus MS2, were used as virus surrogate to assess the filter 
efficiency for viral particles (virions) removal (Aranha-Creado and Brandwein, 1999). As mentioned 
SARS-CoV-2 viruses have a spherical shape and size between 60 nm and 140 nm in diameter (Zhu 
et al., 2020). In comparison, the size of bacteriophage MS2 is around 30 nm (Nguyen et al., 2011). 
Additionally, bacteriophages MS2 proved to be a good model system for corona virus studies as both 
are negatively charged (Diaz, 2008) and hence expected to have similar behaviour when interacting 
with the filter surface (Dang and Tarabara, 2019). Finally, MS2 bacteriophages are persistent in 
the environment and can be detected and counted accurately as active bacteriophages. 
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Fig. 1. Diagram of the test system. (a): configuration, not to scale, T: Temperature, RH: Relative humidity. The position of the 
probe upstream the filter can be varied, allowing the scan the whole cross section. (b): drawing with dimensions. 

 

2 MATERIALS AND EXPERIMENTAL SETUP 
 
2.1 Design of the Filter Test Bench 

The filter test bench was designed to measure aerosol particles as well as MS2 bacteriophages 
as viral surrogates (Fig. 1). The dimensions were chosen such to allow flow rates up to 100 m3 h–1. 
This covers a wide range of filters and the dimensions of the entire test stand are small enough 
to fit into a conventional chemical hood. The NanoCleaner® particle filter (Burtscher et al., 2008), 
used here as an example requires a flow rate of about 20 m3 h–1. 

Aerosol particles were introduced into the main flow (ambient air or filtered compressed air) 
externally via the aerosol inlet. Particles and MS2 bacteriophages were introduced via a nebulizer. 
A medical inhalator (EMSER® Inhalator compact, https://www.emser.ch/bronchien-lunge/prod 
ukte/emser-inhalator-compact/) has been used as nebulizer to produce defined aerosols. It is 
operated at ambient pressure. The aerosol introduction is followed by an evaporation section. 
According to Drewnick and Team the evaporation time of a 10 µm droplet is about 0.2 s at 70% 
relative humidity (RH) (https://www.mpic.de/4670174/filtermasken_zusammenfassung.pdf). The 
residence time of the aerosol in the system (0.4 s at the maximum flow rate of 100 m3 h–1) 
therefore is long enough for the droplets produced by the nebulizer to evaporate before reaching 
the measuring point at the filter inlet. A double swirl distributor insured a homogeneous 
distribution over the whole cross section. 

Two sampling outlets upstream and downstream the filter allow measuring the particle size 
distributions and collecting the MS2 bacteriophages before and after the filter. The cross section 
of the suction pipes was chosen so that at 20 m3 h–1 main flow and 5 L min–1 sample flow the 
sampling is isokinetic. The position of the sampling location upstream the filter is adjustable so 
that the homogeneity of the aerosol concentration can be measured. This is important to make 
sure that the sampling is representative. The whole system has to be cleaned with 70% alcohol 
and the next experiment can only be performed after 12 h post-exposure. Fig. 2 shows a picture 
of the test system, installed in the chemical hood. 

In the experiment presented here the flow was controlled by the blower in the filter (here the 
NanoCleaner®, originally developed for cleaning the cabin air in cars). To test other filters, 
external blower is used.  
 
2.2 Tests with Aerosol Particles 

In a first series of experiments, the filter efficiency was determined using soot particles, produced 
by a flame soot generator (CAST, Jing Ltd., sootgenerator.com, see also Ess and Vasilatou (2019)). 
To cover the size range of interest several settings of the CAST “producing different size distributions” 
were used. The size distribution was measured upstream and downstream the filter using a Scanning 
Mobility Particles Sizer (SMPS, DMA TSI 3081, CPC, TSI 3775). The main flow was 20 m3 h–1, aerosol 
inlet flow 1.5 L min–1, sample flow 5 L min–1. 

https://doi.org/10.4209/aaqr.210232
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Fig. 2. NanoCleaner® particle filter test bench system. (a) Test bench system overview with the 
aerosolization point (1), the sampling outlet for the upstream filter (2) and the sampling outlet 
for the downstream filter; (b) Aerosolization point with the commercial Emser nebuliser (1); 
(c) Collection point at downstream filter outlet (3) and gelatine membranes (inset). 

 
The filter is tested with face velocities as suggested by the manufacturer (about 1 cm s–1). 
To make sure that aerosolized particles are completely dry after the evaporation section we 

produced NaCl particles by atomizing a NaCl solution and measured their size distribution at the 
sampling port upstream the filter directly and after passing them through a silica-gel dryer. The 
size distribution remained unchanged, showing that the particles already have been dry before 
entering the dryer. Scanning the particle concentration in the whole cross section by moving the 
location of sampling probe 1 proved that the concentration is homogeneous, independent of the 
exact position of the probe sampling will be representative. 
 
2.3 Growth of E. coli Host Cultures and MS2 Bacteriophages 

The Escherichia coli bacteriophage MS2 (ATCC® 15597B1™) and the Escherichia coli (E. coli) 
(ATCC® 15597™) host cultures were purchased from ATCC and cultured in 271 media according 
to the supplier instructions. Briefly, one day prior to the experiment, 10 µL of E. coli culture was 
added to 10 mL of 271 media and incubated at 37°C overnight at 160 rpm in a shaking incubator. 
The following morning 0.5 mL of overnight culture was added to 10 mL of fresh 271 media and 
further incubated until the exponential phase of bacterial growth was reached. The exponential 
phase was determined spectrophotometrically by an optical density (OD) 600 of 0.5–0.7. The 
culture was then kept at room temperature until use.  
 
2.4 Aerosolization of MS2 Bacteriophages and Sampling on Filters 

The MS2 bacteriophages were kept at 4°C until use. On the day of the experiment, 100 µL of 
the original stock solution was added to 5 mL of warm 271 medium. Once prepared, this stock 
solution was aerosolized in the test system for 15 min using the commercially available Emser 
nebulizer. The time needed for all liquid to be nebulized was 12 min to ensure that all aerosolized 
bacteriophages reach the sample collection 1 (sampling port upstream the particle filter) and 
sample collection 2 (sampling port downstream filter) (Figs. 1 and 2). The average temperature 
during aerosolization was 21°C and humidity 40–50%.  

https://doi.org/10.4209/aaqr.210232
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During the aerosolization, the MS2 bacteriophage samples were collected on the gelatin 
membranes positioned at the two sample collection places. The gelatin membranes were then 
dissolved in 5 mL of 271 media, and 10-fold serial dilutions of MS bacteriophage were prepared 
(10–1–10–6) by transferring 20 µL of bacteriophage sample to 180 µL of 271 media, and the viral 
titer was determined as described (Miller, 1972). Briefly, 100 µL of E. coli bacterial culture was 
pipetted in individual tubes and the 100 µL of bacteriophage sample were added. The aliquots 
were incubated for 10 min at 37°C before 5 mL of the soft top agar was added, and transferred 
onto the pre-heated solid agar plates and incubated overnight. On the following day, the plaques 
were counted and the viral titer determined as plaque forming units (PFU) by serial dilutions. 

To calculate the filter efficiency (%) the following formula was used: 
 

® particle filtePFU/mL sampled after the NanoCleanAir
Filter efficieny (%) 100

PFU/mL sampled before the NanoClean
r 100 

® particle fA ii ter l r
=

×
−  (1) 

 
2.5 Control Experiments 

A plate with E. coli only was included to eliminate the possibility of viral contamination during 
the plate preparation. Furthermore, the experiments described for the optimized methods on 
gelatin membranes were kept on the bench in the hood throughout the experiment and it served 
as the environmental control to assess potential MS2 bacteriophage contamination in the air. 
The samples from the MS2 bacteriophage stock solution were also prepared to serve as a positive 
control. 
 
2.6 Transmission Electron Microscopy (TEM) of Bacteriophages 

The MS2 bacteriophage stock solution prepared as described in section 2.4 was used for the 
microscopy experiments. As described elsewhere (Ackermann and Tiekotter, 2012), a drop of 
5 µL was pipetted onto 200 mesh TEM copper grids coated with a carbon/formvar film (Emsdiasum, 
Pennsylvania, USA) for the negative staining. The grids were left 3 min at room temperature to let 
the bacteriophages absorb to the surface. Then, the grids are manually blotted with a Whatman® 
filter paper (Sigma-Aldrich, Switzerland), and placed into a 5 µL drop of 2% phosphotungstic acid 
pH 7.0 for 45 s. By using wet Whatman® filter paper, the excess of staining agent is removed to 
leave a thin layer of stain onto the bacteriophages. The samples were air dried 12 h before imaging. 
The grids were examined with a Tecnai spirit TEM (ThermoFischer, Oregon, USA) operating at 
120 kV, with a FEI eagle camera (ThermoFisher, USA) using the TIA software (ThermoFisher, 
oregon, USA). 
 

3 RESULTS 
 
3.1 Test Measurements with Soot Particle Aerosols 

A first series of measurements have been done with aerosol soot particles. Particles were generated 
with a CAST soot generator (CAST: Combustion Aerosol Standard, www.sootgenerator.com), 
filtered compressed air was introduced. A Scanning Mobility Particle Sizer (SMPS) was used to 
alternately measure the particle size distribution before and after the filter. Particle production 
by the CAST is stable, no significant changes were observed during the experiment. Fig. 3(a) shows 
the measured size distributions upstream and downstream the filter for two settings of the CAST, 
and Fig. 3(b) the filtration efficiency. The achieved average filter efficiency is higher than 99.5%. 
Varying the sampling location shows that the distribution over the complete cross sections is 
absolutely homogeneous. 
 
3.2 Determination of Filter Efficiency Using MS2 Bacteriophages 

The MS2 bacteriophage solution was aerosolized in the test system for 15 min using the 
commercially available Emser nebulizer under the defined flow and environmental air stream. After 
the aerosolization, the MS2 bacteriophage samples were collected on gelatin membranes. The 
membranes were then dissolved and the PFUs were determined as described in the experimental 
section. The aerosolization experiments were repeated five times and the results are summarized 

https://doi.org/10.4209/aaqr.210232
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Fig. 3. (a) Size distributions of aerosols with and without filter. Dotted lines upstream of the filter, 
solid lines downstream the filter (flow 18 m3 h–1, face velocity 1 cm s–1); red: CAST setting 27 nm, 
green: 88 nm average diameter. (b) Filter efficiency measured at a flow rate of 18 L min–1 (0.6 L s–1) 
at three different CAST settings (orange 27 nm, gray 88 nm, blue 105 nm average diameter) to 
best represent the particle diameter of interest. The small differences show that the measurement 
is very robust. The green curve shows a measurement at 28 m3 h–1 (1.55 cm s–1). The efficiency is 
slightly lower, but still very high. 

 
in Figs. 4 and 5. The results show that even at the lowest dilution PFUs representing active 
bacteriophage particles are absent in the sample collected after NanoCleaner® filter (sampling 
downstream filter) (Fig. 4). From the number of plaques, it can be observed that the filter 
efficiency of bacteriophage elimination is > 99% (Fig. 5).  
 
3.3 Control Experiments 

The hood was always cleaned with 70% ethanol at the end of each experiment to avoid any 
MS2 bacteriophage contamination in the bench, which could result in false plaque formation. 
Due to potentially easy contamination of the surrounding air with the MS2 bacteriophages, apart 
from the standard negative control used to assess MS2 bacteriophage contamination in bacterial 
culture, an additional control to check for the contamination in surrounding air has been 
performed. An opened gelatine filter was placed on the bench during aerosolization and served 
as an environmental control (Fig. 6) to monitor the contamination in the air. No plaques were 
observed for this control. 
 
3.4 Versatility of the Bench Test Filter System 

The test bench system is a modular system and the versatility of the set-up was exploited to 
characterise a typical aircraft cabin air filter to filter viral particles (Fig. 7(a)). The measurements were 
done similarly as indicated for the NanoCleaner® particle filter. Over the two repetitions, we 
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Fig. 4. (a) Transmission electron micrograph of bacteriophages MS2 from the initial stock solution. 
(b) Representative photographic images of the agar plates from which the number of plaques 
was counted from MS2 bacteriophages collected on the upstream and downstream gelatine 
membranes. 

 
could not detect any PFUs after the filter (Fig. 7(b)). These measurements confirmed a filtering 
efficiency > 99% for MS2 bacteriophages in the tested conditions. 

Another advantage of this filter is that the evaluated filtering system can be retrieved after the 
aerosolization, and therefore, the MS2 bacteriophages survival on the filter can be assessed. As 
presented in Fig. 7(c), the survival of the MS2 bacteriophage on the filter, 24 and 48 h after 
aerosolization, varies between the two experimental replicates. Nevertheless, a steady decrease 
is observed over the 48 h post aerosolization. This information is essential to ensure that the 
filtering device is not becoming a source of contamination over time. 
 

4 DISCUSSION 
 
Indoor airborne transmission of SARS-CoV-2 should be minimized by reducing the concentration of 

the virus in the air, especially in crowded rooms (Noorimotlagh et al., 2020). The option remains 
to continuously filter the room air in circulation in order to continuously remove all nanoparticles 
including viral particles from the air. Particulate filters in indoor environments have been described 
but they are intended to remove larger particles (Morawska et al., 2020). Most air purifiers 
employ high-efficiency particulate air filters (HEPA) and it has been shown that the filtration 
efficiencies of HEPA is high enough to remove virus-laden aerosols released by COVID-19 patients 
via sneezing, coughing or breathing (Chen et al., 2019; Zhao et al., 2020). 

Nanofilters introduced in exhaust engines could also be suitable for this purpose, as they have 
been developed since the 1990's for the elimination of soot particles from the exhaust gas of 
diesel and gasoline engines and have now become state of the art for all vehicles with combustion 
engines (Miller and Jin, 2018). They achieve separation efficiencies of well over 99%, have a 
space-saving design (> 1 m2 of filter area per liter of construction volume), and are cost-effective 
(Majewski and Khair, 2006). So far, the application of these filters has been limited to exhaust 
gas from internal combustion engines. However, it is to be expected that viruses, which are in 
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Fig. 5. (a) Number of detected plaque forming units before the NanoCleaner® filter (upstream 
filter, grey bars) and after (downstream filter, black bars). No plaques were detected on the 
downstream gelatine filter. (b) Efficiency of bacteriophage elimination over 5 repetitions.  

 

 
Fig. 6. Representative photographic images of the agar plates which served as the control: negative control (bacterial host only), 
MS2 (bacteriophage stock solution incubated with the host) and environmental control (EC) which served to monitor the air 
during the experiment execution. 
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Fig. 7. (a) Test bench system modification to test a typical aircraft cabin air filter cast inside a plastic filter holder (1). The sampling 
outlet for the upstream filter (2) and downstream filter outlet (3) are collected on gelatine filters. (b) Number of detected PFUs 
before the aircraft cabin air filter (upstream filter, dark grey bars) and after (downstream filter, light grey bars). (c) Survival of 
the MS2 bacteriophages on the aircraft cabin air filter after 24 and 48 h post-exposure. 

 
the size range of single and agglomerated soot particles, will behave analogously to these and 
can therefore be eliminated by similar means.  

The test measurements showed that our designed filter test system meets the requirements 
with regard to aerosol measurements. The particle concentration is homogeneous in the entire 
cross-section. The residence time is long enough so that NaCl particles, produced by nebulization 
of a NaCl-solution, arrive dry at the measuring point at the filter inlet. In addition, the setup is 
modular, so it can be adapted to other filter geometry without much effort. As expected, the 
filter efficiency for soot particles generated with the CAST generator was very high, at 18 m3 h–1 
over the entire measured size range greater than 99.5%. Since the minimum of the filter efficiency 
was in the measured range, the efficiency will be even higher for smaller and larger particles.  

The work with pathogenic viruses and especially with highly transmissible viruses poses very 
big technical challenges. Due to the high contagiousness, transmissibility, and virulence of SARS 
viruses in general and SARS-CoV-2 in particular, experiments would have to be carried out under 
the highest biosafety measures (BSL-3/4), which makes aerosol experiments practically impossible. 
In addition, the detection of still active viruses is very difficult and also not very meaningful, 
because the live detection methods for viruses have a low sensitivity. In addition, very complex 
cultivation methods with special human epithelial cells are necessary for human pathogenic viruses. 
For these reasons, many researchers in environmental biology use bacteriophages as surrogate 
viruses (proxy viruses) (Aranha-Creado and Brandwein, 1999). Bacteriophages are morphologically, 
structurally, and genetically similar to human viruses such as SARS-CoV-2, noroviruses or 
rotaviruses, so that bacteriophages can be used as safe surrogates for human viruses. To assess 
the filter efficiency for viral particles (virions) removal, the bacteriophage MS2, also called 
Escherichia virus MS2, was used. MS2 bacteriophage infects and replicates only in Escherichia 
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coli F+ K12 bacteria, a subclass of Escherichia coli that is a safety class 1 laboratory stain, making 
it hence a bacteriophage, which is safe for human handling. Furthermore, MS2 bacteriophages 
are persistent in the environment including the air and are significantly smaller than other known 
human viruses and hence are particularly interesting to assess filtration cut-off for various filter 
purification systems. Electron microscopy of the corona virus SARS-CoV-2 revealed their spherical 
shape and size between 60 nm and 140 nm in diameter (Zhu et al., 2020). On the other hand, the 
size of MS2 bacteriophage is around 30 nm. Additionally, MS2 bacteriophages proved to be a 
good model system for virus studies as both are negatively charged and hence expected to have 
similar behavior when interacting with the filter surface (Diaz, 2008). 

We have shown that the test bench system can also be used to aerosolize the virus model 
particle, i.e., MS2 bacteriophages, into the air stream. The collection of the bacteriophages MS2 on 
gelatine membranes, which are sampled before and after the filter (i.e., gelatine membrane 1 and 
gelatine membrane 2), allows to determine the filter efficiency. The negative and environmental 
controls we introduced revealed that the system can be efficiently cleaned by aerosolization of 
70% ethanol after MS2 bacteriophage aerosolization and that the system is completely tight as 
no plaque formation was observed when surrounding air was tested. We also introduced an 
additional cleaning of the hood with 70% ethanol after each experiment including a several hour 
waiting time before the next experiment was performed. Finally, the optimisation of the MS2 
bacteriophage aerosolization, the cleaning procedure after each experiment and the determination 
of the PFUs resulted in highly reproducible results. With the optimised approach, we could 
demonstrate a NanoCleaner® filtering efficiency for MS2 bacteriophages of > 99%. Here we only 
presented results from fiber filters; however, experiments with ceramic wall-flow filters as used 
for diesel particle filters show the same results. 

As a next step we assessed the versatility of the system by introducing a typical aircraft cabin 
air filter. Again, a filter efficiency of > 99% for MS2 bacteriophages for this kind of filter could be 
shown. This filter also had the advantage that we could explore the MS2 bacteriophage survival after 
the aerosolization process. The filtering system could be retrieved after the aerosolization by 
cutting the filter into several pieces, which was not possible with the NanoCleaner® system. We 
demonstrated a significant lower PFU over the 48 h post aerosolization indicating that the activity 
of MS2 bacteriophages is decreasing within a short period of time. 
 

5 CONCLUSIONS 
 
This project aimed to verify the particle filter efficiency of airborne MS2 bacteriophages using 

a novel test bench with an aerosol inlet and two sampling outlets to sample MS2 bacteriophages 
before and after a filter. The measurement campaign with combustion soot aerosols showed 
separation efficiencies > 99.5% in the entire alveolar relevant size range 10–300 nm, which can 
be improved in further filter systems. In addition, we have succeeded in releasing MS2 bacteriophages 
as surrogate viruses for SARS CoV-2 viruses in an air stream and implemented the methodology 
of sampling and numerical determination of the virus activity. Filter efficiencies of more than 99% 
for MS2 bacteriophages were achieved using the NanoCleaner® particle filter. The versatility of 
the system was demonstrated with an aircraft cabin air filter confirming the high filter efficiency 
in this system, and in addition the MS2 bacteriophage activity was significantly decreasing over 
48 h post aerosolization time. In conclusion, we have shown that the NanoCleaner® particle and 
the typical aircraft cabin air filter system could be used in indoor surroundings as a potential air 
purification system to reduce airborne viral transmission.  
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