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The ongoing COVID-19 pandemic has revealed that developing effective
therapeutics against viruses might be outpaced by emerging variants, waning
immunity, vaccine skepticism/hesitancy, lack of resources, and the time needed to
develop virus-specific therapeutics, emphasizing the importance of non-
pharmaceutical interventions as the first line of defense against virus outbreaks
and pandemics. However, fighting the spread of airborne viruses has proven
extremely challenging, much more if this needs to be achieved on a global scale
and in an environmentally-friendly manner. Here, we introduce an aerosol filter
media made of granular material based on whey protein nanofibrils and iron
oxyhydroxides nanoparticles. The material is environmentally-friendly,
biodegradable, and composed mainly of a dairy industry byproduct. It features
filtration efficiencies between 95.91% and 99.99% for both enveloped and non-
enveloped viruses, including SARS-CoV-2, the influenza A virus strain H1N1,
enterovirus 71, bacteriophage Φ6, and bacteriophage MS2. While the filtration
efficiencies were relatively high, they came at the cost of high pressure drop
(≈0.03 bar). We believe that the methods and results presented here will
contribute to advancing our understanding of granular-based aerosol filters,
hopefully helping the design of highly-efficient granular media with low-
pressure drops.
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1 Introduction

The development of vaccines and other therapeutics is an
essential component of our panoply to fight viral pandemics.
Therapeutics alone, however, might not be sufficient to end a
pandemic at the desired speed, leading to potentially avoidable
fatalities (Adam, 2022; Collaborators et al., 2022) and adverse
socioeconomic consequences (Josephson et al., 2021). The
emergence of new variants that can evade the immune response
of vaccinated and convalescent patients (Pulliam et al., 1979; Liu
et al., 2021; Colson et al., 2022; Mannar et al., 2022; Servellita et al.,
2022), waning immunity (Evans et al., 2022; Thompson et al.,
2022022; Gupta and Topol, 2021; Levine-tiefenbrun et al., 2022),
vaccine skepticism/hesitancy (de Figueiredo and Larson, 2021; Kerr
et al., 2021; Solís Arce et al., 2021), and lack of resources for
production and administration of vaccines on a global scale
within a short time period (Khamsi, 2020; Krammer, 2020; Liu
et al., 2020; Forni et al., 2021; Sparrow et al., 2021; Wouters et al.,
2021) are all factors that might compromise efforts to end a
pandemic through therapeutics. Therefore, a key tool in this fight
is preventing the transmission of viruses through non-
pharmaceutical interventions (Hatchett et al., 2007; Flaxman
et al., 2020; Perkins and España, 2020; Li et al., 2021; Morris
et al., 2021). It has long been thought that the transmission of
airborne viruses is mainly driven by droplets; (Wang et al., 1979;
Samet et al., 2021); a growing body of evidence reveals that aerosols
substantially contribute to airborne viral transmission, particularly
in indoor spaces (Wang et al., 1979; Stadnytskyi et al., 2020; Samet
et al., 2021; Lewis, 2022; Port et al., 2022). Mask mandates, social
distancing, increased ventilation, and the use of air filters are
measures used to combat airborne virus transmission in indoor
spaces. Introducing air filters offers several advantages over other
measures, i.e., they could contribute to maintaining indoor space
capacities, offer a cost-effective solution for mechanically-
ventilated spaces, and would be less sensitive to personal
choices and/or behavioral discipline. High-efficiency
particulate air (HEPA) filters constitute the gold standard for
the filtration of aerosols. Producing HEPA filters requires
relatively advanced fabrication technologies (Henning et al.,
2021), with a large proportion made of either glass fibers or
plastics, the former of which requires an energy-intensive
fabrication process, and the latter of which relies heavily on
the petrochemical industries (First, 1998; Henning et al., 2021).
In addition, over time, a filter cake builds up on the fibers of the
filter, resulting in increased resistance to airflow and the
imminent need to replace the whole filter, with very limited
options for cleaning and/or reuse (First, 1998). Indeed, using
HEPA filters on a global scale to combat the transmission of
airborne viruses in indoor spaces incurs prohibitive
environmental and financial costs. Trying to combat a global
pandemic using HEPA filters and other fiber-based filters is, in its
essence, the outcome of being locked in a historical
trap. Historically HEPA filters were developed to protect
against airborne radioactive contaminants associated with the
production of nuclear energy. For this purpose, it was necessary
to achieve filtration efficiencies ≥99.97% of aerosols in the size
range between 0.3 and 1.0 µm. None of these criteria is relevant to
the filtration of airborne viruses, where the relevant efficiency is

that of the reduction in the number of infectious viruses that go
through the filter. Reduction in the number of infectious viruses
can happen through trapping of the virus-containing aerosols
and/or inactivation of the viruses during the filtration process.
Different viruses are expected to have different inactivation
efficiencies and are also likely to have different
concentrations in aerosols with different sizes. Therefore,
assessing the filtration efficiency based only on aerosol
entrapment will likely result in an underestimation of the
filtration efficiency for viruses, thus wrongly classifying
filtration media as inadequate for virus filtration. This comes
in crisis time, i.e., a pandemic, where such margins can make an
immense difference in fighting the pandemic on a global scale.

In this work, we prepare a granular material composed of
amyloid nanofibrils (AF) and iron (Fe) oxyhydroxides
nanoparticles, i.e., AF-Fe. The material is environmentally
friendly, biodegradable, and mainly composed of a diary
industry byproduct (Palika et al., 2021). AF and Fe
nanoparticles have been previously used as the building
blocks of membrane filters for waterborne viruses, showing
high efficiency in trapping viruses, including SARS-CoV-2, in
bulk water (Palika et al., 2021). The rationale of this work was to
use the same chemical building blocks as those used for the
membrane filters to bring an additional advantage when filtering
virus-loaded aerosols. Once the aerosols are trapped by the
granular AF-Fe, the AF-Fe has the potential to inactivate and/
or irreversibly attach the viruses in the trapped aerosols. The
granular form of the material enables its application for aerosol
filtration while increasing its mechanical stability, workability,
and simplicity of handling. To assess the filtration efficiency of
virus-loaded aerosols, we have designed and built a compact
experimental setup that can be housed in laminar flow hoods of
BSL2 and BSL3 laboratories. That setup was built to enable the
direct assessment of the infectious viruses that pass through the
filtration media. It complies with all biosafety regulations,
enabling so far the first and only aerosol filtration study of
SARS-CoV-2.

2 Results and discussion

2.1 Material fabrication and characterization

Using a facile fabrication process, we prepared a granular
filtration material composed of amyloid nanofibrils and iron
oxyhydroxides nanoparticles (AF-Fe), as shown in Figure 1A.
The AF is prepared from whey protein extract, a by-product of
the dairy industry, by lowering the pH to 2 and cooking at 90°C
for ≈5 h. Afterward, Fe nanoparticles are precipitated on the
fibrils by adding FeCl3·6H20 and raising the pH to 7. A full
characterization of the AF-Fe before converting it to the
granular form has been reported earlier (Palika et al., 2021).
The material is converted to a granular form by decanting the
water from the material and baking it at 80°C-90°C. The material
is then passed through a 12 US mesh sieve (pore size ≈1.7 mm) to
remove larger pieces. However, larger aggregates of AF-Fe might
form during packaging and storage (Figure 1B). The material,
thus, has a broad size distribution with 50% of its mass smaller
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than 3 mm, as determined using sieve analysis (Figure 1C).
Figure 1D shows scanning electron microscopy (SEM)
micrographs of the material at various magnification scales
where the iron oxyhydroxides nanoparticles can be visualized
at the highest magnifications. The chemical composition of the
material was further verified using Fourier transform infrared
spectroscopy (FTIR; Figure 1E), which shows the three peaks for
amide groups, representative of the amyloid fibrils, and one of
the Fe-O-H group, representative of the iron oxyhydroxides
nanoparticles. The material has a surface area of 44.1 m2 g−1

(Figure 1F), i.e., the 50% surface coverage capacity of 1 g of the
material is ≈7 × 1014 and ≈3 × 1013 for 30 or 150 nm virus
particles, respectively. Its specific density, ρs, is 2.1 g cm−3 and

bulk densities are 1.7 and 1.4 g cm−3 of air-equilibrated and
oven-dried samples, respectively, showing a relatively high
intra-particle porosity of 36% with 30% volumetric water
content. The intra-particle pore-size distribution was further
investigated using mercury intrusion porosimetry, revealing
pores in size ranges of tens and thousands of nanometers
(Figure 1G; Supplementary Figure S1). The size range of these
pores has been previously suggested to serve as trapping cavities
for viruses, preventing their release once they are attached to the
surface of the AF-Fe (Canh et al., 2021). The material has a filling
density of 0.99–1.04 g cm−3, resulting in a relatively high inter-
particle porosity of 39%–42%. Collectively, the properties of the
granular AF-Fe make it a highly promising candidate for

FIGURE 1
Fabrication and characterization of the granular AF-Fe. (A) A schematic showing the fabrication process of the AF-Fe. (B) A vectorized photo of the
material after removing the background. (C) Size distribution of the AF-Fe determined using sieve analysis. (D) SEMmicrographs of the material at varying
magnifications. (E) FTIR analysis of both AF and AF-Fe. (F) N2 adsorption analysis of the AF-Fe to determine its surface area. (G) Intra-particle pore size
distribution of the AF-Fe determined using mercury intrusion porosimetry.
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filtering virus-loaded aerosols, with the potential of inactivating
and/or irreversibly attaching viruses that come in contact with
the material (Canh et al., 2021; Palika et al., 2021).

2.2 Experimental setup

To test the filtration efficiency of the material, we designed and
built a compact experimental setup (Figure 2; Supplementary Figure
S2) in which virus-loaded aerosols are generated, passed through the
AF-Fe at a flowrate of 7.5 L min−1 (equivalent to face velocity of
7.2 cm s−1), and then collected on a gelatine membrane that
traps ≥99% of viruses passing through while maintaining their
infectivity, as independently verified and detailed in
Supplementary Figure S3. These gelatine membranes are water-
soluble, facilitating virus extraction and subsequent infectivity and
genome count assessment. The filtration efficiency of AF-Fe was
determined by comparing the infectious viruses trapped on the
gelatine membranes in the presence of AF-Fe versus in its absence.
The setup is compact, allowing for complete operation inside of
laminar flow hoods (Supplementary Figure S2). Additionally, all of
its connections are tightly sealed, and its outlet tube is supplemented
with an impinger and a HEPA vent (cytiva, Whatman,
United Kingdom) to ensure safe operation, particularly when
used to assess human viruses. To the best of our knowledge and
by fulfilling all the biosafety requirements, this study is the first and
so far only study that assesses the filtration of SARS-CoV-2-loaded

aerosols. A detailed account of the setup, and the experimental
procedure is presented in the Materials and Methods section.

2.3 Filtration efficiency of viruses

The filtration efficiencies of the AF-Fe against H1N1 (the
influenza virus strain responsible for the flu pandemic in 2009)
and SARS-CoV-2 were, on average, 99.87% and 95.91%, respectively
(Figure 3A); both viruses are enveloped and known to be airborne.
The filtration efficiency against the enterovirus EV71 was equal to
99.0% (Figure 3B); EV71 is non-enveloped, and is known for its
stability and resistance to harsh chemical conditions. Due to safety
concerns, most aerosol studies are conducted using bacteriophages
(Turgeon et al., 2014). To situate our results in the context of the
existing and future literature, we tested the efficiency of the AF-Fe
against two of the most commonly used bacteriophages in aerosol
studies: Φ6, an enveloped bacteriophage that infects Pseudomonas
syringae; and MS2, a non-enveloped virus that infects Escherichia
coli. The average filtration efficiency of Φ6 was found to be 99.99%,
and that of MS2 98.29% (Figure 3C). The latter is known to be one of
the most stable viruses in the aerosol phase and was previously
estimated to be seven times more stable than coronaviruses
(Turgeon et al., 2014). It is worth noting that the solution matrix
was different for the different viruses (Methods Section for details),
which might affect the size of the aerosols and, thus, the filtration
efficiency.

FIGURE 2
Schematic of the experimental setup and procedure. The experimental setup, left, is composed of: a filter holder with a nebulizer fitted on its top and
three hoses connected to three compressed air tanks; the granular AF-Fe placed on a gelatinemembrane, which traps the virus-loaded aerosols that pass
through the AF-Femedia; an impinger serving as an additional trappingmechanism for any aerosols that go through the gelatinemembrane; a HEPA filter
as a third safety measure to avoid releasing any virus-loaded aerosols into the surrounding air. For both experiments with (bottom right) and without
AF-Fe (top right), the gelatine membrane was dissolved in a buffer to determine the concentration of infectious viruses and the genome count.
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Work on filtration of virus-loaded aerosols using granular
material is very scarce, even less the work that involves human
viruses. By screening the literature, we could identify only one
recent and relevant study, which investigated the filtration of MS2-
loaded aerosols using zero-valent nanosilver/titania-chitosan
granules (Wang et al., 2021). When using the same thickness of
the material we used, i.e., 2 cm, Wang et al. (2021) (Wang et al.,
2021) achieved a filtration efficiency of ≈60%, compared to ≈98%
for AF-Fe (Figure 3C). The higher filtration efficiency of AF-Fe is
additionally complemented by the non-toxic nature of AF-Fe
compared to the silver-based material. It is important to keep
in mind that differences in the experimental conditions, such as the
size distribution of aerosols, air flow rate, geometry of the filtration

setup, and the capturing approach for the aerosol downstream of
the filter, can also potentially affect the filtration efficiency across
different studies. There are, however, more studies on the filtration
of aerosols alone, i.e., virus-free aerosols, using granular media;
some of these media reached an efficiency of 99.99% at face
velocities comparable to our study, albeit using less sustainable
materials and processes (Henning et al., 2021). These efficiencies
are expected to be even higher if tested using virus-loaded aerosols
due to the potential inactivation of viruses during the filtration
process.

With no straightforward way to measure the pressure drop
across the AF-Fe alone, i.e., without the filter support and the gelatin
membrane, we opted for the approach detailed in the Supporting

FIGURE 3
Filtration of virus-loaded aerosols using AF-Fe. Infectious viruses trapped on the gelatine membranes in the absence (control) and the presence of
AF-Fe for H1N1 and SARS-CoV-2 (A); EV71 (B); Φ6 and MS2 (C). The plotted values for H1N1 (control and AF-Fe), SARS-CoV-2 (control and AF-Fe), EV71
(control and AF-Fe), and Φ6 (AF-Fe) represent the average from two replicas, with the error bars representing the range. For Φ6 (control) and MS2
(control), the plotted values represent the average from four replicas, with the error bars representing the range. For MS2 (AF-Fe), the plotted value
represents the average from three replicas, with the error bar representing the range. For H1N1, SARS-CoV-2,Φ6, andMS2, the infectivity was determined
using plaque-forming units (PFU) assays. The infectivity of EV71 was determined using median tissue culture infectious dose (TCID50). The ratio of
infectious viruses to RNA copies, determined using RT-qPCR, is shown for H1N1 and SARS-CoV-2 (D), and EV71 (E). (F) Infectious viruses recovered after
incubating the AF-Fe in PBS buffer for ≈1 h for both Φ6 and MS2. Representations of virions were reproduced with permission (Le Mercier, 2023)
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Information in which the pressure in the upper chamber of the
filtration setup was recorded using a digital manometer in the
absence and presence of the AF-Fe. To put this in context with
other filtration media, we also assessed the pressure drop across a
HEPA membrane extracted from a HEPA vent (cytiva, Whatman,
United Kingdom) using the same experimental approach. The
results, as shown in Supplementary Figure S4, show that the
pressure drop across the AF-Fe (≈0.03 bar) is close to that of the
HEPA membrane (≈0.009 bar). We further tested the effect of
reducing the amount of AF-Fe, and thus the pressure drop, on
the filtration efficiencies. Using as low as two-thirds, 32 g, of the
material, instead of 48 g, equivalent to a thickness of ≈2 cm, used in
the reported experiments had little to no effect on filtration
efficiencies (Supplementary Figures S5, S6) while reducing the
pressure drop to two-thirds of its initial value (≈0.02 bar;
Supplementary Figure S4). Therefore, the quality factor (QF) of
the AF-Fe ranges between ≈0.001 and 0.005 Pa−1, which is
comparable to other granular-based materials but 1 to 2 orders
of magnitude lower than fibrous and cellular media (Henning et al.,
2021). Yet, these granular materials tend to come at a higher
environmental footprint.

Figure 3D shows that the ratio of infectious H1N1 and SARS-
CoV-2 to total genome count decreased after passing the AF-Fe,
indicating that the viruses are not just trapped, but are also
partially inactivated. A direct interaction between the viruses
and AF-Fe would be needed for inactivation to occur. Part of the
trapped aerosols is likely to be re-aerosolized again by the airflow
shear forces. In this transient period of being attached to the AF-
Fe, the viruses are inactivated. However, it also remains possible
that the mechanical stress of re-aerosolization contributes to the
observed inactivation. Such inactivation, however, was not
observed for EV71 (Figure 3E), confirming that non-
enveloped viruses are more robust and resistant to
mechanical stresses due to the interactions with AF-Fe and
the re-aerosolization process.

To assess the safe handling of the material, we incubated the
AF-Fe for ≈1 h in phosphate-buffered saline (PBS) buffer after
filtering aerosols loaded with Φ6 or MS2. No infectious viruses
were recovered in the case of Φ6 (Figure 3F), indicating that the
AF-Fe completely inactivated the virus and/or trapped it
irreversibly. In the case of the non-enveloped MS2, < 0.5% of
the infectious viruses were recovered, showing a remarkable
capacity for irreversibly trapping the virus. Additionally,
baking the AF-Fe at 60°C for 1 h was sufficient to completely
inactivate MS2 to below the detection limit (Figure 3F). The
baking temperature, 60°C, was chosen to be lower than the
temperature used in the AF-Fe fabrication (80°C–90°C;
Figure 1A) to avoid any damage or degradation of the AF-Fe.
The inactivating and trapping capacity of AF-Fe is in agreement
with previous work, where we showed that a membrane
composed of AF and iron oxyhydroxides nanoparticles could
eliminate viruses from bulk water to levels below the detection
limit (Palika et al., 2021). For comparison, we have additionally
tested the filtration efficiency of a HEPA membrane and the
recovered infectious MS2 viruses from the membrane. While the
HEPA efficiently trapped the virus-loaded aerosols to levels
below the detection limit in the filtered air, it showed a lower
inactivation/irreversible adsorption effect on MS2 compared to

AF-Fe when >16 g of AF-Fe was used (Supplementary Figure S7).
However, the significance of the antiviral properties of the
filtration media while handling the material might be
practically irrelevant because direct infection from
contaminated filter media has not been previously reported in
the literature, to the best of our knowledge.

2.4 Potential trapping mechanisms

The aerosol trapping mechanism of the AF-Fe is likely to have
contributions from several sources, among which are the size,
shape, roughness, charge, and hydrophobicity of the AF-Fe.
Systematic experimental assessment of all these parameters is
practically impossible, as there is no straightforward way to
selectively vary one parameter while keeping the others
constant. Despite its own limitations, which are discussed later,
we restored to theoretical modeling to gain deeper insights into the
contributions of the different aerosol trapping mechanisms. For
this end, we modeled four key aerosol entrapment processes
(Figure 4A): 1) diffusion, which is driven by Brownian motion
of the aerosol droplets; 2) interception, which occurs when the
airflow line comes within one aerosol radius distance from the
grains of the filter; 3) gravitational settling, which is driven by
gravitational forces acting on the aerosol particles; and 4)
impaction, which is driven by the inertia of the aerosol
particles. All of these processes depend on both the size of the
AF-Fe grains, dg, and the size of the aerosol droplets, da. Figure 4B
(first four panels) shows that filtration efficiency due to diffusion
decreases with increasing da; whereas, the efficiencies of
interception, gravitational settling, and impaction increase with
increasing da. The relative contributions of these mechanisms
varied considerably with varying the size of grains. While these
models were constructed for single-size grain filters, our AF-Fe
filter has a very broad size distribution (Figure 1C, Supplementary
Figure S8). To obtain more specific insights into our filter, we
calculated an equivalent grain size, dg � 0.139mm, satisfying
Ergun’s equation (Equation S29) (Ergun, 1952), using the
estimated pressure drop across the AF-Fe filter, 0.029 bar, as an
input parameter (Figure 4B; last panel). Moreover, while the
nominal size of aerosol produced by the nebulizer is 4–6 μm,
we observed that many aerosols were between 0.1–1.0 µm in
diameter at relative humidity, RH, between 80%–85%
(Supplementary Figure S9). We, therefore, consider the whole
aerosol size range between 0.1–10 µm in our discussion.
Figure 4B; Supplementary Figure S10 suggest that diffusion and
interception are the two key mechanisms for trapping aerosols
≲ 2 μm. For aerosol ≳ 2 μm, all three mechanisms,
i.e., interception, gravitational settling, and impaction, exhibit
very high efficiencies. The filtration efficiency curve presented
in Figure 4B (last panel) resembles that of fiber-based filters,
with diffusion, interception, and impaction being considered the
key filtration mechanisms (First, 1998). Our results suggest that
aerodynamic entrapment mechanisms (i.e., impaction,
interception, diffusion, and gravitational settling), which depend
only on the grain size, account for a substantial fraction of the
observed filtration efficiency. Still, it is apparent from Figure 4 that
the filtration efficiency predicted by the model is lower than the
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efficiencies as observed in Figure 3. These results suggest that other
factors could make up for the remaining filtration efficiency of AF-
Fe, namely polydispersity, irregular grain shape, roughness,
charge, and/or hydrophilicity. However, drawing solid
conclusions based on the model is not possible at the moment
due to its several limitations. Future work on developing intricate
models that consider the effect of these parameters would be
necessary to obtain a more detailed and quantitative assessment
of the mechanisms of aerosol filtration using grain-based filters,
thus allowing the optimization of the grain properties to achieve
even higher filtration efficiencies while reducing the pressure drop.

3 Conclusion

Altogether, our results demonstrate that AF-Fe can filter
virus-loaded aerosols with very good efficiencies. There is,

however, a need for substantial improvement in the pressure
drop across the AF-Fe for the material to be comparable to
existing filtration media and achieve economic and commercial
feasibility. We foresee further developments in the design of
granular-based material for aerosol filtration applications to
simultaneously achieve high efficiencies and low pressure
drops, while benefiting from the several advantages offered by
granular material: e.g., broad availability in nature, ease of
fabrication, safety of handling, and various options of
recycling and reuse. The use of granular material for aerosol
filtration in this study is also expected to inspire the search for
new, local, environmentally-friendly materials that could also be
used as the main building block for aerosol filters. Such research
activities will be facilitated by the experimental setup used in this
work, which fulfills all the biosafety requirements for studying
emerging viruses in the aerosol phase while using affordable and
easily accessible components.

FIGURE 4
Mechanisms of aerosol entrapment. (A) Schematics depicting different processes involved in aerosol entrapment. (B) Filtration efficiencies due to
diffusion, interception, gravitational settling, and impaction through grain bed filters with monodispersed grain size, dg, which was varied systematically
between 0.01 and 10 mm. dg � 0.139mmwas calculated using Ergun’s equation based on the measured pressure drop across the AF-Fe filter. In (B), the
nominal size indicates the diameter range of freshly nebulized droplets according to the manufacturer, while the measured size indicates the range
of aerosol diameters at a relative humidity (RH) of 80%–85% (Supplementary Figure S9).
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4 Materials and methods

A full detailed version of the materials and methods is provided
in the Supplementary Information. A summary of the most relevant
sections is presented here.

4.1 Materials

AF-Fe. The granular AF-Fe material was provided by BluAct
(Switzerland) and prepared as detailed later.

Viruses. SARS-CoV-2 virus hCoV-19/Switzerland/un-
2012212272/2020 was a generous gift from Prof. Isabella Eckerle
(University Hospital in Geneva, Geneva, Switzerland). The virus was
replicated twice in Vero-E6 cells prior to the experiments. Human
H1N1 virus A/Netherlands/602/2009 was a generous gift from Prof.
Mirco Schmolke (Department of Microbiology and Molecular
Medicine, University of Geneva, Geneva, Switzerland) and was
propagated in embryonated chicken eggs (Riegger et al., 2015).
Enterovirus 71 (EV71) was isolated from a clinical specimen in
the University Hospital of Geneva in RD cells and propagated in
Vero cells (Tseligka et al., 2018). Φ6 (21518 DSMZ) and MS2
(13767 DSMZ) bacteriophages were purchased from DSMZ
culture collection (Germany) and propagated in their host
bacterial cells.

4.2 Methods

Preparation of the AF-Fe granular material.Amyloid fibrils were
prepared from whey protein isolate (BiPro, Agropur, United States)
by lowering the pH to 2.0 and heating at 90°C for 5 h (Jung et al.,
2008). Then, the amyloid fibrils were coated with iron nanoparticles
by mixing FeCl3·6H2O and adjusting the pH to 7.0 using NaOH
(Palika et al., 2021). The solution was then centrifuged through a
filter cloth to decant the water. Afterward, the retentate was dried at
80°C-90°C and sieved through a 12 USmesh (pore size of ≈1700 µm)
to remove large particles. It is important to note that some of the
material formed larger aggregates during storage and packaging. The
material is patented and produced by BluAct (Switzerland) and used
as received without further treatment.

Assessment of aerosol filtration. The filtration efficiency of AF-Fe
against virus-loaded aerosols was assessed using a compact
experimental setup composed mainly of a polycarbonate filtration
holder (Sartorius, Germany) connected to three 1.5 L compressed air
tanks (PanGas, Switzerland) and an Aeroneb® Lab nebulizer unit
(Kent Scientific, U.S.A.). Virus-containing solutions were prepared
and added to the nebulizer: MS2 and Φ6 were prepared in artificial
saliva/mucin solution, H1N1 in allantoid fluid, SARS-CoV-2 in high
glucose Dulbecco’s Modified Eagle Medium (DMEM, GlutaMAX™)
supplemented with 2.5% fetal bovine serum (FBS), and EV71 in
2.5% serum DMEM. For each virus, 100 µL of the virus-containing
solution was nebulized, generating aerosols with an average
diameter of 4–6 μm, as indicated by the manufacturer, in the
upper compartment of the filter holder. The generated aerosols
were carried through the filtration media with the airflow from the
compressed air tanks at 7.5 L/min (3 × 2.5 L/min). The aerosols
passing through the AF-Fe media were then trapped using gelatine

membranes (Sartorius, Germany). The membranes are water-
soluble and designed to trap virus-loaded aerosols while retaining
their infectivity. After disassembling the setup, the membranes were
dissolved in 10 ml of PBS buffer for downstream analysis of
infectivity and genome count of viruses. The efficiency of the
AF-Fe media for the filtration of each virus was determined by
comparing the infective viruses in the gelatine membrane in the
presence versus the absence of the AF-Fe media. All experiments
were conducted in a laminar flow hood.

Additional methods. Experimental details on the propagation of
Φ6, MS2, H1N1, SARS-CoV-2, and EV71 viruses, infectivity assays,
and RT-qPCR assays are given in full in the Supporting Information
along with details on the materials and solutions used, experimental
setup, and procedure for aerosol filtration, determination of AF-Fe
size distribution, FTIR, SEM, N2 adsorption, mercury intrusion
porosimetry, water content and density determination, pressure
drop measurements, determination of aerosol size distribution,
and modeling aerosol entrapment mechanisms.
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