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• An in-flight nanobulge manufacture was 
developed to confer antivirals in-place. 

• Human coronaviruses on the filter were 
inactivated while retaining biosafety. 

• The Fenton-mediated reactions from 
nanobulges resulted in comparable 
antivirals.  
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A B S T R A C T   

The interest in removing contagious viruses from indoor air using ventilation and filtration systems is increasing 
rapidly because people spend most of the day indoors. The development of an effective platform to regenerate 
the antiviral function of air filters during use and safe abrogation of used filters containing infectious viruses is a 
challenging task, because an on-demand safe-by-design manufacture system is essential for in-place antiviral 
coatings, but it has been rarely investigated. With these considerations, an electrically operable dispenser was 
prepared for decorating continuous ultrafine Fe–Zn, Fe–Ag, or Fe–Cu particles (<5 nm) onto SiO2 nanobeads (ca. 
130 nm) to form nanobulges (i.e., nanoroughness for engaging coronavirus spikes) in the aerosol state for 3 min 
direct deposition on the air filter surfaces. The resulting nanobulges were exposed to human coronaviruses 
(HCoV; surrogates of SARS-CoV-2) to assess antiviral function. The results were compared with similar-sized 
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individual Zn, Ag, and Cu particles. The nanobulges exhibited comparable antiviral activity to Zn, Ag, and Cu 
particles while retaining biosafety in both in vitro and in vivo models because of the significantly smaller metallic 
fractions. This suggests that the bimetallic bulge structures generate reactive oxygen species and Fenton- 
mediated hydroxyl radicals for inactivating HCoV.   

1. Introduction 

Humans spend almost 90 % of their day indoors. Hence, indoor air 
quality management has been a critical issue for human health, even 
before the coronavirus outbreak (SARS-CoV-2) (Shen et al., 2021a; 
Sunday and Sakugawa, 2020). In this connection, mechanical ventila-
tion and wearing a mask are strongly recommended as a simple and 
efficient way of suppressing the airborne transmission of coronaviruses 
(Cheng et al., 2021; Hadei et al., 2021; Wang et al., 2021). Maintaining 
these non-pharmaceutical interventions is essential for returning to 
back-to-normal after vaccination for most people because of the resur-
gence of SARS-CoV-2 infections based on viral evolution (Annavajhala 
et al., 2021; Jones et al., 2021; Shen et al., 2021a). On the other hand, 
the distribution of the air in which the coronavirus is present through air 
conditioning (i.e., circulating coronavirus-laden air) and the inappro-
priate use of masks (i.e., fomite mediated infection) may cause another 
form of coronavirus transmission (Correia et al., 2020; Mouchtouri et al., 
2020; Park et al., 2021a). These potential risks highlight the need for 
adequate filtration in indoor air because there are significant leakages of 
exhaled air during wearing masks (Bazzazpour et al., 2021; Curtius 
et al., 2021; Radney et al., 2021; Shen et al., 2021b; Zacharias et al., 
2021). 

The removal of airborne viruses and particulate matter (PM), 
including those by air filtration, includes inertial impaction, intercep-
tion, diffusion, and electrostatic attraction of PM to attach to a 
nonwoven surface (Tian et al., 2021). On the other hand, the attached 
viruses on the surface can survive more than seven days, which may 
cause a problem of the release of infectious viruses from filters in use or 
discarded after use (Balagna et al., 2021; Christopherson et al., 2020; 
Huang et al., 2020; Li et al., 2021; Nazarenko, 2020). As an alternative 
to prevent this, strategies for inhibiting the growth of viruses attached to 
the filter surface by coating the surface with an antimicrobial agent or 
installing a germicidal lamp around the filter have been suggested 
(Elsaid and Ahmed, 2021; Horváth et al., 2020; Kwon et al., 2021; 
Siddiqui et al., 2020; Sodiq et al., 2021; Wu et al., 2021). On the other 
hand, there are critical issues in performance deterioration of antimi-
crobial nanoparticle coatings due to the blockage by PM collection 
during use and possible nanoparticle toxicity and fire risk due to the 
photothermal effect of the nanoparticles (Jazie et al., 2021; Kwon et al., 
2021; Li et al., 2021; Valiei et al., 2020; Zhu et al., 2021). In the case of 
installing germicidal lamps, there are critical issues in high energy 
consumption with a limited virucidal effect on the depth direction of the 
deep-bed filters and the degradation of filter materials caused by ul-
traviolet light exposure (Agarwal et al., 2021; Malloy et al., 2021; Sleiti 
et al., 2021). Therefore, an on-demand dispenser accessible from the 
outside exhibiting safe-by-design and stable antiviral activity that is 
combinable with air filters are needed to prevent virus transmission 
through indoor air conditioning and release from the filters after use for 
securing rapid implementation, electrical operation, affordability, and 
biosafety (Fan et al., 2021; Macfarlane, 2021; Sellaoui et al., 2021). 

In this study, an electrically operable aerosol dispenser was designed 
and constructed, and the resulting particles were collected to assess the 
anticoronaviral activity and biosafety. In particular, SiO2 nanobeads (ca. 
130 nm; to cover even the largest size of HCoV (about 80–120 nm in 
diameter) (Liu et al., 2021a)) were decorated with bimetallic (Fe–Zn, 
Fe–Ag, or Fe–Cu) ultrafine particles (<5 nm) in-flight to construct 
nanobulges that generate anticoronaviral nanoroughness on a biocom-
patible SiO2 surface for engaging coronavirus spikes (Häffner et al., 
2021; Liu et al., 2021b; Nie et al., 2020) while minimizing the Zn, Ag, or 

Cu content (broad-spectrum antimicrobial and essential elements 
(Ermini and Voliani, 2021; Pal et al., 2021; Stabryla et al., 2021) but 
potentially toxic (Hodek et al., 2016; Imani et al., 2020; Neal et al., 
2021)). Unlike our previous studies used directly microbiocidal Ag (Joe 
et al., 2014; Park et al., 2019a, 2021b), Fe was selected to compensate 
for the anticoronaviral activity of individual Zn, Ag, or Cu through 
Fenton-mediated radical generation and restrain the toxicity of the 
adjacent particles because of its biocompatibility (Barciszewska, 2021; 
Tao et al., 2020). In this regard, Fe-containing bimetallic nanoparticles 
have recently shown better antimicrobial activity than the monometallic 
configurations in biomedical and water treatment applications (Das 
et al., 2018; Marková et al., 2013; Sathya et al., 2018). The in-flight 
construction and subsequent supply of nanobulges were streamlined 
by the plasma ablation of Fe and Zn (or Ag, Cu) rods, vibrating nozzle 
spray of SiO2 bead suspension, and electrically heated flow reactor. As 
shown in Fig. 1, agglomerates consisting of Fe and Zn (or Ag, Cu) from 
ablation and SiO2 beads from the spray were coinjected into an orifice to 
redistribute the agglomerates into singlet particles on the beads (i.e., 
aero-blading from shattering effect) (Byeon and Roberts, 2012) to form 
nanobulges (Fe–Zn, Fe–Ag, or Fe–Cu by replacing the metal–metal rod 
configuration for ablation). The nanobulges were then passed through a 
heated flow tube reactor to sinter the singlet particles for potent binding 
to the beads (i.e., aero-sintering) in a single-pass in-flight configuration. 
The nanobulge coating on filter surfaces was achieved by passing the 

Fig. 1. Illustration of the plug-in manufacture of Fe–Zn, Fe–Ag, and Fe–Cu 
nanobulges. Coinjection of the vibrating sprayed SiO2 nanobeads and vapors 
from the plasma channels between two different metal rods was carried out in 
the presence of gas flow for combining the nanobeads and bimetallic agglom-
erates and subsequent thermal curing through an orifice to construct the ul-
trafine bimetallic particle decorated SiO2 nanobead. Electrically operable 
devices were integrated with a duct as a plug-in dispenser for the in-place 
antiviral functionalization of an air filter. 
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nanobulge-laden flow directly through a filter inserted holder for me-
chanical filtration, thereby enabling electrically operable dry function-
alization of the filter surfaces. The resulting nanobulges and coated 
filters (for 3 min deposition) were exposed to human coronavirus 
(HCoV) 229E and OC43 strains as surrogates of SARS-CoV-2 to examine 
the anticoronaviral activity (Fig. S1A) as well as mammalian (human 
dermal fibroblasts (HDF) and lung fibroblasts (WI-38)) cells and BALB/c 
mice to assess the biosafety (Fig. S1B). 

2. Experimental 

2.1. Nanobulge manufacture and characterization 

SiO2 nanobeads were decorated with in-flight bimetallic (Fe–Zn, 
Fe–Ag, or Fe–Cu) particles and assessed for their effects on the antiviral 
activity. Agglomerates (Fe with Zn, Ag, or Cu) of individual ultrafine 
particles (<5 nm) produced from the atmospheric-plasma ablation 
(3 kV, 0.8–2.6 kHz) of Fe and Zn (or Ag, Cu) rods under a 2.37 L min− 1 

N2 flow and vibrating nozzle-sprayed SiO2 nanobeads (suspension of 
commercial mesoporous SiO2 nanobeads; MKNano, Canada) under 
0.63 L min− 1 O2 flow were coinjected into an orifice (0.3 mm diameter) 
to shatter the agglomerates into individual ultrafine particles on the 
beads (i.e., forming nanobulges through aero-blading) due to a sudden 
change in gas pressure between the front and rear points of the orifice 
(Byeon and Roberts, 2012). The nanobulge-laden gas flow was then 
injected into an electrically heated pipe (400◦C wall temperature 

because of lower melting points ( Tm(Dp)

Tm(Bulk) = 1 − 6V
ΔHf Dp

[

γsv − γlv

(
ρs
ρl

)1/2
]

, 

where Tm(Dp) and Tm(Bulk) are the melting temperatures for the ultra-
fine and bulk metal particles, respectively, and V, ΔHf, γsv, γlv, ρs, and ρl 
are the particle volume, bulk heat of fusion, solid–liquid interfacial 
energy, liquid–vapor interfacial energy, solid density, and liquid den-
sity, respectively) to achieve ultrasmall (<5 nm) Fe, Zn, Ag, and Cu 
bulges for sintering to enhance the bonding strength between the ul-
trafine particles and nanobeads. The resulting gas flow was directly 
sampled to measure the in-flight size distribution of nanobulges, which 
was obtained using a scanning mobility particle sizer (SMPS; 3936, TSI, 
USA). The zeta potentials of the resulting nanobulges were obtained 
using Nano-S90 ZetaSizer (Malvern Instruments, UK) after dispersal in 
deionized water. The particle charge current of aerosol nanobulges was 
obtained using an aerosol electrometer (Charme®, Palas, Germany). The 
morphologies of the resulting nanobulges were observed by Trans-
mission electron microscopy (TEM; Tecnai G2 F20 S-TWIN, FEI, USA) 
and scanning electron microscopy (SEM; S-4800, Hitachi, Japan), while 
composition and surface state were analyzed by energy-dispersive X-ray 
(EDX; S-4800, Hitachi, Japan) and X-ray photoelectron spectroscopy 
(XPS; K-Alpha, Thermo Scientific, USA), respectively. The HCoV-229E 
exposures to the nanobulge suspension and nanobulge-coated filter 
were examined by atomic force microscopy (AFM; XE-100, Park Sys-
tems, Korea) and SEM (after sputter coating with Au), respectively. 

2.2. Antiviral activity 

HCoV-229E and -OC43 strains were selected as the surrogates of 
SARS-CoV-2 to evaluate the anticoronaviral activity of the resulting 
nanobulges. The resulting nanobulges (Fe–Zn, Fe–Ag, or Fe–Cu), 
including similar-sized commercial Zn, Ag, or Cu particles (Unin-
anotech, Korea) for comparison, were injected into a viral dispersion 
(2.0 × 105 plaque-forming units (PFU) mL− 1 for HCoV-229E; 4.2 × 107 

PFU mL− 1 for HCoV-OC43) for aqueous exposure (1 mg mL− 1) and then 
removed after the exposure. In the case of filter exposure, the HCoV- 
229E viruses were aerosolized using a nebulizer and diffusion dryer in 
the presence of air flow (2.1 cm/s of face velocity (about half of that in a 
previous study for air filtration (Orlando et al., 2021)) to reduce viral 
damage by inertial impaction on fibrous filter media; 24 ◦C temperature 
and 40 % relative humidity to follow the guideline (Mousavi et al., 

2021)), and the aerosol HCoV-229E viruses (8.19 × 106 viruses 
cm− 3-air) were directed to the nanobulge coated filter (6.3 × 10− 5 

g cm− 2; 2.8 min is required to achieve this coating density using a single 
channel nanobulge dispenser) installed in the rectangular duct. A part of 
the virus-loaded filter was immersed in a conical vial filled with 1 mL of 
deionized water. The vial was then vibrated using a vortex mixer 
(KMC-1300V, Vision Scientific, Korea) for 10 min to detach the viruses 
from the filter. The nanobulge exposure time to the viruses in the 
aqueous and on the filter was 15 min. The fraction of undamaged RNA of 
the filter exposed viruses was determined by quantitative real 
time-polymerase chain reaction (qRT-PCR; 12675885, Thermo Fisher 
Scientific, UK). The anticoronivral efficiency was determined using 
plaque assay, as described elsewhere (Park et al., 2021a). The viral 
infectivity upon the nanobulge exposure was assessed by infecting the 
WI-38 cells with HCoV-229E at different MOI with and without the 
nanobulges, including with individual Zn, Ag, and Cu particles for 
comparison. 

2.3. In vitro cytotoxicity 

The cytocompatibility of the resulting Fe–Zn, Fe–Ag, and Fe–Cu 
nanobulges was assessed in HDF and WI-38 cells through 3-(4,5-dime-
thylthiazol-2-yl)− 2,5-diphenyltetrazolium bromide (MTT) assays. 
Dulbecco’s modified eagle medium (Hyclone, GE Healthcare Bio-
sciences, USA) supplemented with 10% fetal bovine serum and 1 % 
penicillin–streptomycin, was used to culture the cells in an incubator 
(37 ◦C, 5 % CO2). Approximately 1 × 104 cells per well were seeded in 
96-well plates, left to adhere for 24 h, and exposed to different con-
centrations (1 − 200 μg mL− 1) of nanobulges for 24 h or 48 h. Subse-
quently, 100 µL of the MTT reagent (1.25 mg mL− 1) was then added to 
each well and incubated in the dark for 4 h. The formazan crystals 
formed were dissolved by dimethyl sulfoxide (cell-culture grade, Sigma- 
Aldrich, USA). The absorbance of the resulting solution was obtained 
using a microplate reader (Multiskan EX, Thermo Fisher Scientific, USA) 
at a wavelength of 570 nm. 

2.4. In vitro ROS generation 

ROS generation in the nanobulge-exposed cells was analyzed using a 
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) assay 
(ab113851, Abcam, UK). Approximately 1 × 105 cells per well were 
seeded on a 12-well plate and incubated overnight. The cells were 
exposed to nanobulges for 48 h, and then stained with DCFH-DA 
(30 μM) for 30 min in the dark. The resulting ROS production was 
identified by a flow cytometry using a fluorescence-activated cell-sort-
ing machine (BD Biosciences, USA). 

2.5. Virus-infected cell viability 

MRC-5 (human diploid lung fibroblast) cells were cultured in Dul-
becco’s modified eagle medium (Hyclone, GE Healthcare Biosciences, 
USA) supplemented with 10 % fetal bovine serum and 1% pen-
icillin–streptomycin in an incubator (37 ◦C, 5 % CO2). Approximately 
1 × 105 MRC-5 cells per well were seeded on a 96-well plate and incu-
bated overnight. 200 μg mL− 1 of Fe–Zn, Fe–Ag, and Fe–Cu nanobulges 
were added to MRC-5 cells for 5 h. HCoV-229E was co-incubated with 
the nanobulges and cells for 2 h and rinsed to remove the uninternalized 
viruses. The samples were incubated with 100 µL of CellTiter-Glo® 
(luminescent cell viability assay kit, Promega, USA) reagent for 1 h. The 
signals were measured by the multilabel plate reader (VICTORX5, Per-
kinElmer, USA). 

2.6. Caspase-3 activity 

Approximately 1 × 105 MRC-5 cells per well were seeded on a 96- 
well plate and incubated overnight. The cells were exposed to the 
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nanobulges for 6 h and subsequently infected with HCoV-229E for 2 h. 
The caspase-3 activity (%) was detected at 30 and 90 min using Caspase- 
Glo® 3/7 assay system (Promega, USA). The signals were measured by 
the multilabel plate reader. 

2.7. Viral infectivity 

Primer specificities for the gene expression were validated using 
qRT-PCR based melting curve analysis. The levels of mRNA expression 
were assessed using the Thermo Scientific™ PikoReal™ qRT-PCR sys-
tem (TCR0096, USA) and THUNDERBIRD™ SYBR® qPCR Mix (Toyobo, 
Japan). Relative levels of gene expression were calculated through the 
threshold cycle method and normalized to the reference gene. Thermal 
cycling conditions were as follows: denaturation at 95◦C for 5 min, 
followed by 39 cycles of denaturation at 95 ◦C for 10 s, annealing at 
58 ◦C for 10 s, and extension at 72 ◦C for 30 s. The melting curve was 
obtained by heating the amplicon from 65 to 95 ◦C in a continuous 
acquisition mode. 

2.8. Hemolysis 

Blood was cannulated from Sprague-Dawley rats, and the plasma was 
removed by washing with phosphate-buffered saline (PBS) followed by 
centrifugation. The harvested red blood cell (RBC) suspension (0.5 mL) 
was incubated with nanobulges (50, 100, 200, and 400 μg mL− 1). The 
samples were incubated at 37 ◦C for 8 h and centrifuged (4000 rpm) for 
10 min. The absorbance of the supernatants was determined using a UV- 
Vis spectrophotometer (U-2800; PerkinElmer, USA) at a 540 nm 
wavelength. 

2.9. In vivo toxicity 

This assay was conducted by dividing the mice into four different 
groups, control and three treatment groups (treated with Fe–Zn, Fe–Ag, 
and Fe–Cu nanobulges). The three treatment groups underwent the 
intraperitoneal administration (100 mg kg− 1) of nanobulges while the 
control group was treated with saline. The body weights, behavioral 
changes, and survival rates were recorded for 18 days and the mice were 
then sacrificed for further examination. 

2.10. Histopathological analysis 

The vital organs (brain, heart, liver, spleen, lung, and kidney) were 
harvested from the sacrificed mice from the control and treatment 
groups. The excised and isolated organs were fixed in neutral buffered 
formalin (10 %), implanted in paraffin using an automated tissue pro-
cessor (Shandon Citadel 2000, Thermo Scientific, USA), and the organs 
(3 − 4 µm) were sectioned using a microtome (RM2255, Leica Bio-
systems, Korea). Hematoxylin and eosin staining was conducted on 
sections of the organs, and an optical microscope (Eclipse 80i, Nikon, 
Japan) was used for the histopathological examination. 

2.11. Biochemical blood analysis 

The blood was isolated from the anesthetized mice by a cardiac 
puncture. On day 18, 1 mL of blood was isolated and centrifuged 
(3000 rpm) for 15 min to isolate the serum blood for biochemical ex-
amination. The hematological parameters (RBC, white blood count 
(WBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular vol-
ume (MCV), and others) were inspected. The liver (hepatotoxicity) and 
kidney (nephrotoxicity) functions were determined by analyzing the 
alkaline phosphatase (ALP)-aspartate transaminase (AST) and blood 
urea nitrogen (BUN)-creatinine (CRE) serum levels, respectively. 

All data are expressed as the mean and standard deviation. The an-
imal handling and experiments were conducted in accordance with the 
Guidelines for Care and Use of Laboratory Animals and approved by the 

Institutional Animal Ethics Committee of Yeungnam University. 

3. Results and discussion 

The SiO2 nanobeads decorated with bimetallic singlet particles were 
identified using an SMPS by comparing the size distributions of the 
combined (Fe–Zn, Fe–Ag, and Fe–Cu) and individual (bimetallic 
agglomerate-45.2 nm of average geometric mean diameter (GMD) and 
SiO2 nanobead-129.7 nm of individual GMD) components (Fig. S2A). 
The combined configurations (Fe–Zn (137.0 nm), Fe–Ag (136.4 nm), 
and Fe–Cu (135.8 nm)) showed similar GMD and geometric standard 
deviations (GSD) to those of SiO2 alone while no bands were observed at 
the region for the agglomerates (Fig. S2A and Table S1). The slight 
differences in GMD (~6.7 nm) between the combined and individual 
SiO2 particles represented the redistribution of agglomerates into singlet 
particles on the nanobeads. This may be due to the shattering of ag-
glomerates caused by the sudden changes in gas pressure (ΔP) across the 

orifice (Dp = α
̅̅̅̅̅̅̅̅̅̅̅̅

DpaH
6πΔPθ2

√

, where α, H, and θ are the proportionality con-
stant, Hamaker constant, and maximum cohesive strength parameter 
between the constituting particles in an agglomerate, respectively) for 
aero-blading (Byeon and Roberts, 2012), resulting in a decrease in 
particle size from 45.2 (Dpa-agglomerate size) to 6.7 nm (Dp-shattered 
particle size). Hence, aero-blading is a workable process for redis-
tributing the bimetallic agglomerates (due to the three orders of 
magnitude greater particle diffusion coefficient in gas phase than in 
aqueous solutions) (Feng et al., 2015) into several nanometers on the 
nanobeads without the use of additional external forces. 

The zeta potentials of the collected nanobulges were obtained using a 
zetasizer after dispersing the nanobulges in deionized water. As shown 
in Fig. S2B, the nanobulges exhibited negative surface charges over the 
pH range (3− 9), and there were no significant differences between the 
nanobulges. The negative charges might be due to surface electron losses 
because plasma ablation (30 kV cm− 1 for the present case) causes the 
transport of accelerated ions and energetic electrons that collide with 
the adjacent condensed metallic (Fe, Zn, Ag, or Cu) particles. This hy-
pothesis matched the surface chemical states of the metallic particles 
obtained by XPS in which the spectra of the particles exhibit oxidized 
states (shifting and distortion for the characteristic bands of binding 
energies) compared to those of the zero-valent counterparts (Fig. S3). 
The surface states of the nanobulges may adsorb the negative charges in 
water electrostatically from the autoionization phenomenon (Egan and 
Paesani, 2018; Novelli et al., 2019), generating negative polarity in the 
zeta potential measurement. The negative charge currents of the nano-
bulges (inset table of Fig. S2B) observed in-flight further supported the 
surface states that draw negative charges in the gas flow because there 
was no positron in the experimental gas and air environment (Cheng, 
2006). Considering the electrostatic interactions between the corona-
virus and oppositely charged surface (Javidpour et al., 2021), the 
negatively charged nanobulges may confer a binding function to the 
positively charged spike proteins to perform efficient antiviral action. 

TEM was performed on the resulting nanobulges captured upon in- 
flight direct collection on carbon-coated copper grids during aero- 
manufacture (Fig. 2). Low-magnification images exhibited a distribu-
tion of spherical particles for all nanobulge configurations while the 
dark dots (<5 nm, mean of 200 particles) on noncrystalline spherical 
domains (i.e., SiO2 nanobeads) were obtained in the high-magnification 
images. Interestingly, no alloyed bulges were detected by TEM; only the 
characteristic lattice spacings of individual Fe (dFe, 200 = 0.143 nm), Zn 
(dZn, 101 = 0.242 nm), Ag (dAg, 111 = 0.230 nm), and Cu (dCu, 111 
= 0.209 nm) were identified in the higher-magnification TEM images. 
These results may be due to the significant difference in the lattice 
spacings of Fe and Zn (or Ag, Cu) (Tao et al., 2020) and the rapid 
quenching of the ablated metal vapors in the presence of gas flow (Byeon 
and Kim, 2010). According to the antimicrobial activity of the bimetallic 
nanoparticles in a previous report (Zheng and Xie, 2020), the 

J. Choi et al.                                                                                                                                                                                                                                     



Journal of Hazardous Materials 445 (2023) 130458

5

distribution of the individual components (Fe with Zn, Ag, or Cu) to be 
contacted to HCoV may show significant anticoronaviral activity 
because of the coupled reactions between the two metals (Weiss et al., 
2020). In addition, the bonding strength between the bimetallic parti-
cles and SiO2 nanobeads was even retained after the nanobulges were 
exposed to bath ultrasonication for 10 min. The in-flight thermal treat-
ment in the heated tube (400 ◦C wall temperature) may provide strong 
bindings (sintering effects) between the particles and beads. Represen-
tative low- and high-magnification SEM images revealed a collection of 
the nanobulges on the filter fibers (the bottom of Fig. 2) as the anti-
coronaviral coating. The high-magnification image supported the 
redistribution of bimetallic agglomerates on the nanobeads because 
none of the beads attached and the satellite agglomerates induced a 

nonsmooth surface on the nanobulges (i.e., singlet particles distribution 
on the beads). The air injection (1.5 m/s face velocity) into a nanobulge 
coated filter installed rectangular duct did not induce the particle 
detachment from the filter surface (0.03 particles cm− 3 was detected 
downstream of the filter), which may be due to adhesion forces (van der 
Waals and capillary forces) between the nanobulges and filter surfaces 
(Park et al., 2021a). EDX elemental maps of Fe–Zn (0.64–0.36 in mass 
ratio; 0.65–0.35 for both Fe–Ag and Fe–Cu by adjusting the frequency of 
plasma ablation; Fe–Zn:SiO2 (0.146:0.854 in mass ratio), Fe–Ag:SiO2 
(0.126:0.874), and Fe–Cu:SiO2 (0.134:0.866)) confirmed the distribu-
tion of Fe and Zn particles on the SiO2 nanobeads that makes a relatively 
rough surface effective for engaging HCoV spikes. Fig. S4 shows the 
representative TEM images of nanobulges manufactured without 

Fig. 2. Morphological and compositional analyses of the resulting particles from the plug-in manufacture. Low- and high-magnification TEM images of Fe–Zn, Fe–Ag, 
and Fe–Cu are shown as a dark dot distribution on spherical particles. The lattice spacings of the dark dots matched the monometallic Fe, Zn, Ag, and Cu crystals, 
while noncrystalline characteristics formed in the spherical domains. The representative SEM images and EDX maps of Fe–Zn-coated filter exhibited the distribution 
of spherical particles on filter fibers, in which elemental dots for Si and Fe–Zn coincide with the main and outer domains of the particles, respectively. 
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aero-blading. The larger dark dots on a SiO2 bead were observed for all 
nanobulges, which may be due to the thermal aggregation of singlet 
particles in the unshattered agglomerates during aero-sintering. This 
represents the effectiveness of aero-blading for forming unalloyed 
bulges in a few nanometer range on SiO2 nanobeads for strong binding 
and consecutive inactivation of the adjacent HCoV. 

The resulting nanobulges were dispersed in deionized water and 
coated on the filter nonwoven with HCoV to examine their anti-
coronaviral activity and compared with those treated with similar-sized 
individual Zn, Ag, and Cu particles (Fig. S5). Figs. 3A and 3B show the 
virus titers (expressed as PFU per mL) upon HCoV-229E exposure to the 
nanobulges in an aqueous solution and estimated the antiviral effi-
ciencies, respectively. Compared to SiO2 nanobeads alone, the nano-
bulges and individual nanoparticles exhibited a significant decrease in 
virus titer despite the differences between the nanobulges or nano-
particles. The antiviral activities from the nanoparticle (Zn, Ag, and Cu) 
treatments may be due mainly to the reactive oxygen species (ROS) 
generated by viral exposure to the released metallic ions, which can 
impair the respiratory enzymes and obstruct the RNA function caused by 
the breakage of S–S bonds, ultimately facilitating the disassembly and 
antiproliferation of the viruses (Ermini and Voliani, 2021; Minoshima 
et al., 2016; Seidi et al., 2021). The nanobulge treatments imparted 
comparable antiviral activities to the nanoparticles despite the signifi-
cantly lower metallic content (<15 % in mass). The similar performance 
between Ag (or Cu) and Fe–Ag (or Fe–Cu) may be due to greater release 

(rrelease =
cpVp

msSSAtexp
, where cp, Vp, ms, SSA, and texp are the particle con-

centration, sample mass, specific surface area, and exposure time, 
respectively) of Ag (or Cu) ions from the fully Ag (or Cu) nanoparticle 
configuration (Park et al., 2020). This may be due to hydroxyl radicals 
that damage the viruses further as a coupled antiviral effect from the 
Fenton reaction catalyzed by the Fe ions released (Jones, 2007; Kim 
et al., 2019; Weiss et al., 2020), because hydroxyl radicals can be formed 
by the Fenton reaction under neutral pH conditions (Liu et al., 2021c). 
The Fenton-like reaction catalyzed by coexisting Zn, Ag, or Cu particles 
(Alkawareek et al., 2019; Goli, 2020; Grass et al., 2011) also affected the 
antiviral activities that may induce a greater difference between Fe–Zn 
nanobulges and Zn nanoparticles than that between Fe–Ag and Ag. This 
tendency was also observed after treating the HCoV-OC43 with nano-
bulges (Figs. S6A and S6B), confirming the influence of the Fenton-like 
reaction. Furthermore, the viral membrane (CoV_M) was first impaired 
upon the treatments, which was examined from quantification of the 
spike (CoV_S) and CoV_M gene expression of HCoV-229E by qRT-PCR 
(Fig. S6B). This suggests that the nanoparticles were first reacted with 
the CoV_M and subsequently bound to the CoV_S of the viruses to 
inactivate them (Jazie et al., 2021). For anticoronaviral test for the 
nanobulge coated air filter, a nanobulge (Fe–Zn; the efficiency posi-
tioned in the middle of the three nanobulges for the aqueous treatment) 
achieved a deposition intensity of 6.3 × 10− 5 g cm− 2 within 3 min while 
HCoV-229E was selected for the treatment with the filter because of its 
lower antiviral efficiencies in the case of an aqueous treatment (Fig. 3A 

Fig. 3. Anticoronaviral activity of the resulting nanobulges, including similar-sized Zn, Ag, and Cu particles in an aqueous and air environment. (A) HCoV-229E virus 
titer upon aqueous treatments with the three nanobulges and nanoparticles for 15 min, including SiO2 alone as the control. (B) Estimated efficiencies for comparing 
the anticoronaviral activity of Fe–Zn (or Fe–Ag, Fe–Cu) and Zn (or Ag, Cu). (C) Schematic diagram of the collection of aerosolized HCoV-229E on nanobulge-coated 
filter to examine the airborne anticoronaviral treatment. (D) Comparison of the HCoV-229E virus titer (based on the background subtraction of viable airborne 
viruses) upon 15 min exposure to the pristine and Fe–Zn nanobulge coated filters. (E) RFU profiles of the harvested viruses from the pristine and Fe–Zn nanobulge 
coated filters as a function of the cycle number. The inset graph shows the corresponding threshold numbers for the two filters to estimate anti-infectivity of the 
nanobulge coating. 
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vs. Fig. S6) as well as its greater stability to antiviral agents than the 
OC43 strain in a previous report (Hasan et al., 2020). In addition, the 
viral filtration efficiency of the Fe–Zn nanobulge coated filter in a 
single-pass air flow was comparable to that of the pristine filter, while no 
significant increases were observed in the pressure drop (i.e., repre-
senting air permeability) after the nanobulge coating (Fig. S7), sup-
porting the adequacy of the nanobulge deposition intensity. 
Furthermore, the filtration efficiencies before and after co-loading of the 
nanobulges (3 min per day) and dust (~30 μg m− 3 concentration) for 30 
days were compared with pristine filter (Fig. S7). There were no sig-
nificant differences between the pristine and nanobulge coated filters, 
suggesting that the periodical nanobulge coating to regenerate anti-
coronaviral activity may not affect the original filtration performance of 
the filters. As shown in Fig. 3C, the aerosolized HCoV-229E strains were 
collected on Fe–Zn nanobulge coated filters (also on pristine filters for 
comparison), incubated for 15 min, and harvested for the plaque and 
qRT-PCR (observing the cycle threshold numbers (N) for a drastic in-
crease in relative fluorescence units (RFU)) assays. The virus titer 
decreased by approximately 90 % (Fig. 3D) while anti-infectivity (AI) 
was also estimated to be approximately 90 % (Fig. 3E; AI =
(

1 − 1
2Np − Nnc

)
× 100(%), where Np and Nnc are the cycle threshold 

numbers (inset in Fig. 3E) obtained from exposures to the pristine and 
nanobulge coated filters, respectively) in the presence of the nano-
bulges. These results suggest that the coexistence of the nanobulges and 
viruses on the filter surfaces for 15 min result in a significant loss of viral 
viability (ca. 90 % from 15 min coexistence; >99.9 % loss from 1 h 
coexistence, not shown in Figs. 3D and 3E). This was greater than that 
from aqueous exposure (Figs. 3A and 3B) due likely to the lower stability 
of viruses in air than that in an aqueous solution (Bhardwaj and 
Agrawal, 2020; Bormashenko et al., 2021; Sharma et al., 2021). 

Representative AFM and SEM images (in the presence of a sputter 
coating, unlike nanobulge alone according to previous reports) (Caldas 
et al., 2020; Mondeja et al., 2021) revealed the attachment of the HCoV 
to the nanobulge surface in aqueous (Fig. 4A) and aerosol (Fig. 4B) state, 
respectively. These contacts are likely due to electrostatic interactions 
(negative surface charge of the nanobulges) (Adamczyk et al., 2021; 
Donskyi et al., 2021; Ye et al., 2015). In addition, physical engagement 
(nanoroughness by the Fe and Zn (or Ag, Cu) singlet particle decoration) 
(Nie et al., 2020) may provide channels for the transport of metallic ions 
to the viral surface and intraviral region for ROS generation (by Zn, Ag, 
or Cu ions) as well as hydroxyl radicals from the Fenton-mediated 
(catalyzed by Fe ions) and Fenton-like (catalyzed by Zn, Ag, or Cu 
ions) reaction that induced the coupled anticoronaviral activity 
(Fig. 4C). 

The suppressing activity of the nanobulges on HCoV replication was 

examined further by infecting WI-38 cells with HCoV-220E and different 
multiplicity of infection (MOI) with and without nanobulges, including 
the individual Zn, Ag, and Cu nanoparticles (Fig. S8). Although viral 
growth was proportional to the MOI, the nanobulge and nanoparticle 
exposures reduced viral growth significantly. Interestingly, the inhibi-
tion of the growth in human lung cells was more pronounced in the case 
of the nanobulge despite the lower metallic contents (<15 %) of the 
nanobulges. This suggests that the coupled activities of Fe and Zn (or Ag, 
Cu) induce the stronger cleavage of disulfide bonds of the spike protein 
(determining the infectivity of the virus) (Li et al., 2020), suppressing 
the significant increases in viral growth, even at the highest MOI 
compared to the individual metal nanoparticles. This highlights the 
effectiveness of the bimetallic composition and the bulge structure 
compared to conventional antiviral nanoparticles in anti-infectivity, 
particularly at > 1 MOI levels. 

Regarding the in vitro cytotoxicity assessment of the nanobulges, 
HDF was selected as a representative of skin which is the first line of 
defense against foreign agents (Lujan and Sayes, 2017) while WI-38 was 
chosen as a model for inhalation exposure (Ianni et al., 2021). MTT assay 
was used to determine the viability of the cells treated with Fe–Zn, 
Fe–Ag, or Fe–Cu (1–200 µg mL− 1) for 24 h and 48 h. As shown in Fig. 5, 
the viabilities of both cell lines were dependent on the nanobulge con-
centration (and exposure time) due likely to the greater (and longer) 
release of metallic ions and contact with the bulges, which may lead to 
higher cellular toxicity from ROS generation, including a reduction of 
the mitochondrial function, micronuclei formation by induced apoptotic 
genes, chromosome abnormality, and DNA impairment (Botha et al., 
2019; Chugh et al., 2018). The HDF cells exhibited slightly higher 
viability (>85 % after 48 h exposure at 200 µg mL− 1) than the WI-38 
cells (>83 %), whereas the lowest values were observed in both cell 
lines after Fe–Cu exposure for 48 h because of the greater activity of Cu 
in ROS generation than other individual particles (Matos et al., 2012; 
Park et al., 2019b). On the other hand, the lowest viabilities were greater 
than 80 %, even at 200 µg mL− 1, which are in the acceptable range for 
cytocompatibility (ISO, 10993–5:, 2009). 

Although there were no significant alterations in the viability, the 
probability of oxidative damage to cellular molecules, such as nuclear 
DNA, resulted from the excessive ROS-induced senescent process (but 
not cell-killing) (Henson et al., 2019; Liguori et al., 2018; Nita and 
Grzybowski, 2016) was further determined. The ROS receptive dye, 
DCFH-DA, was used to examine oxidative stress and intracellular ROS. 
Compared to untreated cells, the order of ROS production after exposure 
to the nanobulges was Fe–Cu > Fe–Ag > Fe–Zn for both cell lines 
(1.53–2.37 for HDF; 1.55–2.81 for WI-38), as shown in Fig. S9A. These 
levels were significantly lower than those in a previous report in which 
ROS generation of more than eight times that of the control has only 

Fig. 4. Representative AFM and SEM images to identify the viral attachment to the Fe–Zn nanobulges. (A) AFM topograph containing HCoV-229E viruses and Fe–Zn 
nanobulges. The viral particles were observed at the inter-nanobulge spaces, presenting the contacts between the nanobulges and viruses. (B) SEM image of the 
nanobulge-coated filter after the virus collection. The contact between the nanobulge and the virus was also observed. (C) Illustration of contact between the 
nanobulge and virus for deriving the ROS generation triggered by the released metal ions and hydroxyl radical production from the Fenton-mediated and 
-like reactions. 
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resulted in senescence (did not induce any significant morphological 
alterations) with increasing volume with large flat structures because of 
the small-spindle fusiform (Gautam et al., 2019). Furthermore, the 
profiles of cytotoxicity and ROS generation were observed in the order 
of Fe–Cu > Fe–Ag > Fe–Zn, showing that the cytotoxicity is related 
significantly to ROS production. Overall, the nanobulge exposure to 
HDF and WI-38 cells also produced ROS, whereas it can cause limited 
cytotoxicity unlike that in the viral exposure, supporting the selective 
inactivating activity because of the bimetallic bulge configuration. 

Viability profiles (Fig. 6A) from the nanobulge (Fe–Zn, Fe–Ag, and 
Fe–Cu) exposures to HCoV-229E-infected MRC-5 cells reflected the 
order of the antiviral activity (Fe–Cu > Fe–Ag > Fe–Zn), indicating the 
antiviral-cell saving cotreatment of the nanobulges. Optical microscopy 
images (Fig. S9B) exhibited that cytoplasmic shrinkage, loss of cell-to- 

cell contact, and reduced cell numbers were shown in the untreated 
cells (i.e., HCoV-229E-infected MRC-5 cells), unlike the cells treated 
with nanobulges. As shown in Fig. 6B, caspase-3 (an enzyme that in-
duces apoptosis) activity (%) of the infected MRC-5 cells in the absence 
and presence of nanobulge treatment showed significant differences in 
the activity at both the different timepoints, supporting further the 
cotreatment of the nanobulges. To analyze the loss of genomic integrity 
and modulation of viral enzymes, the common markers related to 
apoptosis, ROS/reactive nitrogen species (RNS), and biogenesis (Fig, 
S9C) were targeted to examine the infectious activity of HCoV-229E in 
the absence and presence of the nanobulge treatment. The results 
demonstrated further effective suppression of the nanobulges on the 
infection-induced apoptosis in the host cells through ROS/RNS and the 
relevant transcription factors (Hang et al., 2015; Lara et al., 2010; Patoo 

Fig. 5. In vitro cytotoxicity profiles of the resulting nanobulges in HDF and WI-38 cells. Using a MTT assay, the viabilities of the treated cells with different con-
centrations (1–200 μg mL− 1) were estimated after 24 h and 48 h incubation. 

Fig. 6. Effects of the nanobulge exposure on viability and caspase-3 activity of HCoV-229E infected MRC-5 cells. (A) Viability profiles from anticoronaviral activity of 
the resulting nanobulges in an aqueous medium on the growth of HCoV-229E infection of MRC-5 cells by MTT assay. (B) Inhibition of caspase-3 activity of the 
infected MRC cells upon exposure to the nanobulges. 
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et al., 2022; Ramezani et al., 2018; Tavakoli and Hashemzadeh, 2020; 
Warnes et al., 2015). 

The hemocompatibility of the nanobulges was examined by obtain-
ing the degree of RBC destruction using the hemoglobin content (%) 
compared to the positive control, resulting in hemolysis after the 
incorporation of nanobulges with blood. The hemolysis percentage after 
incubation with nanobulges (50–400 µg mL− 1) in PBS was estimated. As 
shown in Fig. 7A, the hemolysis effects of the nanobulges showed 
concentration-dependent behavior. The hemolysis values at the highest 
concentration (400 µg mL− 1) were approximately 6.4 %, 6.7 %, and 7.3 
% for Fe–Zn, Fe–Ag, and Fe–Cu, respectively, whereas PBS resulted in 
3.6 % hemolysis. The order of hemolysis and the limited levels of RBC 
destruction of the nanobulges also coincided with the cytotoxicity and 
ROS generation, warranting further investigation using an in vivo model. 

The in vivo biosafety was assessed by measuring the body weight, and 
the survival rate of the treated mice was monitored after the single-dose 
administration of nanobulges at 100 mg kg− 1. No abnormal alterations 
in the body weight (Fig. 7B) or changes in survival rate (Fig. 7C) of the 
treated mice were observed compared to the untreated group, showing 
the nanobulges have no fatal toxicity in the in vivo model. A 
histopathological-histomorphometric examination of the vital organs 
and blood biochemistry of the treated mice were conducted after 18 
days of administration to ensure biosafety. The absence of abnormal 
histopathological findings (Fig. 7D and Table S2) supported the non-
toxicity of the nanobulges. The following hematological parameters 
were analyzed from the blood samples of untreated and nanobulge 
treated mice to screen the biochemical parameters from the blood 
(Fig. S10; WBC; NEU, neutrophils; LYM, lymphocytes; MONO, mono-
cytes; EOS, eosinophils; BASO, basophils; RBC; HGB; HCT; MCV; MCH, 

mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin 
concentration; RDW, red cell distribution width; PLT, platelets; MPV, 
mean platelet volume; ALP-PS, alkaline phosphatase; GOT-PS, AST; 
GPT-PS, alanine aminotransferase (ALT); BUN-PS, blood urea nitrogen; 
and CRE-PS, creatinine). All the tested parameters were in the normal 
range even for the treated mice compared to the untreated mice. The 
hepatoxicity and nephrotoxicity were identified as the levels of the 
respective ALT/AST and BUN/CRE for the treated and untreated mice. 
No significant differences were observed between the mice groups 
(displaying in the normal range for all the biochemical parameters from 
the serum). The in vitro and in vivo experiments, including the blood 
chemistry of the nanobulges, showed that combining the developed 
electrically operable dispenser with air filters might be a good platform 
for reducing the airborne infection of the coronaviruses indoors. 

The reconfigurable ability of the electrically operable dispenser was 
validated further by constructing the different nanobulges even without 
plasma ablation and aero-blading for simplifying the manufacture. 
Suprastructuring of the 15 nm SiO2 bead (s-SiO2) was attempted by 
vibrating the spray of the SiO2 suspension containing an antiviral 
polymer (polyethyleneimine (PEI) or chitosan) (Mouritz et al., 2021) 
and passed through the electrically heated tube to thermodynamically 
construct bunches of s-SiO2 beads and deposit the polymeric component 
on the beads. Representative TEM images (Fig. S11) revealed roughened 
antiviral surfaces of the resulting supraparticles (40–65 % antiviral ef-
ficiencies by modulating the PEI (or chitosan) contents for 15 min 
aqueous exposure) constructed through spherical agglomeration of the 
beads, warranting modular property of the manufacture to a variety of 
antiviral coatings for air filtration applications. Fig. S12 shows an 
electrically operable prototype for aero-manufacture of anticoronaviral 

Fig. 7. Assay results to assess the hemotoxicity and in vivo systemic adverse effects of the nanobulge treatments. (A) Percentage hemolysis of RBCs treated with 
different concentrations of the resulting nanobulges (50–400 μg mL− 1). The inset shows relevant digital images from the treatments, and the letters W and P denoted 
the RBCs in water and PBS, respectively. (B) Monitored body weights (every three days), (C) Survival rates (every day), and (D) Histopathological profiles of the 
major organs from the untreated and nanobulge treated mice after 18 days. The mice were injected intraperitoneally with a single dose of 100 mg kg− 1 on day 0. 
Scale bars, 480 µm. 
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face masks as a practical application, where representative low- and 
high-magnification SEM images demonstrated the coatings of nano-
bulges from an in-line production manner. The approach developed in 
this study may provide reconfigurable properties for various applica-
tions to suppress airborne infection and biological contamination of 
surfaces. 

4. Conclusions 

An aero-manufacture was used for the in-place supply of bimetallic 
nanobulges to provide an antiviral function on air filter surfaces during 
operation or abrogation after use to achieve electrically operable pro-
cess, affordability, and biosafety of antiviral coatings. Fe-containing 
bimetallic (Fe–Zn, Fe–Ag, or Fe–Cu) agglomerates (consisting of 
<5 nm ultrafine particles) and SiO2 nanobeads (ca. 130 nm) were 
coinjected into an orifice for cohesion and the aero-blading of agglom-
erates as singlet particles on beads. They were then passed through a 
heated tube to sinter the singlet particles on the beads, resulting in the 
formation of Fe–Zn, Fe–Ag, or Fe–Cu nanobulges for effective in-
teractions with HCoV spikes. Unlike the dip coating of filter materials in 
an organic or inorganic antiviral suspension, the resulting aerosol 
nanobulges could be deposited directly on the filter surfaces by simple 
mechanical filtration (as just a 3 min antiviral coating) without gener-
ating aqueous or solid wastes. Hence, no additional unit operations and 
facilities were required to functionalize the antiviral filtering surfaces. A 
similar or superior antiviral performance between the resulting nano-
bulges (>55 % inactivation of the viruses for 15 min exposure in 
aqueous solutions; >99.0 % for 1 h exposure), and similar-sized indi-
vidual Zn (43.4 %), Ag (56.7 %), and Cu (72.0 %) particles was obtained 
despite the significantly smaller fraction of metallic component (<15 
%). The comparable antiviral activity to the individual particles was 
probably due to the cogeneration of reactive oxygen species and Fenton- 
mediated hydroxyl radicals from viral exposures to Zn, Ag, or Cu and Fe, 
respectively, upon engagement between the bimetallic bulges and 
coronaviral spikes. In the case of viral exposure to Fe–Zn nanobulges, the 
level of viral inactivation in both plaque and qRT-PCR assays was 
approximately 90 % for 15 min exposure, supporting the efficacy of the 
3 min Fe–Zn coating. Decorating the significantly larger SiO2 beads 
(being similar in size to the largest HCoV) with ultrafine bimetallic 
particles did not induce significant loss of the viability of mammalian 
cells and tissues. Two more concepts for constructing nanobulges were 
tested by reconfiguring the SiO2 spraying conditions to modulate the 
developed platform. The in-flight manufacture for the direct dry depo-
sition of bimetallic nanobulges on air filter surfaces provide a compa-
rable antiviral function to traditional antiviral inorganic nanoparticles 
while retaining biosafety. In addition, the process is also suitable as an 
electrically operable dispenser capable of in-place antiviral coatings for 
biosafe air filtration and the modification of used filters during a viral 
infection pandemic despite the need of further assessment for bench-to- 
bedside translation. A significantly lower price of SiO2 nanobeads (main 
component of the nanobulges) than pure metal nanoparticles (Zn, Ag, or 
Cu) and reconfigurable properties of the aero-manufacture to manipu-
late the configuration may also offer cost reduction for the realization of 
an in-place antiviral on air filters. 

Environmental implication 

This study developed a compact system of in-flight nanobulge 
manufacture to confer antiviral functions in-place on the filter surfaces 
by simply turning on a system to inactivate coronaviruses collected on 
the surfaces rapidly while retaining biosafety, thereby increasing the 
effectiveness of the air filtration in preventing the transmission of 
coronaviruses. 

Coronavirus disease (COVID-19) is still ongoing despite the vacci-
nation of a considerable number of people worldwide. The filtration of 
indoor air has been proven to be an effective intervention to suppress the 

spread of COVID-19 because humans spend approximately 90% of their 
time indoors. The deposition of the contagious viruses on air filter sur-
faces has led to the adoption of antiviral coatings to reduce the spread of 
viral infections from this type of fomite. This has further caused issues 
regarding the deterioration of the antiviral performance during filter 
operation as well as nano- and bio-hazard (from the release of toxic 
metallic ions or viable viruses) from the discarded filters. The develop-
ment of a plug-in safe-by-design antiviral coating is required to regen-
erate antiviral functions periodically and inactivate the infectiousness 
conveniently of the viruses collected before discarding the used filters. 
Although installing ultraviolet radiation devices near the filter unit was 
proposed as a rapidly implementable alternative to suppressing this 
fomite-mediated transmission, there are problems of limited radiation 
coverage for deep bed and cartridge filters as well as the photo-
degradation of filter materials. Another issue faced when applying 
exothermic material coatings on filters includes the need for tempera-
ture control, flame retardancy, and biosafety. To resolve these diffi-
culties, this study developed a compact system of in-flight nanobulge 
manufacture to confer antiviral functions in-place on the filter surfaces 
by simply plugging in a system to inactivate coronaviruses collected on 
the surfaces rapidly while retaining biosafety, thereby increasing the 
effectiveness of the air filtration in preventing the transmission of 
coronaviruses. A single-pass aero-blading and -sintering Fe containing 
ultrafine particles (<5 nm) on SiO2 nanobeads (ca. 130 nm) enabled the 
formation of surface roughness for their effective interaction with 
coronavirus spikes to generate reactive oxygen species and Fenton- 
mediated hydroxyl radicals, resulting in comparable antiviral activity 
to similar-sized individual Zn, Ag, or Cu particles despite the signifi-
cantly smaller fraction of the metallic component. 
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Photocatalytic nanowire-based air filter: towards reusable protective masks. Adv. 
Funct. Mater. 30, 2004615 https://doi.org/10.1002/adfm.202004615. 

Huang, H., Fan, C., Li, M., Nie, H.–L., Wang, F.–B., Wang, H., Wang, R., Xia, J., Zheng, X., 
Zuo, X., Huang, J., 2020. COVID-19: a call for physical scientists and engineers. ACS 
Nano 14, 3747–3754. https://doi.org/10.1021/acsnano.0c02618. 

Ianni, E.D., Erdem, J.S., Møller, P., Sahlgren, N.M., Poulsen, S.S., Knudsen, K.B., 
Zienolddiny, S., Saber, A.T., Wallin, H., Vogel, U., Jacobsen, N.R., 2021. In vitro-in 
vivo correlations of pulmonary inflammogenicity and genotoxicity of MWCNT. Part. 
Fibre Toxicol. 18, 25. https://doi.org/10.1186/s12989-021-00413-2. 

Imani, S.M., Ladouceur, L., Marshall, T., Maclachlan, R., Soleymani, L., Didar, T.F., 2020. 
Antimicrobial nanomaterials and coatings: current mechanisms and future 
perspectives to control the spread of viruses including SARS-CoV-2. ACS Nano 14, 
12341–12369. https://doi.org/10.1021/acsnano.0c05937. 

ISO 10993–5: 2009, 2019. Biological evaluation of medical devices—Part 5: Tests for in 
vitro cytotoxicity. International Organization for Standardization Geneva. 
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