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Abstract 

Infections in the respiratory system not only cause individual illness but can also 

spread to others and potentially develop into pandemics or epidemics. Various types of 

vaccines have been used to control the spread of pathogens. However, vaccine development 

has limitations due to time-consuming processes and costs. Therefore, surgical masks and 

respirators are widely used as the first means of protection once an outbreak begins or 

symptoms are identified. Yet, conventional masks have limitations such as single-use 

restriction, risk of contact transmission via contaminated surfaces, and concerns over 

biohazardous waste. Besides, attempts to decontaminate and reuse masks during shortages can 

significantly degrade their effectiveness. This situation necessitates the development of 

antimicrobial masks. Therefore, we have developed salt-coated fabrics that rapidly inactivate 

pathogens through non-specific mechanisms. Our research aims to assess the optimal stacking 

sequence of salt-coated fabrics, identify main mechanism behind the pathogen inactivation of 

salt-coated fabrics, demonstrate the pathogen inactivation efficiency against resilient 

pathogens, and analyze contact-based transmission of salt-coated fabrics compared to bare 

fabrics. 

First, the optimal stacking sequence and the effects of wetness on both salt-coated and 

bare fabrics have been assessed. Diverse mask configurations, including those with salt-coated 

fabric and bare fabric as covers and outer layers of 3-ply surgical masks or N95 respirators, 

were subjected to filtration efficiency and breathability tests. Additionally, DI water was 

sprayed on the fabrics at varying levels of wetness (1, 6, and 12 mg/cm²), followed by further 

tests on filtration efficiency and breathability. It should be noted that when tested with 5% 

NaCl, the salt-coated fabric alone exhibited lower filtration efficiency compared to conditions 
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with only bare fabric, due to the lack of electrostatic attraction between the fabric and ions in 5% 

NaCl aerosols. However, when salt-coated and bare fabrics were used as either a cover or an 

outer layer, they showed similar trends in filtration efficiency and breathability, due to high 

filtration efficiency of middle layer. After water exposure, salt-coated fabric exhibited 

enhancing filtration efficiency with water amount, while bare fabrics showed opposite trends. 

This was attributed to the hydrophilicity of salt-coated fabrics, which enables them to form a 

water film around fibers. In contrast, the low filtration efficiency of bare fabrics was mainly 

due to the degradation of electrets upon water exposure. This finding suggests that salt-coated 

fabrics can offer pathogen inactivation effects while also ensuring high filtration efficiency 

when utilized as a cover or outer layer of 3-ply masks. 

Second, the mechanism study for pathogen inactivation on salt-coated fabrics was 

performed using salt powders, saline solutions, and salt-coated fabrics of three different types 

of salts (NaCl, KCl, and K2SO4). The time-dependent salt recrystallization behavior of salt 

powder and salt-coated fabrics was characterized by X-ray diffraction (XRD) and monitored 

using optical microscopy and scanning electron microscopy (SEM). In parallel, time-

dependent pathogen inactivation tests were conducted using colony-forming units (CFU) and 

bicinchoninic acid (BCA) assay for the viability analysis of Klebsiella pneumoniae, and 

plaque-forming units (PFU) and hemagglutinin (HA) titer for A/PR8/34 H1N1 analysis. 

Notably, the salt-recrystallization pattern was consistent with the pathogen inactivation pattern, 

showing active salt recrystallization (i.e., the formation of salt crystals and sharp edges) and 

active pathogen inactivation in 3-5 minutes for NaCl- and KCl-coated fabrics and 5-15 

minutes for K2SO4-coated fabrics. Furthermore, the pathogen inactivation efficiency of 

osmotic pressure and ionic effects was not significant, demonstrating that the main pathogen 

inactivation mechanism is salt recrystallization. In addition to the tests, the antimicrobial 
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efficiency of pathogens in two different media (DI water and artificial saliva) was tested using 

two different transmission modes (droplets (5 μL) and aerosols (2.5−4 μm in diameter)), 

which demonstrated significant pathogen inactivation efficiency. 

The demonstration of pathogen inactivation efficiency against resilient pathogens was 

performed using K. pneumoniae (a non-spore-forming bacterium), Clostridium difficile (a 

spore-forming bacterium), A/California/04/2009 (an enveloped virus), and HRV 16 (a non-

enveloped virus). Their inactivation upon exposure to NaCl-, KCl-, and K2SO4-coated fabrics, 

with varying salt amounts (5, 9, and 13 mg/cm²), was evaluated and compared. As expected, 

resilient pathogens (spore-forming bacteria and non-enveloped viruses) showed lower 

pathogen inactivation efficiency compared to non-spore-forming bacteria and enveloped 

viruses; however, significant inactivation was still observed in spore-forming bacteria and 

non-enveloped viruses. Moreover, the potential for contact-based transmission through salt-

coated and bare fabrics was tested using fluorescent dyes (sulforhodamine B and calcofluor 

white), K. pneumoniae, and A/Puerto Rico/8/34. When sprayed on both salt-coated and bare 

fabrics, the salt-coated fabrics significantly reduced the percentage of translocation from 

fabrics to hands compared to bare fabrics. The findings demonstrate that the efficiency of salt-

coated fabrics can significantly contribute to enhancing the control of pathogen spread during 

pandemics/epidemics, and their pathogen non-specific inactivation mechanism will allow for 

an instant response to novel pathogens. 

Overall, this thesis has proven the effectiveness of salt-coated fabrics in inactivating 

pathogens and preventing their spread, and it has suggested the optimal stacking sequence to 

maximize their efficiency. Ultimately, the thesis proposes a novel system to combat 

respiratory pathogens and enhance global health.
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1 Introduction 

 
For centuries, pathogens have been a persistent threat to human health. Despite various 

strategies to limit their spread, each approach has its shortcomings. Vaccines, for instance, have 

significantly reduced pathogen transmission, but their development is time-consuming due to 

various factors and necessitate extensive testing. As a result, masks have become the first means 

of protection against pathogens, reducing transmission before vaccines are developed. However, 

the limitations of masks, such as their lack of antimicrobial properties and issues with single-use 

and contact-based transmission, cannot be overlooked. To effectively mitigate the spread of 

pathogens, there is an urgent need to develop antimicrobial masks that can more competently 

control pathogens. This chapter begins by exploring the nature of pathogens and their 

transmission, followed by a discussion on the development of antimicrobial resistance in these 

pathogens. It then addresses the limitations in vaccine development, including those of invasive, 

non-invasive, and minimally invasive vaccines. Finally, the chapter introduces the limitations of 

conventional masks and their decontamination procedures, along with methods for mask 

functionalization with antimicrobial materials.  
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1.1.1 Infection of respiratory system 

Respiratory diseases have been a persistent challenge throughout human history, varying 

in severity and requiring different treatments. Despite various efforts to control pathogens, 

mutations that lead to resistance often reduce the effectiveness of treatments. Therefore, the 

development of innovative systems or strategies capable of targeting a range of pathogens is 

essential. 

1.1.2 Respiratory pathogens 

Respiratory infections are caused by a variety of pathogens, including bacteria, viruses, 

and fungi. Among the bacterial causes, Bordetella pertussis, Chlamydophila pneumoniae, 

Corynebacterium diphtheriae, Haemophilus influenzae, Mycoplasma pneumoniae, and 

Streptococcus pneumoniae are notable [1]. Bordetella pertussis, the bacterium responsible for 

whooping cough, has a notable history of causing outbreaks. The disease was first recognized in 

the Middle Ages, with various epidemics described over the centuries. Notably, the first written 

records of outbreaks date back to the 16th century, as documented by Guillaume de Baillou in 

France [2, 3]. The infection can be particularly deadly for infants and can lead to complications 

like bacterial pneumonia, neurological issues, and dehydration [2, 3]. Chlamydophila 

pneumoniae is known to cause mild or asymptomatic infections, making it challenging to 

determine the exact number of cases each year. The disease can occur at any time of the year, 

without a specific season of heightened prevalence. Even though the acute illness it causes is 

typically mild, C. pneumoniae has been involved in several chronic diseases, including 

atherosclerosis and asthma [4]. Haemophilus influenzae, often referred to as Hib, is a bacterium 

that can cause various severe infections, especially in young children. Hib is known to cause 

several types of invasive diseases (e.g., meningitis, pneumonia, cellulitis, septic arthritis, and 

epiglottitis). Before the introduction of the Hib vaccine, meningitis was the most common Hib-
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induced invasive disease, leading to severe complications like permanent hearing impairment or 

other neurological conditions in a significant percentage of patients who survived it [5]. 

Mycoplasma pneumoniae is a bacteria that cause upper respiratory tract infection and 

pneumonia. The number of infections varies over time, with disease peaks observed every 3 to 7 

years. An estimated 2 million cases of M. pneumoniae infections occur each year in the United 

States, but the actual number might be higher as many infections go undiagnosed. This illness 

can occur any time of the year but may be more common in summer and early fall [6, 7]. 

Streptococcus pneumoniae, a Gram-positive bacterial pathogen, has been responsible for 

numerous outbreaks since its discovery in the 1880s. A study revealed 94 S. pneumoniae 

outbreaks occurring between 1916 to 2017 worldwide and S. pneumoniae leads to 450,000 

hospitalizations per year in the United States. These outbreaks were predominantly respiratory 

infection that spread through airborne droplets [8, 9].  

For respiratory viruses, notable examples include various coronaviruses such as SARS-

CoV (2002), MERS-CoV (2012), and SARS-CoV-2 (2019); influenza viruses such as the 

Spanish flu (H1N1; 1918), Asian flu (H2N2; 1957), Hong Kong flu (H3N2; 1968), Russian flu 

(H1N1; 1977), and swine flu (H1N1; 2009); as well as human metapneumovirus, measles, 

mumps, and rhinoviruses [1, 10, 11]. Among various respiratory disease, MERS-CoV has the 

highest mortality rate at 34%, followed by SARS-CoV with 10% and the Spanish flu with 2.5% 

mortality rate [12-14]. However, the transmission rate should also be considered when 

determining the severity of viruses. The basic reproduction number (R0) is commonly used to 

estimate the number of people who are infected by a single infected individual in a population 

with no immunity and no interventions in place. Research indicates that the R0 values for SARS-

CoV, MERS-CoV, and SARS-CoV-2 are 2-4, <1, and 1.9-6.49, respectively [15, 16].  For 

influenza viruses, the R0 values for the Spanish, Asian, Hong Kong influenza are 2.4-4.3, 1.8, 
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and 1.06-2.06, respectively [17-19]. In contrast to the viruses, measles, despite the availability of 

vaccines, has the highest R0 ranging from 12-18 [20].  The high infectivity of measles viruses 

can be attributed to factors such as airborne transmission, environmental stability, and the ability 

to initiate infection from 4 days before the onset of recognizable symptoms [21]. Respiratory 

diseases are typically characterized by a range of symptoms affecting the respiratory system. 

Common symptoms include coughing, shortness of breath, and increased production of sputum. 

In more severe cases, individuals may experience respiratory distress. The specific symptoms 

can vary depending on the type of respiratory disease. For instance, SARS-CoV and MERS-CoV 

tend to have a higher fatality rate and more severe respiratory symptoms, whereas SARS-CoV-2 

has a broader range of clinical manifestations from asymptomatic cases to anosmia and 

gastrointestinal symptoms [22]. The influenza viruses (i.e., Spanish flu, Asian flu, Hong Kong 

flu, Russian flu, and swine flu) share similar symptoms. In milder cases, the illness is limited to 

the upper respiratory tract, exhibiting symptoms such as fever, sore throat, nasal congestion, 

coughing, headache, muscle aches, and fatigue. However, in more severe cases, the virus can 

cause pneumonia, which can be a direct consequence of the influenza virus or a result of a 

secondary bacterial infection in the lower respiratory tract. These severe cases of pneumonia can 

occasionally lead to fatal outcomes [23]. Human metapneumovirus, a relatively recently 

discovered virus, is associated with upper and lower respiratory tract infections, especially in 

children, the elderly, and immunocompromised individuals. Its symptoms are similar to those of 

other respiratory viruses, including cough, fever, and nasal congestion [24, 25]. Measles is 

characterized by a high fever, inflamed eyes, and a distinctive red rash that usually starts on the 

face and then spreads to the rest of the body [26, 27]. Mumps primarily presents with swollen 

salivary glands, causing puffy cheeks and a tender, swollen jaw, in addition to fever, headache, 

muscle aches, fatigue, and loss of appetite [28, 29]. Rhinoviruses, which are the most common 
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viral infectious agents in humans and the predominant cause of the common cold, present 

symptoms such as sore throat, runny nose, cough, sneezing, and sometimes a mild fever [30, 31]. 

Fungi primarily infecting the respiratory system includes Blastomyces dermatitidis, 

Coccidioides spp., Cryptococcus gatti, Histoplasma capsulatum, Paracoccidioides spp., and 

Talaromyces marneffei [1]. These fungi led to localized outbreaks but were not developed to 

pandemics/epidemics. Blastomyces dermatitidis, the cause of blastomycosis, often presents as a 

lung infection but can spread to skin and bones. Blastomyces dermatitidis outbreaks particularly 

occurs near North American waterways, often linked to soil-disturbing activities [32]. 

Coccidioides spp. causes coccidioidomycosis or "Valley fever," endemic to desert regions of the 

southwestern United States, parts of Mexico, Central and South America, with symptoms 

ranging from mild to severe pulmonary issues [33]. Cryptococcus gattii, responsible for 

cryptococcosis, can lead to pneumonia and potentially disseminate to the central nervous system, 

particularly causing meningitis. It occurs in subtropical and tropical regions, as well as the 

Pacific Northwest of the United States [34]. Histoplasma capsulatum leads to histoplasmosis, 

commonly identified in areas such as the Ohio and Mississippi River valleys. Outbreaks have 

been linked to activities disturbing bird or bat droppings in endemic areas. Infection can range 

from mild respiratory symptoms to severe, disseminated disease [35]. Paracoccidioides spp. 

cause paracoccidioidomycosis, primarily found in Central and South America. The fungus 

typically infects individuals through inhalation of airborne spores from the environment, often 

linked to agricultural activities where soil disturbance can release fungal spores into the air. It 

often affects the lungs but can also involve mucous membranes and other organs [36]. 

Talaromyces marneffei, previously known as Penicillium marneffei, causes talaromycosis. It is 

endemic to tropical climates of Southeast Asia and is particularly severe in 

immunocompromised individuals. The fungus is often associated with bamboo rats as rodents' 
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burrows, found in the soil of forested areas, provide a suitable habitat for the fungus [37].  

 

1.1.1 Resistance of respiratory pathogens 

To combat respiratory pathogens, diverse antimicrobial agents including antibiotics, 

antivirals, and antifungals have been developed. However, a significant challenge is the ability 

of these pathogens to evolve and develop resistance mechanisms against these treatments, 

thereby diminishing the effectiveness of the antimicrobial agents. A notable example of this is 

seen in Mycobacterium tuberculosis. Mismanagement of antibiotic treatments, such as incorrect 

dosages or treatment durations, has led to the emergence of multidrug-resistant (MDR) 

tuberculosis. MDR tuberculosis strains have resistance to isoniazid and rifampicin, the first-line 

drugs that have proven their effectiveness [38]. The development of resistance can often be 

traced back to specific genetic mutations in the TB bacteria. For instance, resistance to isoniazid 

is frequently linked to alterations in the katG gene, responsible for producing the enzyme needed 

to activate isoniazid [39]. Similarly, rifampicin resistance is commonly associated with 

mutations in the rpoB gene, which encodes the beta subunit of RNA polymerase, affecting the 

binding efficacy of drugs [40]. Treatment regimens for these forms of M. tuberculosis are more 

complex and protracted, often extending for 18-24 months and necessitating the use of second-

line drugs. These alternatives tend to be more costly, have greater side effects, and are less 

effective compared to the first-line drugs [41]. Pseudomonas aeruginosa, as another example, 

has acquired multi-drug resistance due to alternation in the quinolone resistance-determining 

regions (QRDR), which are responsible for DNA gyrase and topoisomerase IV. Besides, four 

efflux systems of the resistance nodulation division (RND) family, (i.e., MexAB-OprM, MexEF-

OprN, MexCD-OprJ, and MexXY-OprM) have been reported to significantly contribute to the 

acquisition of antimicrobial resistance [42]. Treating multi-drug resistant Pseudomonas 
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aeruginosa infections presents a complex challenge due to the emergent resistance of the 

pathogen and the limited options for antibiotics. As such, such infections would result in 

increased length of treatment, higher readmission rates, and escalating costs [43]. 

Antiviral resistance in viruses can significantly impact human health, particularly in 

treating viral infections. The development of resistance to antiviral drugs can lead to treatment 

failure, prolonged illness, increased risk of spreading resistant viruses, and a need for alternative 

treatments that may be less effective or more toxic [44]. This resistance often arises from genetic 

changes in the virus. An example is the influenza virus, which can develop resistance against 

various drugs, including amantadine, rimantadine, laninamivir, oseltamivir, peramivir, and 

zanamivir [45]. These drugs mainly target the M2 ion channel and neuraminidase (NA) 

inhibitors. The M2 ion channel controls proton influx into viral particles and can be inhibited by 

specific drugs [46]. For instance, mutations at any of five key sites (positions 26, 27, 30, 31, or 

34) in the M2 protein can lead to loss of effectiveness of these inhibitors[47]. Resistance also 

occurs in the NA inhibitors. The NA is involved in the final step of virus infection by cleaving 

sialic acid from cell surface and facilitating virus release from infected cells[48]. NA inhibitors 

produced based on analogue of the NA substrate sialic acid binds to NA proteins and inhibit the 

enzymatic activities. For instance, mutations such as Arg292Lys (a change from arginine to 

lysine at position 292) and Glu119Val (a change from glutamine to valine at position 119) have 

been linked to resistance against NA inhibitors such as oseltamivir [47]. Along with influenza 

viruses, diverse drugs are in development to against SARS-CoV-2 and there have been concern 

over drug resistance. Currently, there are three FDA-approved drugs: Veklury (remdesivir), 

Paxlovid (nirmatrelvir and ritonavir), and Lagevrio (molnupiravir) [49-51]. Remdesivir, the first 

FDA-approved antiviral for SARS-CoV-2, inhibits viral RNA synthesis. However, SARS-CoV-

2 mutations, such as Ser759Ala (a change from serine to alanine at position 759) and Val792Ile 
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(a change from valine to isoleucine at position 792) in the RNA polymerase, have been reported 

to alter the structure of RNA polymerase and reduce the affinity of remdesivir [52]. Nirmatrelvir 

targets the main protease (Mpro) of the virus but is less effective against strains with the 

Glu166Val (a change from glutamic acid to valine at position 166) mutation in the protease due 

to alterations in the Mpro structure. These mutations have already been identified in real-world 

cases [53, 54]. Molnupiravir acts as an analogue of cytosine (one of the four nucleotide bases) 

and induces random mutations during viral replication. To date, no resistance to molnupiravir 

treatment has been reported [55, 56].  

Drug resistance in fungi is also a growing concern. To treat Aspergillus fumigatus, azole 

antifungals are commonly used as the first line of treatment. The azole antifungals inhibit the 

enzyme called lanosterol 14-α-demethylase, which converts lanosterol to ergosterol. The 

depletion of ergosterol impacts the integrity and functionality of the cell membrane, eventually 

leading to fungal cell death [57]. However, about 19% of Aspergillus fumigatus is resistant to 

azole antifungals, which is linked to increase in mortality by 25% [58, 59]. This high mutation is 

attributed to point mutations in cyp51A, which leads to reduction in the affinity of azoles to 

target protein. For instance, presence of 34-base pair tandem repeat (TR34) in the promoter 

region of cyp51A and Leu38His (a change from leucine to histidine at position 38) mutation are 

reported to be responsible for the drug resistance [58, 60]. Also, presence of 46-base pair tandem 

repeat (TR46) and two substitutions, Tyr121Phe (a change from tyrosine to phenylalanine at 

position 121) and Thr289Ala (a change from threonine to alanine at position 289) in the 

promoter region led to resistance to azole antifungals [58, 60]. Candida auris is another example 

of fungi that achieve resistance to antifungals. The typical first-line treatment for Candida auris 

infections involves echinocandin drugs such as anidulafungin, caspofungin, or micafungin [61]. 

These drugs inhibit the enzyme complex 1,3-β-D-glucan synthase, crucial for maintaining the 
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cell wall structure of Candida auris. However, mutations in the FKS1 gene of Candida auris, 

resulting in the S639Y (a change from serine to tyrosine at position 639) and R1354H (a change 

from arginine to histidine at position 1354) mutations, can enhance glucan synthase activity, 

thereby reducing the effectiveness of echinocandin [62, 63].  

Drug resistance in pathogens, including bacteria, viruses, and fungi poses a significant 

threat to human health. It leads to reduced effectiveness of standard treatments, making 

infections harder to cure and increasing the risk of disease spread, severe illness, and death. 

Therefore, there is an urgent need to develop novel systems and strategies to combat drug-

resistant infections. 

 

1.1.2 Size dependent infection mechanism of pathogens  

The main pathogen transmission routes can be categorized into aerosol (< 5 µm), droplets (< 100 

µm), and splash (> 100 µm) [64]. Aerosols in respiratory systems are mostly generated by three 

mechanisms: bronchiole fluid film burst (BFFB), sheer force applied to bronchiole, and laryngeal fluid 

film burst. BFFB is the mechanism where aerosols are generated in bronchiole by the process of 

exhalation and inhalation. During exhalation, alveolus shrinks, forming small airway ‘fluid’ closure, 

which bursts during inspiration as alveolus is expanded [65]. Besides, shear forces applied to bronchial 

fluid can be another source of aerosol generation, which is generated by coughing and sneezing of high 

flow rate (< 50 m/sec). Aerosols are also generated in laryngeal by vocal fold vibration and closure and 

reopening cycles of laryngeal [65]. Compared to aerosol generation, droplet and splash generation have 

more sources to cause such as closing and reopening of the mouth, vocal folds, small airways, and pores 

of Kohn. The droplets can be further shattered to small sizes by vibrational breakup, bag breakup, bag-

and-stamen breakup, sheet-thinning breakup, and catastrophic breakup [66]. Vibrational breakup occurs 

when oscillations or vibrations within a liquid droplet become so pronounced that they lead to the 

disintegration of the liquid mass into smaller droplets [67]. Bag breakup is a phenomenon observed in 

droplets subjected to an aerodynamic field. As a droplet moves through a gas, it flattens and forms a bag-
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like structure due to aerodynamic forces. The thin liquid "bag" expands until it can no longer sustain its 

structure and breaks up into smaller droplets [68]. The bag-and-stamen breakup is an extension of the bag 

breakup mode and occurs under specific conditions that allow for even greater relative velocities between 

the liquid and the surrounding gas. Following the initial formation of the bag, a central jet-like structure, 

known as the "stamen," emerges and disintegrates into droplets [69]. Sheet-thinning breakup involves the 

disintegration of a liquid sheet into droplets. This process occurs as the liquid sheet becomes unstable and 

thins out due to surface tension forces. Variations in the sheet's velocity and pressure lead to the 

formation of holes, which expand and fragment the sheet into droplets [70]. Catastrophic breakup occurs 

under extreme conditions, leading to the rapid and complete disintegration of the liquid mass into a fine 

mist of droplets [71]. 

Bacteria are mainly transmitted through droplets rather than aerosols (e.g., Streptococcus 

pneumoniae, Haemophilus influenzae, and Neisseria meningitidis), whereas viruses can utilize both 

transmission routes [5, 8, 72]. This distinction can be influenced by the larger size of bacterial particles 

and their environmental susceptibility, often requiring more moisture to remain viable. In contrast, 

viruses, especially those that are non-enveloped, can be more stable in dry environments and are capable 

of aerosol transmission over longer distances [73-75]. However, it does not indicate that bacteria only 

transmit through droplets and there are also many bacteria that they are transmitted mainly through 

aerosols as their main transmission route such as Mycobacterium tuberculosis [39]. M. tuberculosis has 

high durability as it contains thick waxy coat that makes M. tuberculosis relatively resistant to drying and 

allows it to survive in the air longer than many other bacteria [76].  

For viruses, the distinction between droplet and aerosol transmission is not always clear-cut, and 

many viruses can be transmitted through both droplets and aerosols, depending on factors (e.g., viral load 

in respiratory secretions, temperature, and humidity) [77].  For influenza A viruses and rhinoviruses, 

decrease in temperature and humidity is reported to be related to increase in transmissibility as coldness 

decreases activity of protease in the host and dryness inhibit the mucociliary clearance that disrupt the 

virus binding [77, 78]. In contrast, enteroviruses (e.g., polioviruses, coxsackieviruses, and echoviruses) 

often peak in warmer months, particularly in temperate climates, which is opposite to the trend observed 



11 

with influenza and common cold viruses. The discrepancy was due to increased outdoor activities and 

school reopening, which enable the transmission of enteroviruses that are transmitted using respiratory 

droplets and the fecal-oral route [79, 80]. 

 

1.1.3 Target molecules of pathogens in the host  

Pathogens often target different molecules for infection, a strategy that enables them to infect 

specific cell types or species. The nature of these target molecules varies widely among pathogens (such 

as viruses, bacteria, fungi, and parasites) and depends on the infection mechanism and specificity of the 

pathogen.  

Bacteria have evolved various mechanisms to target specific molecules on host cells, facilitating 

their attachment, invasion, or the delivery of toxins. Certain strains of Escherichia coli, such as those 

causing urinary tract infections (UTIs), possess fimbriae (hair-like structures) that allow them to attach to 

the urinary tract's epithelial cells. For instance, uropathogenic E. coli (UPEC) can bind to mannosylated 

proteins on the surface of bladder cells using its FimH adhesin at the tip of its type 1 fimbriae [81]. 

Staphylococcus aureus uses fibronectin-binding proteins to attach to fibronectin, a molecule found in the 

extracellular matrix and on the surface of cells. This interaction facilitates the bacteria's adherence to and 

invasion of host tissues [82]. Helicobacter pylori, known for causing stomach ulcers and gastritis, adheres 

to gastric epithelial cells by binding to blood group antigen-binding adhesin (BabA) and sialic acid-

binding adhesin (SabA). BabA recognizes various Lewis antigens, while SabA interacts with sialylated 

Lewis antigens on the gastric mucosal tissue. These interactions facilitate a strong attachment, enabling 

the bacteria to persist in the harsh acidic environment of the stomach [83]. Neisseria gonorrhoeae uses 

Neisserial type IV pili for initial binding and colony opacity-associated (Opa) proteins for tight 

interaction with epithelial cells of the mucosal surfaces. It specifically targets the CEACAM 

(carcinoembryonic antigen-related cell adhesion molecule) on the surface of human cells for attachment 

[84]. 

Viruses are highly specific in their interactions with host cells, largely due to the need to bind to 
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precise receptor molecules on the surface of these cells to initiate infection. This specificity is a 

cornerstone of viral tropism, determining which cells, tissues, or even species a virus can infect [85]. 

Influenza viruses target the respiratory tract and bind to sialic acid residues present on the surface of 

epithelial cells in the nose, throat, and lungs. The hemagglutinin (HA) proteins on the surface of the 

influenza viruses mediate this binding, allowing the virus to attach to and subsequently enter host cells. 

There are several subtypes of influenza viruses (e.g., H1N1, H3N2, and H5N1) that vary in their specific 

HA proteins and thus in their precise receptor specificity and infection patterns [86]. For instance, H1N1 

and H3N2 influenza viruses mainly bind to sialic acids linked to galactose by an alpha-2,6 linkage while 

H5N1 influenza viruses bind to sialic acids linked to galactose by an alpha-2,3 linkage [87]. Human 

immunodeficiency viruses target immune cells, specifically CD4+ T cells, macrophages, and dendritic 

cells. The virus binds to the CD4 receptor on these cells in conjunction with a co-receptor, either CCR5 

or CXCR4. The gp120 protein on the surface of HIV facilitates this binding. The specific interaction with 

these receptors is critical for the ability to infect immune cells, leading to the immune system 

deterioration observed in acquired immunodeficiency syndrome (AIDS) [88]. Rabies Viruses infect nerve 

cells (neurons) and initially bind to the nicotinic acetylcholine receptor (nAChR) on muscle cells using 

glycoproteins on rabies viruses. The viruses then bind to other receptors such as the neural cell adhesion 

molecule (NCAM) and p75 neurotrophin receptor (p75NTR). This targeting mechanism explains the 

neurotropism of rabies virus and its ability to travel along the nervous system to the brain [89]. 

Similar to viruses targeting receptors on host cells, fungi also have mechanisms to recognize and 

bind to certain sites or receptors on the surface of host cells to facilitate infection. This specificity is 

crucial for the adherence, colonization, and eventual invasion of host tissues by the fungi. However, 

compared to the well-documented receptor-ligand interactions seen in viral infections, the mechanisms of 

fungal adherence and specificity can be more varied and complex, often involving various binding sites 

[90-93]. Candida albicans for example, adheres to epithelial and endothelial cells through a variety of 

adhesin proteins that recognize specific molecules on the host cell surface [90, 91]. The Als (agglutinin-

like sequence) family of proteins on Candida albicans can bind to various peptide ligands on host cells 

with differing binding affinities, facilitating adherence and invasion. These interactions are critical for the 
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establishment of candidiasis in various parts of the body [90, 91]. Cryptococcus neoformans has a capsule 

composed mainly of glucuronoxylomannan (GXM). The capsule not only protects the fungus from the 

host's immune system but also interacts with specific receptors on the host cell surface, facilitating 

adherence and invasion. For instance, GXM can bind to CD14, CD11/CD18 heterodimers, TLR2, and 

TLR4, promoting phagocytosis while also exploiting the process to survive and replicate within host cells 

[92]. Aspergillus fumigatus which causes aspergillosis, primarily affects the respiratory system. It 

produces various surface proteins that mediate adherence to host cells and extracellular matrix 

components. One such example is galactosaminogalactan, a cationic polysaccharide that facilitates 

adhesion to host cells and biofilm formation through electrostatic attraction with anionic cells [93].  

 

1.2 Vaccines and their limitations 

While vaccines are highly efficient in controlling disease spread, their development is 

inherently time-consuming, involving a lengthy process from pre-clinical stages to clinical trials. 

It is reported that vaccinating within two months of an outbreak's onset can significantly curb 

pathogen spread [64]. However, the typical vaccine development timeline spans 10-15 years. 

The SARS-CoV-2 vaccine set a record for speed, developed in 12 months [94]. Despite this 

accelerated pace, producing vaccines within two months, while adhering to all regulatory 

guidelines and ensuring safety and efficacy, remains unfeasible. 

1.2.1 Types of vaccines and immune responses 

Since Louis Pasteur's groundbreaking conceptualization of vaccination, significant 

advancements have been made in the development of vaccines in terms of their stability and 

effectiveness [95]. To date, seven types of vaccines have been developed: live-attenuated, 

inactivated, replicating viral vector, non-replicating viral vector, DNA, RNA, and subunit 

vaccines. Each vaccine type leverages distinct immunological mechanisms to trigger adaptive 

immunity upon administration [96]. Replicable vaccines, including live-attenuated vaccines, 
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replicating viral vector vaccines, and replicating nucleic acid vaccines, enter host cells and 

replicate virulent molecules, which are subsequently taken up by dendritic cells (DCs). In 

contrast, non-replicable vaccines, such as non-replicating viral vector vaccines, inactivated 

vaccines, subunit vaccines and non-replicating nucleic acid vaccines, are directly phagocytosed 

by DCs [96, 97]. Replicable vaccines are characterized by prolonged immunogenicity compared 

to non-replicable vaccines due to their ability to replicate. Whole particle-based vaccines, such 

as live-attenuated and inactivated vaccines, exhibit the highest immunogenicity compared to 

other types of vaccines due to the presence of immunostimulant molecules within the particles, 

effectively inducing immunity similar to that of natural infections [98-102]. 

Following the phagocytosis, DCs carrying vaccine particles migrate to the draining 

lymph node, where they present peptides derived from the vaccine antigens on the major 

histocompatibility complex (MHC) class II or MHC class I molecules. MHC II activation 

stimulates CD4+ T cells (T helper cells), including T helper (Th) 1 cells and Th2 cells [103]. Th1 

cells play a role in cell-mediated immunity by secreting interferon-gamma (IFN-γ), a 

proinflammatory cytokine that eliminates external pathogenic particles [104, 105]. Th1 cells also 

activate CD8+ T cells (cytotoxic T cells) by interacting with MHC I [106]. This interaction leads 

to the production of granzymes, which induce apoptosis, and the pore-forming protein perforin, 

which physically damages the target cell membrane, allowing granzymes to enter the cell [107]. 

In contrast, Th2 cells initiate humoral immunity by producing interleukin-4 (IL-4), IL-5, and IL-

13, which promote the proliferation and maturation of B cells. Additionally, Th2 cells produce 

anti-inflammatory IL-10, which modulates the inflammatory responses of Th1 cells (Figure 1.1) 

[104, 105]. 
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Figure 1.1. Schematic illustration of immune responses upon vaccine administration. 

 

 

 

1.2.2 Limitation in invasive administration 

Vaccine administration methods can be broadly categorized into invasive, minimally 

invasive and non-invasive administration, and conventional vaccine administration primarily 

relies on invasive administration (e.g., intramuscular, subcutaneous, and intradermal) to 

maximize vaccine bioavailability through site-specific administration. However, such methods 

of administration possess inherent limitations that compromise their utility (Figure 1.2). Firstly, 

liquid formulations used in these methods necessitate a cold chain system, making them 

susceptible to accidental freezing [108, 109] Certain temperature ranges can drastically reduce 

the shelf life of vaccines, with examples including Pfizer-BioNTech (< 6 months at -60 to -90 °C 

and < 2 hrs at 8–30 °C), ModernaTX (< 30 days at 2-8 °C and < 12 hrs at 8–25 °C), and Oxford-

AstraZeneca (< 6 months at 2-8 °C and < 2 hrs at 8–25 °C ) SARS-CoV-2 vaccines [110]. 

Especially, mRNA vaccines are easily affected by changes in liquid formulation (i.e., pH, 

buffers, temperature, amount of oxygen, etc.), which can lead to the degradation of the vaccines 

through hydrolysis [111].  

Second, the use of needle-based delivery of liquid vaccines also presents technical and 
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safety concerns. The variability in adipose tissue thickness among individuals necessitates 

adjusting the needle length based on body weight and sex. For instance, a needle length of 1 inch 

is recommended for individuals weighing less than 70 kg, 1-1.25 inches for men weighing 70-

118 kg and women weighing 70-90 kg, and 1.5 inches for men weighing over 118 kg and 

women weighing over 90 kg [109, 112]. Achieving accurate administration requires specialized 

personnel and proper setups, posing challenges for vaccination in isolated communities and 

developing countries with limited resources and personnel. Furthermore, needle-based 

administration carries the risk of needlestick injuries and the transmission of bloodborne 

pathogens to the injection site (e.g., hepatitis B, hepatitis C, and human immunodeficiency virus 

(HIV)) [113].  

Third, invasive vaccines primarily elicit systemic immune responses in the lower 

respiratory tract, unlike natural infections that stimulate robust, both systemic and mucosal 

immunities [114, 115]. While systemic immune responses can provide disease-attenuating or 

disease-preventing immunity through the production of immunoglobulin G (IgG) [114], the 

limited mucosal immunity in the lower respiratory tract can hinder the elimination of pathogens 

in the early stages, potentially exacerbating disease severity. On the other hand, minimally 

invasive and non-invasive vaccines can achieve mucosal vaccination that initiates both robust 

systemic and mucosal immunities, thereby efficiently preventing pathogens from developing 

severe disease [116, 117].  
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Figure 1.2. Schematic illustration of limitations in invasive vaccines. 

 

 

1.2.3 Limitation in non-invasive administration  

Non-invasive vaccines have gained significant recognition due to the drawbacks 

associated with conventional needle- and liquid-based invasive vaccines, such as the need for 

cold chain storage, challenges in self-administration, issues with thermal and long-term stability, 

risks of needle-mediated infections, and needlestick injuries. Among the major non-invasive 

vaccine systems, oral, intranasal, and transcutaneous administration have been extensively 

investigated. These non-invasive approaches offer solutions to various limitations of invasive 

vaccines. However, the effectiveness of non-invasive vaccines is hindered by their limited 

bioavailability, as biological barriers prevent their efficient absorption into the body. To 
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overcome this issue and enhance the bioavailability of non-invasive vaccines, diverse 

formulations tailored to specific administration routes are under development.  

 

1.2.3.1 Oral administration  

Oral administration is one of the non-invasive administrations that are under 

development. The immune responses of oral vaccinations are mainly initiated in the intestine, 

where the majority of vaccine uptake and drug absorption occur [118, 119]. The intestine 

consists of several layers, including the mucus layer, water layer, epithelial layer, basement 

membrane/Peyer's patches, and lymph nodes [120]. The epithelial layer is composed of 

enterocytes, goblet cells, and microfold cells (M-cells), which are joined together by tight 

junctions that prevent the movement of molecules through paracellular and transcellular routes 

[120-122]. Enterocytes, the most abundant cells in the intestinal epithelium (constituting up to 

80% of the local cell population), transport antibodies through transcytosis using the neonatal Fc 

receptor (FcRn) and form antibody-antigen complexes [123, 124]. Goblet cells produce mucin, 

the main component of the mucus layer, which provides physical protection against the uptake 

of pathogenic particles.[125] M-cells play a crucial role in initiating immune responses by 

phagocytosing large particles and endocytosing small particles through specialized receptors like 

pattern recognition receptors (PRRs) [121, 122]. Pathogen particles phagocytosed by M-cells are 

subsequently taken up by dendritic cells (DC cells) in Peyer's patches, leading to the activation 

of cellular and humoral immunity through the differentiation of T cells and B cells (Figure 1.3) 

[126]. 
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Figure 1.3. Representation of immune responses of intestinal M cell. 

 

Despite the advantageous characteristics of oral immunization, (e.g., stability, 

independence from cold chain requirements, ease of administration and storage), there are 

technical challenges in controlling the behavior of orally administered vaccines. Factors such as 

the varying pH levels of gastrointestinal fluids (e.g., stomach: 0.8-5, duodenum: ~7, jejunum: ≥ 

7, ileum: ≥ 7, and colon: 7-8), osmolality, surface tension, viscosity, temperature, volume, 

hydrodynamics, composition, gastric emptying rate and force, intestinal transit time, and flow 

rate can impact the performance of orally administered vaccines [118, 127]. Additionally, the 

presence of mucosal barriers and biomolecules, such as digestive enzymes, limits the 

bioavailability and immunogenicity of oral vaccines [128]. This low efficiency necessitates 

higher vaccine doses, which can eventually lead to immune tolerance in the host. Moreover, the 

primary approach for oral vaccines involves the use of heat-killed or attenuated pathogens, 

which makes it difficult to effectively activate the immune system due to poor penetration of the 

mucus layer. There is also a risk of attenuated pathogens regaining their toxicity, as exemplified 

by the oral polio vaccine (OPV) outbreak that occurred in several countries in 2000, including 
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Egypt, Haiti, the Philippines, and the Dominican Republic. Extensive research has been 

conducted to address these limitations and optimize the administration of oral vaccines [129]. 

 

1.2.3.2 Intranasal administration 

Intranasal vaccination offers several advantages, including easy accessibility, the 

potential for herd immunization, and the ability to initiate both mucosal and systemic immune 

responses, making it a favorable administration route for vaccines [130]. Similar to the Peyer's 

patches in the intestinal tract, the nasal-associated lymphoid tissues (NALTs) play a significant 

role in inducing immunity through intranasal vaccination in rodents. NALTs are regions rich in 

immune cells (such as T cells, B cells, dendritic cells, macrophages, and M-cells) where active 

immune responses occur [131]. The key difference between the Peyer's patches and NALTs is 

that the formation of NALT is triggered after exposure to pathogens, whereas Peyer's patches 

develop before birth. Similar to NALTs of rodents, Waldeyer's rings play a major role in human 

immune responses upon intranasal administration. The Waldeyer’s rings, including the 

pharyngeal tonsil, tubal tonsils, palatine tonsils, and lingual tonsils, firstly transfer pathogens to 

DC cells, initiating mucosal immunity through the differentiation and proliferation of T cells 

[131, 132]. Similar to oral vaccination, intranasal vaccination faces challenges from the mucus 

layer, which can result in mucociliary clearance of vaccine particles and hinder the vaccination 

process. Therefore, numerous methods are under development to enhance the immune response 

during intranasal vaccination, such as improving mucoadhesive interaction and intestinal 

permeability, as well as incorporating adjuvants. 

Intranasal vaccines, typically delivered in liquid form, are designed to uniformly disperse 

key components such as adjuvants and stabilizers, thereby facilitating enhanced penetration into 

cells [133]. However, similar to other liquid vaccines, they are not exempt from common 
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challenges associated with conventional liquid vaccines (e.g., osmolarity, pH, viscosity, and 

surface tension). In terms of osmolarity, isotonic solutions (~290 osmol/L) are commonly used 

to achieve optimal osmolarity, as hypotonic solutions are poorly absorbed and hypertonic 

solutions can cause cell shrinkage upon diffusion [133]. The pH of liquid formulations should be 

maintained between 4.5 and 6.5 to avoid irritation, considering that the nasal mucus layer has a 

pH of 5.5-6.5; it has also been observed that lysozymes in the intranasal system are inactivated at 

neutral pH, which can increase the risk of microbial infection [134, 135]. Increasing the 

viscosity of nasal mucus is another approach to enhance the immunogenicity of vaccines by 

prolonging their retention time in the nasal cavity and increasing the dosing volume of the nasal 

spray over conventional dosing volume (50-140 µl) [136-138]. However, it must be noted that 

high mucosal viscosity may impede effective diffusion and spreading of the vaccines. Surface 

tension is another critical factor affecting the behavior of liquid vaccines. Most intranasal 

vaccines have lower surface tension (30.3–44.9 dynes/cm) than the nasal mucus layer (< 56 

dynes/cm) [139]. The low surface tension of vaccines primarily facilitates better bioavailability 

by maximizing their spread within the nasal cavity [140].  

Due to complexity in designing vaccines and physical hinderances, currently, there is 

only one FDA-approved intranasal vaccine, FluMist [141]. Diverse intranasal vaccines are still 

under development to combat various pathogens [131].  

 

1.2.3.3 Transcutaneous administration 

Transcutaneous immunization (TCI) is a topical vaccination strategy that primarily 

stimulates systemic immunity, also inducing a moderate level of mucosal immunity with the 

assistance of an adjuvant [142]. TCI specifically targets epidermal cells, located in the middle 

layer of the skin, which also includes keratinocytes (KCs) and Langerhans cells (LCs). KCs are 
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the predominant cells in the epidermis and play a role in recognizing pathogens through Toll-like 

receptors (TLRs), triggering innate and adaptive immune responses. LCs, a type of dendritic 

cells, capture a significant portion of TCI particles and recognize them through the major 

histocompatibility complex (MHC), activating adaptive immune responses [143]. However, for 

TCI to be effective, it is necessary to penetrate the stratum corneum, the outer layer of the skin 

consisting of 10-20 layers of dead skin cells that act as a barrier against external substances 

[144]. Due to the limitation, there is currently no transcutaneous vaccine developed. 

Consequently, research has focused on exploring physical and chemical methods to enhance the 

penetration of the stratum corneum in order to achieve successful TCI. 

Among the available transcutaneous immunization (TCI) methods, microneedles have 

gained acceptance due to their ease of use, accessibility, and independence from patches. 

Microneedles are minimally invasive and pain-free, involving small needles that penetrate the 

stratum corneum [145]. There are five categories of microneedles based on their structures: 

solid, coated, hollow, dissolving, and hydrogel-forming microneedles [146-148]. Solid 

microneedles are used to create microchannels in the skin, allowing for vaccine penetration 

[149]. To date, a variety of materials have been considered candidates for the production of solid 

microneedles (e.g., silicon, polysilicon, silicon dioxide, silicon nitride, PGA) [150].  While solid 

microneedles offer easy manufacturing and high dose delivery, they are hindered by a slower 

rate of diffusion when compared to other types of microneedles [151, 152]. 

Coated microneedles contain vaccines applied to the needle, enabling diffusion into the 

epidermis upon injection. However, one limitation is that the coating may cause coated particle 

loss during manufacturing and handling [145, 153]. As another option, hollow microneedles 

resemble conventional needle injection-based vaccination, with vaccines contained in the bore of 

the needle. These microneedles also provide the highest level of particle delivery but can 
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experience blockage by tissues upon contact, although repositioning the bore to the side can 

address this issue [145, 148]. 

Dissolving microneedles are made of water-soluble materials that penetrate and dissolve 

in the skin simultaneously. For these microneedles, vaccines and the microneedle matrix 

undergo a mixing process upon manufacturing. Among various candidates for the matrix of 

dissolving needles (e.g., sodium carboxymethylcellulose, poly(vinylalcohol), 

poly(vinylpyrrolidone), methylvinylether-co-maleic anhydride), sodium hyaluronate is most 

commonly used due to its biodegradability and mechanical strength [154, 155]. Remarkably, 

dissolving microneedles have shown high diffusion efficiency within a patch-wearing time of 

just several minutes, while it could be up to several hours for solid microneedles [151]. 

Lastly, hydrogel-forming microneedles have emerged as a promising option for their 

biocompatibility and controllable degradability [156]. These microneedles are equipped with 

hydrogel, capitalizing on its three-dimensional structure that allows for a significant capacity to 

carry vaccines; however, there is a possibility that vaccines can become trapped within the patch 

and they require a longer diffusion time up to several hours [151, 157, 158]. The mechanism of 

hydrogel-forming microneedles relies on the absorption of interstitial skin fluid, which causes 

the hydrogel to swell and burst, triggering the release of the vaccines from the microneedle [158, 

159]. The vaccine-release behavior of the hydrogel is directly influenced by the swelling 

property of the matrix polymer and can be modulated by adjusting the amount of crosslinkers; 

increasing the percentage of crosslinkers results in a reduced swelling rate in the skin [156, 158]. 

Last but not least, achieving optimal performance with hydrogel-forming microneedles requires 

maintaining their hardness in a dry state, while ensuring rapid swelling in the skin [159]. 
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1.3 Respiratory protection system 

While conventional masks are effective in mitigating pathogen transmission, they have 

inherent limitations. First, their single-use nature can lead to supply shortages during pandemics 

or epidemics and contribute to environmental pollution. Besides, the lack of antimicrobial 

properties in these masks means that contaminated surfaces can facilitate contact-based 

transmission, posing risks particularly to immunocompromised patients in healthcare settings 

and potentially triggering new outbreak waves. As such, exploring alternative methods or 

technologies to replace conventional masks is essential for better infection control and 

environmental sustainability. 

 

1.3.1 Types of respiratory protection system  

Respiratory protection systems against pathogens can be broadly divided into cloth 

masks, surgical masks, and respirators. Cloth masks were a popular choice to use by the general 

public throughout the pandemic as they were widely available masks with low costs needed to 

purchase [160]. Although the cloth masks provided the most basic respiratory protection, they 

had the unique advantage of being consistently reusable while accommodating various face sizes, 

such as children and adults with little difficulty [160]. This advantage, with the benefit of higher 

comfort levels when wearing the mask made it an ideal choice for individuals not in the 

healthcare field.  

Surgical masks originally took prominence in the healthcare field, where healthcare 

officials would utilize them to minimize the transmission of airborne pathogens to individuals 

who may be particularly vulnerable. However, with the Coronavirus pandemic, surgical masks 

were worn by the wider population as they could block coarse and fine aerosols released by 

nasal and oral orifices [161]. Although the wider population now utilized surgical masks, they 
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remained one of the most commonly used respiratory protection masks in hospital settings [162]. 

Surgical masks are a unique respiratory protection system as it is one of the most financially 

affordable due to their mass production. Compared to the N95 masks, surgical masks can be 

produced at a tenth of the price, making them ideal for those looking for basic respiratory 

protection at a minimal cost [162]. However, the limitations of the surgical mask lie in the fact 

that it provides a unidirectional sense of protection. This unidirectional protection stems from the 

surgical mask catching airborne particles released by the individual while providing minimal 

protection against pathogens for the user. There was minimal protection for the wearer as the 

surgical masks do not provide a sealed system [163].  

The N95 respirator took dominance during the pandemic as it is a repository protection 

device, specialized for filtration of airborne particles. Due to the N95 respirator providing a 

bidirectional protection to the individual and to those around them, they were sought after by 

many. The unique aspect of bidirectional protection, elevated the respiratory protection the mask 

provided compared to surgical masks. The name N95 stems from the fact that the mask can 

remove up to 95% of all 0.3 µm sized polydisperse [163]. As the N95 respirators had a higher 

cost of manufacturing, they were limited to the healthcare workers during the Coronavirus 

pandemic. A disadvantage of the N95 respirators was that they no longer provided bidirectional 

protection the moment they lost the seal on the face [164]. Currently the majority of N95 

respirators are being utilized by healthcare workers who are in routine care of patients to prevent 

aerosol generation and infection of immunologically vulnerable individuals  [165].  

 

1.3.2 Efficiency of using masks in preventing the spread of pathogens  

Wearing masks has demonstrated its efficiency in controlling the spread of pathogens, as 

droplet spraying, considered a major infection pathway, contributes to 60-86% of cases, while 
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contact-based transmission through contaminated surfaces accounts for 9-32% of infection cases 

[166]. When 102-104 PFU/ml of viruses in saliva were exposed in a healthcare setting face 

masks, face shields, and wearing both face masks and face shields reduced the relative risk of 

infection by 63%, 97%, and 99.9%, respectively [166]. Besides, modeling tests were performed 

to estimate the efficiency of mask-wearing, showing a reduction of 2-9% in the mortality rate in 

a New York setting and a 24-65% reduction in a Washington setting when 80% of the 

population wears a mask [167].  

Recognizing the efficiency of mask-wearing, governments initiated regulations on mask 

use, which played a pivotal role in controlling the spread of pathogens. These regulations affect 

both directly (e.g., increased mask use compliance, reduction in community transmission, and 

protection for high-risk populations) and indirectly (e.g., normalization of mask-wearing, public 

awareness and education, and improvement in preparedness and response). It has been reported 

that after three weeks of implementing mask mandates across the US, the hospitalization growth 

rates were reduced by 5.6% in adults aged 18-64 years, compared to the growth rates observed in 

the four weeks prior to the enactment of the mandate [168]. Another study has shown that mask 

mandates contribute to a decrease in new SARS-CoV-2 cases by 3.55 per 100,000 people, a 

reduction in mortality rate by 0.13 per 100,000 people, and a decrease in hospital admissions by 

2.38 per 100,000 people, after 40 days of mask mandates [169].  

The data not only underscores the critical importance of mask usage in reducing 

transmission rates and protecting public health but also highlights the dynamic interplay between 

policy, public behavior, and health outcomes. As mask mandates have shown to significantly 

decrease the rate of new infections, hospital admissions, and mortality, it becomes clear that 

such preventative measures constitute a multifaceted approach to managing and eventually 

overcoming the pandemic. 



27 

 

1.3.3 Structure and limitations of conventional masks 

Approved surgical/medical masks and respirators generally made of polymers (e.g., 

polypropylene, polyurethane, polyacrylonitrile, polystyrene, polycarbonate, polyethylene, and 

polyester). They usually consist of 3 (outer/middle (filter)/inner) or 4 layers 

(outer/support/middle (filter)/inner) [170]. The inner and outer layers protect the middle filter 

layer from physical damages. Common fabrics used in masks are made of hydrophobic fibers 

such as polypropylene, polyethylene, modacrylic, cellulose, and polyester, serving as a barrier to 

hydrophilic contaminants such as moisture and salivary droplets. As such, wearing a mask for an 

extended time can lead to the condensation of water and moisture retention, increasing breathing 

resistance. In addition to its economical advantage and chemical stability, polypropylene (PP) 

has been mainly used in outer/middle/inner layers for its compelling physical properties 

including a low melting point (160-166 °C), low density (0.91-0.94 g/cm3), and high tensile 

strength (3,200-5,000 psi) [171, 172]. Each layer of a mask is manufactured in a unique way, as 

the outer/inner and middle (filter) layers of masks are produced with high strength spunbond 

filaments (15-40 μm in diameter) and meltblown filaments (2-10 μm in diameter) with smaller 

pores, respectively [173-175]. Meltblown filters are often electrically charged (i.e., 10-5-10-6 

C/m2) to enhance the filtration efficiency by interacting with charged and non-charged 

contaminants through electrophoresis or dielectrophoresis [173]. However, the charge of electret 

fibers can be attenuated over time and significantly impacted by decontamination methods such 

as organic material and water treatments [176]. Besides, an increase in filtration efficiency 

usually compromises breathability due to the pore-size-dependant filtration mechanism of 

masks. 

Despite the efficiency of masks against pandemics/epidemics, the conventional masks 
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have limitations mainly due to high stability of pathogens, single-use, microplastics/fibers from 

mask wastes. For pathogen stability, the effect of environmental factors (i.e., temperature, 

humidity salinity, protein, mucus, and pH) and substrate properties (i.e., material type, 

roughness, porosity, fiber diameter, and surface charge) on the transmission and stability of the 

virus has been extensively investigated. It is generally believed that the influenza virus exhibits 

higher stability and transmissibility in cold and dry conditions than in normal conditions.[177] 

Similarly, SARS-CoV-2 survived longer at 5 °C/75% relative humidity (RH) (up to 21 days) 

than at 25 °C/70% RH (up to two days) in an experiment [178]. Inert and nonporous substrates 

such as glasses tend to result in higher pathogen stability. This propensity was clearly illustrated 

by SARS-CoV-2 that displayed a longer life-time on smooth solid substrates (i.e., stainless steel 

(< 7 days), glass substrate (< 4 days), and plastics (< 7 days)) compared to cloth (< 2 days) and 

paper (< 3 hrs) at 22 °C/65% RH [179]. Given that people touch their self-face 50.07 times per 

an hour, the survival time of pathogens are long enough to be transmitted to hands or other 

surfaces [180]. Besides, it has been reported that virus positivity increases over time from 2% to 

14.1% by wearing a medical mask for > 6 hours in health care settings [181, 182].  

The environmental impact of using masks is also significant. WHO modeling estimated 

that approximately 89 million masks are needed per month in the US to combat pandemics as of 

March 2020, and Japan secured more than 600 million face masks per month as of April 2020. 

Additionally, mask production in China increased to 110 million per day in 2020 to meet such 

demands [170]. Masks can degrade into microplastics/fibers (< 5 mm) due to environmental 

conditions such as exposure to ultraviolet rays and the cold and anoxic conditions of the marine 

environment. This can lead to leaching into groundwater and contamination in oceans, rivers, 

lakes, and ponds [183]. The microplastics, due to their small size, can be ingested by marine 

organisms, causing physical harm and potentially toxic effects. These particles can accumulate 
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in the human body when consumed through the food chain, posing risks such as inflammation, 

reduced fertility, and mortality in wildlife, with the potential for similar impacts in humans 

[184]. 

Despite the effectiveness of masks in controlling pandemics, conventional masks 

limitations, including pathogen stability on various substrates, single-use implications, and 

environmental concerns related to microplastic pollution from discarded masks. Research into 

antimicrobial technologies is crucial to resolve the aforementioned issues. Moreover, the 

environmental impact of increased mask usage, particularly the generation of microplastics and 

their entry into ecosystems, underscores the need for sustainable mask solutions to mitigate harm 

to wildlife and humans. 

 

1.3.4 Mask decontamination methods and technical challenges 

A variety of decontamination methods utilizing heat, gas, liquid chemical, or radiation 

treatment have been investigated to evaluate the reusability of respiratory devices (Table 1.1). 

However, there have been major concerns in decontaminating masks, including potential 

contamination during handling, degradation of filter quality, and the production of undesired 

byproducts due to sanitization procedures. For example, high humidity conditions may degrade 

the surface charge of PP filters, and water-based treatments (e.g., steam and chlorine-based 

solution treatments) may fail to penetrate deeply into the fabrics since masks/respirators are 

hydrophobic [185]. Also, gas sterilization methods consume significant amounts of time as they 

require multiple steps and involve the use of reactive agents with high toxicities such as chlorine 

dioxide, hydrogen peroxide, and formaldehyde [186, 187]. Organic solvents have been shown to 

lower the filtration efficiency of PP masks due to increased electron mobility [188]. Moreover, 

filtering facepiece (FFP) filters have been found subject to degradation by high doses (> 1,000 
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J/cm2) of ultraviolet germicidal irradiation (UVGI) and/or high heat (> 92 °C); meanwhile, UV 

penetration does not reach deep enough to deactivate small viral particles within fabrics [185, 

189]. Occupational Safety and Health Administration (OSHA) did not recommend the use of an 

autoclave, dry heat, isopropyl alcohol, soap, dry microwave irradiation, chlorine bleach, 

disinfectant wipes, and ethylene oxide to decontaminate masks due to their well-explored 

negative side effects [190].  

In order to achieve the safe reuse of masks/respirators, decontamination method should 

inactivate pathogens while also meeting the desired quality of filter performance and mask 

fitting. At the same time, the decontamination practice requires i) careful protocols to prevent 

transmission/infection of virus and ii) other resources such as materials, equipment, and 

specialists for implementation. It should be noted that the reuse of respirators has been strictly 

limited even during the COVID-19 pandemic. Therefore, much attention has been focused on 

antimicrobial technology as an alternative strategy for the safe and extended use of respiratory 

devices.  

 

Table 1.1. Decontamination methods tested for face masks/medical masks/respirators under investigation. 

Abbreviations: surgical mask (SM), N95 respirator (N95), cloth mask (CM), filtering facepiece (FFP) 

 

Type Method Procedure Drawbacks Filter performance 

Heat 

Dry heat 
 

• Preserve at 75 °C for 30 min  

(N95) [185] 

• Degradation of filter 

 

Pressure drop decreases by 
30% (after 1 cycle of 

treatment) 

• Preserve at 70 °C for 30, 60, 

and 90 min 

• S.aureus is used for filtration 

efficiency (SM) [191, 192] 

 

• Slow disinfection rate 

(1.8 log10 reduction in 30 

min 

3.5 log10 reduction in 60 
min 

4.5 log10 reduction in 90 

min) 

• May not reduce malodour 

for reuse 

No significant decrease in 

filtration efficiency of N95 
respirators 

(after 3 cycle of treatment) 

Steam 

 
• Steam on boiling water for 

10 min 

(N95) [185] 

• Degradation of filter 

 

Filtration efficiency 

decreases by 12% (after 5 
cycles of treatment)  

 

• Steam on boiling water for 

30 min 

(SM) [193]  

• Degradation of filter Fractional efficiency 
decreases by < 20% (after 5 

cycles of treatment)  
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Autoclave 

 
• 121 °C with 1.06 kg/cm2

 

for 15 min 

(N95) [194] 

• Degradation of filter 

 

Filtration efficiency 

decreases by 20% 

(after 1 cycle of treatment) 

• 132 °C for 30 min 

(SM) [188] 

• Degradation of filter Fractional efficiency 
decreases by < 20% (after 4 

cycles of treatment)  

 

Gas 

Ethylene oxide 
 

• Concentration: 100% 

ethylene oxide 

• Operation of sterilizer for 1-

3 hr at 54 °C 

(N95, SM) [195, 196] 

• Production of 2-

hydroxyethyl acetate 

(hazardous byproduct)  

• Oxidization of metal parts 

No significant decrease in 
filtration efficiency of N95 

respirators 

(after 1 cycle of treatment) 

Formaldehyde vapor 

 
• Concentration: 2% of 

formaldehyde  

• Operation of sterilizer for 

153min at 78 °C 

(N95, FFP2) [197] 

• Changes in appearances; 

irregular fit factors after 

treatment  

• Toxicity of formaldehyde 

No significant decrease in 

filtration efficiency  
(after 2 cycle of treatment) 

Chlorine dioxide 

 

- 

(N95, SM) [198] 
• Degradation of filter Filtration efficiency 

decreases by 18% of 

surgical mask 
(after 1 cycle of treatment) 

Peracetic acid 

 
• Concentration: 0.18% of 

peracetic acid 

• Aerosol development, dwell, 

scrub and vent phases for 44 

min  

(N95) [199] 

- No significant decrease in 

filtration efficiency  

Hydrogen peroxide gas 

plasma 
 

• Concentration: 59% of 

hydrogen peroxide 

• Operation of Sterilizer for ~ 

55min at 45-50 °C 

(N95) [196] 

• Degradation of filter 

 

Filtration efficiency 

decreases by 5-9% 
(after 1 cycle of treatment) 

- 

(SM) [198] 
• Degradation of filter Pressure drop decreases by 

< 50% (after 1 cycle of 

treatment) 

Liquid 

chemical 

Chlorine-based solution 
 

• Concentration: 2% of 

chlorine 

• Spray for 5 min 

(N95) [200] 

• Degradation of filter 

 

Filtration efficiency 
decreases by 24% 

(after 1 cycle of treatment) 

• Concentration: 0.5% sodium 

hypochlorite 

• Submersion for 10 min 

(N95) [194] 

• Odor due to residual treated 

materials 

 

Filtration efficiency 

decreases by 20% 

(after 1 cycle of treatment) 

• Chlorine dioxide solution 

(SM) [198] 

• Degradation of filter 

 

Filtration efficiency 
decreases by 17% 

(after 1 cycle of treatment) 

Dimethyldioxirane 

(DMDO)  
 

• Concentration: 10% Oxone, 

10% acetone, 

• 5% sodium bicarbonate 

• Submersion for 30 min 

(N95, SM) [195] 

• Oxidization of metal parts - 

Isopropanol 

 
• Concentration: 100% 

isopropanol 

• Submersion for 10 min 

(N95) [194] 

• Degradation of filter 

 

Filtration efficiency 

decreases by 30% 
(after 1 cycle of treatment) 

• Concentration: 70% 

• Submersion for 1 sec and 1 

min 

(N95) [164] 

• Degradation of filter Filtration efficiency 
decreases by 18% and 22% 

for 1 sec and 1 min 

submersion, respectively 
(after 1 cycle of treatment) 

• Concentration: 75% 

• Submersion for 10 min/ 

spray with small garden 

sprayer 

(SM) [188] 

• Degradation of filter Fractional efficiency 

decreases by < 65% for both 
soaking and spraying (after 

1 cycles of treatment)  

Ethanol 

 
• Concentration: 70% ethanol 

• Submersion for 10 min 

• Degradation of filter 

 

Filtration efficiency 

decreases by 30% 
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(N95) [194] (after 1 cycle of treatment) 

• Concentration: 70% ethanol 

• Submersion for 2 hour 

(SM) [201] 

• Degradation of filter Filtration efficiency 

decreases by < 25% 

(after 1 cycle of treatment) 

hydrogen peroxide  • Concentration: 30% 

hydrogen peroxide vapor 

(N95) [196, 202] 

• Oxidization of metal parts No significant decrease in 

filtration efficiency 

• Concentration: 6% Liquid 

hydrogen peroxide 

• Submersion for 6 min 

(N95) [196] 

• Oxidization of metal parts No significant decrease in 

filtration efficiency 

• Concentration: 59% 

hydrogen peroxide vapor 

(FFP2) [203]  

• May toxic to users; aeration 

is required  

- 

Soap and water 

 
• Submersion for 2 and 20 min 

(N95) [164] 

• Degradation of filter Filtration efficiency 

decreases by 38% and 35% 
for 2 and 20 min 

submersion, respectively 

(after 1 cycle of treatment) 

• Rubbing for 10 sec 

(CM) [204] 

• Manual rubbing may 

impact filters 

No significant decrease in 
particle emission 

Radiation 

Cobalt 60 gamma rays or 

electron accelerators 
 

• 0-50 kGy of gamma 

radiation 

(N95) [205] 

• Degradation of polymers 

 

Filtration efficiency 

decreases by 20% 
(after 1 cycle of treatment) 

• 15 and 25 kGy of gamma 

radiation 

(SM) [206] 

• Degradation of filter Filtration efficiency 

decreases by 27% for both 
15 and 25 kGy 

(after 1 cycle of treatment) 

• 15 and 25 kGy of gamma 

radiation 

(CM) [206, 207] 

• Low filtration efficiency of 

intact CM (56 % and 21 % 

at 20 LPM with 1.0, ≥ 0.3 

m polystyrene latex, 

respectively) 

• Effectiveness varies with 

fabrics used 

• Degradation of filter 

Filtration efficiency 

decreases by 10% for 25 

kGy 
(after 1 cycle of treatment) 

Microwave  

 
• Microwave (dry condition) 

with 1100 W for 2 min 

(N95) [208] 

• Melted filters around 

metallic nosebands by over 

100 °C heat 

No significant decrease in 

filtration efficiency 

• Microwave-generated steam 

with 50-200 ml of tap water 

at 1100-1800 W 

(N95) [209, 210]  

• Reduced water repellent 

properties of SM 

 

No significant decrease in 

filtration efficiency of N95 

• Microwave-generated steam 

with 100 and 200 ml of 

water at 900 and 1800 W 

(SM) [191] 

• Loss of adhesion of metal 

nose clip 

No significant decrease in 

filtration efficiency of N95 
respirators 

(after 3 cycle of treatment) 

UVGI  

 
• Preservation in sterilization 

cabinet for 15-30 min with 

UVGI (254 nm)  

(N95) [200, 211] 

• May not penetrate deeply 

into filters 

 

Pressure drop decreases by 

20% 
(after 1 cycle of treatment) 

• UV-C light (100-280 nm) 

for 5 min 

(SM) [188] 

• May not penetrate deeply 

into filters 

No significant decrease in 
filtration efficiency of N95 

respirators 

(after 5 cycle of treatment) 
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1.3.5 Conventional antimicrobial substance and the limitations in the application to surgical 

masks 

Diverse antimicrobial substances have been developed to counteract the spread of 

pathogens, including metals and metal oxides, halogen-based disinfectants, antimicrobial 

peptides, natural polymers, and advanced materials. For nanoparticles, metals and their oxide 

counterparts are reported to exhibit antimicrobial properties (e.g., silver, copper, and zinc oxide) 

[212, 213]. These metal and metal oxides can disrupt microbial cell membranes through 

electrostatic activity, generate reactive oxygen species (ROS) that damage cellular components, 

and interfere with microbial metabolism and DNA replication [213]. As an example, silver 

nanoparticles (AgNPs) have been widely studied. It has been reported that nanoparticles sized 

15-50 nm exhibit the highest inactivation efficiency compared to those sized 30-200 nm when 

tested against P. aeruginosa and E. coli. This is believed to be due to the high surface-to-volume 

ratio of the nanoparticles and the electrostatic attraction between the positively charged Ag ions 

and the negatively charged bacterial cells [214]. In the case of copper oxide (CuO) nanoparticles, 

they also exhibited significant inactivation efficiency when the size of the nanoparticles was 

small, with a zone of inhibition of 20-25 nm for 20 nm CuO nanoparticles and 10-15 nm for 27 

nm CuO nanoparticles, when tested against E. coli, P. aeruginosa, B. subtilis, and S. aureus. 

Similarly, size-dependent inactivation efficiency was also observed in zinc oxide (ZnO) 

nanoparticles, with 9 nm particles having an 18 mm zone of inhibition and 33 nm particles 

having a 14 mm zone [215]. Despite the significant inactivation efficiency of nanoparticles, their 

application in masks is limited mainly due to toxicity. Due to their small size, nanoparticles can 

penetrate and deposit into the lungs once inhaled, which can induce inflammation, genotoxicity, 

and cytotoxicity [216].  
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Halogen-based disinfectants are widely used for their potent antimicrobial properties, 

capable of effectively killing or inactivating a wide range of microorganisms, including bacteria, 

viruses, fungi, and protozoans. Their inactivation mechanism is related to strong oxidization, 

leading to pathogen denaturation and membrane disruption [217]. The most commonly used 

halogens in disinfectants are chlorine and iodine, each available in various formulations and 

applications. Sodium hypochlorite, a widely used chlorine-based disinfectant, has been shown to 

achieve more than 90% bacterial growth prevention with a concentration of less than 1% in 10 

min [218]. Calcium hypochlorite is used as an alternative to liquid bleach, favored for its longer 

shelf life and ease of handling. It is commonly used for water treatment in swimming pools and 

as a disinfectant for surfaces in food processing and healthcare settings. In tests, concentrations 

of 1 and 300 ppm of calcium hypochlorite inactivated 6.3 logs of vegetative cells and 7.7 logs of 

spore forms of Bacillus anthracis, respectively, within 10 min [219]. Povidone-iodine (PVP-I), 

an iodine-based disinfectant, has also demonstrated significant inactivation efficiency against 

diverse pathogens, including enteroviruses, showing a 4-5 log reduction in 30 seconds following 

treatment with 1% PVP-I [220]. However, the application of halogen materials on mask filters 

shows inconsistency in efficiency, depending on the storage conditions of the masks, which vary 

in time, temperature, and humidity [221]. 

Antimicrobial peptides (AMPs) are a diverse group of molecules found in a wide range 

of organisms, from bacteria to humans, playing a crucial role in the innate immune system by 

providing a rapid and effective defense against a broad spectrum of pathogens. AMPs vary 

significantly in size, structure, and mode of action but generally act by disrupting microbial 

membranes through electrostatic attraction. Positively charged AMPs interact with negatively 

charged pathogen membranes, resulting in membrane adsorption and conformational change 

[222]. AMPs can be sourced from mammals (e.g., human, sheep, and cattle), insects (e.g., guppy 
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silkworm, bees, and Drosophila), and microorganisms (e.g., Lactococcus lactis, Bacillus subtilis, 

and Bacillus brevis) [223]. Depending on the target pathogens, AMPs can be divided into 

antibacterial peptides, antifungal peptides, and antiviral peptides. Currently, more than 800 

sequences of antibacterial peptides and proteins have been developed with various structures, 

such as linear peptides and α-helices [224]. These peptides have demonstrated their efficiency 

against diverse pathogens, including Staphylococcus aureus, Listeria monocytogenes, 

Escherichia coli, Vibrio parahaemolyticus, and Acinetobacter baumannii [223]. Antifungal 

peptides are also gaining attention due to the development of antibiotic-resistant pathogens and 

the increasing number of diseases related to immunity deficiencies. The main inactivation 

mechanisms of antifungal peptides include the inhibition of 1,3-β-glucan synthesis and/or chitin 

biosynthesis to destroy the cell wall, and the destabilization of glucosylceramide in the 

membrane to disrupt the Na+/K+ pump [225]. Antiviral peptides have also exhibited significant 

inactivation efficiency, offering a novel therapeutic approach by targeting diverse viral 

molecules (e.g., protease, polymerase, and viral structural proteins) [226]. However, there are 

limitations to applying antimicrobial peptides on mask filters, due to the stability of 

functionalized peptides on masks under different environmental conditions and their pathogen-

specific inactivation mechanisms. 

Natural polymers are materials derived from plants, animals, or microorganisms, which 

include chitosan, lignin, and allicin. Chitosan can inactivate pathogens through electrostatic 

attraction, as it is positively charged. Specifically, the NH3
+ sites in chitosan interact with the 

negatively charged phospholipids and lipopolysaccharides in the lipid membranes of pathogens 

[227]. Lignin, on the other hand, inactivates pathogens by using its phenolic hydroxyl groups to 

interact with amino and thiol groups from the membrane proteins of pathogens. Additionally, it 

can interact with lipid membranes of pathogens through hydrophobic interactions [228]. Allicin, 
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obtained from garlic, contains reactive sulfur species that are electrophilic and readily interact 

with nucleophilic sites, such as thiol groups in glutathione and proteins commonly found in 

pathogens [229]. However, there are limitations to applying these on mask surfaces due to the 

high concentrations of materials needed to rapidly inactivate pathogens and/or stability issues 

related to degradation at room temperature [230-232].    

Advanced materials such as graphene oxide, carbon nanotubes, and dendrimers have 

been developed. Graphene oxide (GO) is reported to inactivate pathogens through various means, 

including physical and chemical interactions. The sharp edges of GO can physically damage 

pathogens, leading to the leakage of cellular contents. Additionally, GO can induce the 

production of reactive oxygen species (ROS) in pathogens, which may cause DNA damage and 

mitochondrial dysfunction [233]. Similarly, carbon nanotubes (CNTs) inactivate pathogens by 

disrupting cell membranes through physical attacks using their needle-like structures and by 

initiating oxidative stress in pathogens [234]. Dendrimers, highly branched synthetic 

macromolecules characterized by a tree-like structure, are applied in diverse fields such as drug 

delivery and gene therapy. In antimicrobial material development, dendrimers are formulated to 

have positive charges to interact with the lipid membranes of pathogens. Furthermore, they 

interfere with normal cellular processes by binding to cellular components such as proteins or 

DNA, inhibiting their function [235]. Despite their significant inactivation efficiency, the 

potential detachment of these antimicrobial materials and their cytotoxicity should be considered 

when designing antimicrobial masks using these materials [236-238].   

To be effective on mask filters, the functionalized antimicrobial materials should achieve 

rapid pathogen inactivation, strain-nonspecific inactivation, and exhibit no toxicity upon 

inhalation. Given these criteria, the aforementioned antimicrobial materials are not suitable for 

use with masks. 
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1.3.6 Requirements for antimicrobial masks and respirators  

Universal masking can substantially reduce the chance of viral infection and mortality in 

both healthcare facilities and the general public. Healthcare workers at high risk of infection are 

advised to wear only medical masks (surgical masks, procedure masks) or respirators that are 

subject to regulatory standards. Initially, respiratory devices have been recommended for single 

uses. However, despite underlying concerns about the safety, performance, and degradation 

issues, respiratory protection devices have been worn for extended time periods and reused due 

to the limited supply and high cost. To this end, the antimicrobial face mask technology received 

global attention to resolve the numerous technical challenges of current respiratory protection 

devices (Figure 1.4). 

        

Figure 1.4. Implications of respiratory protection for pandemic/epidemic preparedness. The development of 

pathogen inactivating respiratory devices can contribute to narrowing the gap between contamination/infrastructure 

and pandemic readiness with regards to personal protection, health care system, and governance. Reproduced 

(Adapted) with permission from 20. Copyright 2020 University of Alberta. 
 

The underlying principles behind antimicrobial technologies target bacteria and viruses 

by disrupting cell membranes, denaturing proteins, inhibiting synthesis of cellular components 

(i.e., cell wall/DNA/protein), and disturbing metabolic pathways [239, 240]. However, the 

application of the antimicrobial substances to respiratory devices must satisfy diverse stringent 
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requirements defined as (1) use of safe materials, (2) rapid pathogen inactivation, (3) type/strain 

non-specific inactivation, (4) manufacturability, (5) compatibility with existing device 

production process, (6) low material/production cost, and (7) easy scale-up (see Antimicrobial 

Substances in Biotechnology in the Supporting Information). 

1.3.7 Application methods of antimicrobial coatings on mask fabrics 

Antimicrobial substances can be applied on masks/respirators with numerous methods 

(Figure 1.5). The encapsulation method embeds an antimicrobial substance into polymer fibers 

during the fiber fabrication process (i.e., electrospinning and solution/melt/force spinning). 

Among the available methods, electrospinning has been widely used because of its applicability 

to diverse materials such as polymers and ceramics [241]. Despite the advances made in the fiber 

fabrication methods, the encapsulation approach has several drawbacks. Since electrospinning is 

performed with polymers and antimicrobials dissolved in solvents, diverse factors should be 

taken into consideration (i.e., solution flow rate, solution viscosity, polymer concentration, and 

needle diameter) [242]. In particular, the encapsulation method may lead to a loss of the 

antimicrobial agents embedded within the fiber, as only those exposed to the surface can 

contribute to the inactivation of pathogens. The surface adsorption method employs the physical 

coating of antimicrobial substances by dip- or spray-coating processes followed by drying. This 

method can be used to easily form coatings on fibers and is compatible with manufacturing 

scale-up. On the other hand, the fabrication procedure has limitations due to difficulty in coating 

thickness modulation and the low penetration efficiency of spray coatings [243]. Importantly, 

antimicrobial substances do not have strong adhesion to their substrates, giving rise to safety 

issues regarding the inhalation of the materials and degradation of the antimicrobial performance 

of the filters [244]. Alternatively, antimicrobial substances/moieties can be covalently grafted to 

the substrate fiber (chemical functionalization). However, this method can only be applied to 
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specific types of substrate polymers that allow for grafting reactions [245]. The majority of 

polymers used in masks/respirators rely on chemically inert PP fabrics, which limits the general 

application of the approach.  

                       

Figure 1.5. Antimicrobial functionalization strategies for mask fibers. 

 

 

The application of the three methods explored above requires the direct interaction 

between antimicrobial substances and polymer fibers. Each approach has major limitations for 

its practical application in masks/respirators. To address these problems, the formation of a 

continuous coating on the surface of fibers has been investigated. The polymer coating can be 

cross-linked to form a core-shell structure [246]. Alternately, antimicrobial substances can be 

incorporated into the coating or functionalized to the polymer. The cross-linking of shell-

forming polymers can bestow competent mechanical strength for the coating and flexibility in 



40 

the selection of polymers, which in turn provides a wide variety of conjugation strategies for 

antimicrobial substances/moieties and polymer coating. Using this method can save effort on 

achieving the chemical modification of PP fibers. 

1.3.8 Standards for filtration efficiency and breathability tests 

Currently, masks can be broadly categorized into three categories: respirators (e.g., 

NIOSH N95, KN95, KF94, and, FFP2), surgical/medical masks, and non-medical masks (e.g., 

homemade and commercially available cloth masks) [247]. Respirators are primarily categorized 

based on their filtration efficiency (Table 1.2). For instance, the NIOSH 42CFR84 standard 

refers to the classification of particulate respirators certified by the National Institute for 

Occupational Safety and Health (NIOSH) [248]. This classification is based on the respirator's 

ability to filter out particles and its resistance to oil. The three series (N, R, and P) and the 

filtration efficiency levels (95, 99, and 100, corresponding to 95%, 99%, and ≥ 99.97% of 

filtration efficiency, respectively) provide information about these characteristics [248]. N-Series 

are not oil resistant, meaning they should not be used in environments where oil aerosols are 

present as the presence of oil can reduce the filtration efficiency  [248]. R-Series are somewhat 

resistant to oil and thus are used in environments where oil aerosols are present, but only for a 

limited time. The time limit is determined based on several factors, including the manufacturer's 

recommendations, the concentration of oil in the air, the breathing rate of the user, and the 

specific conditions of the workplace. P-Series are oil-proof, enabling their use in environments 

with oil aerosols without any time limitation [248]. Similarly, GB 2626-2006, a Chinese 

regulation for respiratory protective equipment, categorizes respirators based on oil resistance 

(KN and KP) and filtration efficiency (90, 95, and 100, corresponding to 90%, 95%, and ≥ 

99.97% of filtration efficiency, respectively) [249]. The KP series indicates the mask's filtration 

efficiency against both non-oily and oily particles, while the KN series is only for non-oily 
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particles [249]. On the other hand, EN149, a European Standard for respiratory protective 

devices, does not categorize respirators based on oil resistance. However, the standard 

categorizes respirators based on filtration efficiency into filtering face pieces (FFP) 1, FFP2, and 

FFP3 having filtration efficiencies of 80%, 94%, and 99%, respectively [250]. Similarly, MFDS 

2020-6 standard divides respirators into Korean Filter (KF) 80, KF94, and KF99, which 

correspond to filtration efficiencies of 80%, 94%, and ≥ 99%, respectively [251].  

 
Table 1.2. Standards for particulate filtration efficiency (PFE) of respirators and surgical/medical masks 

 

Country Agency Standard Particles Size Flow 

rate 
Filtration 

efficiency 
Sample 

type  

USA National Institute for 

Occupational Safety 

and Health (NIOSH) 
[248] 

NIOSH 

42CFR84 
NaCl 0.3 m 

polydisperse  

85 

L/min 
95/99/99.97% Respirators 

Dioctyl 
phthalate 

0.3 m 

polydisperse  

85 
L/min 

95/99/99.97% Respirators 

American Society for 

Testing and Materials 

(ASTM) [252] 

ASTM 

F2100-

19e1 

Polystyrene 

latex (PSL) 

microspheres 

0.1 m 
monodisperse 

28.3 

L/min 
95/98/98% Surgical 

masks  

EU  European Committee 

for Standardization 

(CEN) [250] 

EN 149 NaCl 0.6 m 
polydisperse  

95 

L/min 
80/94/99% Respirators 

Paraffin oil 0.6 m 
polydisperse  

95 

L/min 
80/94/99% Respirators 

China Standardization 

Administration of the 
People's Republic of 

China (SAC) [249] 

GB 2626-

2006 
NaCl 0.3 m 

polydisperse 

85 

L/min 
90/95/99.97% Respirators 

Paraffin oil, 

dioctyl 
phthalate 

0.3 m 

polydisperse 

85 

L/min 
90/95/99.97% Respirators 

Korea Ministry of Food and 

Drug 
Safety (MFDS) [251] 

Notice of 

MFDS 
2020-6 

NaCl 0.6 m 
polydisperse  

95 

L/min 
80/94/99% Respirators 

Paraffin oil 0.4 m  
polydisperse  

95 
L/min 

80/94/99% Respirators 

 

Compared to respirators, which are subject to various standards regarding Particle 

Filtration Efficiency (PFE), surgical/medical masks are governed by fewer standards. However, 

surgical masks are more frequently evaluated for Bacterial Filtration Efficiency (BFE); notably, 

N95 respirators do not have BFE standards (Table 1.3) [252-254]. This difference is presumed to 

be due to their distinct purposes: respirators are designed to filter a wide range of particle sizes, 
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from aerosols to splashes, whereas surgical/medical masks are intended to capture relatively 

larger particles such as droplets and splashes [255]. Similar to PFE, BFE is also used to 

categorize surgical/medical masks. For example, ASTM F2100, a test method developed by 

ASTM International, classifies surgical/medical masks into Level I, Level II, and Level III. 

Level I requires a minimum of 95% PFE and BFE, while both Level II and III require ≥98% 

[252]. Additionally, other factors such as fluid resistance, breathability, and flammability must 

also meet specified levels. Similarly, EN14683, a European Standard specifying requirements 

and test methods for medical face masks, is divided into Type I, Type II, and Type IIR. Type I is 

required to satisfy 95% BFE, whereas Type II and Type IIR must achieve at least 98% BFE 

[253]. The EN14683 standards do not mention PFE; however, they require a fluid resistance of 

>120 mmHg for a mask to be categorized as Type IIR [253]. Unlike ASTM F2100 and 

EN14683, the Chinese Standard YY 0469-2011 for surgical/medical masks does not classify 

masks based on BFE [254]. 

 
Table 1.3. Standards for bacterial filtration efficiency (BFE) of respirators and surgical/medical masks 

 

Country Standard Bacteria Particle 

size 
Particle 

concentration 
Aerosol 

detector 
Flow 

rate 
Test Filtration 

efficiency 

USA ASTM 
F2101 

and 

ASTM 
F2100 

[252, 256] 

Staphylococcus 
aureus 

3.0 ± 0.3 

m MPS 

2200 ± 500 
viable particles 

per test 

Six-stage 
viable 

particle 

cascade 
impactor 

28.3 
L/min  

2 min 
aerosol 

exposure 

per test 

95/98/98% 

EU EN14683 
[253] 

Staphylococcus 
aureus 

3.0 ± 0.3 

m MPS 

1700-3000 CFU 
per test 

Six-stage 
viable 

particle 

cascade 
impactor 

28.3 
L/min  

2 min 
aerosol 

exposure 

per test 

95/98/98% 

China YY 0469-

2011 

[254] 

Staphylococcus 

aureus 
3.0 ± 0.3 

m MPS 

2200 ± 500 

viable particles 

per test 

Six-stage 

aerosol 

sampler 

28.3 

L/min  
2 min 

aerosol 

exposure 
per test 

≥ 95% 

 

Breathability is also a crucial factor in the design of respirators and surgical/medical 

masks, impacting their comfort and functionality. The design and testing protocols for these 
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protective devices vary according to their intended use. For instance, respirators are subjected to 

both inhalation and exhalation tests to ensure they provide adequate airflow. In contrast, surgical 

masks are tested primarily for inhalation resistance, reflecting their primary role in preventing 

the transmission of respiratory droplets. Besides, respirators are generally tested as a whole unit, 

whereas surgical masks are tested in smaller sections (4.9 cm2). This difference in testing reflects 

their distinct purposes [252, 253]. There are various breathability standards that are used to 

classify the protective devices based on differential pressure (Δ Pa). For instance, EN 149 

divides respirators into FFP1 (60 Pa at 30 L/min and 210 Pa at 95 L/min), FFP2 (70 Pa at 30 

L/min and 240 Pa at 95 L/min), and FFP3 (100 Pa at 30 L/min and 300 Pa at 95 L/min) [250]. 

For surgical/medical masks, ASTM 2100 categories them into level I (< 50 Pa/cm2), level II (< 

60 Pa/cm2), and level III (< 60 Pa/cm2) [252]. EN 14683 also divides surgical/medical masks 

into type I (< 40 Pa/cm2), type II (< 40 Pa/cm2), and type IIR (< 60 Pa/cm2) [253].  

 

Table 1.4. Standards for breath resistance of respirators and surgical/medical masks 

 

Country Agency Standard N95, FFP2, KN95, KF94 
(Inhalation/exhalation) 

Surgical/medical masks 
(breath resistance/surface area) 

USA National Institute for 

Occupational Safety and Health 
(NIOSH) [248] 

NIOSH 

42CFR84 
311 Pa  

(85 L/min) 
249 Pa  

(85 L/min) 
- - 

American Society for Testing and 

Materials (ASTM) [252] 
ASTM 

F2100-
19e1 

- - 245/294/294 Pa 
(8 L/min) 

4.9 cm2 

EU  European Committee for 

Standardization (CEN)  
EN 149 

[250] 
210/240/300 Pa  

(90 L/min) and 

60/70/100 Pa  

(30 L/min) 

300 Pa  

(160 L/min) 
- - 

EN 

14683 
[253] 

- - 196/196/294 Pa 
(8 L/min) 

4.9 cm2 

China Standardization Administration of 

the People's Republic of China 

(SAC) [249] 

GB 2626-

2006 
350 Pa 

(85 L/min) 
250 Pa  

(85 L/min) 
- - 

China Food and Drug 
Administration (CFDA) [254] 

YY 
0469-

2011 

- - 240 Pa (8 L/min) - 

Korea Ministry of Food and Drug 
Safety (MFDS) [251] 

Notice of 

MFDS 
2020-6 

70 Pa 

(30 L/min) 
- - - 
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2 Novel approach in airborne disease control 

2.1  Goal and hypothesis 

Developing an effective way to combat airborne respiratory disease is a key challenge in 

public health. As previously discussed, the development of vaccines and the inherent stability of 

pathogens present obstacles in controlling the spread of these diseases. Besides, there are several 

drawbacks in decontamination procedure (e.g., filter degradation, low pathogen inactivation 

efficiency, residual odor, toxicity, time-consuming/resource-constrained processes, etc.) and 

conventional antimicrobial substances (i.e., toxicity, stability, inactivation efficiency, 

environmental stability, pathogen specificity, scalability, etc.). To overcome these challenges, 

our team has introduced an innovative approach: the use of salt-coated filters as a potential 

alternative for pathogen inactivation. The design of these antimicrobial masks is guided by 

several key criteria: rapid neutralization of pathogens, effectiveness against various types of 

pathogens, adaptability to different fabric types, scalability for mass production, and 

affordability. We achieved this by applying a saline solution to polypropylene spunbond mask 

fabric. The primary aim of our project is to significantly improve pathogen control, contributing 

to enhanced global health measures.  

Hypothesis: Salt-coated filters were hypothesized to (1) induce pathogen inactivation 

against universal pathogen, including environmentally stable pathogens, (2) inactivate pathogens 

through physical damage caused by salt recrystallization occurring upon contact with pathogen-

embedded aerosols, and (3) reduce contact-based transmission to hands or other surfaces.
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Overall, this work was divided into multiple research goals: 

1. Investigation of the main mechanisms of pathogen inactivation on salt-

coated filters, including salt recrystallization, osmotic pressure, and ionic 

effects. 

2. Assessment of the pathogen inactivation effectiveness of salt-coated filters 

through experiments focusing on the two main transmission modes: droplets 

and aerosols. 

3. Evaluation of the efficiency of pathogen inactivation by salt-coated filters 

when exposed to pathogens in different media, specifically artificial saliva 

and deionized (DI) water. 

4. Testing the efficacy of salt-coated filters against resilient pathogens such as 

spore-forming bacteria and non-enveloped viruses. 

5. Measurement of the filtration efficiency and breathability of salt-coated 

filters to ensure practical application. 

6. Determination of the optimal arrangement of salt-coated fabrics to maximize 

overall performance of salt-coated polypropylene fabrics. 

7. Analysis of contact-based pathogen transmission through both contaminated 

bare and salt-coated filters. 
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2.2  Formulation of salt coating  

A wide range of physicochemical properties of natural salts, i.e. critical relative humidity 

(CRH), phase transformation kinetics, and crystal shape/structure, provide a powerful set of 

tools for application-specific antimicrobial coatings (Table 2.1). First, salts used in coating 

formation should be safe for respiratory application without causing harmful effects to the 

human body. Unlike conventional antimicrobial materials, there are choices for safe alternatives 

in natural salts for application to respiratory devices, ensuring no or low toxicity. Second, CRH 

represents a threshold relative humidity above which the salt begins to absorb water from the 

environment, and it essentially determines environmental stability of salt coatings [257]. 

Depending on the geographical location and indoor/outdoor environmental conditions, a salt 

with the maximum performance can be selected. A unique advantage of using salts is that the 

physical properties of the coating, such as environmental stability or crystal morphology, can be 

modified by using a mixture of multiple salt types. Third, the solubility of a salt in water is 

related to the amount of the resulting salt crystal coating on the mask fabrics. As the amount of 

salt coating affects its antimicrobial performance, salts with high water solubility would be used 

to improve mask performance by simply adjusting the concentration or volume of the coating 

formulation. Fourth, the complex nature of salt crystallization is dependent on a number of 

factors such as salt type, additives in the coating formulation, pathogen carrying media (i.e., 

saliva, water, saline solution, and culture medium), environmental conditions, etc. Given the 

significance of the crystallization topic in Materials Science and Engineering, the concept of 

fundamental materials is central to our pathogen inactivation strategy; the three major 

components (structure, properties, and processing) affect the antimicrobial performance of the 

salt-coated filters by altering the microstructural morphology and kinetics during the dynamic 

recrystallization process. 



47 

 

Table 2.1. Properties of salts (CRH at 20 ºC from [258]) 

 

 

2.3  Salt coating process 

Salt coating is accomplished primarily through three procedures. The first method is to 

dry pre-wet fabrics to form a salt coating on the surface of fibers (Figure 2.1A). The amount of 

the coated salt is limited by the volume and concentration of the salt coating solution absorbed 

into the fabrics. Secondly, pre-wet fabrics can be dried in a reservoir containing the coating 

solution or the coating solution can be directly sprayed onto the pre-wet fabrics during drying to 

increase the amount of the salt coating (Figure 2.1B). It was experimentally determined that the 

amount of the coated salt increases linearly with the volume of the coating solution provided 

during drying. It is noted that the drying of fabrics in the coating solution would not only 

increase the thickness of the fibers as a consequence of the salt film formation, but also exhibit 

crystal aggregation (Figure 2.1B). The formation of large salt crystals is dominantly observed 

when pre-wet meltblown and spunbond fabrics are incubated in more than 300 μL and 600 μL of 

concentrated saline solutions (NaCl: ~29.0 w/v%, KCl: ~26.3 w/v%), respectively: no 

overgrown crystals were observed from K2SO4 under the same testing conditions due to its 
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lower solubility limit. From a perspective of filter performance, the formation of the crystal 

aggregates may increase the pressure drop. It may, however, be favorable for fabrics to have 

large salt crystals in a form similar to a salt-fiber composite: they may serve as a source of salt 

supply to the salt film on fibers where salt supply is needed as a result of salt dissolution and 

redistribution after exposure to humidity. Lastly, pre-wet fabrics can be vacuumed to produce 

fabrics coated with uniform salt crystals (Figure 2.1C). The application of vacuum minimizes the 

heterogeneous distribution of the coating solution on the fabrics during the drying process, thus 

inhibiting the formation of large salt crystals. Through experiments, a trend has been found to 

suggest that the breathability of melt-blown PP filters with smaller pores would be more easily 

affected by the amount of the salt coating and the presence of large salt crystals compared to 

spunbond PP fabrics with larger pores. Therefore, in the case of melt-blown PP filters, the 

sacrifice of breathability caused by large crystals can be offset by the improvement of the 

antimicrobial effects. 
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Figure 2.1. Production of salt-coated filters. Fabrication of salt-coated filters by drying pre-wet (via dip- or spray-

coating) filters (A; i: schematic, ii: scanning electron microscope (SEM) images of spunbond PP fabrics[259]), 

drying pre-wet spunbond PP fabrics in a coating formulation (B; i: schematic, ii: pre-wet+600 μL[259], iii: pre-

wet+1200 μL[259]), and application of vacuum to pre-wet PP fabrics followed by drying (C; i: schematic, ii: SEM 

images[259]). (A-ii, B-ii,iii, and C-ii) Reproduced (Adapted) with permission from reference [259]. Copyright 2021 

ACS. 

 

2.4  Methodology 

2.4.1 RNA extraction, cDNA synthesis, and qPCR 

To quantify the viral genome of RNA viruses (e.g., influenza viruses and coronaviruses), 

RNA extraction, cDNA synthesis, and qPCR are performed. We used the methods to evaluate the 

inactivation efficiency of salt-coated filters against RNA viruses by quantifying the intact RNA 

genome after and before exposure of salt-coated filters. RNA viruses do not contain DNA but 

RNA, which is synthesized into DNA in the host using the host's enzymes for replication [260].  

The RNA extraction is performed by treating with a cell lysis buffer containing detergents 

such as SDS or Triton X-100 to solubilize membrane lipids and proteins. This is followed by a 

purification step involving protease treatment to digest proteins. Then, the impurities are removed 

by centrifugation and RNA precipitation is performed by adding ethanol as RNA is insoluble in 

ethanol. The RNA is then captured by a column containing silica through charge interaction, 

followed by elution with DI water [261, 262] 

The complementary DNA (cDNA) synthesis is performed using the extracted RNA 

molecules. The RNA is mixed with reverse transcriptase (an enzyme that synthesizes cDNA from 

an RNA template), primers (short DNA sequences that initiate cDNA synthesis), and 

deoxynucleotide triphosphates (dNTPs) (A, T, G, and C nucleotides used to build cDNA). Then, 

the mixture is subjected to heat treatment, which is determined by the optimal activity temperature 

of the reverse transcriptase enzyme [262, 263]. 

The quantitative polymerase chain reaction (qPCR) is used to quantify DNA molecules. 
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To this end, the synthesized cDNA is mixed with primers designed to replicate a certain region of 

DNA and agents that emit a fluorescent signal, such as fluorescently labeled probes or SYBR 

Green. Fluorescently labeled probes are designed to hybridize specifically to a target sequence 

within the PCR product, whereas SYBR Green is a fluorescent dye that binds nonspecifically to 

double-stranded DNA (dsDNA), with its fluorescence increasing significantly upon binding to 

dsDNA [264, 265]. 

 

2.4.2 CFU and PFU 

The colony-forming unit (CFU) and plaque-forming unit (PFU) are used for the 

quantification of bacteria and viruses, respectively. In our research, we also performed these 

assays to measure the number of live, infective pathogens before and after exposure to salt-coated 

filters. CFU involves several steps: serial 10-fold dilution of bacterial samples, plating the 

bacterial samples on nutritious agar plates, incubation, counting the number of colonies, and 

calculating the CFU/ml [266]. PFU proceeds with the dilution of viral samples, infection of host 

cells, overlay to facilitate the virus's spread to nearby host cells, incubation, counting the number 

of plaques, and calculating the PFU/ml [267]. 

 

2.4.3 BCA assay  

The bicinchoninic acid (BCA) assay is used to determine the total concentration of protein 

in a solution. We performed this assay to measure the protein concentration of bacteria samples, 

which is used to normalize the CFU/ml calculated from the CFU assay. Protein measurement is 

carried out using a colorimetric readout that is proportional to the protein concentration in the 

sample. The color develops due to the reduction of Cu2+ to Cu1+ by proteins in an alkaline solution 

(provided by the BCA reagent), followed by the chelation of Cu1+ with bicinchoninic acid to form 
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a purple-colored product. The intensity of this purple color correlates with the protein 

concentration [268]. 

 

2.4.4 TCID50 assay 

The 50% tissue culture infectious dose (TCID50) assay is used to estimate the infectious 

titer of viruses, specifically the concentration at which 50% of the culture wells or units show 

cytopathic effect (CPE) from viral infection[269]. In our research, the TCID50 assay was 

performed to assess the infectivity of viruses after and before exposure to salt-coated filters. The 

assay involves several steps: serial 10-fold dilution of viral samples, infection of host cells, 

incubation, and calculation of TCID50/ml. For calculating TCID50//ml, the Reed-Muench method 

and the Spearman-Karber methods are widely used. Both methods involve statistical calculations 

to estimate the dilution at which 50% of the wells would be expected to exhibit CPE [267, 269]. 

 

2.4.5 HA assay 

The Hemagglutination (HA) assay is used to measure the concentration of viruses, 

especially influenza viruses, that have the ability to agglutinate red blood cells (RBCs). The HA 

titer represents the highest dilution of the virus that causes visible agglutination of RBCs [270]. 

Using the HA assay, we analyzed the inactivation efficiency of salt-coated filters against 

influenza viruses. This assay is based on the principle that certain viruses can bind to receptors 

on the surface of RBCs, causing them to clump together or agglutinate. The HA titer is an 

indirect measure of the amount of virus present in a sample. The procedure follows: dilution of 

viral samples, mixing viral samples with RBCs, incubation, and titer calculations [270].   
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3 Investigation on the Impact of Salt Coating 

on Mask Performance 

The impact of respiratory diseases is vast and multifaceted, affecting individuals, 

healthcare systems, and global economies. In response to the spread of respiratory pathogens, 

masks and respirators have become pivotal, demonstrating their capability to mitigate 

transmission. However, conventional masks have limitations (e.g., single-use, environmental 

contamination, and the potential for contact-based transmission). These challenges have 

accelerated the development of antimicrobial masks. Designing effective antimicrobial masks 

requires a deep understanding of the properties of each layer and the identification of an optimal 

configuration to enhance their protective efficiency. In this study, we thoroughly examined both 

the main and limited filtration mechanisms of diverse mask fabrics and identified an optimal 

configuration for salt-coated fabric masks. Moreover, we explored the impact of wetness on the 

performance of both bare and salt-coated fabrics; while bare fabrics showed a decrease in 

filtration efficiency with increased wetness, salt-coated fabrics exhibited enhanced filtration 

efficiency. This study not only highlights the significance of salt-coated fabric masks but also 

points towards potential improvements in respiratory disease prevention strategies. 
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3.1  Background 

Pandemics/epidemics pose significant threats to public health, prompting the 

development of various respiratory protection devices and strategies. The influenza pandemic of 

1918, commonly known as the Spanish Flu, marked one of the first instances where cloth masks 

were utilized on a mass scale for public health protection [271]. Since that time, the innovation 

and adoption of disposable masks and respirators have become integral in combating subsequent 

pandemics and epidemics. The efficacy of wearing masks in reducing pathogen transmission is 

noteworthy, with studies demonstrating a 70–79% reduction in infection rates [272-274], leading 

to an escalated demand for masks. The SARS-CoV-2 pandemic brought about the challenges 

associated with a sudden increase in mask usage, shortages in mask supplies, and the consequent 

environmental contamination from discarded masks [170]. One of the fundamental causes of 

numerous issues is linked to the disposable nature of masks. It is recommended that surgical 

masks be replaced immediately if they become wet and at least every 4 hours to ensure filter 

efficiency and mitigate the risk of pathogen spread due to surface contamination [275]. The 

environmental impact of mask waste is concerning, as discarded masks can degrade into 

microplastic fibers smaller than 5 mm, entering waterways and potentially disturbing ecosystems 

[170].  This cycle of demand, usage, and environmental impact underscores the need for 

reusable antimicrobial masks to protect public health while minimizing ecological damage.  

The antimicrobial masks should be designed to fulfill multiple criteria, including non-

toxicity, rapid antimicrobial activity, a pathogen non-specific antimicrobial effect, ease of scale-

up, and compatibility with existing manufacturing processes [276]. Moreover, the masks should 

conform to guidelines such as filtration efficiency (surgical masks: ≥ 95% at 28.3 L/min and 

respirators: ≥ 80-95% at 85 L/min) and breathability (surgical masks: ≤ 294 Pa at 8 L/min and 

respirators: ≤ 240–350 Pa at 85–90 L/min for inhalation and ≤ 250–300 Pa at 85–160 L/min for 
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exhalation) (see Supporting Information Table S1,2 for international standards) [252, 277-281]. 

To satisfy all the requirements, selecting appropriate antimicrobial material functionalization 

strategy is crucial (e.g., encapsulation in fiber, fiber surface adsorption, chemical 

functionalization on fiber, crosslinked antimicrobial coating, loading into fiber coating, and 

functionalization on fiber coating) [282]. Surgical masks and respirators typically consist of 3 or 

4 layers, including the outermost, middle, and inner layers. The outermost layer acts as a 

physical barrier to prevent contamination of the middle layer, which serves as the main filter 

capturing most particles. The inner layer that directly contacts with face supports the middle 

layer [283]. The selection of the mask's target layer for antibacterial treatment must take into 

account the type and size of the primary medium carrying the pathogen, along with the 

functionalization strategy, while meeting the various performance-related requirements outlined 

above. 

Particle-dependent filtration efficiency can be used for testing the performance of the 

designed masks. The main filtration mechanism depends on particle size; for instance, 

sedimentation and inertial impaction are mainly observed for large particles (1–10 μm), while 

interception and diffusion are significant for particles ranging from 0.1–1 μm, and electrostatic 

attraction is crucial for particles smaller than 300 nm [284]. Understanding size-dependent 

filtration efficiency enables the identification of primary mechanisms for capturing infectious 

aerosols/droplets carrying viruses and bacteria, as well as the quantitative assessment of each 

layer's role in pathogen capture. The predominant size of aerosols or droplets generated varies 

depending on the nature of human activities; talking (35–150 μm), coughing (45–200 μm), 

resting (< 0.57–0.71 μm), and manual rubbing of mask fabric (0.3–2 μm)[285-288]. 

Consequently, specific filtration mechanisms are needed for different activities to effectively 

capture particles. For instance, in healthcare settings or during active conversation, numerous 
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large particles may be generated, necessitating the use of masks with high filtration efficiency 

against large-sized particles. Consequently, this yields crucial insights into which layers of 

masks/respirators should be targeted for antimicrobial functionalization. 

Examining the impact of environmental conditions and surface treatments on mask 

performance is another crucial aspect that must be considered when characterizing filter 

effectiveness. In real-world scenarios, masks frequently encounter humid conditions, especially 

when worn for extended periods or in colder climates. This humidity, primarily originating from 

the breath of wearers, can substantially affect the filtration efficiency of masks. Exhaled breath 

humidity typically ranges from 41.9–91% at temperature of 31.4–35.4 °C [289]. Furthermore, 

studies suggest that humidity levels may further increase as temperatures decrease. For instance, 

at room temperature (22 °C), humidity levels are observed to be 55–60% RH for N95 masks and 

less than 38% RH for surgical masks, when the tests performed at 27% RH condition [290]. 

Moreover, many mask/respirator meltblown (MB) filters depend on electrostatically charged 

fibers for enhanced particle capture. However, previous reports have demonstrated that exposure 

to humidity can significantly reduce this electrostatic charge, thereby impairing the filtration 

efficiency of masks. For instance, polypropylene (PP) filters have been shown to lose 56.9% to 

61.2% of their electric potential after being subjected to 90% RH for 48 hrs [291]. Considering 

that electrostatic charge accounts for about 69% of the filtration efficiency of masks, the 

degradation of this charge due to humidity is of considerable importance [292]. Therefore, 

integrating the considerations of wetness and humidity into the evaluation of filtration efficiency 

is important for accurate assessment of mask performance. Furthermore, ignoring these factors 

could result in an overestimation of the effectiveness of masks, especially under diverse 

environmental conditions. 
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To effectively prevent infection and contact transmission through biocontaminated mask 

surface, various antimicrobial masks have been developed and have proven their antimicrobial 

efficiency. Recently, we have developed salt-coated fabrics that inactivate pathogens through salt 

recrystallization, which occurs when pathogen-laden aerosols/droplets come into contact with 

the salt-coated fabrics. In a previous paper, we demonstrated the efficiency of salt-coated fabrics 

against diverse pathogens, including bacteria (e.g., E. coli, K. pneumonia, S. pyogenes, P. 

aeruginosa, and MRSA) and viruses (e.g., influenza viruses and coronaviruses), and their 

antimicrobial activities were demonstrated [259, 293, 294]. However, their filter performance 

was not fully characterized. Hence, the primary objective of this paper is to examine the mask 

performance of salt-coated fabrics with different salt quantity (5, 9, and 13 mg/cm²) and type 

(NaCl, KCl, and K2SO4) using different sized aerosols. The results will be compared with those 

of bare filters to identify the effects of salt coating on mask performance and the 

functionalization strategy. Therefore, this study can contribute to reveal 1) particle-size 

dependent filtration mechanism, 2) effects of salt coating on mask performance and main 

particle capturing mechanism, and 3) the effects of wetness on filtration efficiency and 

breathability. 

 

3.2  Methods 

3.2.1 Preparation of salt-coated fabrics 

The preparation of salt-coated spunbond (SB) polypropylene (PP) fabric samples was 

executed following method detailed in previous studies [294]. The process began with the 

collection of inner SB layers from surgical masks (Fisherbrand Facemasks; Fisher Scientific, 

Pittsburgh, PA). For the salt coating, saline solutions were prepared with deionized (DI) water, 

filtered through a 0.22 μm pore-size filter (Corning, Tewksbury, MA), to achieve saturated 
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concentrations specific to each salt: 29.03 w/v % for NaCl, 26.31 w/v % for KCl, and 9.72 w/v % 

for K2SO4. Following this, the inner SB fabric layers were immersed in these saline solutions. 

The fabrics were gently scrubbed to ensure the elimination of any trapped air bubbles, 

facilitating an even coating. The volume of saline solution absorbed by the fabrics was adjusted 

by applying vacuum pressure. Fabrics coated with 5 mg/cm² of K2SO4, 9 mg/cm² of KCl, and 13 

mg/cm² of NaCl were produced by applying a vacuum (5 inHg). Similarly, a vacuum of 8 inHg 

was applied to achieve 9 mg/cm² of NaCl coating, and 15 inHg was used to obtain 5 mg/cm² of 

KCl and NaCl. The fabrics were then dried overnight in an incubator (Thermolyne 42000; 

Dubuque, IA), and the coated fabrics were screened by measuring their weights before and after 

the coating process. For comparison purpose, PP SB fabrics coated only with Tween 20 (T20) 

were also prepared by soaking the inner fabrics in DI water containing 1 v/v % T20. The SB 

fabric was gently scrubbed to release any trapped bubbles and vacuumed at 5 inHg, followed by 

overnight drying. 

The obtained fabrics were labeled as FabricCoating×#Amount. In the notation, Fabric 

specifies the type of PP fabric (Inner SB layer (I), middle meltblown (MB) layer (M), or outer 

SB layer (O)); "Coating" indicates the type of coating material (T20, NaCl, KCl, or K2SO4); "#" 

represents the number of stacked SB PP fabrics (1, 2, 3, 4, or 5); and "Amount" denotes the 

quantity of salt coating (5, 9, or 13 mg/cm²). Bare fabrics are labeled as "Fabric×#", where "#" is 

the number of stacked fabrics. The symbol "/" is used to show the arrangement of filter layers, 

with "A/B" meaning layer A is placed above layer B. 

 

3.2.2 Wetness test 

To analyze the effect of wetness on filter performance, I×3 and Isalt×3 was sprayed with 

DI water using a sprayer (Uline, Milton, ON). The amount of sprayed water on the fabric was 

regulated by weighing the masks before and after spraying with an Explorer Pro balance (Ohaus; 
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Parsippany, NJ). This was followed by calculating the water content per surface area (1, 6, and 

12 mg/cm²). The wet filters were then immediately tested for filtration efficiency according to 

the NIOSH 42CFR84 standard and for breathability following the ASTM F2100-19e1 standards, 

using the PMFT 1000 (PALAS; Karlsruhe, Germany). 

To visually observe the wetness-dependent morphological changes in fabrics, a solution 

of 1 mM sulforhodamine B (SRB; Sigma-Aldrich) in DI water was sprayed onto salt-coated 

fabrics. The amount of SRB applied was varied, similar to the above tests, by modulating the 

volume of the solution sprayed, which was determined by weighing the fabrics before and after 

spraying. Following this application, the fabrics were characterized through imaging with an 

optical microscope (Omax G223A-CA; Kent, WA). 

 

3.2.3 Filtration efficiency and breathability tests 

Filtration efficiency and breathability tests of N95 respirators (3M; Saint Paul, MN) and 

surgical masks (Fisherbrand Facemasks; Fisher Scientific, Pittsburgh, PA) were performed using 

the PMFT 1000 (PALAS; Karlsruhe, Germany). The NIOSH 42CFR84 standard, certified by the 

National Institute for Occupational Safety and Health (NIOSH), was employed for measuring 

the filtration efficiency of all mask conditions and the breathability of N95 respirators. The 

NIOSH 42CFR84 filtration efficiency standard necessitates the use of 0.3 µm polydisperse 

aerosols of 5% NaCl and dioctyl phthalate (DOP) at an airflow rate of 85 L/min[277]. Masks 

tested must achieve a minimum efficiency of 95%, 99%, and 99.97% for N95, N99, and N100 

respirators, respectively. The NIOSH 42CFR84 breathability standard specifies a maximum 

resistance of ≤ 311 Pa at 85 L/min for inhalation airflow and ≤ 249 Pa at 85 L/min for exhalation 

airflow[277]. Filtration efficiency was calculated by comparing the particle size distribution 

before and after penetration through the filter, recorded by the Promo LED 2300 (PALAS; 
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Karlsruhe, Germany). 

The ASTM F2100-19e1 standards, developed by ASTM International, were utilized for 

measuring the breathability of surgical masks[252]. This test method classifies surgical/medical 

masks into Level I, Level II, and Level III, where the maximum differential pressure allowed for 

Level I masks must be < 50 Pa/cm², and that for both Level II and III masks ≤ 60 Pa/cm². The 

standard specifies the use of an 8 L/min airflow through 4.9 cm² filters, which corresponds to 

testing a full mask at 163 L/min[252]. The measured differential pressure (Pa) was normalized to 

the standard surface area to calculate the pressure (Pa/cm²). 

 

3.2.4 Statistical analysis.  

Statistical tests, including the t-test, one-way ANOVA, and General Linear Model, were 

conducted using SPSS version 29 (IBM, Armonk, NY, USA). A P value below 0.05 was deemed 

significant for significance assessments. 

  

3.3  Results and discussion 

3.3.1 Filter performance of bare fabrics 

Filtration efficiency and breathability are two essential factors used in categorizing the 

performance levels of surgical masks and respirators (see Table 1.2–1.4 for detailed guidelines). 

Filtration efficiency was tested using two different types of aerosols: 5% NaCl (hydrophilic, 

dissociate into charged ions) and dioctyl phthalate (DOP; hydrophobic, uncharged), in 

accordance with NIOSH 42CFR84 standards. Primary goal was to evaluate the performance of 

individual layers within a 3-ply mask, as well as the performance of masks across various 

architectural configurations. To this end, the following conditions were tested: single layers 

(outer: O, middle: M, and inner: I); stacked inner layers (2, 3, 4, and 5 stacked inner layers; a 
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stack of n inner layers is abbreviated as I×n); 3-ply masks (O×1/M×1/I×1), including both intact 

ones and those that were separated and then reassembled (referred to as recombined 3-ply 

masks, i.e. 3-ply maskc); and architectures employing a single or stacked inner layer(s) as a mask 

cover (I×1/3-ply mask and I×3/3-ply mask) and an outer layer of a mask (denoted as 

I×1/M×1/I×1 and I×3/M×1/I×1).  

It is noted that the middle layer exhibits the highest filtration efficiency when tested with 

both 5% NaCl and DOP aerosols, exhibiting an average filtration efficiency of 88 ± 4% for 5% 

NaCl aerosols and 83 ± 4% for DOP aerosols (Figure 3.1a(i,ii)). Thus, no significant difference 

in filtration efficiency was observed from the 3-ply mask with a cover and inner layer(s) as an 

outer layer of a 3-ply mask, compared to a middle layer only or 3-ply mask due to its dominant 

role in particle capturing efficiency (t-test, P = 0.0095 for Figure 3.1a(i) and P = 0.1344 for 

Figure 3.1a(ii)). We also note that the filtration efficiency increases with the number of stacked 

inner layers in both NaCl and DOP aerosols. In the case of NaCl aerosols (Figure 3.1a(i)), the 

increasing trend is more pronounced: I×1 (9 ± 4%), I×2 (15 ± 3%), I×3 (21 ± 4%), I×4 (30 ± 

9%), and I×5 (40 ± 5%) (t-test, P < 0.0001). However, the increase in the DOP tests (Figure 

3.1a(ii)) was much less significant: I×1 (4 ± 3%), I×2 (6 ± 4%), I×3 (7 ± 5%), I×4 (8 ± 4%), and 

I×5 (12 ± 3%) (t-test, P = 0.2015).  

To further investigate the differences in filtration efficiency between NaCl and DOP 

aerosols, particle size-dependent filtration efficiency was monitored for both NaCl and DOP 

aerosol conditions. Interestingly, filtration efficiency against NaCl aerosols exhibited a biphasic 

behavior: a rapid decrease of filtration efficiency up to 0.3–0.75 μm (first phase), followed by a 

gradual increase of the filtration efficiency with particle size (second phase) (Figure 3.1b(i,ii)). It 

is also clear that the increase in the number of stacked inner layers resulted in higher filtration 

efficiency as observed in Figure 3.1a(i). Considering the size of most viruses (< 0.4 μm) and 
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bacteria (< 5 μm), this data implies that stacking of inner spunbond PP fabrics can be effectively 

used to improve the protection of the mask against respiratory diseases[295]. Unlike NaCl 

aerosols, size-dependent biphasic behavior was not noticeable in filtration efficiency against 

DOP aerosols (compare Figure 3.1b with 3.1c). On the other hand, it is noted that filtration 

efficiency increased with particle size > 1 μm (Figure 3.1c). As a result, the filtration efficiency 

of three stacked inner layers (I×3) was measured to be 23 ± 15% and 85 ± 31% at 2 and 3 μm 

DOP aerosols, respectively. 

The primary filtration mechanisms are strongly associated with the particle size: 1–10 

μm (sedimentation and inertial impaction), 0.1–1 μm (interception and diffusion), and < 300 nm 

(electrostatic attraction) [284]. The initial high filtration efficiency in the first phase in Figure 

3.1b can be explained by electrostatic attraction between NaCl aerosols and the spunbond fibers. 

The decrease in filtration efficiency in the first phase as particle size increases is likely due to the 

increase in aerodynamic drag, which diminishes the effectiveness of electrostatic attraction 

[296]. However, at the second phase, physical mechanisms (interception, diffusion, 

sedimentation, and inertial impaction) play a dominating role in filtration efficiency, leading to a 

significant increase in filtration efficiency. This observation elucidates the particle capturing 

behavior demonstrated by the stacked inner layers. Specifically, these layers exhibit an increase 

in filtration efficiency in the first phase, attributed to electrostatic interaction, and a subsequent 

enhancement in efficiency during the second phase, driven by the influence of physical 

mechanisms. Thus, it is reasonable to assume that the non-charged hydrophobic nature of DOP 

does not exhibit electrostatic attraction with fibers, leading to the disappearance of biphasic 

filtration efficiency behavior (Figure 3.1c). The higher filtration efficiency observed in tests with 

increasing DOP aerosol sizes, compared to NaCl aerosols, is likely related to the hydrophobic 

properties of masks that repel water particles and attract oil particles[297]. Similar patterns were 
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also observed in the particle size-dependent filtration efficiency of the meltblown PP middle 

layer (Figure 3.2a) (GLM analysis, P < 0.0001). The filtration efficiency against 5% NaCl 

aerosols was maintained at > 86%, while efficiency decreased to 59% with DOP aerosols, 

presumably due to the lack of charge in DOP. As observed in inner layers, the single spunbond 

outer layer showed higher filtration efficiency when tested with DOP than with NaCl aerosols, 

indicating hydrophobic interaction between hydrophobic fabrics and DOP (Figure 3.2b) (GLM 

analysis, P < 0.0001).  

Breathability of various architectures was tested by measuring pressure drop under the 

same test conditions (Figure 3.3). The overall trend aligns with filtration efficiency, with the 

middle layer exhibiting the highest pressure drop (38 Pa/cm2), compared to other single layers 

(O: 2 Pa/cm2 and I: 1 Pa/cm2). Besides, the pressure drop increases with the addition of more 

inner layers: I×2 (3.9 Pa/cm2), I×3 (6.0 Pa/cm2), I×4 (7.9 Pa/cm2), and I×5 (10.5 Pa/cm2). 

Importantly, the use of stacked inner layers as a cover on top of a 3-ply mask or outer layer of a 

3-ply mask does not exceed the pressure drop 50 Pa/cm2. This indicates that stacked inner layers 

can be flexibly used in the fabrication of respiratory devices by meeting differential pressure 

guidelines (see Table 1.4).  
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Figure 3.1. Filter performance of bare fabrics. Filtration efficiency was performed according to NIOSH 42CFR84 

standard. (a) Overall filtration efficiency of bare fabrics tested with 5% NaCl aerosol (i) and DOP aerosol (ii). (b,c) 

Particle size–dependent filtration efficiency tested with 5% NaCl aerosols (b) and DOP aerosols (c) (i: filtration 

efficiency of bare fabrics and ii: zoomed–in filtration efficiency of the bare fabrics). (n = 7–21 for b and 9–24 for c, 

mean ± SD). 
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Figure 3.2. Particle size–dependent filtration efficiency of single bare fabrics. (a–b) 5% NaCl aerosol (i) and DOP 

aerosol (ii) used to measure the filtration efficiency of fabrics: (a) M×1 and (b) O×1. (n = 7–15 for a and n = 9–19 for b, 

mean ± SD)). 
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Figure 3.3. Breathability of bare fabrics with different staking sequences. Breathability was performed according to 

ASTM F2100–19e1 standard. (n = 9–12, mean ± SD). 
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3.3.2 Performance of salt-coated stacked spunbond (SB) fabrics  

To evaluate the filter performance of salt-coated SB PP fabrics, filtration efficiency and 

breathability were characterized at the same testing conditions as in section 3.3.1. For this 

purpose, three different types of salts (NaCl, KCl, K2SO4) with different amounts of salts (NaCl: 

5, 9, and 13 mg/cm2; KCl: 5 and 9 mg/cm2; K2SO4: 5 mg/cm2) were coated onto the three 

stacked SB inner membranes. To evaluate the effect of surfactant added into the salt coating 

formulation, SB inner layers treated with Tween 20 (T20) were also tested. This resulted in the 

similar fiber diameter and pore size of INaCl×39 fabrics (20.9 m and 5-67 m) compared to bare 

fabrics (20.4 m and 7-58 m).  As shown in Figure 3.4a(i), salt-coated SB fabrics exhibited 3–

5% of overall filtration efficiency against NaCl aerosols, lower than that of three stacked SB 

inner layers (I×3: 21 ± 4%) (t-test, P = 0.1021). However, the difference in the DOP test was not 

as pronounced as in NaCl (Figure 3.4a(ii)) (t-test, P = 0.3858). The underlying reason for these 

differences was explored by examining the particle size-dependent filtration efficiency. As 

shown in Figure 3.4b(i), INaCl×3 showed lower filtration efficiency against small particles (≤ 0.3 

m) compared to I×3 (GLM, P < 0.0001). Given that the primary mechanism of filtration 

efficiency at ≤ 0.3 m is electrostatic attraction and that both bare and salt-coated SB fabrics 

have similar pore sizes, the decrease in filtration efficiency against NaCl aerosols can be 

attributed to the lack of charge in the salt-coated stacked SB fabrics (see Figure 3.4b(i) for NaCl 

and Figure 3.5 for KCl and K2SO4). However, when testing with non-charged DOP aerosols, 

both I×3 and INaCl×3 displayed similar particle-size dependent filtration efficiency trends, with 

no significant capturing efficiency for particles ≤ 0.3 m, regardless of type of salts (see Figure 

3.4b(ii) for NaCl and Figure 3.6 for KCl and K2SO4). Notably, the low filtration efficiency 

against ≤ 0.3 m sized NaCl particles, was also evident in Tween 20 (T20)-treated filters 

(IT20×3), demonstrating that the surfactant itself also degrades the electrets on the SB inner 
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layers, thereby eliminating electrostatic attraction between the fibers and aerosols (Figure 3.5). 

Considering that salt coating formulation contains surfactant, previously observed filtration 

efficiency of the salt-coated inner layers might be attributed to the presence of T20 added into 

the formulation to enhance salt coating.  As indicated in Figure 3.7, the pressure drop showed no 

significant difference between I×3 and Isalt×3, with values ranging from 5–8 Pa/cm2 across all 

conditions. This is in consideration of the maximum differential pressure (50/60/60 Pa/cm2) 

mentioned in ASTM F2100-19e1 standard. The trend was not affected by the type of salt (NaCl, 

KCl, and K2SO4) and the quantity of salt used (5 mg/cm2, 9 mg/cm2, and 13 mg/cm2). This 

means that a stack of salt-coated SB fabrics does not cause noticeable breathability decrease that 

can be a common concern arising from filter functionalization.  
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Figure 3.4. Filter performance of salt–coated fabrics. Filtration efficiency was performed according to NIOSH 

42CFR84. (a,b) Overall filtration efficiency (a) and particle size–dependent filtration efficiency (b) of salt–coated 

fabrics tested with 5% NaCl aerosol (i) and DOP aerosol (ii). (n = 13–23 for a(i), n = 12–22 for a(ii), n = 9–21 for b(i), 

and n = 8–24 for b(ii) mean ± SD). 
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Figure 3.5. Particle size–dependent filtration efficiency of salt–coated fabric only conditions tested. (a–d) 5% NaCl 

aerosol used to measure the filtration efficiency of different salt coating conditions: (a) I
T20

×3 (n = 6–24, mean ± SD), (b) 

I
KCl

×3
5
 (n = 7–24, mean ± SD), (c) I

KCl
×3

9
 (n = 7–24, mean ± SD), and (d) I

K2SO4
×3

5
 (n = 7–24, mean ± SD). 
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Figure 3.6. Particle size–dependent filtration efficiency of salt–coated fabric only conditions tested. (a–d) DOP aerosol  

used to measure the filtration efficiency of different salt coating conditions: (a) I
T20

×3 (n = 6–24, mean ± SD), (b) I
KCl

×3
5
 

(n = 7–24, mean ± SD), (c) I
KCl

×3
9
 (n = 7–24, mean ± SD), and (d) I

K2SO4
×3

5
 (n = 7–24, mean ± SD). 
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Figure 3.7. Breathability of salt-coated fabrics with different staking sequences. Breathability was performed 

according to ASTM F2100–19e1 standard. (n = 10–15, mean ± SD). 
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3.3.3 Application of stacked salt-coated SB fabrics to a mask cover and outer layer of a 

mask for antimicrobial face masks 

Taking advantages of pathogen inactivation due to salt coating and insignificant increase 

in breathing resistance due to salt coating, salt-coated SB fabrics can be importantly used to 

prevent the spread of disease due to contact with biocontaminated mask surface. By using salt-

coated stacked SB fabrics as an outermost layer of a mask, i.e. a cover on top of a 3-ply mask or 

outer layer of a 3-ply mask, contact transmission can be eliminated through the inactivation of 

pathogens on the surface of the mask that can be touched by hands. Hence, it is anticipated that 

this mask structure (for example, Isalt×3/3-ply mask or Isalt×3/M×1/I×1) would combine the 

benefits of conventional masks (e.g., high filtration efficiency across all particle sizes due to the 

presence of MB middle layer) with those of salt-coated fabrics (e.g., rapid pathogen inactivation, 

reusability, and no concerns over contact transmission).  

Mask performance has been tested by employing NaCl-coated SB fabrics and bare SB 

fabrics either as a cover over a conventional 3-ply mask (stacking sequence: INaCl×3 

(cover)/O×1/M×1/I×1, Figure 3.8) or as an outer layer of a 3-ply mask (stacking sequence: 

INaCl×3 (outer layer)/M×1/I×1, Figure 3.9). As shown in Figure 3.8a, the filtration efficiency of a 

salt-coated mask cover over a 3-ply exhibited 2–5% higher than a conventional 3-ply mask 

comprising O×1/M×1/I×1, regardless of the aerosol type used in testing (i: NaCl, ii: DOP). 

However, no significant difference in filtration efficiency was observed between I×3/3-ply 

masks (i.e., a stack of three bare inner SB fabrics on top of a 3-ply mask) and INaCl×3/3-ply 

masks (t-test, P = 0.2119 for Figure 3.8a(i) and P = 0.0715 for Figure 3.8a(ii)). Upon replacing 

the outer layer with three stacked SB fabric (INaCl×3/M×1/I×1), a similar filtration behavior was 

observed as in mask cover (i.e., I×3/O×1/M×1/I×1 and INaCl×3/O×1/M×1/I×1; Figure 3.8). Also, 
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particle-size dependent filtration efficiency measurements indicate that the previously observed 

filtration efficiency decrease at ≤ 0.3 μm for 5% NaCl particles was no longer evident regardless 

of salt quantity and stacking sequence (Figures 3.8b and 3.9b). This is presumed to be due to the 

high filtration efficiency of the MB middle layer (Figure 3.2a), rendering the effects of other 

layers on filtration efficiency less critical.  

The application of the INaCl×3 as a cover on top of a 3-ply mask and replacement of the 

outer layer of a 3-ply mask with INaCl×3 (Figure 3.10) appear to increase the pressure drop up by 

9–10 and 7–9 Pa/cm2, respectively, compared to the conventional 3-ply mask. Importantly, both 

architectures irrespective of the amount of coated salt align with the ASTM F2100-19e1 

guidelines, which define a differential pressure below 50 Pa/cm2 for Level I masks and ≤ 60 

Pa/cm2 for Level II and III masks (Figure 3.10). Taken together, these findings indicate that 

when salt-coated SB fabrics are used as a mask cover and an outer layer of a mask, they achieve 

high filtration efficiency, effectively addressing the limitations observed with salt-coated fabrics 

alone against small aerosols, and breathability by maintaining pathogen inactivation 

functionality. 
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Figure 3.8. Filter performance of bare and salt–coated fabrics with different staking sequences. Filtration efficiency and 

breathability were performed according to NIOSH 42CFR84 and ASTM F2100–19e1 standards, respectively. (a) Overall 

filtration efficiency of I×3 and INaCl ×3 as a cover of the 3-ply mask (i: 5% NaCl aerosol and ii: DOP aerosol). (n = 10–20 

for a(i) and n = 10–15 for a(ii), mean ± SD) (b,c) Particle size–dependent filtration efficiency of I×3 and INaCl ×3 as cover 

of the 3-ply mask, tested with 5% NaCl aerosol (b) and DOP aerosol (c) (i: filtration efficiency of stacked fabrics and ii: 

zoomed–in filtration efficiency of the stacked fabrics). (n = 10–20 for b and n = 10–15 for c, mean ± SD).  
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Figure 3.9. Filter performance of bare and salt–coated fabrics with different staking sequences. Filtration efficiency and 

breathability were performed according to NIOSH 42CFR84 and ASTM F2100–19e1 standards, respectively. (a) Overall 

filtration efficiency of I×3 and INaCl ×3 as an outer of the 3-ply mask (i: 5% NaCl aerosol and ii: DOP aerosol). (n = 12–

19 for a(i) and n = 11–16 for a(ii), mean ± SD) (b,c) Particle size–dependent filtration efficiency of I×3 and INaCl ×3 as an 

outer of the 3-ply mask, tested with 5% NaCl aerosol (b) and DOP aerosol (c) (i: filtration efficiency of stacked fabrics 

and ii: zoomed–in filtration efficiency of the stacked fabrics). (n = 12–19 for b and n = 7–16 for c, mean ± SD). (c) 

Breathability of I×3 and INaCl ×3 used as an outer. (n = 9–12, mean ± SD). 
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Figure 3.10. Breathability of I×3 and INaCl ×3 used as an outer (a) and cover (b). Breathability was performed according 

to ASTM F2100–19e1 standard. (n = 9–12, mean ± SD). 
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3.3.4 Filter performance of three stacked salt-coated SB fabrics in wet conditions 

To examine the effect of wetness on filter performance, both I×3 and INaCl×39 were 

subjected to different amounts of water spray (1, 6, and 12 mg H2O/cm2). The level of wetness 

was modulated by measuring the weight of the filter before and after water spray (see Figure 

3.11 for optical microscope images after spraying sulforohodamine B solution onto INaCl×39 

fabrics). As shown in Figure 3.12, the overall filtration efficiency of I×3 fabrics decreased with 

increasing amount of water sprayed (one-way ANOVA, P < 0.0001). In the case of salt-coated 

fabrics (INaCl×39), the mean filtration efficiency seemed to increase as the degree of wetting 

increased (one-way ANOVA, P = 0.0023). When tested with DOP aerosols, wetting did not 

affect filtration efficiency for both bare and salt-coated fabrics (Figure 3.12a(ii)) (one-way 

ANOVA, P = 0.3829 for bare and P = 0.0073 for salt-coated fabrics).  

Particle-size dependent filtration efficiency analysis revealed different behaviors. For I×3 

fabrics, the filtration efficiency against 5% NaCl aerosols exhibited a biphasic behavior, i.e. 

initial decrease is followed by the gradual increase (Figure 3.12b), and no significant effect of 

the wetness was observed (GLM analysis, P = 0.0678). On the other hand, as the degree of 

wetting increases, a relatively rapid increase in the filtration efficiency of INaCl×39 was observed 

with NaCl aerosol size (at size > 0.3 µm; GLM analysis, P > 0.0001) (Figure 3.12c). This effect 

might be attributed to the hydrophilicity of salts that enable formation of water film around 

fibers. Compared to NaCl aerosol testing conditions, when testing with DOP aerosols, no change 

was observed in I×3 fabrics regardless of wetness, while a slight higher filtration efficiency was 

detected for INaCl×39 with 12 mg H2O/cm2 of water spray (Figure 3.13). 

The wet test was also performed using I×3 and INaCl×39 as both a cover and an outer layer 

of a 3-ply mask. To this end, I×3 and INaCl×39 were placed on the top of either a 3-ply mask or 

M×1/I×1, followed by the application of varying amounts of water spray (1, 6, and 12 mg 
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H2O/cm2). As anticipated, all conditions maintained high filtration efficiency, regardless of the 

positioning of I×3 and INaCl×39. Moreover, as shown in Figure 3.14, the differences among the 

conditions were not significant compared to the overall high filtration efficiency (see Figures 

3.15 for particle size-dependent filtration efficiency) (one-way ANOVA; P = 0.0044 for Figure 

3.14a I×3, P = 0.0018 for Figure 3.14a INaCl×39, P = 0.3711 for Figure 3.14b I×3, and P = 0.0073 

for Figure 3.14b INaCl×39). Notably, in contrast to I×3 conditions, pressure drop was observed to 

increase with water in INaCl×39, which is presumed to be due to the formation of water film 

around fibers (Figure 3.16; one-way ANOVA, P > 0.0001). 
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Figure 3.11. Characterization of I
NaCl

×3
9
 fabrics after spraying DI water for the measurement of effects of wetness on 

filtration efficiency. Sulforhodamine B (SRB) was used to visualize the wetness of fabrics in the images; however, for 

filtration efficiency tests and breathability tests, DI water was used. (a–d) different amount of SRB was sprayed: (a) 0 

mg/cm
2
, (b) 1 mg/cm

2
, (c) 6 mg/cm

2
, and (d) 12 mg/cm

2
. 
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Figure 3.12. Filter performance of bare and salt–coated fabrics with different wetness. See Figure 3.9 for the optical 

microscope images of wet fabrics. The wetness of the samples was measured by weighting the samples before and 

after water spray, followed by dividing the values by mask surface area. Filtration efficiency was performed according 

to NIOSH 42CFR84 standard. (a) Overall filtration efficiency tested with 5% NaCl (i) and DOP aerosols (ii). (n = 13–

30, mean ± SD). (b,c) particle size–dependent filtration efficiency of wet I×3 and wet I
NaCl 

×3
9
, tested with 5% NaCl (b) 

and DOP (c) aerosols (i: filtration efficiency of fabrics and ii: zoomed–in filtration efficiency of the fabrics). (n = 7–29 

for b and 6–29 for c, mean ± SD). 
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Figure 3.13. Particle size–dependent filtration efficiency of I×3 (a) and I
NaCl

×3
9
 (b) tested with DOP aerosols (i: 

filtration efficiency of fabrics and ii: zoomed–in filtration efficiency of the fabrics). (n = 12–29, mean ± SD). 
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Figure 3.14. Filtration efficiency of wet I×3 and I

NaCl 
×3 as a cover and an outer of the 3-ply mask, tested with 5% 

NaCl aerosol according to NIOSH 42CFR84. (a,b) Overall filtration efficiency of I×3 and INaCl×39 fabrics used as a 

cover (a) and an outer layer (b). (n = 9–20, mean ± SD). 
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Figure 3.15. Filtration efficiency of wet I×3 and I
NaCl 

×3 as a cover and an outer of the 3-ply mask, tested with 5% 

NaCl aerosol according to NIOSH 42CFR84. (a–c) I×3 and INaCl×39 fabrics used as a cover (i) and an outer layer (ii): 

(a) 1 mg/cm2 of water (n = 10–13, mean ± SD), (b) 6 mg/cm2 of water (n = 9–13, mean ± SD), and (c) 12 mg/cm2 of 

water (n = 10–11, mean ± SD) 
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Figure 3.16. Breathability of bare and salt–coated fabrics with different wetness. Breathability was performed 

according to ASTM F2100–19e1 standard. (n = 9–14, mean ± SD). 

 

 

 

 

 

 

 

 



85 

3.3.5 Filter performance of N95 respirators only and when combined with I×3 and INaCl×39 

as a cover 

The salt-coated filters demonstrated high filtration efficiency when used as a cover and 

an outer layer for the 3-ply mask. To assess the compatibility of salt-coated filters with other 

types of respiratory protection systems, N95 respirators were tested alongside the salt-coated 

filters. As shown in Figure 3.17, a slight increase in pressure drop was observed when INaCl×39 

was used as a cover, for instance, during inhalation (N95 (102 ± 5 Pa), I×3/N95 (124 ± 6 Pa), 

and INaCl×39/N95 (138 ± 5 Pa)) and exhalation (N95 (114 ± 4 Pa), I×3/N95 (123 ± 6 Pa), and 

INaCl×39/N95 (139 ± 4 Pa)). However, considering the NIOSH 42CFR84 standard, which 

stipulates that the differential pressure should remain below 311 Pa for inhalation airflow and 

below 249 Pa for exhalation airflow, the observed increase in mean values is not significant. In 

terms of filtration efficiency, all conditions achieved significantly high filtration efficiency, 

exceeding 98%. The high filtration efficiency was also further supported by particle size-

dependent filtration efficiency tests, with all efficiencies exceeding 98%. In DOP tests, although 

a slight decrease in filtration efficiency was observed for 5% NaCl particles ≤ 0.3 μm in size, a 

filtration efficiency of > 97% was still achieved. These findings demonstrate that while salt-

coated fabrics themselves may not be suitable for capturing small particles (≤ 0.3 μm), their 

limitations can be overcome when used as a cover or an outer layer for 3-ply masks or N95 

respirators.  
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Figure 3.17. Filter performance of N95 respirators. Filtration efficiency and breathability were performed according to 

NIOSH 42CFR84. (a,b) N95 respirators alone, and with I×3 and INaCl ×39 as a cover of N95. (a: breathability and b: 

overall filtration efficiency) (n = 10–15 for and n = 11–18 for b, mean ± SD). (c) Particle size–dependent filtration 

efficiency tested with 5% NaCl aerosols (i) and DOP aerosols (n = 15–19 for i and n = 10–18 for ii, mean ± SD) (ii). 
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3.3 Conclusion 

In this comprehensive study, we explored the strategic functionalization of protective 

masks, focusing on the implementation and efficacy of salt-coated fabrics on mask performance. 

Key findings include the effect of salt coating on filtration efficiency, depending on the type and 

quantity (5, 9, and 13 mg/cm²) of salt used (NaCl, KCl, and K2SO4), and the significant role of 

water exposure on mask performance. Furthermore, our results underscore the compatibility of 

salt-coated filters with surgical masks and N95 respirators, demonstrating their potential to 

maintain high filtration efficiency without compromising breathability. Notably, when salt-

coated fabrics were used as covers and outer layers of surgical masks and respirators, they 

exhibited high filtration efficiency, overcoming the limited filtration efficiency found at particles 

smaller than 0.3 µm in size for 5% NaCl aerosols, when only salt-coated fabrics were tested. 

Additionally, water exposure enhanced the filtration efficiency of salt-coated fabrics due to the 

hydrophilicity of the salt-coated fabrics, which enables the formation of a water film around 

fibers. Our investigation into particle size-dependent filtration efficiency revealed the main and 

limited filtration mechanisms involved in the overall filtration efficiency of salt-coated fabrics, 

enhancing our understanding of filtration efficiency and paving the way to improve the limited 

aspects. Overall, this study not only revealed the effects of salt coating and environmental 

conditions on mask performance but also offers crucial insights for the development of other 

antimicrobial face masks. 
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4 Mechanistic study of pathogen inactivation on 

salt-coated filters  

To counteract the spread of pathogens, our team developed antimicrobial filters by 

applying salt coatings to membrane fibers. This study scrutinized the mechanism behind the 

inactivation of pathogens upon exposure to salt-coated filters. We investigated the 

recrystallization process of various salts (i.e., sodium chloride (NaCl), potassium sulfate 

(K2SO4), and potassium chloride (KCl)), when exposed to aerosol particles. The time-dependent 

recrystallization processes of each salt were compared with their time-dependent antimicrobial 

efficiency. Our findings indicate that the process of recrystallization aligns with the inactivation 

of pathogens, H1N1 influenza virus and Klebsiella pneumoniae. Furthermore, other factors, such 

as osmotic pressure and ionic effects, did not show significant antimicrobial efficiency, 

indicating that salt recrystallization is the main factor in pathogen inactivation. The salt-coated 

filters effectively reduce the viability of pathogens, irrespective of whether transmission occurs 

via aerosols or droplets, in both DI water and artificial saliva. These findings advance our 

understanding of salt-recrystallization technology and open up possibilities for creating versatile 

antimicrobial filters. 

This paper is based on the significant inactivation efficiency of salt-coated fabrics against 

diverse pathogens including viruses and bacteria, which was published by I. Rubino et al. and Quan, 

F.-S. et al [293, 294]. For this paper, I contributed as co-first author and was responsible for 

performing experiments (investigation of pathogen inactivation efficiency and the effect of vacuum 

application on salt-coated fabrics), data analysis, and manuscript writing. I. Rubino as a co-first 

author performed experiments (investigation of pathogen inactivation efficiency and salt 

recrystallization pattern), data analysis, and manuscript writing. 
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4.1 Background 

Pandemic and epidemic respiratory diseases can cause high morbidity and mortality, as 

exemplified by coronavirus disease 2019 (COVID-19). Pathogens, including bacteria and 

viruses, have different transmission strategies. For instance, Bordetella pertussis, Chlamydia 

pneumoniae, Haemophilus influenzae, mumps virus, Mycoplasma pneumoniae, Neisseria 

meningitidis and Streptococcus pneumoniae mainly transmit through droplets; influenza virus, 

severe acute respiratory syndrome (SARS)-associated coronavirus and varicella-zoster virus 

transmit through droplets and aerosols; and Mycobacterium tuberculosis mainly transmits 

through aerosols [298]. There have been diverse efforts to prevent their spread, with face masks 

playing a crucial role as first means of protection against infection. Among respirators, the N95 

respirator has been most widely used for healthcare and the public. The N95 respirator can 

protect the respiratory system from splashes, droplets as well as aerosols. However, the large 

thickness and small pore size of the N95 respirator decrease breathability and comfort. Thus, 

surgical masks are often used as a preferable type of respiratory protection device due to 

reasonable prices and considerably higher breathability than respirators, although they are not 

designed to filter out aerosols [299-301].  

In spite of their primary role in preventing infection, no significant improvement in the 

performance of available face masks has been made and gaps remain in mask technology [302]. 

Live pathogens captured on the surface of the mask can be a source of environmental 

contamination and pose a risk of contact transmission. Additionally, since the supply of face 

masks is limited, disposable masks tend to be reused, which can cause cross-infection. Various 

methods to decontaminate face masks have been tested, such as applying ethylene oxide, 

formalin, UV and bleach treatments. However, each method has undesired effects, including 

generation of hazardous byproducts, residual odor and degradation of the face masks [303, 304]. 
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Furthermore, these methods are not easy to perform individually as they require specialized 

settings, and contact transmission is unavoidable since the filters do not have an incorporated 

antimicrobial effect. Thus, a novel approach for the development of antimicrobial mask filters is 

needed to address these issues.  

We previously reported the first-of-its-kind salt-coated antimicrobial filter that employs 

the natural salt recrystallization process to inactivate viruses and bacteria [305, 306]. Our 

investigations on salt-coated face masks have successfully demonstrated the proof-of-concept 

antimicrobial filters, which enable the reuse of the face mask by physically destroying 

pathogens. Upon exposure to pathogen-carrying aerosols, the salt coating dissolves and 

evaporation-induced salt recrystallization damages and destroys the pathogens.  

Here, we report mechanistic studies to investigate the recrystallization-based pathogen 

inactivation and the effectiveness of the salt-coated filters in terms of pathogen transmission 

mode. To this end, the effect of salt type and morphology on pathogen inactivation kinetics was 

studied by observing the salt recrystallization behavior in salt powders and comparing it with 

that in the salt coatings on filters. A new method of producing the salt-coated filters was 

characterized in terms of salt coating morphology and pathogen inactivation. Additionally, the 

performance of the salt-coated filters was evaluated against pathogenic aerosols (diameter = 2.5–

4 μm) and droplets (5 μL) generated from DI water and artificial saliva to evaluate their biocidal 

effect, depending on the size and composition of the pathogen-carrying medium.  
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4.2 Methods 

4.2.1 Filters preparation 

Spunbond polypropylene membranes (~ 25 g/m2, pore size = ~ 60 μm) obtained from the 

innermost layer of three-ply surgical masks (Fisherbrand Facemasks; Fisher Scientific, 

Pittsburgh, PA, USA) were used for preparation of NaCl, K2SO4 and KCl salt filters, as reported 

previously 8. Briefly, the membranes were cut into circular samples with 3-cm radius (bare 

membranes, labelled as Bare). The salt coating solutions were prepared in filtered (0.22 µm pore 

size; Corning, Tewksbury, MA, USA) DI water by dissolving the salts at 400 rpm and 90 °C in 

the case of NaCl (final concentration: 29.03 w/v%) and 400 rpm and room temperature (RT) in 

the case of K2SO4 (9.72 w/v%) and KCl (26.31 w/v%), with the addition of Tween 20 surfactant 

(Fisher Scientific) at 1 v/v% as wetting agent. Membrane samples were completely pre-wet in 

the respective coating solution by submersion in the coating solution (final volume of solution 

present in the membranes after pre-wetting was completed: ~ 350 μL). The pre-wet membranes 

were placed in 60 × 15 mm petri dishes containing different volumes of coating solution (0, 300, 

600, 900 or 1200 μL). Three layers of pre-wet membranes were overlapped for each filter, which 

was shown to offer effective filtration efficiency and pressure drop performances 8. Finally, the 

samples were dried overnight at 45 ℃ (Thermolyne 42000 incubator; Dubuque, IA, USA). The 

obtained salt filters contained varying amounts of coated salt and were labelled as Saltvol, where 

Salt is the salt type (NaCl, K2SO4 or KCl) and vol is the volume of coating solution in which the 

filters were dried (0, 300, 600, 900 or 1200 µL).  

Filters coated with salt through a vacuum process were prepared as follows. The circular 

membrane samples (radius = 1.7 cm) were submerged in the NaCl, K2SO4 or KCl coating 

solution for pre-wetting (final volume of solution present in the membranes after pre-wetting 

was completed: ~ 110 μL). Three layers of pre-wet membranes were overlapped in a petri dish. 
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Then, the 3-layered sample was exposed to different vacuum levels (5, 10 or 15 inHg) applied 

for 1 sec on each side of the sample using a vacuum pump (Laboport UN 840 FTP; KNF 

Neuberger, Trenton, NJ, USA). This process was repeated twice, before transferring the sample 

to a new 60 × 15 mm petri dish for drying overnight at 37 °C. The obtained filters were labelled 

as Saltvacuum, where Salt is the salt type (NaCl, K2SO4 or KCl) and vacuum is the applied 

vacuum level (5, 10 or 15 inHg). 

 

4.2.2 Bacteria and influenza virus preparation 

Following streaking on tryptone soya agar (TSA; Oxoid, Nepean, Ontario, Canada) 

plates and incubation at 37 °C for 24 h, Klebsiella pneumoniae (ATCC BAA-1705) single 

colonies were added in tryptic soy broth (TSB; BD, Franklin Lakes, NJ, USA) and incubated at 

37 °C and 200 rpm for 24 h. The suspension was then transferred into fresh TSB at 37 °C and 

200 rpm (1:500). After the K. pneumoniae suspension entered the exponential growth phase, it 

was frozen in 20% glycerol (Fisher Scientific) at -80 °C for storage. For experiments, frozen 

aliquots were grown with Mueller Hinton (MH) broth (BD; 1:500, 37 °C, 200 rpm) until the 

OD600 was 0.8, and then washed 3 times in phosphate buffered saline (PBS). 

Influenza virus A/Puerto Rico/8/34 (PR/34, H1N1) was grown in 11-day old 

embryonated chicken eggs and purified from allantoic fluids by passing through the cell strainer 

(70 m; Fisherbrand), low-speed centrifugation (2,800 rpm, 4 °C, 15 min) and high-speed 

centrifugation (30,000 rpm, 4 °C, 1 h). Madin-Darby Canine Kidney (MDCK) cells were grown 

and maintained in Dulbecco’s modified Eagle’s medium (DMEM; Corning) at 37 °C and 5% 

CO2.  

 

4.2.3 Test of pathogen stability change on salt powders 
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The NaCl, K2SO4 and KCl powders (300 mg) were each uniformly deposited in a well of 

a 12-well plate. For bacteria stability tests, K. pneumoniae was cultured and washed as described 

above, and resuspended in DI water (OD600 of 10-fold dilution = 1.25). For viral stability tests, 

the PR/34 influenza virus stock was resuspended in DI water. The nebulizer unit (Aeroneb Lab 

Nebulizer System; Aerogen, Galway, Ireland), was placed in the well with a tight seal and 20 μL 

of bacteria or virus suspension were aerosolized (diameter = 2.5–4 μm) for 30 sec. The 

pathogenic aerosols were incubated on top of the powders at ambient condition for a specific 

time point (3, 5, 15, 30 or 60 min). Then, the bacteria/virus were reconstituted by adding 2 mL 

(NaCl and KCl powders) or 4 mL (K2SO4 powder) of PBS and mixing with pipette to completely 

dissolve the salt powder. The recovered bacteria/virus were centrifuged (14,000 rpm, 15 min, 4 

°C) to discard the dissolved salt, and then resuspended in fresh PBS. The pathogens at 0 min 

incubation were collected by aerosolizing the pathogens into 15-mL tubes, followed by 

resuspension in PBS; this was similarly conducted for all pathogen stability tests in this work. 

For K. pnuemoniae, viability change was determined by colony forming unit (CFU) 

measurements onto MH II agar plates (5 μL of 10-fold dilutions, incubation at 37 °C overnight). 

The CFU were divided by the amount of bacteria used for assays, determined as protein 

concentration measured by bicinchoninic acid assay (Micro BCA protein assay kit; Thermo 

Fischer Scientific, Waltham, IL, USA) with bovine serum albumin (BSA) standard. For PR/34, 

stability change of the virus was determined by measuring hemagglutinin activity (HA) with 

chicken red blood cells (0.7% suspension; Lampire Biological Laboratories, Pipersville, PA). 

The CFU and HA titer measurements were then expressed as relative to the measurements at 0 

min incubation on the powders. 

To test the effect of osmotic pressure during the experimental procedure, 300 mg of each 

powder were dissolved in 1.5 mL (NaCl and KCl powders) or 3.5 mL (K2SO4 powder) of PBS in 
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a 15-mL tube. The K. pneumoniae suspension (20 µL) was aerosolized into the tube for 30 sec, 

followed by 1-min aerosolization of DI water and vortex (final volume: 2 mL for NaCl and KCl, 

4 mL for K2SO4). The bacteria were incubated in the dissolved salt powder for a specific time 

point (15, 30 or 60 min), and then centrifuged (14,000 rpm, 15 min, 4 °C) to interrupt the 

incubation and resuspend in 100 μL of fresh PBS. CFU measurements were conducted as 

described above. 

 

4.2.4 Test of pathogen stability change due to osmotic pressure 

To test the effect of hyperosmotic pressure due to increases in salt concentration during 

aerosol drying, 20 µL of K. pneumoniae or PR/34 suspension were added into a 15-mL tube 

containing 2 mL of salt solution for 30 sec, followed by vortex. The bacteria or virus was 

incubated in the salt solution for a specific time point (bacteria: 15, 30 and 60 min; virus: 5 and 

30 min), and then centrifuged (14,000 rpm, 15 min, 4 °C) to interrupt the incubation and 

resuspend in 100 μL of fresh PBS. CFU and HA titer tests were conducted as described above. 

As salt solutions can include both osmotic pressure and ionic effect on the HA titer detection, the 

test of PR/34 stability was similarly run in sucrose solution, where no ionic effect is present. 

After incubation, the sucrose solution with virus was diluted with PBS to form a pellet by 

centrifugation. The aqueous salt and sucrose solution conditions tested are summarized in Table 

4.1. 

Table 4.1. Salt and sucrose solution conditions used for tests of the osmotic pressure effect on bacteria and virus 

during aerosol drying. *Saturated condition. 
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4.2.5 Test of pathogen stability change on filters 

To analyze the time-dependent inactivation, bacteria and virus aerosols were exposed to 

the bare membranes (Bare) and salt-functionalized filters (NaCl600, K2SO4 600, KCl600). For 

bacteria, K. pneumoniae was cultured and washed as described above, and resuspended in DI 

water (OD600 of 10-fold dilution = 1.25). For viral stability tests, the PR/34 influenza virus stock 

was resuspended in DI water. 20 μL of bacteria or virus suspension (identified during 

preliminary tests as an adequate volume to detect the bacteria/virus after reconstitution) were 

aerosolized on top of 1.2-cm radius samples for 30 sec and incubated at ambient condition for 3, 

5, 15, 30 or 60 min. To reconstitute the bacteria/virus, the samples were soaked in PBS and 

vortexed, and any remaining bacteria/virus trapped in the filters was collected by centrifuging 

the samples (6,000 rpm, room temperature, 1 min) in a new tube. To remove salt/surfactant 

dissolved from the samples, the recovered bacteria/virus was centrifuged at 14,800 rpm and 4 °C 

for 15 min and resuspended in fresh PBS. Structural stability of bacteria and virus was analyzed 

by transmission electron microscopy (TEM); remaining activity of virus was characterized by 

measuring hemagglutinin activity (HA) with chicken red blood cells and virus titers on confluent 

MDCK monolayers. The plaque forming units (PFU) were divided by the amount of virus used 

to infect the cells (determined as protein concentration measured by BCA assay with BSA 

standard). The HA titer and PFU measurements were expressed as relative to the measurements 

at 0 min incubation on the filters. 

To analyze the time-dependent inactivation on the salt-coated filters prepared with 

vacuum process, bacteria were exposed to the bare membranes and NaCl15inHg. To study the 

effect of particle size and composition, aerosols and droplets were generated from both DI water 

and artificial saliva (0.6 g/L Na2HPO4, 0.6 g/L anhydrous CaCl2, 0.4 g/L KCl, 0.4 g/L NaCl, 4 

g/L mucin and 4 g/L urea in deionized water, pH 7.2) bacteria suspensions. K. pneumoniae was 
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cultured and washed as described above, and resuspended in DI water or artificial saliva to 550 

µg/mL (protein concentration measured by BCA assay; OD600 of 10-fold dilution = 1.25). For 

aerosol tests, 20 μL of bacteria DI water or artificial saliva suspension were aerosolized on top of 

1.7-cm radius samples for 30 sec. For droplet tests, 5-μL droplets of bacteria DI water or 

artificial saliva suspension were added on top of four different locations of each 0.5-cm radius 

sample (total volume = 20 μL). The bacteria aerosols/droplets were incubated on the samples at 

ambient condition for 5, 10 and 30 min. The bacteria were reconstituted from the samples as 

described above. Stability of bacteria was analyzed by CFU measurements, conducted as 

described above. 

To test the effect of osmotic pressure during the experimental procedure, the filters 

(NaCl600, K2SO4 600, KCl600) and bare membranes as a control were dissolved in PBS in a 15-mL 

tube. Each time, the virus suspension (20 µL) was aerosolized into the tube for 30 sec, followed 

by 1-min aerosolization of DI water and vortex. The virus was incubated in the dissolved filter 

solutions for 60 min, and then centrifuged (14,800 rpm, 15 min, 4 °C) to stop the incubation and 

resuspend in fresh PBS. HA and virus titers were conducted as described above. 

Dynamic viscosity of artificial saliva and DI water used for pathogen suspensions were 

determined using a rotational rheometer (Discovery HR-3; TA Instruments, New Castle, DE, 

USA). Rheology experiments were performed in a parallel plate (diameter = 40 mm, gap = 56 

μm), where artificial saliva or DI water was filled at 22 °C. Shear rate of 0–400 s−1 and 

measurement time of 300 s were used to test the apparent viscosity of the sample as a function of 

shear rate. To consider the condition of human saliva, the viscosity was determined at shear rates 

between 10 and 200 s−1, which is generally considered as the condition due to the chewing and 

speaking action of the mouth.  
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4.2.6 X-ray diffraction (XRD) analysis 

To monitor the formation of crystalline NaCl, K2SO4 and KCl over time during aerosol 

drying, filters (NaCl600, K2SO4 600, KCl600; sample size = 2.5 × 2.5 cm) and powders were 

mounted on glass slides for XRD analysis (Bruker D8 Discover; Billerica, MA, USA); bare 

membranes were analyzed as controls. XRD spectra were obtained in θ–2θ mode using a CuKα 

radiation before and right after DI water aerosol exposure (20 L), and at 5, 15 and 30 min. The 

aerosol exposure process was set-up to render the time to load the samples and start the XRD 

measurements negligible; the XRD scan time was 3 min. Miller indices corresponding to NaCl, 

K2SO4 and KCl crystals, respectively, were identified based on the standard spectra in JCPDS 

cards and a reference [307].  

 

4.2.7 Microscopy analysis 

To characterize the morphological changes due to salt recrystallization, NaCl, K2SO4 and 

KCl powders were monitored over time during aerosol drying under an optical microscope 

(Omax G223A-CA; Kent, WA, USA). The powders (300 mg) were each uniformly deposited in 

a well of a 12-well plate. Images (Moticam; Motic, Hong Kong) were obtained before DI water 

aerosol exposure (20 L), and at 3, 5, 15, 30 and 60 min after exposure. The morphological 

changes of the salts were further analyzed by scanning electron microscopy (SEM; Hitachi S-

3000N; Hitachi, Toronto, Canada) in a secondary electron mode at 20 kV before and after 

aerosol exposure. The size of the salt powders was obtained from SEM images with ImageJ. To 

observe the morphology of the crystalline NaCl, K2SO4 and KCl coatings on the filters, the 

samples were analyzed by SEM and energy dispersive X-ray (EDX; Oxford Instruments 

detector; Concord, MA, USA). The powder and filter samples were coated with a 10-nm layer of 

gold; after aerosol exposure, the powder samples were completely dried before applying the gold 
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coating. 

Transmission electron microscopy (TEM) analysis of bacteria/virus reconstituted during 

the stability tests was carried out at 200 kV (JEOL JEM 2100; JEOL, Peabody, MA, USA) on 

bacteria/virus samples deposited on copper grids (Electron Microscopy Sciences, Hatfield, PA, 

USA). Negative staining of the samples with tungsten was applied with a solution of 1.5 w/v% 

phosphotungstic acid hydrate with pH 7.0 (Sigma Aldrich). 

 

4.2.8 Statistical analysis 

The statistical analysis was performed by Regression Analysis, student’s t-test, one-way 

ANOVA and General Linear Model with Minitab (Minitab, State College, PA). The significance 

was considered by P value; P value of less than 0.05 was considered significant. 

 

4.3 Results and discussion  

4.3.1 Characterization of the salt powder recrystallization  

To study the effect of the interaction with salt crystals as a sole factor on the pathogen 

inactivation mechanism, the salt-based pathogen inactivation was investigated by directly 

exposing aerosols to NaCl, K2SO4 and KCl salt powders (see Figure 4.1 for particle-size 

distributions). To this end, XRD was used to study the recrystallization of NaCl, K2SO4 and KCl 

powders over time, by obtaining XRD spectra at different time points following exposure to DI 

water aerosol (see Figure 4.2 for XRD spectra; i: 2θ range of 20–60°, ii: zoomed-in XRD peaks). 

For the NaCl powder (Figure 4.2a), it was noted that the (220) peak intensity decreased right 

after exposure to aerosols. On the other hand, the intensity of the (200) peak showed a rapid 

increase right after aerosol exposure; within 5 min, the (200) peak intensity further increases. 
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This indicates the aerosols preferentially dissolved (220) planes, followed by the evaporation-

induced recrystallization of the NaCl crystals with a change of their preferred orientation plane 

to (200). It should be noted that 3 minutes were needed to obtain a full XRD spectrum. As such, 

the XRD spectrum right after aerosol exposure (0 min in the graph) represents the 

microstructural change of the sample that occurred during incubation for 3 min including the 

scan time. This clearly indicates that salt recrystallization starts to occur in the first 3 min 

following aerosol exposure at ambient conditions (scan time of the 0-min spectrum), and is 

complete within 5 min. In the case of the K2SO4 powder, the (200), (130), (031) and (312) peaks 

exhibited a significant decrease in their intensities or disappeared from the XRD patterns right 

after aerosol exposure (see Figure 4.2b). At 5 min, the (211), (002) and (331) peak intensities 

started to increase and a new (330) peak was observed. The variation of XRD peaks upon 

exposure to aerosols as opposed to before aerosol exposure can be explained by the 

microstructural changes of the K2SO4 powders due to salt recrystallization. Figure 4.2c shows the 

XRD spectra for the KCl powder before and after aerosol exposure. As can be seen from the 

time-dependent intensity variation, the intensity of the (200) peak decreased and the (400) peak 

disappeared right after exposure to aerosols, in contrast to the intensity increase of the (220) 

peak. Similar to NaCl, this indicates the recrystallization for the KCl powder proceeded within 5 

min (i.e., in about 3 min considering the scan time). Thus, time-dependent peak change of 

characteristic XRD peaks of NaCl, K2SO4 and KCl clearly demonstrates the recrystallization of 

the salts after exposure to aerosols. It is also evident that the recrystallization of the NaCl and 

KCl powders initiated before 5 min, and the K2SO4 powder started to recrystallize after 5 min 

under our experimental conditions. 

While the structural change of salts at nano- and macro-scale can be detected by XRD 

analysis, the gross and microscopic surface morphology of the salts was monitored by using 
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optical and scanning electron microscopy, respectively (see Figure 4.3 for optical microscope 

images and Figure 4.4 for SEM images). At 3 min, the surface of the salt powders remained wet 

due to aerosol-induced dissolution. However, the roughness of the salt powder surface was 

observed to be higher at 3 min compared to the salts before aerosol exposure in the case of NaCl 

and KCl, indicating early-stage salt recrystallization. At 5 min, NaCl and KCl salts exhibited 

active crystallization as supported by the observation of a significant increase in surface 

roughness, formation of aggregates of salt crystals, and sharp edges. On the other hand, 

formation of regular, geometric crystals and aggregates for K2SO4 was observed at 15 min.  

The effect of DI water aerosol exposure followed by recrystallization on morphological 

characteristics of the salts was further verified by SEM. As shown in Figure 4.4, the SEM 

images show the formation of sharp edges and agglomeration on the NaCl and KCl powders 

after aerosol exposure (compare L and R in Figure 4.4a and 4.4c); the K2SO4 powder exhibited a 

transformation from randomly shaped crystals (before aerosol exposure, see Figure 4.4b-L) to 

regular, geometric crystals (after aerosol exposure, see Figure 4.4b-R). The morphological 

changes of the salt powders were associated with salt recrystallization over time, as evidenced by 

the formation of small crystals on the surface of salt powders (Figure 4.4a (i,ii)-R), and bridging 

and agglomeration of salt powders (Figure 4.4a and 4.4c (i,ii)-R).  
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Figure 4.1. Salt powder size. Histogram of NaCl (a), K2SO4 (b), and KCl (c) powder size (n = 100 for (a), n = 181 for 

(b), n = 123 for (c)). 
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Figure 4.2. Characterization of the salt powder recrystallization. (a–c) Relevant XRD peaks of NaCl (a), K2SO4 (b), 

and KCl (c) powders before aerosol exposure (No aerosol), right after aerosol exposure (0 min), and at 5, 15 and 30 

min. Miller indices of relevant peaks corresponding to NaCl, K2SO4 and KCl crystals, respectively, are shown in each 

XRD spectrum for phase/plane identification (i: scanning range 20–60°, ii: zoomed-in XRD patterns after curve 

fitting). Inserted numbers are Miller indices. Scan time was set to 3 min per XRD spectrum acquisition at each 
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incubation time. 

 

 

 

 
Figure 4.3. Morphological changes due to salt powder recrystallization. Optical microscope images of NaCl (top), 

K2SO4 (middle) and KCl (bottom) before aerosol exposure (i.e., No aerosol), and at 3, 5, 15 and 30 min after exposure, 

showing the morphological changes during the evaporation-induced salt recrystallization. 
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Figure 4.4. Morphological changes due salt powder recrystallization. (a-c) SEM images of NaCl (a), K2SO4 (b), and 

KCl (c) before (L: left) and after (R: right; >60-min incubation) aerosol exposure ((i): low magnification, (ii): high 

magnification), showing the morphological changes due to the evaporation-induced salt recrystallization. 
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4.3.2 Pathogen inactivation on the salt powders 

To investigate the pathogen inactivation mechanisms, K. pneumoniae and influenza virus 

A/Puerto Rico/8/34 (PR/34) were aerosolized and incubated on the salt powders. As shown in 

Figure 4.5a, all salt powders caused time-dependent inactivation of bacteria (General Linear 

Model, P < 0.001). NaCl and KCl caused rapid CFU reduction within 5 min, and K2SO4 caused 

drastic 4-log CFU reduction within 15 min (one-way ANOVA, P < 0.001). From the TEM 

analysis, the bacteria incubated on the salt powders showed severe physical disruption, including 

structural damages, deformation and rupture (Figure 4.5b). The osmotic pressure due to the 

experimental procedure (i.e., dissolving the salts in PBS to recover the pathogens after 

incubation) appeared to have no effect on the bacteria viability (Figure 4.6). In parallel, the 

effect of different levels of osmotic pressure for each salt type was tested. As shown in Figure 

4.7a, only the higher osmotic pressure levels of NaCl and KCl solutions (~ saturated conditions) 

exhibited a minor effect on bacteria viability, only up to 1-log CFU reduction (General Linear 

Model, P < 0.001 for NaCl 26, 29 w/v% and KCl 26 w/v%, P > 0.05 for all other conditions). 

This was also confirmed by the TEM analysis, which showed no significant effect on the 

structural stability of the bacteria following incubation in the salt solutions at ~ saturated 

condition (Figure 4.7b).    
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Figure 4.5. Pathogen inactivation on salt powders. (a) CFU change showing the effect of incubation time on K. 

pneumoniae exposed to NaCl, K2SO4 and KCl powders (n = 4–20, mean ± SD). (b) TEM images of K. pneumoniae 

aerosolized control (i), and following incubation on NaCl (ii), K2SO4 (iii) and KCl (iv) powders for 30 min. 

 

 

 

 

                          

Figure 4.6. Bacteria incubation in dissolved salt powders. CFU change showing the effect of incubation time on K. 

pneumoniae exposed to dissolved salt powders during the experiments (n = 4–20, mean ± SD). 
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Figure 4.7. Effect of osmotic pressure on pathogens. (a) CFU change showing the effect of incubation time on K. 

pneumoniae exposed to NaCl, K2SO4, and KCl solutions at varying osmotic pressure levels (n = 3–30, mean ± SD) 

(b) TEM images of K. pneumoniae following incubation in NaCl 29 w/v % (i), K2SO4 10 w/v % (ii), and KCl 26 

w/v % (iii) solutions for 30 min. 
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Similarly, PR/34 influenza virus showed a time-dependent, dramatic HA activity loss on 

all salt powders (one-way ANOVA, P < 0.001) (Figure 4.8a). NaCl and KCl caused more rapid 

HA activity reduction than K2SO4 within 5 min (one-way ANOVA, P < 0.001). From the TEM 

analysis, the virus incubated on the salt powders showed complete destruction within 30 min 

(Figure 4.8b). As influenza is an enveloped virus, osmotic pressure might have a destabilizing 

effect on the proteins/virus [308-310]. Following virus exposure to the salt solutions close to 

saturation concentration, NaCl and KCl solutions displayed an HA activity decrease to 72.5 ± 

18.5% and 80.8 ± 65.8%, respectively, after 5-min incubation (NaCl: one-way ANOVA, P < 

0.001, KCl: one-way ANOVA, P < 0.05) (Figure 4.8c). Compared to NaCl and KCl solutions, 

no significant level of HA activity decrease was observed from K2SO4 within 5 min (remaining 

HA activity: 95.4 ± 8.8%; one-way ANOVA, P > 0.05). Even after 30 min at high osmotic 

pressure conditions, which is a longer incubation time than what the pathogens experience at this 

condition during aerosol evaporation, the remaining HA activity was 70.1 ± 24.9%, 86.2 ± 

12.6% and 65.8 ± 15.0 % in NaCl, K2SO4 and KCl solutions, respectively. This indicates that the 

exposure of the virus to highly concentrated saline solution has limited destabilizing effects on 

the PR/34 influenza virus.   

Incubation in 29 w/v% NaCl solution showed to cause aggregation of PR/34 virus, as 

seen in the TEM images (Figure 4.9a). Aggregation and/or fusion are presumed to be induced by 

ions, leading to a change of viral surface charges [311]. Although the ions seem to affect the 

morphology of the virus and could partially cause a decrease in HA activity titers, the virus 

particles were not significantly affected or damaged by osmotic pressure. This is further 

confirmed by no change in HA activity after 30 min for PR/34 in sucrose solution close to 

saturation concentration (Figure 4.9b), which has a purely osmotic pressure effect with no ionic 

effect. While osmotic pressure-induced HA activity reduction was not observed in this work, it 
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should be emphasized that only 10-20% HA activity loss has been reported for PR/34 under 

hyperosmotic condition [309]. As such, it is reasonable to presume that hyperosmotic pressure 

does not play a significant role in destabilization of pathogens during recrystallization process. 

The observed stability of K. pneumoniae and influenza virus against hyperosmotic stress might 

be explained by the presence of a rigid cell wall and a shell of matrix protein supporting the lipid 

bilayer, respectively. Therefore, it was concluded that the salt recrystallization process is mainly 

responsible for pathogen inactivation, although high salt concentration during aerosol drying 

caused minor cell viability loss and virus destabilization.  
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Figure 4.8. Effect of osmotic pressure on pathogens. (a) HA titer showing the effect of incubation time on the 

PR/34 virus exposed to NaCl, K2SO4, and KCl powders (n = 8, mean ± SD). (b) TEM images of the PR/34 virus 

control (i) and following incubation on NaCl (ii), K2SO4 (iii), and KCl (iv) powders for 30 min. (c) HA titer 

showing the effect of incubation time on the PR/34 virus exposed to NaCl 29 w/v %, K2SO4 10 w/v %, and KCl 26 

w/v % solutions (n = 12–13, mean ± SD) 
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Figure 4.9. Effect of osmotic pressure on pathogens. (a) TEM images of PR/34 virus following incubation in NaCl 

29 w/v% solution for 30 min. (b) HA titer showing the effect of incubation time on PR/34 virus exposed to sucrose 

200 w/v% solution (n = 8, mean ± SD). 
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The different pathogen inactivation kinetics on each salt type are in good agreement with 

the differences in recrystallization behaviors over time (where NaCl and KCl powders exhibit 

more rapid recrystallization as compared to K2SO4). This is explained by the crystallization 

kinetics of the salts. NaCl, K2SO4 and KCl have similar constant crystal growth rates Rg, in the 

order of 10-8–10-7 m/s [312-320]. Since nucleation time can be significant for drying salt 

aerosols (in the order of a few minutes) [321], differing nucleation kinetics are hypothesized to 

explain the different pathogen inactivation behaviors. Substances with higher molecular weight 

show a lower nucleation order n [322]. The molecular weights of NaCl, K2SO4 and KCl are 58, 

174 and 75 g/mol, respectively. Therefore: 

𝑛𝑁𝑎𝐶𝑙 > 𝑛𝐾𝐶𝑙 ≫ 𝑛𝐾2𝑆𝑂4
 

which matches the pathogen inactivation behavior well. In summary, NaCl and KCl 

exhibit quicker nucleation than K2SO4, leading to quicker overall crystallization and the earlier 

onset of pathogen inactivation with higher activity loss within 3–5 min. Within 5-15 min, K2SO4 

overall crystallization effectively causes pathogen inactivation at similar or higher levels than 

NaCl and KCl. Although the effects of the initial particle size and crystal shape on pathogen 

inactivation were not considered in this study, these analyses prove that salt recrystallization 

plays a critical role in rapid inactivation of bacteria and virus.   

 

4.3.3 Characterization of the salt filter recrystallization 

After identification of the salt recrystallization as the major pathogen inactivation factor, we 

performed pathogen inactivation tests using salt-coated filters to verify our finding in the filter 

system. The surface of the polypropylene microfibers of three layers of large-pore membranes were 

coated with NaCl, K2SO4 or KCl salts, which we previously reported to yield filters with high 

filtration and breathability performance [305].  
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The scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) mapping showed 

the resulting homogeneous NaCl, K2SO4 and KCl salt coatings on the surface of the fibers and 

throughout the cross section of the filters (see Figure 4.10 for EDX images and Figure 4.11 for 

SEM images). As shown in Figures 4.12 and 4.13, the recrystallization of bare membranes 

(control), and NaCl, K2SO4 and KCl coated-filters after DI water aerosols exposure was monitored 

over time by XRD. For the NaCl coating (Figure 4.12a), the intensity of the (200) peak decreased 

right after aerosol exposure, as the aerosols dissolved the NaCl salt; within 5 min, the (200) peak 

intensity increased with time. The (220) peak intensity was similarly increasing at 5 min. For the 

K2SO4 coating (Figure 4.12b), the intensity of the (022) peak decreased and the (141), (321), (213) 

and (060) peaks disappeared upon exposure to aerosols. On other hand, the (211) and (002) peaks 

grew in intensity after 5–15 min during the recrystallization process. For the KCl coating (Figure 

4.12c), the intensity of the (200) peak decreased right after aerosol exposure, meanwhile within 5 

min the intensity was increasing with time. The (220) peak increased in intensity right after aerosol 

exposure, and decreased within 5 min. Overall, similarly to the observations obtained for the salt 

powders, the XRD spectra indicate that the NaCl and KCl coatings start to recrystallize before 5 

min, and the onset of the K2SO4 coating recrystallization is within 15 min.  
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Figure 4.10. Characterization of salt-coated filters. Plan-view (T: top) and cross-sectional (B: bottom) EDX 

mapping images of salt-functionalized filters, showing the salt coating on the surface of the filter fibers. (a) NaCl 

filter (combination of Na (red) and Cl (green) mapping images), (b) K2SO4 filter (combination of K (red) and S 

(green)), (c) KCl filter (combination of K (red) and Cl (green)). 
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Figure 4.11. Plan-view (T: top) and cross-sectional (B: bottom) SEM images NaCl (a), K2SO4 (b) and KCl (c) 

filters. 
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Figure 4.12. Characterization of the salt recrystallization on the salt-coated filters. (a-c) Relevant XRD peaks of 

NaCl600 (a), K2SO4 600 (b), and KCl600 (c) before aerosol exposure (No aerosol), right after aerosol exposure (0 

min), and at 5, 15 and 30 min. Miller indices of relevant peaks corresponding to NaCl, K2SO4 and KCl crystals, 

respectively, are shown in each XRD spectra for phase/plane identification. Scan time was set to 3 min per XRD 

spectrum acquisition at each incubation time. 
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Figure 4.13. XRD spectra of bare membrane before aerosol exposure (No aerosol), right after aerosol exposure (0 

min), and at 5, 15 and 30 min. 
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4.3.4 Pathogen inactivation on the salt filters 

We have previously reported that bacteria aerosolized on salt-coated filters quickly lost 

viability [305]. The TEM analysis showed that the bacteria recovered from the salt-coated filters 

were severely damaged, as opposed to the control exhibiting the intact structure of the bacteria 

(Figure 4.14a). Virus inactivation on NaCl, K2SO4 and KCl coated filters was evaluated by 

exposure to aerosolized PR/34. Similar to bacteria, all salt filters exhibited inactivation 

capability. In particular, bare membranes showed no HA activity loss within 5 min, in contrast to 

>50% loss on NaCl and KCl filters; K2SO4 filters caused a substantial HA activity loss of >70% 

within 15 min (Figure 4.14b). It is evident that the remaining HA activity of the virus recovered 

from the salt-coated filters exhibited a significant decrease with increases in incubation time 

(General Linear Model, P < 0.001). Furthermore, the virus titer levels on all salt-coated filters 

were significantly lower compared to those of the bare membranes, and negligible within 30–60 

min (one-way ANOVA, P < 0.001) (Figure 4.14c). The TEM analysis confirmed the virus 

inactivation on the salt-coated filters, showing complete destruction of the virus following 

incubation on the filters (Figure 4.14d).  

It was confirmed that the osmotic pressure due to the experimental procedure and the 

materials from the surface of the filters, including salt and surfactant (derived from immersing 

the filters in PBS to recover the pathogens after incubation), had almost no effect on the virus 

(Figure 4.15). After 60-min incubation, no change in the HA titer was detected (Figure 4.15a) 

and the virus titer level decreased by ~ 1 log (Figure 4.15b) (one-way ANOVA, P < 0.001). 

Therefore, these results indicated that dramatic virus destabilization and infectivity loss on all 

salt-coated filters are mainly associated with salt recrystallization.  

Notably, pathogen inactivation on the salt-coated filters was generally consistent with the 

pathogen inactivation patterns observed on the salt powders. Additionally, the XRD results 
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obtained from the salt-coated filters following aerosol exposure matched the time-dependent 

pathogen inactivation patterns, where NaCl and KCl coated filters caused pathogen inactivation 

initiation earlier than K2SO4 filters. As such, it was concluded that salt recrystallization 

constitutes the main mechanism of virus inactivation observed on the filters, although high 

osmotic pressure generated during aerosol drying caused a minor decrease in pathogen activity. 
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Figure 4.14. Pathogen inactivation on salt-coated filters. (a) TEM images of K. pneumoniae following 30-min 

incubation on NaCl, K2SO4 and KCl filters. (b,c) Relative HA activity (b) and virus titer (c) showing the effect of 

incubation time on PR/34 virus exposed to Bare, NaCl600, K2SO4 600 and KCl600 (n = 8–53 for (a), n = 4–33 for 

(b), mean ± SD). Relative: with respect to 0 min. §: below detection limit. (d) TEM images of PR/34 virus following 

30-min incubation on NaCl600, K2SO4 600 and KCl600.   
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Figure 4.15. Virus incubation in dissolved salt-functionalized filters. HA titer (a) and virus titer (b) showing the 

effect of osmotic pressure on PR/34 virus exposed to dissolved Bare, NaCl600, K2SO4 600 and KCl600 for 60 min 

(n = 8–53 for (c), n = 5–33 for (d), mean ± SD). Relative: with respect to 0 min. Mem: membrane. 
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4.3.5 Effect of salt amount and coating process on the salt coating morphology 

 

By varying the volume of coating solution in which the membranes are dried, the amount of 

salt coated on the filters per unit area can be controlled. The SEM images in Figures 4.16, 4.17 and 

3.18 show the morphology of the salt coatings at different amounts of coated salt. At higher levels 

of salt amount, formation of large salt crystals was observed along the surface of the salt filters 

(Figures 4.16a and 4.17a); for filters prepared with >600 μL of coating solution, larger salt crystals 

were detected at the interfaces between stacked layers of pre-wet membranes (Figures 4.16b, 4.17b 

and 4.18).  However, large salt crystals can provide a source of salt that can diffuse on the surface 

of the fibers when the salt partially dissolves upon exposure to humidity, due to the presence of 

surfactant.  

To prevent the formation of large salt crystals, an alternative preparation process was 

investigated, where the membranes were pre-wet with the NaCl, K2SO4 or KCl salt coating solution 

and exposed to varying levels of vacuum (V) before drying. The obtained filters were coated with 

different amounts of salt (Wsalt); the linear relationship between Wsalt and V is indicated in Figures 

4.19 (Regression Analysis, P < 0.001). From the SEM and EDX analysis, the fibers showed 

uniform coating with the salts (Figures 4.20 and 4.21). As can be seen from the SEM images, the 

salt aggregates decreased on the surface of the fibers and throughout the cross section with the 

increase in vacuum level. These results indicate that the use of a vacuum process during fabrication 

of the salt filters yields increased uniformity in the coating procedure with high quality control. 
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Figure 4.16. Characterization of filters prepared with different amounts of coated salt. (a) Plan-view SEM images 

of NaCl, K2SO4 and KCl filters, showing the morphology of the salt coatings at different amounts of coated salt. (b) 

Cross-sectional SEM images of NaCl0, NaCl300, NaCl600, NaCl900 and NaCl1200, showing the morphology of 

the salt coatings at different amounts of coated salt.   
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Figure 4.17. (a) Low-magnification SEM images of filters functionalized with NaCl (left), K2SO4 (center) and KCl 

(right), showing the morphology of the salt coatings at different amounts of coated salt. (b) Low-magnification, 

cross-sectional SEM images of NaCl-functionalized filters, showing the morphology of the salt coatings at different 

amounts of coated salt. 
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Figure 4.18. (a,b) Cross-sectional SEM images of K2SO4 (a) and KCl (b) functionalized filters, showing the 

distribution of the salt coatings at different amounts of coated salt (i: low magnification, ii: high magnification). 
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Figure 4.19. Production of salt-coated filters with vacuum application. Relationship between level of vacuum 

applied during salt coating (V) and amount of salt coated on the filters (Wsalt) (n = 6–15, mean ± SD). Linear fit 

equations are shown (P < 0.001) 
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Figure 4.20. Characterization and pathogen inactivation on salt-coated filters prepared with vacuum process. (a) 

SEM images of filters functionalized with NaCl (left), K2SO4 (center) and KCl (right), showing the morphology of 

the salt coatings at different levels of vacuum applied during coating. (b) Cross-sectional EDX mapping 

(combination of Na (red) and Cl (green) mapping images) (i), and SEM (ii, iii) images of NaCl-functionalized 

filters, showing the distribution of the salt coatings at different levels of vacuum applied during coating. 
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Figure 4.21. Production of salt-coated filters with vacuum application. Low-magnification SEM images of filters 

functionalized with NaCl (left), K2SO4 (center) and KCl (right), showing the morphology of the salt coatings at 

different levels of vacuum applied during coating. 
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4.3.6 Effect of droplet size and composition on pathogen inactivation  

To investigate the pathogen inactivation on the salt filters prepared with a vacuum 

process, K. pneumoniae was aerosolized and incubated on NaCl15inHg. As shown in Figure 4.22a, 

NaCl15inHg caused time-dependent inactivation of bacterial DI water aerosols (one-way ANOVA, 

P < 0.001). As opposed to the bare membranes that did not cause any significant change in CFU 

(one-way ANOVA, P > 0.05), NaCl15inHg caused rapid >2-log CFU reduction within 5 min (one-

way ANOVA, P < 0.001). Additionally, to study the effect of droplet/aerosol composition, the 

bacteria were aerosolized in artificial saliva. The bacteria in artificial saliva aerosols exhibited 

time-dependent inactivation on NaCl15inHg (one-way ANOVA, P < 0.001), with no significant 

difference compared to the bacteria in DI water aerosols over time (General Linear Model, P > 

0.05). 

To investigate the effectiveness against different pathogen transmission modes, K. 

pneumoniae 5-μL droplets were incubated on NaCl15inHg. As shown in Figure 4.22b, NaCl15inHg 

caused time-dependent inactivation of bacterial droplets, in the case of both DI water and 

artificial saliva (one-way ANOVA, P < 0.001), although DI water droplets exhibited greater 

CFU reduction than artificial saliva in the first 5 min (one-way ANOVA, P < 0.01). The later 

onset of bacteria inactivation in artificial saliva droplets compared to DI water droplets is 

explained by the higher viscosity measured for artificial saliva (1.3 ± 0.07 mPa·s) compared to 

DI water (1.0 ± 0.01 mPa·s), which can delay the salt recrystallization process on the filters 

(Student's t-test, P < 0.001) [308]. Additionally, the aerosolized bacteria incubated on the salt 

filters showed higher CFU reduction over time compared to the bacteria in droplets, in the case 

of both DI water and artificial saliva (General Linear Model, P < 0.001). This is due to the faster 

evaporation of the aerosols compared to the droplets, which leads to faster salt recrystallization. 
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Overall, these results indicate that the salt filters prepared with a vacuum process quickly 

inactivate pathogens transmitted by both aerosols and droplets, although with different 

inactivation rates due to the different evaporation-induced salt recrystallization rates. 

Furthermore, the salt filters inactivate the pathogens even under mimicked real condition of 

pathogen transmission in saliva. 
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Figure 4.22. CFU change showing the effect of incubation time and dispersed medium (DI water and artificial 

saliva) on K. pneumoniae exposed to NaCl15 inHg in the form of aerosols (a) and droplets (b) (n = 5 for (a), n = 3 

for (b), mean ± SD).   
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4.4  Conclusion 

In this work, we first showed that the salt type-dependent pathogen inactivation rates 

observed on the salt-functionalized filters are due to the different crystallization behaviors. In 

particular, by studying the pathogen inactivation directly on the salt powders, it was found that 

the recrystallization of the different salt coatings over time well matched the pathogen 

inactivation patterns on the functionalized filters. We found that (i) NaCl and KCl caused 

pathogen inactivation earlier than K2SO4 (3–5 vs 5–15 min) and (ii) the differing recrystallization 

kinetics of the salt powders over time could explain this pathogen inactivation behavior. 

Importantly, it was determined that the salt recrystallization constitutes the main destabilizing 

mechanism, although the increasing osmotic pressure experienced by the pathogens during 

aerosol evaporation contributed in small part to the pathogen inactivation. It was also observed 

that the virus aggregated when exposed to extremely high concentration of salt solution, which 

could be due to an ionic effect on the viral surface charge; although this phenomenon was not 

found to damage the virus particles, future characterization of the ionic effect can be of interest. 

Second, the salt-coated filters prepared without a vacuum process had large salt aggregates when 

high amounts of salt were incorporated, which may function as sources of salt when the salt 

coating is partially dissolved upon exposure to humidity, increasing the lifetime of the coating. 

On the other hand, the filters coated with salt using a vacuum process exhibited a more uniform 

coating and higher quality control. Finally, the salt-coated filters were proven to inactivate 

pathogens irrespective of the transmission mode (aerosol/droplet), including under mimicked 

real-life conditions of pathogen suspension in saliva. As such, our research can contribute to the 

development of antimicrobial filters for face masks or other infection prevention strategies to 

contain the spread of viruses and bacteria and to provide improved protection against respiratory 

diseases.
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5 Efficient Inactivation of Resilient Pathogens and 

Prevention of Contact Transmission using salt-

coated filters 

Addressing respiratory diseases effectively requires the development of an effective 

respiratory protection system. Despite the efficiency of conventional masks in reducing pathogen 

spread, these masks can be a potential source of contact-based transmission. As such, we have 

designed antimicrobial face mask and mask covering using a stack of salt-coated spunbond (SB) 

fabric. This fabric acts as an outer layer for the face mask and as a covering over a conventional 

mask, respectively. We evaluated the universal antimicrobial performance of the salt-coated 

three-stacked SB fabric against enveloped/non-enveloped viruses and spore-forming/non-spore-

forming bacteria. In addition, we tested other filter attributes, such as filtration efficiency and 

breathability, to determine the optimal layer for salt coating and its effects on performance. Our 

findings revealed that the outer layer of a conventional face mask plays a crucial role in contact 

transmission through contaminated face masks and respirators. Through contact transmission 

experiments, the salt-coated stacked SB fabric demonstrated a superior effect in preventing 

contact transmission compared to SB or meltblown (MB) polypropylene fabrics—an issue 

challenging to existing masks. Our results demonstrate that the use of salt-coated stacked SB 

fabric as i) the outer layer of a mask and ii) a mask cover over a mask enhances overall filter 

performance against infectious droplets, achieving high pathogen inactivation and low contact-

based transmission while maintaining breathability. 

 

 



134 

5.1  Background 

To combat the spread of respiratory diseases, mask-wearing has become a global norm, 

serving both as a protective measure against infectious diseases and as a precaution for 

symptomatic individuals [323]. However, the limitation of conventional masks (e.g., contact 

transmission via contaminated mask surface and concern over biohazardous waste) has 

underscored the need of antimicrobial face masks for personal and public infection control 

strategies [282]. In addition, current masks/respirators are not designed for disinfection and 

reuse; they are recommended for single use only [324]. Despite the increasing demand and 

ongoing efforts to integrate antimicrobial concepts, certain challenges remain. Addressing these 

challenges is essential for the successful implementation of antimicrobial face masks. 

Primarily, antimicrobial masks have been investigated to target enveloped viruses (e.g., 

influenza viruses, human coronaviruses, human immunodeficiency viruses, etc) and non-spore-

forming bacteria (e.g., Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, etc). 

Thus, limited research has been conducted on non-enveloped viruses and spore-forming bacteria, 

which exhibit greater resistance to environmental conditions and antimicrobial materials [325-

327]. Spore-forming bacteria feature multiple layers, including the inner forespore membrane, 

cortex, outer forespore membrane, basement layer, inner coat, outer coat, and crust. These layers 

collectively act as a barrier against environmental stress [328]. The dormant form of bacteria, 

known as spores, can survive over decades or even centuries under harsh conditions such as 

nutrient deprivation, heat treatment, and antibiotic exposure [329]. When conditions are 

favorable, they can transform back into vegetative forms, capable of metabolism and growth 

[329]. In addition, non-enveloped viruses, lacking an external lipid envelope, exhibit greater 

stability compared to viruses with a lipid envelope, which are susceptible to environmental 

stresses like alcohol-based disinfectants, temperature, and humidity. The capsid-only structure of 
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non-enveloped viruses contributes to better maintaining their integrity [330, 331]. As such, non-

enveloped viruses have been reported to maintain infectivity on surfaces for extended periods, 

surpassing the survivability of enveloped viruses. For instance, non-enveloped viruses, including 

rotaviruses and astroviruses, can remain infective for > 2 months on the same surfaces where 

enveloped viruses lose their infectivity within a few hours to several days [332]. Due to their 

inherent stability, spore-forming bacteria and non-enveloped viruses can more easily spread, 

potentially leading to the development of serious diseases in humans through inhalation or 

contact transmission of these pathogens [330, 333].  

Second, development of antimicrobial masks should include thorough analysis of each 

layer of the mask and its function in combination. Analyzing the properties of each layer enables 

the determination of the most suitable layer for antimicrobial coating. Besides, it allows for the 

identification of the optimal stacking sequence of layers, which can maximize the filter 

performance of masks. It has been reported that each layer of masks has its own role: the inner 

layer (support layer for the middle layer), the middle layer (main filter media), and the outer 

layer (protective layer for the middle layer) (see Figure 5.1) [283]. To fulfill different roles, each 

layer is produced in a different way with the outer and inner layers manufactured through a 

spunbonding process, while the middle filter is created through a meltblowing process [334-

336]. This results in varying properties of surgical masks such as fiber diameter (spunbond 

fabric, hereafter abbreviated as SB: 20 m and meltblown fabric, hereafter abbreviated as MB: 3 

m), thickness (SB fabric: 170 m and MB fabric: 240 m), and fiber volume fraction (SB 

fabric: 11% and MB fabric: 42%) [337]. Due to the high volume fraction of meltblown fabric, its 

pressure drop (~ 148.7 Pa, 8 LPM) is much higher than SB fabrics (~ 4.4 Pa, 8 LPM) [337]. To 

enhance filtration efficiency, meltblown fibers are often electrically charged with a corona 

charging treatment (surface charge density of the MB fabric in N95 respirators: 17.3-27.3 
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µC/m2) [338]. However, relying on surface charge to enhance filtration performance has 

limitations, as this effectiveness may decline due to surface charge degradation from overuse, 

decontamination procedures, and exposure to humidity [338]. Hence, owing to the distinct 

characteristics of each layer, the development of antimicrobial masks should be designed with a 

comprehensive understanding of the impact of functionalization on mask performance. 

According to a previous study, the filtration efficiency of SB and MB fabric in surgical masks is 

noted as 6-10% and 19-33%, respectively, when tested with particles smaller than 0.8 µm at 32 

LPM [339]. Therefore, further research is required to comprehend the size-dependent 

performances of individual layer of the mask, considering the diverse sizes of pathogens (around 

100 nm for viruses and a few micrometers for bacteria) and the infectious medium (aerosols, 

droplets) carrying these pathogens. The findings from such research would then be used to select 

the appropriate layer for functionalization and choosing a suitable strategy (e.g., encapsulation, 

surface adsorption, chemical functionalization, crosslinked polymer coating, loading into fiber 

coating, and functionalization of fiber coating) to develop application-specific antimicrobial face 

masks [282]. For instance, the coating or functionalization of the MB filter should be carefully 

designed not to significantly increase the thickness or eliminate surface charges, considering that 

they are major factors for high breath resistance and filtration efficiency, respectively.  
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Figure 5.1. Schematic presentation of antimicrobial face mask and mask covering based on salt coated stacked 

spunbond polypropylene (PP) fabric. (a) Schematic representation of a 3-ply face mask (top) and mask structure 

(bottom; SB: spunbond fabric, MB: meltblown fabric; I: inner layer, M: middle layer, O: outer layer). (b) Schematic 

representation of salt-coated stacked SB fabric (top) and salt-coated three-stacked SB fabric (bottom). (c) The 

proposed design and architecture of antimicrobial face mask (i) and mask covering (ii). The fabrics were labeled 

FabricSalt×#Amount, where Fabric is the PP fabric type (SB or MB), Salt the type of salt (NaCl, KCl, or K2SO4), # 

the number of stacked fabrics (1 or 3), and Amount the quantity of salt coating (5, 9, or 13 mg/cm2). Bare fabrics 

are labelled Fabric×#. For the fabrication of stacked SB fabrics in (b), SB PP fabric used as the inner layer of a 

conventional 3-ply mask (i.e., SB(I) in (a)) have been utilized. 

 

 

Lastly, despite extensive research on contact transmission from solid surfaces to hands 

(e.g., toys, bed rail, and bedside table) [340-342], it is noteworthy that some investigations into 

transmission through mask surfaces carry significant implications. For example, research 

involving healthcare workers found that after their shifts, approximately 15.9% of masks were 

contaminated with MRSA, 14.3% with K. pneumoniae, 13.0% with Enterobacter spp., and 4.2% 

with E.coli [343]. This research underscores the potential threat posed to healthcare workers who 

come into contact with contaminated mask surfaces, potentially affecting patients susceptible to 

pathogenic contamination. Furthermore, it has been reported that after 4 hrs of mask usage in 

non-hospital, indoor settings, 1×104 CFU/mask of bacteria were detected, and more than 80% of 

these bacteria originated from sources other than the wearer’s own microbiome, i.e. Bacillus 

(40.4%) and Staphylococcus (42.6%). This occurs due to accumulation of pathobionts from 
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human saliva and exhaled breath [344]. The research highlights that face masks can be easily 

contaminated not only in healthcare settings but also in daily life. Therefore, gaining a more 

profound understanding of face mask-hand contact transmission rates becomes a crucial step in 

developing antimicrobial face masks for effectively mitigating this risk.  

In our previous studies, we proposed the idea of using salt-recrystallization process as a 

major pathogen inactivation mechanism and demonstrated significant antimicrobial effects using 

salt-coated polypropylene (PP) fabrics against enveloped viruses and non-spore-forming bacteria 

in droplets or aerosols [259, 282]. It was proven that salt-coated PP fabrics induce rapid and 

universal inactivation of the pathogens due to physical damage associated with the process of 

salt recrystallization during the drying process of the dissolved salt coating. The practical issue 

of salt-coated MB filters lies in the clogging of pores by salt crystals during the drying process, 

attributable to the small pore size. This easily leads to an increase in pressure drop. A potential 

solution involves applying vacuum to enhance the uniformity of the salt coating or forming a 

thin salt coating only on the single side of the MB filter. However, it should be noted that these 

processes have limitations in terms of achieving a significant amount of salt and that the 

effectiveness of pathogen inactivation diminishes as the quantity of coated salt decreases [293]. 

Furthermore, the salt coating formed on the electret fiber's surface negates the filtration 

efficiency advantage conferred by the charge on the surface of the MB PP fiber. Thus, these 

factors must be carefully considered when devising the salt coating strategy for MB filters. On 

the other hand, the salt coating process on SB PP fabrics is less restrictive compared to MB PP 

filters, offering greater flexibility. This is associated with the large pore size, which reduces the 

impact of the amount of salt coating on breathability. Besides, the salt coating on the SB PP 

fabric can lead to a reduction in contact-based transmission. The SB fabric, used as outermost 

layer, is susceptible to contamination. Considering the antimicrobial effect of salt coating, it is 
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reasonable to assume that salt-coated SB fabric can reduce contact transmission. Therefore, this 

study was proposed based on the hypothesis that applying the salt coating concept to SB fabric 

can achieve two primary objectives: effectively eliminating viruses/bacteria and preventing 

contact transmission. 

This research aims to investigate 1) antimicrobial effects of salt-coated polypropylene 

(PP) fabrics on the spore-forming bacteria, i.e. Clostridium difficile (C. difficile), and non-

enveloped viruses, i.e. human rhinovirus (HRV) 16, compared with non-spore-forming bacteria, 

Klebsiella pneumoniae (K. pneumoniae), and enveloped virus, A/California/04/2009 (CA/09, 

H1N1), 2) filtration efficiency and breathability of salt-coated stacked SB fabrics as both an 

outer layer of a mask and mask cover w/ and w/o air flow conditions,, and 3) contact 

transmission behavior of salt-coated fabrics against simulated dye contaminants and bacterial (K. 

pneumoniae)/viral (A/Puerto Rico/8/34 (PR/34, H1N1)) contaminants. Ultimately, this paper 

presents an approach demonstrating how salt-coated PP fabric can offer a solution to the two 

fundamental issues of masks: killing pathogens and eliminating the problem of contact 

transmission. This work is anticipated to contribute to determining the optimal design of a salt-

coated mask and mask cover for superior performance in inhibiting disease transmission and 

infection. 

 

5.2 Methods 

5.2.1 Preparation of salt-coated fabrics 

Inner spunbond polypropylene (SB PP) layers of three-ply surgical masks (Fisherbrand 

Facemasks; Fisher Scientific, Pittsburgh, PA) were collected for salt coating with NaCl, KCl, 

and K2SO4, as previously reported [294]. Each salt was dissolved in filtered (0.22 μm pore size; 

Corning, Tewksbury, MA) DI water to make a final concentration of 29.03 w/v % for NaCl, 
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26.31 w/v % for KCl, and 9.72 w/v % for K2SO4. The prepared saline solutions were mixed with 

1 v/v% of Tween-20 (Fisher Scientific) to facilitate salt coating on the spunbond PP fabrics. 

Then, fabrics were submerged in each saline solution and gently rubbed to remove any trapped 

bubbles. The pre-wet fabrics were either stacked (three salt-coated stacked fabrics) or used 

individually (single-layer salt-coated fabric). This is followed by either adding more saline 

solution or removing excess solution using a vacuum to achieve a salt amount of 5, 9, and 13 

mg/cm2. Finally, the salt-coated fabrics were dried overnight at 45 °C in an incubator 

(Thermolyne 42000 incubator; Dubuque, IA). The obtained fabrics were labeled as 

FabricSalt×#Amount. In the notation, Fabric specifies the type of PP fabric, either spunbond (SB) or 

meltblown (MB), Salt the type of salt used (NaCl, KCl, or K2SO4), # the number of stacked SB 

PP fabrics (1 or 3), and Amount the quantity of salt coating (5, 9, or 13 mg/cm2). Bare fabrics are 

labelled Fabric×#, where # is the number of stacked fabrics. 

 

5.2.2 Bacteria preparation  

Antibacterial activity of non-spore-forming and spore-forming bacteria was compared 

against Klebsiella pneumoniae (K. pneumoniae, ATCC BAA-1705) and Clostridium difficile (C. 

difficile, ATCC 43598), respectively. The culture of K. pneumoniae followed the methods 

reported in a previous report[294]. First, K. pneumoniae was streaked on tryptone soy agar 

(TSA; Oxoid, Nepean, Ontario, Canada) plates and incubated overnight at 37 °C. Then, a single 

colony was inoculated in tryptone soy broth (TSB; BD, Franklin Lakes, NJ, USA), followed by 

incubation overnight at 37 °C. The cultured K. pneumoniae was transferred to fresh TSB at a 

1:500 ratio and further incubated at 37 °C and 200 rpm for 4 hrs (OD600 1). The cells were 

harvested at OD600 0.6 and centrifuge-washed three times at 11,000 rpm for 10 min each. The 

final cell pellet was resuspended in DI water for inactivation tests (106 cells/mL). Separately, K. 
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pneumoniae stocks were prepared by mixing the cells and 30% glycerol in a 1:1 ratio, followed 

by storage at -80 °C. 

Similarly, the culture of C. difficile followed the methods reported in a previous 

report[345]. C. difficile was streaked on a germination plate composed of brain heart infusion 

broth (3.7 w/v %), yeast extract (0.5 w/v %), agar (1.5 w/v %), taurocholic acid (10 w/v %), and 

L-cysteine (10 w/v %). The plate was incubated with a gas pack (BD) in an anerobic jar 

(anaerobic condition) at 37 °C for 1-2 days. A colony was streaked on a sporulation plate 

composed of Bacto peptone (6.3 w/v %), proteose-peptone (0.35 w/v %), ammonium sulfate 

(0.07 w/v %), Tris base (0.106 w/v %), BHI broth (1.11 w/v %), yeast extract (0.15 w/v %), agar 

(1.5 w/v %), and L-cysteine (10 w/v %). This was followed by incubation with a gas pack (BD) 

in an anerobic jar for 4-5 days at 37 °C. The cells were harvested and suspended in DI water, 

followed by incubation overnight for 16 hrs at 4 °C for the spores to be released from mother 

cells. To separate the spores from mother cells, the cell/spore mixture was centrifuged 20 min at 

4,000 rpm and 4 °C in a sucrose gradient 50 w/v % (Sigma-Aldrich, Burlington, MA). The 

relatively heavy spores will sink, while the lighter mother cells will float on the sucrose. The 

pellet resuspended in DI water was used for inactivation test, and the supernatant containing 

mother cell debris was discarded.  

 

5.2.3 Virus preparation  

Antiviral activities of enveloped and non-enveloped viruses were investigated by using 

the influenza virus A/California/04/2009 (CA/09, H1N1) and HRV 16 (ATCC VR-283), 

respectively. Along with CA/09, the influenza virus A/Puerto Rico/8/34 (PR/34, H1N1) was also 

prepared for contact transmission tests. CA/09 and PR/34 viruses were prepared by using 

embryonated chicken eggs, following the procedure reported [259]. Briefly, this involved the 
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injection of viruses into 11-day-old embryonated chicken eggs, incubation for 2 days, extraction 

of allantoic fluid, and virus purification using 70 m filters (Fisher brand). This was followed by 

low-speed centrifugation (2,800 rpm, 4 °C, 15 min) and high-speed centrifugation (30,000 rpm, 

4 °C, 1 hr). 

On the other hand, cell-based culture was performed to cultivate HRV 16[346]. For this 

purpose, HeLa (ATCC CRL-1958) cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM; Corning, corning, NY) supplemented with 10% fetal bovine serum (FBS; Thermo 

Fisher Scientific, Waltham, MA), 100 U/mL penicillin G, and 100 μg/mL streptomycin (Thermo 

Fisher Scientific). At 80% cell confluency, the medium was replaced to DMEM supplemented 

with 2% FBS, 100 U/mL penicillin G and 100 μg/mL streptomycin sulfate. Then, virus 

inoculation was performed at a multiplicity of infection (MOI) of 0.1 and incubated at 33 °C and 

5% CO2 for 5 days. For virus collection in the medium, purification was performed using low 

speed centrifugation (2,800 rpm, 4 °C, 15 min), filtration (0.2 m; Fisher Scientific), and high-

speed centrifugation (30,000 rpm, 4 °C, 1 hr). Cells were treated with trypsin (Thermo Fisher 

Scientific) and freeze-thawed three times to lyze the cell membranes to obtain virus. This was 

followed by purification steps, including low speed centrifugation (2,800 rpm, 4 °C, 15 min), 

filtration (0.2 m; Fisher Scientific), and high-speed centrifugation (30,000 rpm, 4 °C, 1 hr). 

To control the initial concentration of PR/34 viruses, a 50% tissue culture infectious dose 

(TCID50) assay was conducted, following procedures outlined in a previous report with slight 

procedural modifications[347]. Briefly, 3×104 of MDCK cells were seeded in each well of a 96-

well plate with 1 g/mL of tosyl phenylalanyl chloromethyl ketone (TPCK; Sigma-Aldrich) and 

DMEM supplemented with 10% FBS, 100 U/mL penicillin G, and 100 μg/mL streptomycin. 

This was followed by overnight incubation at 37 °C and 5% CO2. The wells were rinsed with 

PBS and inoculated with the viruses in 10-fold serial dilution, followed by the addition of 1 
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g/mL TPCK. After 2 hours of incubation at 37 °C and 5% CO2, inoculum was replaced with 1 

g/mL of TPCK and DMEM supplemented with 2% FBS, 100 U/mL penicillin G, and 100 

μg/mL streptomycin. The cells were further incubated at 37 °C and 5% CO2 for 3 days, then 

washed three times with washing solution (PBS with 0.2% Tween-20), followed by straining 

with 0.5% crystal violet in ethanol.  

 

5.2.4 Antimicrobial activity test on salt-coated fabrics  

The antimicrobial performance was tested as reported in our previous work[276]. In brief, 

20 drops (size: 5 l) of each bacterial/viral stocks, including K. pneumoniae (106 cells/mL), C. 

difficile (106 cells/mL), influenza viruses (CA/09, PR/34; 230 mg/mL), and HRV 16 (103 

PFU/mL), were applied onto salt-coated spunbond PP fabrics using a pipette. After incubation 

for 5, 10, and 30 min, salt-coated fabrics were soaked in PBS and vortexed, followed by 

centrifugation 1 min (6,000 rpm, room temperature (RT); mini-centrifuge (Fisher Scientific)) 

with one end of the fabric being fixed to the cap of the 1.5 mL Eppendorf tube, to separate the 

solution containing bacteria/viruses from the SB fabrics. After removing the SB fabrics, the 

solution was subjected to additional centrifugation (14,800 rpm, 4 °C, 15 min; Eppendorf 

5804R, Hamburg, Germany)  to produce bacterial/viral pellets.  

For the analysis of C. difficile viability, spore-forming units (SFUs) were compared relative 

to the measurement of initial stock. In the case of K. pneumoniae, the colony forming units 

(CFUs) were divided by the amount of bacteria used in the assays (CFU/mg), which was 

determined based on protein concentrations measured via the bicinchoninic acid assay (Micro 

BCA protein assay kit; Thermo Fischer Scientific). To characterize the stability of CA/09 

influenza viruses, viral RNA was extracted using viral RNA/DNA mini kit (Invitrogen; 

Carlsbad, CA, USA)[348]. The RNA was synthesized to cDNA using a reverse transcription kit 
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(Applied Biosystems), followed by preparation of mixtures containing the cDNA product, 

SYBR green PCR Master Mix (Applied Biosystems, Waltham, MA, USA) and nucleoprotein 

(NP) targeting primers (forward primer: 5′-CACGGTCTGCACTCATATT-3′, reverse primer: 

5′-C TCCTCCACTTCTGGTCCTTAT-3′). The mixtures were used for real-time amplification 

of cDNA products using the ABI 7500 Fast Real-Time PCR System (Applied Biosystem).  

The plaque forming unit (PFU) assay was performed for HRV 16 inactivation tests. To this 

end, HeLa cells were plated onto 6-well plates (Corning) at a density of 106 cells per well and 

incubated overnight at 37 °C. Then, ten-fold serially diluted HRV 16 samples were inoculated 

onto the cells and incubated for an additional 1.5 hrs while continuously rocking. Subsequently, 

agarose overlays containing 0.25 w/v % of agarose (VWR life science, Radnor, PA) and 30 mM 

of MgCl2 (Sigma-Aldrich) were added and incubated for 2 days.  

 

5.2.5 Filtration efficiency and breathability tests 

To investigate the particle capturing efficiency of each layer of mask against aerosol and 

droplets, a 1 mM of sulforhodamine B (SRB; Sigma-Aldrich) suspension in DI water was used. 

A whole mask comprising an outer/middle/inner layer was exposed to aerosols (2.5-4 µm in 

diameter based on manufacturer’s information; 0.3 mg/cm2) and droplets (352 ± 207 μm µm in 

diameter, refer to Figure 5.2 for information on size distribution and measuring conditions; 1.5 

mg/cm2) using a nebulizer (Aeroneb Lab Nebulizer System; Aerogen, Galway, Ireland) and a 

sprayer (Uline, Milton, ON), respectively. The nebulizer unit was positioned atop the fabric 

samples, loaded with a suspension for aerosolization. The amount of applied dye was controlled 

by measuring the weight of filters before and after applying aerosols/droplets. Following that, 

each layer of the entire mask was separated and immersed in DI water, followed by vortexing 

and centrifugation (6,000 rpm, RT, 1 min) to recover all dye from the filters. The collected 
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solution was subjected to fluorescence intensity measurement at 565/586 nm 

(excitation/emission) using the Citation 5 Imaging Reader (BioTek). The fluorescence intensity 

of individual layer relative to the whole mask was used to calculate the filtration efficiency of 

the layer in the mask. 
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Figure 5.2. Spray test setup and spray droplet size distribution. (a) Spry system setup and (b) size distribution of the 

sprayed droplets. n=460. To measure the droplet size, droplets were sprayed onto a non-porous polypropylene sheet, 

and measurements of individual droplets were performed using MOTIC 2.0 software under an optical microscope. 

 

 

To take airflow into consideration, filtration efficiency was also measured using PALAS 

PMFT 1000 (PALAS; Karlsruhe, Germany) [349]. The filtration efficiency was performed 

following 42 CFR 84 standard; 0.3 m sized polydisperse 5% NaCl particles were applied onto 

mask filters at a flow rate of 85 LPM [350]. Particle size and count were measured by Promo 

LED 2300 (PALAS; Karlsruhe, Germany). The difference in particle size distribution of 

upstream (particles before penetration through a filter) and downstream (particles after 

penetration through a filter) was used to calculate filtration efficiency, as described below:  

𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 × (1 − 𝐴𝑑 𝐴𝑢⁄ ) 

where Ad (number of particles/cm3) and Au (number of particles/cm3) represent the 

number of aerosol particles in the downstream and upstream, respectively. Also, the 

breathability of the filters was characterized in accordance with the ASTM (F2100-19e1; F2101-

01; MIL-M-36954C) standard. According to the protocol, testing of surgical/medical masks 

must be conducted under an airflow condition of 8 LPM with 4.9 cm² filters, equivalent to 

testing a whole mask at 163 LPM. After the measurement of differential pressure (Pa), the 

values were divided by the standard surface area for normalization [351]. Based on the 

calculated differential pressure (Pa/cm2), masks can be categorized into three levels: 50 Pa/cm2 

(level 1) and 60 Pa/cm2 (level 2 and 3) [352-354]. 

 

5.2.6 Contact transmission test 

The contact transmission test was conducted in two ways: through a simulation experiment 

using fluorescent dye and an experiment involving actual viruses and bacteria. Sulforhodamine 
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B (SRB, 1 mM; Sigma-Aldrich) and calcofluor white (CW, 1 mM; Sigma-Aldrich) were used to 

simulate biological contaminants on masks. To control the amount of the fluorescent dye 

sprayed on filters (~1.5 mg/cm2), their weight changes were monitored before and after spraying 

using an ExplorerPro balance (Ohaus; Parsippany, NJ). The sprayed filters were labeled as 

Contaminant-FabricSalt×#Amount. Here, Contaminant refers to the type of contaminants used in the 

experiments (SRB or CW), while FabricSalt×#Amount adheres to the definition outlined in section 

4.1. The symbol “/” represents the stacking arrangement of the filters (i.e., A/B indicates that a 

layer A is positioned on top of a layer B). Different contamination scenarios were prepared: 

outermost layer contamination (SRB-SB×1, SRB-SB×3, and SRB-SBNaCl×39), middle layer only 

contamination (CW-MB×1 and SB×1/CW-MB×1), and both outermost and middle layer 

contamination (SRB-SB×1/CW-MB×1). After spraying, the filters were incubated for 1, 5, 10, 

15, 20, and 30 min, which was followed by gentle and strong pressing against the fabrics with 

the gloved (Ansell; Cowansville, QC) thumb and index finger. The pressure corresponding to the 

gentle and strong press of thumb was measured to be 6.4 ± 1.4 kPa and 11.3 ± 3.6 kPa, 

respectively. Similarly, the strong and gentle presses of index finger correspond to 10.9 ± 1.3 

kPa and 5.8 ± 2.1 kPa, respectively. The glove was then cut, soaked in DI water for 1 min (500 

L, RT), and subjected to vortexing and centrifugation (6,000 rpm, RT, 1 min) to resuspend the 

dye from the glove surface. Fluorescent intensity was measured using Citation 5 Imaging Reader 

(BioTek) at excitation/emission wavelengths of 565/586 nm (SRB) or 350/432 nm (CW), with a 

detection limit of 0.0002-0.00625 mM for SRB and 0.00005-0.025 mM for CW. Dye 

translocation (%) was calculated based on the fluorescent intensity of each sample and dye 

sprayed onto the finger-sized fabric.  

In parallel with fluorescent dye experiments, contact transmission tests were performed 

using K. pneumoniae (108 cells/mL) and PR/34 influenza viruses (Reed-Muench 
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method:1.2×105 TCID50/mL, Spearman Karber method:1.19×105 TCID50/mL). Similar to the 

fluorescent dye-based contact transmission test, 1.5 mg/cm2 of bacteria/virus was sprayed onto 

filters. A gloved thumb was applied to the fabric after 1, 5, 10, 15, 20, and 30 min of incubation. 

Subsequently, the gloves were immersed in PBS, followed by vortexing and centrifugation 

(6,000 rpm, RT, 1 min) using a mini-centrifuge (Fisher Scientific) to detach bacteria/viruses 

from the gloves. This was succeeded by a second centrifugation step (14,800 rpm, 4 °C, 15 min; 

Eppendorf) and resuspension in PBS. CFU measurements were carried out to evaluate the 

viability of K. pneumoniae in each sample, and quantitative PCR (qPCR) for PR/34 influenza 

viruses as in CA/09 influenza viruses (see section 4.4). In the case of PR/34 influenza viruses, 

hemagglutinin (HA) gene was targeted with forward primer (5′-

GGAAAGAAGTCCTCGTGCTATG-3′) and reverse primer (5′-

CAATCGTGGACTGGTGTATCTG-3′)[348]. 

 

5.2.7 Finger pressing measurement 

The method used for measuring finger pressure involved the use of the Discovery HR 2 

series rheometer (TA Instruments, New Castle, DE, USA) operated at 22oC. The axial force 

exerted by the finger's touch was assessed using a mechanized z-axis stage and a force gauge 

integrated into the rheometer system. An index finger applied pressure onto a 25 mm standard 

stainless-steel plate to replicate the impression force similar in size to the pressured area. The 

force measurements were acquired through force-displacement analysis. Initially, measurements 

were taken without any finger touch to establish a baseline, followed by measurements taken 

during both soft and hard fingertip presses. The force exerted was measured in Newton by 

comparing the initial state (no finger touch) to the soft and hard fingertip pressure touch states. 
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5.2.8 Microscopy analysis 

An optical microscope (Omax G223A-CA; Kent, WA) analysis was performed to 

observe time-dependent morphological changes of droplets/aerosols containing fluorescent dyes 

on filters and their transfer behavior to gloves after finger press. For glove samples, fluorescent 

microscopes (TCS SP2; Leica Microsystems, Wetzlar; excitation/emission wavelengths at 

565/586 nm for SB and 350/432 nm for CW) were employed in addition to the optical 

microscopy observation. Apart from this, the optical microscope was also used to measure the 

particle size of sprayed fluorescent dye (352 ± 207 µm in average) on hydrophobic 

polypropylene plastic surface with MOTIC 2.0 software. 

Morphological changes on bacteria and viruses were observed using transmission 

electron microscopy (TEM) at 20 kV (JEOL JEM 2100; JEOL, Peabody, MA). Negatively 

stained TEM samples were prepared by with 1.5 w/v % phosphotungstic acid hydrate at pH 7.0 

(Sigma-Aldrich). 

 

5.2.9 Statistical analysis 

Statistical analysis was carried out using t-test, one-way analysis of variance (ANOVA), 

and the General Linear Model (SPSS version 29; IBM, Armonk, NY, USA). For assessing 

significance in multiple comparisons, a P value of less than 0.05 was considered significant. 

 

5.3 Results and discussion  

5.3.1 Antimicrobial activity of salt-coated stacked spunbond (SB) fabrics against resilient 

pathogens 

To assess antimicrobial efficacy of salt-coated SB fabrics against resilient pathogens 

such as spore-forming bacteria and non-enveloped viruses, time-dependent viability of spore-
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forming C. difficile was monitored in comparison with non-spore-forming bacteria, K. 

pneumoniae. As illustrated in Figure 5.3a, exposure to a stack of three spunbond (SB) 

polypropylene (PP) fabrics coated with various salts (i: SBSalt×35, ii: SBSalt×39, and iii: 

SBSalt×313) resulted in a rapid decrease in viability for K. pneumoniae. The inactivation behavior 

was consistently observed across all three types of salts (i.e., NaCl, KCl, and K2SO4), as well as 

the various amounts of salt coating used in this work (i.e., 5 mg/cm2, 9 mg/cm2, and 13 mg/cm2). 

The enhancement in pathogen inactivation, commensurate with the quantity of the salt coating, 

is in line with a prior study [293]. As a result, 5 mg/cm2 and 9 mg/cm2 of NaCl exhibited 1.5-log 

reduction in 5 min and > 3.8-log reduction within 30 min. At 13 mg/cm², a 2.5-log reduction was 

detected within 5 min, and subsequently, no viable bacteria thereafter. On the other hand, C. 

difficile displayed < 1-log reduction on SBsalt×39 and 2.8-log reduction SBNaCl×313 within 30 min 

incubation. That is, the inactivation of spore-forming bacteria is significantly dependent on the 

amount of salt (GLM analysis, P= 0.0007), similar to non-spore-forming bacteria (GLM 

analysis, P= 0.0051). The observed similarity can be attributed to the shared major inactivation 

mechanism of salt recrystallization [259]. Additionally, the result demonstrates that effective 

inactivation of non-spore-forming bacteria occurred across all three salt amounts utilized in this 

experiment. However, spore-forming C. difficile proved more resilient to inactivation than non-

spore-forming K. pneumoniae, necessitating the application of a higher salt concentration. This 

indicates the imperative nature of employing a higher salt quantity for the inactivation of spore-

forming bacteria. 

The morphological change of the bacteria was evaluated by using TEM analysis. As 

depicted in Figure 5.3c, structural integrity of both K. pneumoniae and C. difficile was affected 

when exposed to salt-coated stacked SB fabric, as evident in the comparison with stock. K. 

pneumoniae exhibited more severe damage than C. difficile under identical amount of salt, 9 
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mg/cm2 (compare Figure 5.3c(i) and (ii)). This observation is consistent with CFU data, as 

demonstrated in Figure 5.3a with 5.3b. Another noteworthy observation is associated with 

Figure 5.3b. In contrast to the slight decrease in SFU observed, a notable increase in bacterial 

destruction was evident in TEM. This corresponds with trends identified in the literature that 

underscore disparities between bacterial viability test assay results and TEM analysis [348]. 

The higher susceptibility of K. pneumoniae to a stack of salt-coated SB fabrics can be 

attributed to the structural difference between spore-forming bacteria and non-spore-forming 

bacteria. That is, the presence of a thick, protective coat on spores confers heightened resistance 

to adverse conditions [355], elucidating the need for a higher salt amount for the inactivation of 

C. difficile compared to K. pneumoniae (compare Figure 5.3a with 5.3b). It is well-known that 

spore-forming bacteria present considerable challenges in sterilization owing to their resistant 

structures [355, 356]. Therefore, the observation of the lethal impact of salt-treated SB PP fabric 

on K. pneumoniae and C. difficile suggests that the disease-killing mechanism, occurring during 

the salt recrystallization process following the dissolution and evaporation of the salt coating, 

can be highly applicable to the inactivation of both non-spore-forming and spore-forming 

bacteria. 
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Figure 5.3. Time-dependent pathogen inactivation efficiency of salt-coated spunbond (SB) PP fabrics. Bacterial 

viability change showing the effect of incubation time on K. pneumoniae (a) and C. difficile (b) exposed to NaCl, 

KCl, and K2SO4–coated SB fabrics (in a, i: 5 mg/cm2, ii: 9 mg/cm2, and iii: 13 mg/cm2; in b, i: 9 mg/cm2 and ii: 13 

mg/cm2) for 30 min. (n =3, mean ± SD). Relative: with respect to 0 min. §: below detection limit. (c) TEM images of 

K. pneumoniae (i) and C. difficile (ii) after 30 min incubation on SBsaltx39, a stack of three SB fabrics w/ 9 mg/cm2 
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of salt coating. 

The biocidal effects of salt-coated stacked spunbond (SB) PP fabrics on non-enveloped 

viruses were evaluated against human rhinovirus (HRV) 16 and their inactivation behavior was 

compared with CA/09 (i.e., enveloped virus). Figure 5.4 illustrate the time-dependent change in 

viability of CA/09 under varying salt type and salt amount, like the conditions used in bacteria. 

Viability was observed to decrease with the increase of salt amount across all types of salts, 

namely: NaCl (Figure 5.4a; GLM analysis, P < 0.0001), KCl (Figure 5.4b; GLM analysis, P = 

0.0003), and K2SO4 (Figure 5.4c; GLM analysis, P < 0.0001). A rapid initial decrease in viability 

was followed by a gradual further decline. Within 30 min of incubation, there was a > 3.5-log 

viability reduction on SBNaCl×39 and SBKCl×39, along with a 1.7-log decrease in viability on 

SBK2SO4×39. The greater susceptibility of CA/09 is associated with the presence of a lipid 

bilayer, rendering them more vulnerable to the effects of salt recrystallization. 

Similar to CA/09, HRVs demonstrated a time-dependent decrease in viability down to a 

2.5-log reduction on the SBNaCl×39 and SBKCl×39 fabrics (t-test, P < 0.0001), and less than a one-

log reduction on SBK2SO4×39 fabrics (t-test, P = 0.0255) within 30 min of incubation (see Figure 

5.5a-ii for NaCl, 5.3b-ii for KCl, and 5.3c-ii for K2SO4). As anticipated, SBNaCl×313 fabrics 

resulted in a higher viability loss, with 4-log reduction in 30 min of incubation (t-test, P < 

0.0001). These findings substantiate the effectiveness of the salt-coated stacked SB fabric in 

inactivating non-enveloped viruses. Considering that a 2-3 log reduction is required for a 

material to be classified as antimicrobial, SB fabrics coated with 9 and 13 mg/cm2 of NaCl and 

KCl meet the threshold for antimicrobial applications [357]. Furthermore, we observe that > 5 

mg/cm2 of salt is necessary for the effective inactivation of universal pathogens including spore-

forming bacteria and non-enveloped viruses, i.e., SBNaCl×39 and SBNaCl×313 in this work. The 

increased vulnerability in non-spore-forming bacteria and enveloped viruses than spore-forming 

bacteria and non-enveloped viruses attribute to their distinct structural features. While EPA-
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registered antimicrobial products (e.g., sodium hypochlorite and hydrogen peroxide for 

C.difficile, and hypochlorous acid and citric acid for HRVs) have been used in inactivating 

resistant pathogens, it is important to acknowledge the limitations associated with applying them 

to face masks and respirators, primarily due to the toxicity [358, 359]. Despite the slightly 

reduced inactivation efficiency observed against resistant strains (specifically, C. difficile and 

HRVs in this study), the successful demonstration of antimicrobial efficacy with a stack of salt-

coated SB fabrics suggests their potential for universal use in preventing the spread of both 

resistant and non-resistant diseases.  
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Figure 5.4. Viability reduction in CA/09 viruses using different salt-coated filters (a: NaCl-coated filters, b: KCl-

coated filters, and c: K2SO4-coated filters). (d) TEM images of CA/09 after 30 min of exposure on NaCl-, KCl-, and 

K2SO4-coated filters (i.e., SBsaltx39: a stack of three SB fabrics w/ 9 mg/cm2 of salt coating, SBx1: a bare SB fabric). 
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Figure 5.5. Virus titer showing the effect of incubation time on the viability of HRV 16 upon exposure to salt-coated 

filters (a: NaCl-coated filters, b: KCl-coated filters, and c: K2SO4-coated filters) with different salt amount (i: 5 

mg/cm2 and ii: 9 mg/cm2, and iii: 13 mg/cm2). (n =3, mean ± SD). §: below detection limit. For all panels: ns: 

P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, by one-way ANOVA. 
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5.3.2 Particle filtration efficiency and breathability: evaluating the effectiveness of salt-

coated stacked SB fabrics as an outer layer and a cover for conventional mask 

To characterize the performance of each mask layer and evaluate the effects of various 

layer sequences, we conducted breathability and filtration efficiency tests using both bare and 

salt-coated fabrics. This work was designed for two application purposes based on NaCl-coated 

SB fabrics: employing salt-coated SB fabrics and non-salt-coated fabrics either 1) as an outer 

layer of a 3-ply mask (stacking sequence: outer(O: SB×3)/middle(M: MB×1)/inner(I: SB×1) and 

outer(O: SBNaCl×39)/middle(M: MB×1)/inner(I: SB×1) or 2) as a cover over a conventional 3-ply 

mask (stacking sequence: SB×3 and SBNaCl×39 on top of a 3-ply mask, i.e. cover(C: SB×3)/3-ply 

mask and cover(C: SBNaCl×39)/3-ply mask).  

As shown in the left of Figure 5.6, the pressure drop (∆P) of SB and MB fabrics 

comprising outer(O)/inner(I) and middle(M) layers of a 3-ply mask was measure to be 1.2/2.1 

and 34.2 Pa/cm2, respectively. Three stacked SB fabrics (SB×3) showed an increase of ∆P to 6.1 

Pa/cm2 (one-way ANOVA, P < 0.0001) compared to SB×1, and salt coating of 9 mg/cm2 

(SBNaCl×39) appears to have the effect of further increasing ∆P to 7.0 Pa/cm2, as determined 

through a comparison of mean values (one-way ANOVA, P < 0.0001). It is noted that a 

conventional 3-ply mask (stacking sequence: SB×1/MB×1/SB×1), where a single SB fabric 

forms the outer layer, exhibits ∆P of 38.5 ± 0.2 Pa/cm2 (right of Figure 5.6). When replacing the 

outermost layer with triple-stacked SB fabric (SB×3), the pressure drop (∆P) increased by 4.8 

Pa/cm2 compared to the conventional mask with a single SB fabric in both the outer and inner 

layers (∆P = 43.3 ± 1.7 Pa/cm2 for SB×3/MB×1/SB×1). In addition, a pressure drop of 45.1 ± 3.3 

Pa/cm2 was observed in masks with salt-coated stacked SB fabric as the outer layer (i.e., 

SBNaCl×39/MB×1/SB×1). In the case of using SB×3 and SBNaCl×39 as a mask cover, 45.6 ± 0.4 

Pa/cm2 and 48.1 ± 1.2 Pa/cm2 were observed, respectively. This indicates that the use of three 
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stacked salt-coated SB PP fabrics (SBNaCl×39) as the outer layer and cover of a mask results in a 

6.7 to 9.8 Pa/cm2 of ∆P, compared to a conventional 3-ply mask, showing a reduction in 

breathability. However, according to ASTM standards, the ∆P of masks must be less than 50 

Pa/cm2 and 60 Pa/cm2 for level 1 and level 2/3, respectively. Therefore, it is clear that using 

three stacked salt-coated SB fabrics as the outer layer of a 3-ply mask and cover on top of a 

conventional satisfy the pressure drop regulations set by ASTM, even though there is a slight 

decrease in breathability.   
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Figure 5.6. Breathability of salt-coated fabrics. Left: Differential pressure of each layer, i.e. spunbond fabrics (inner 

layer: SB×1, outer layer: SB×1), meltblown fabrics (middle layer: MB×1), a stack of 3 spunbond fabrics (3-inner PP 

fabric stack: SB×3), and a stack of salt-coated spunbond fabrics (3-inner PP fabric stack, coated with 9 mg/cm2 

NaCl: SBNaCl×39). Right: Differential pressure of the bare or salt-coated spunbond fabrics when used as an outer layer 

of the 3-ply mask (SBNaCl×39/middle/inner) or cover on top of a mask (SBNaCl×39/whole mask). (n =10-11, mean ± 

SD). 
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Testing for particle capturing efficiency of a 3-ply mask was conducted using 

sulforhodamine B (SRB), a fluorescent dye, to simulate biocontamination. Particles are 

classified into three categories based on size: aerosol (< 5 µm), droplets (< 100 µm), and splash 

(> 100 µm)[64]. Various activities, such as breathing (1.19-1.58 µm), talking (35-50 µm), and 

coughing (35-100 µm) have been reported to generate particles of different sizes, serving as a 

medium for infectious disease tranamission [286, 360]. To encompass the range, we utilized two 

different-sized particles, specifically large droplets (352 ± 207 µm; see Figure 5.2 for size 

distribution and measuring conditions) and aerosols (2.5 - 4 μm). When exposed to droplet 

spray, a 3-ply mask intercepted 92% with the outer layer (i.e., SB×1), and the remaining 8% 

were captured by the middle layer (i.e., MB×1) (Figure 5.7a-i). This is consistent with optical 

microscope observations, which showed that the majority of droplets were present on the outer 

layer (Figure 5.7a-ii). Similarly, 89% of aerosols were captured by the outer layer and 11% by 

the middle layer (Figure 5.7b-i), which was confirmed by optical microscope analysis (Figure 

5.7b-ii). The filtration efficiency results indicate that the outer layer is primarily responsible for 

capturing most of large particles. However, it must be noted that this test has limitations in 

simulating real-case breathing scenarios due to the absence of airflow conditions, including 

inhalation rates during rest or rapid walking (10-40 LPM) and high labor intensity (85 

LPM)[361].  

In the case of aerosols, to predict the effects of inhalation airflow, the filtration efficiency 

of individual layer of 3-ply mask was characterized under an airflow of 85 LPM using 5% NaCl 

aerosol particles sized 0.1-3 µm (Figure 5.8). Then, the obtained size-dependent filtration 

efficiency corresponding to 3 µm particles (Figure 5.8) was used to predict the particle capturing 

efficiency of each layer of a 3-ply mask (Figure 5.9) and compared to the dye experiments 

involving a nebulizer (Figure 5.7b; particle size range: 2.5-4 µm). Since the filter tester 
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equipment is capable of measuring the filtration efficiency of particles as large as 3 µm under 

specified airflow conditions, the filtration efficiency corresponding to 3 µm particles was 

compared with that obtained from a dye experiment using aerosols to predict the effect of 

airflow on filtration efficiency. This comparison is based on the similarity of their sizes; that is, 

the average aerosol size is 3.25 µm, close to 3 µm, where sedimentation and inertial impaction 

are the main mechanisms influencing filtration efficiency [284]. As shown in Figure 5.9a, the 

capturing efficiency of individual layer of a 3-ply mask against 3 µm particles was estimated to 

be 49.2 ± 24.9% for SB×1(O), 48.2 ± 8.1% for MB×1(M), and 1.4 ± 0.4% for SB×1(I), 

calculated based on the particle filtration efficiency at 3 µm in Figure 5.8 (SB×1(O): 49.2 ± 

24.9%, MB×1(M): 94.9 ± 16.0%, and SB×1(I): 53.7 ± 15.9%). Upon comparing the individual 

layer performance of a 3-ply mask with and without inhalation airflow conditions (see Figure 

5.7b and 5.9a), the capturing efficiency of particles for the outer layer (SB×1) was noticeably 

lower when exposed to inhalation airflow compared to the condition without inhalation airflow 

(t-test, P = 0.059 for outer layer). In contrast, the middle layer (MB×1) exhibited the opposite 

trend (t-test, P = 0.0063 for middle layer). Moreover, it is evident that the outermost layer 

(SB×1) showed an increase in filtration efficiency with increasing droplet size and decreasing 

inhalation airflow (Figure 5.8 and 5.10). These results demonstrate that the SB layer of a 3-ply 

mask plays a crucial role in capturing larger infectious droplets carrying pathogens. The findings 

support the rationale for employing the salt-coated stacked SB layer, the focus of this study, 

either as the outermost layer of the mask or as a covering over it. In this work, considering the 

higher filtration efficiency of the inner SB fabric of a conventional 3-ply mask over the outer SB 

fabric (GLM, P = 0.0343; Figure 5.8a and 5.8c), the stacked SB PP fabrics with and without salt 

coating (SB×# or SBSalt×#Amount), a key aspect of our investigation, have been fabricated for their 

application to the outer layer of a 3-ply mask or mask covering (see Figure 5.9b for particle 
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capturing efficiency of SB×1(I)/MB×1(M)/SB×1(I)). 

A stack of three SB fabrics showed a rapid increase in filtration efficiency with the 

increase of particle size under the standard filter testing conditions (85 LPM), as observed from 

the single SB fabric (see Figure 5.10a: SB×3 and 5.10b: SBNaCl×39). Upon examining the particle 

size-filtration efficiency relationship, it is evident that the increase in filtration efficiency with 

particle sizes is more pronounced for particles larger than 1 μm in both stacked SB fabrics and 

salt-coated fabrics, when compared to the scenarios without stacking and salt coating (SB×1). 

This is confirmed through the comparison of the slope in the filtration efficiency vs particle size 

graph, ranging from 1 to 3 µm: 20.6 ± 2.8 for SB×1 (Figure 5.8c-ii), 23.8 ± 4.8 for SB×3 (Figure 

5.10a), and 27.7 ± 3.3 for SBNaCl×39 (Figure 5.10b). 

Upon spraying large droplets (352 ± 207 µm; Figure 5.7a) and exposing aerosols (2.5 - 4 

µm; Figure 5.7b), all droplets containing SRB dye were captured by three stacked SB PP fabrics 

both w/ and w/o salt coating (see Figure 5.11-i for SB×3 and Figure 5.11-ii for SBNaCl×39). 

Therefore, a stack of salt-coated SB fabrics, when used as the outer layer of a 3-ply mask or a 

cover over a mask, demonstrates remarkable effectiveness in capturing micrometer-sized 

aerosols and large droplets while maintaining breathability—a crucial factor for user comfort. As 

such, salt-coated stacked SB fabric positioned at the top of masks can capture and destroy a 

greater number of infectious aerosols at the micron scale and large droplets, while MB fabrics 

provide high filtration efficiency against smaller aerosols at the submicron scale. 
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Figure 5.7. Particle capturing efficiency measurement of each layer of a surgical mask. (a, b) A 3- ply mask 

(stacking sequence: SB×1 (O)/MB×1 (M)/SB×1 (I)) underwent 1.5 mg/cm2 of droplet spraying (a, 352 ± 207 µm in 

diameter) and 0.3 mg/cm2 aerosol exposure (b, 2.5-4 µm in diameter) without airflow, followed by the separation of 

each layer and measurement of fluorescent intensity (i). (ii) Optical microscope images of SB×1 (O), MB×1 (M), 

and SB×1 (I) tested as aforementioned. (n = 3, mean ± SD). §: below detection limit. For all panels: ns: P > 0.05; 

*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, by one-way ANOVA. 
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Figure 5.8. Particle size-dependent filtration efficiency of each layers of surgical masks. (i) Filtration efficiency of 

outer (a), middle (b), and inner (c) layers. (ii) Relationship between particle size (P) and filtration efficiency (FE) 

examined within the particle size range of 1 to 4 µm (n= 9-24, mean ± SD). Fitting equations are shown (R2=0.75 

(a), 0.77 (b), and 0.9 (c)). The filtration efficiency values at 3.5 and 4 µm particle size were calculated using the 

fitting equations. These values were then employed to estimate the average filtration efficiency of particles within 

the range of 2.5 to 4 µm under specific airflow conditions. This estimation was compared to dye-based aerosol 

experiments conducted under conditions of no significant airflow. 
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Figure 5.9. Particle capturing efficiency of individual layer of a surgical mask. (a) Conventional 3-ply mask 

(stacking sequence: SB×1(O)/MB×1(M)/SB×1(I)). (b) 3-ply mask (stacking sequence: SB×1(I)/MB×1(M)/SB×1(I)). 

(n = 12-14, mean ± SD). In this work, due to the higher filtration efficiency of the inner SB fabric of a conventional 

3-ply mask compared to that of outer SB fabric, the stacked SB PP fabrics with and without salt coating (SB×# or 

SBSalt×#Amount), which are main focus of this study, have been fabricated for their application to the outer layer of a 

3-ply mask or mask covering. This was achieved by utilizing the inner SB fabrics for their application to the outer 

layer of a conventional 3-ply mask and mask covering. 

The particle capturing efficiency (PCE) of each layer in a 3-ply mask was calculated based on the average particle 

filtration efficiency (PFE) measurements at 3 μm particle size. Specifically, the capturing efficiency of the first layer 

(PCE1st-layer) is equal to the filtration efficiency of the first layer (i.e., PFE1st-layer). The capturing efficiency of the 

second layer (PCE2ndlayer) is calculated as ((100-PCE1st-layer)×PFE2nd-layer/100), and the capturing efficiency of the 

third layer (PCE3rd-layer) is calculated as ((100-PCE1st-layer-PCE2nd-layer)×PFE3rd-layer/100). 
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Figure 5.10. Particle size-dependent filtration efficiency of SB×3 and SBNaCl×39 fabrics. Each layer is subjected to a 

filtration efficiency test with airflow (85 LPM) using the PALAS PMFT 1000. (n =7-13 for (i) and n=8-19 for (ii), 

mean ± SD). 

 

Figure 5.11. Filtration efficiency of SB×3 (i) and SBNaCl×39 (ii), measured using spray droplets (d) or aerosol (e), 

when they were used as a mask cover (stacking sequence: SB×3 and SBNaCl×39 on top of a 3-ply mask) and outer 

layer of a 3-ply mask (stacking sequence: SB×3/middle/inner or SBNaCl×39/middle/inner). (n =3 for c and d, mean ± 

SD). §: below detection limit. For all panels: ns: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, by 

one-way ANOVA. 
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5.3.3 Contact transmission test through simulated biocontamination 

To examine the pathogen translocation from contaminated masks to hands, fluorescent dyes 

(sulforhodamine b: SRB, calcofluor white: CW) were used to simulate contaminants on mask 

fabrics. For this purpose, three different types of architecture containing CW-contaminated MB 

(CW-MB) and/or SRB-contaminated SB (SRB-SB) fabrics were manufactured to compare and 

analyze the difference in transmission levels of contaminants based on the type of pressing 

pressure, fabric type, mask architecture, and salt coating: outermost layer contamination (SRB-

SB×1, CW-MB×1, and SRB-SB×3, and SRB-SBNaCl×39), middle layer only contamination 

(SB×1/CW-MB×1), and both outermost and middle layer contamination (SRB-SB×1/CW-

MB×1). Figure 5.12 represents optical micrographs taken at 1, 5, 10, 15, 20, and 30 min of 

incubation after spraying 1.5 mg/cm2 of large droplets containing dyes (red: SRB, blue: CW) on 

various mask fabrics. Simulated contaminant droplets are easily identified up to 10 min on both 

SRB-SB and CW-MB fabrics and rapidly shrink and fade over time due to water evaporation. 

On the other hand, contaminants sprayed on the salt-coated stacked SB fabric (SRB-SBNaCl×39) 

were observed spreading widely over the fabric surface, in contrast to those on the non-salt-

coated fabric, where they formed droplet shapes. This could be associated with the hydrophilic 

property of the salt-coated fabrics due to the presence of surfactant added to enhance salt coating 

on the fabrics.  

To characterize contact transmission efficiency, the dye-contaminated fabrics, as shown in 

Figure 5.12, were pressed with a gloved thumb using both gentle (6.4 ± 1.4 kPa) and strong 

(11.3 ± 3.6 kPa) pressure. Microscope images in Figure 5.13 indicate that strong pressure shows 

clear droplet images up to 10 min of incubation, in contrast to 5 min by gentle pressure on non-

salt-coated PP fabrics (see Figure 5.14 for micrographs corresponding to 15, 20, and 30 min 
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incubation). Interestingly, the image of the translocated dye was less clearly observed in the 

micrographs of the thumb touching the SRB-SBNaCl×39 fabric, unlike in the non-salt-coated fabric. 

Considering the use of the same amount of dye for contamination purposes, the seemingly 

reduced translocation behavior of SRB-SBNaCl×39 could be attributed to the accelerated 

evaporation of water resulting from spreading.  

An additional intriguing observation is the significant role played by the outermost layer in 

the contact transmission of contaminants. As can be seen in Figure 5.13, in all architectures 

except for SB×1/CW-MB×1, featuring contaminated outermost layers, wet-state contaminants 

that persisted on fabrics touched directly by fingers were the primary contributors to the 

contamination of gloved fingers. This finding is further supported by the noticeable reduction in 

the translocation of contaminants when bare SB×1 is placed atop CW-MB×1. This observation 

emphasizes that the outermost layer of masks predominantly contributes to contact-based 

transmission. Consequently, prioritizing antimicrobial functionalization of this layer is essential 

to reduce the risk of contact-based disease transmission. 
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Figure 5.12. Bare and salt-coated filters before (control) and after spraying 1.5 mg/cm2 of calcofluor white (CW) or 

sulforhodamine B (SRB) over the course of incubation time. 
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Figure 5.13. Characterization of gloves after strong/gentle pressing with a gloved thumb on various architecture 

containing calcofluor white (CW)-contaminated MB fabric and/or sulforhodamin B (SRB)-contaminated SB fabrics 

(w/ and w/o NaCl coating) after 1, 5, and 10 min of incubation at room temperature. Optical micrographs represent 

the transferred contaminants from mask fabrics to gloved thumbs. 
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Figure 5.14. Optical microscopy analysis to investigate the role of individual mask layer of a 3-ply mask and the 

effects of mask architecture/salt coating on the contact transmission behavior using fluorescent dye-contaminated 

mask fabrics. Characterization of gloves after strong/gentle pressing with a gloved thumb on various architecture 

containing calcofluor white (CW)-contaminated MB fabric and/or sulforhodamin B (SRB)-contaminated SB fabrics 

(w/ and w/o NaCl coating) after 15, 20, and 30 min of incubation at room temperature. Optical micrographs 

represent the transferred contaminants from mask fabrics to gloved thumbs. 
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To determine the percentage of translocated CW, the fluorescence intensity—measured 

from the dye released from gloves—was utilized in relation to the amount of dye sprayed on the 

fabrics (Figure 5.15a: CW-MB×1 and 5b: SB×1/CW-MB×1), for the calculation of transmission 

efficiency. It is evident that a stronger press resulted in the transfer of more contaminants for 

both the thumb and index finger (GLM, P < 0.0001; Figure 5.15a and b). Furthermore, the 

translocation percentage rapidly decreased over the increase in incubation time, with none 

detected after 10 or 15 min, as observed in Figure 5.14. Figure 5.15b highlights that, through a 

comparison of CW-MB×1 and SB×1/CW-MB×1, the outermost layer plays a key role in the 

transmission of contaminants. That is, the presence of a SB fabric on top of the CW-

contaminated MB fabric (SB×1/CW-MB×1) exhibited a significantly lower level of 

contamination than CW-MB×1, as observed in the microscopy analysis in Figure 5.14 and 

supported by fluorescence microscopy analysis in Figure 5.15c.  

A similar time and pressure-dependent transmission behavior was observed in the SRB-SB 

fabric system, as shown in Figures 5.16a and 5.16b. Moreover, as discussed in Figure 5.14 

regarding the effects of salt coating on contamination behavior, SRB-SBNaCl×39 fabrics exhibited a 

significantly lower level of contaminant translocation (GLM, P < 0.0001; Figure 5.16c), further 

supported by fluorescence microscopy in Figure 5.17. Overall, it is evident that the initial 10 to 

15 minutes are critical for the transmission from contaminated mask surfaces under our 

experimental conditions. The outermost layer emerged as the main source of contaminant 

transmission, emphasizing the importance of preventive strategies employing antimicrobial 

substances specifically targeting the outermost layer of a mask. Following the same logic, 

wearing a mask cover over a conventional mask can be an alternative approach. Therefore, a 

layer of salt-coated three stacked SB (SBNaCl×39) fabric can be importantly used to mitigate the 
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risk of contact transmission of conventional masks, either by replacing the SB×1 fabric of the 

outer layer of a mask (SBNaCl×39/MB×1/SB×1) or by wearing it like a mask cover on top of a 

conventional face mask (SBNaCl×39/3-ply mask). 
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Figure 5.15. Contact transmission of calcofluor white (CW)-sprayed mask. Translocation of CW associated with a 

finger pressing from CW-contaminated meltblown (MB) middle layer (i.e., (a) CW-MB×1 and (b) SBx1/CW-

MB×1) to thumb (i) and index finger (ii) pressing. The amount of the translocated CW was analyzed using 

fluorometer (excitation/emission: 350/432 nm). (n = 3, mean ± SD). §: below detection limit. (c) Fluorescent 

microscope images of thumb gloves subsequent to the contact with the CW-contaminated fabrics at 1, 5, and 10 min 

after CW spray. 
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Figure 5.16. Contact transmission of sulforhodamine B (SRB)-sprayed mask. Translocation of SRB associated with 

a finger pressing from SRB-contaminated outermost layer (i.e., (a) SRB-SB×1, (b) SRB-SB×3 and (c) SRB-

SBNaCl×39) to thumb (i) and index finger (ii) pressing. The amount of the translocated SRB was analyzed using 

fluorometer (excitation/emission: 565/586 nm). (n = 3, mean ± SD). §: below detection limit. 
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Figure 5.17. Fluorescent microscope images of gloves after the contact with the SRB-contaminated fabrics at 1, 5, 

and 10 min after SRB spray. 
 

 

 

 

 

 

 

 

 

 

 



177 

5.3.4 A stack of salt-coated SB fabrics: preventing contact transmission of bacterial droplets   

After studying contact transmission through simulated contamination with fluorescent 

dyes, the effectiveness of salt-coated SB stacked fabric in mitigating contact transmission was 

assessed using K. pneumoniae. The tests were performed to reflect three different scenarios: 

contamination of the outermost layer of the mask (SBNaCl×39(O)/MB×1(M)/SB×1(I)), 

contamination of the middle layer (SBNaCl×39(O)/MB×1(M)/SB×1(I)), and contamination of the 

mask cover (SBNaCl×39(C)/a 3-ply mask). Herein, bold text indicates the contaminated layer. For 

this purpose, 1.5 mg/cm2 of K. pneumoniae stock was sprayed onto SBNaCl×39, representing the 

contamination of i) the outer layer of a mask, SBNaCl×39(O)/MB×1(M)/SB×1(I), and ii) the mask 

cover, SBNaCl×39(C)/a 3-ply mask (cover is abbreviated as C). Additionally, MB×1 was 

contaminated by spraying K. pneumoniae droplets and stacked to create SBNaCl×39/MB×1, 

representing the contamination of the middle filter layer of the 3-layered mask structure 

(SBNaCl×39(O)/MB×1(M)/SB×1(I)). After contamination, SBNaCl×39 and SBNaCl×39/MB×1 were 

pressed strongly/gently using a gloved thumb with an increase in incubation time, followed by 

the analysis of the number of bacteria transferred to the gloves. MB×1 and SB×1/MB×1 were 

compared to identify the effects of the outer layer in preventing contact transmission from 

contaminated middle layer. 

As shown in Figure 5.18a, the level of bacterial translocation from contaminated SB×3 

decreased with increasing incubation time (GLM, P < 0.0001). As expected, after 15 min, gentle 

pressing did not cause the translocation of bacterial contaminant from the fabric to gloves, 

compared to the translocation of 0.1% (~3-log reduction) in 15 min and 0.02% (~ 3.7-log 

reduction) in 30 min by the strong pressing (i: strong pressing, ii: gentle pressing). A rapid 

decrease in translocation efficiency around 10 to 15 min is consistent with our observation by 

using fluorescent dye experiments shown in Figure 5.16. A surprising finding was that bacteria 
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exposed to the SBNaCl×39 fabric exhibited a very rapid decrease in translocation compared to the 

non-salt coated fabric, irrespective of the pressing pressure level. Notably, a 4-log reduction 

occurred within the initial minute, followed by non-detection after 5 min under gentle pressing 

conditions. In addition, strong press exhibited a rapid decrease in translocation efficiency: a 2.5-

log reduction within 1 min, followed by a subsequent 4.5-log reduction within 5 min, and non-

detection from 15 min onwards. The remarkable efficacy of salt-coated stacked SB fabric in 

impeding bacterial disease transmission is presumed to stem from the combined effects of both 

pronounced pathogen inactivation due to salt recrystallization and a reduction in contact 

transmission due to its hydrophilic surface property.  

Bacteria contaminated MB (i.e., MB×1) in Figure 5.18b showed a typical time-

dependent decrease of translocation capacity, with a significant decrease in 10 to 15 min, as 

similarly observed in SB fabrics (Figure 5.18a) and tests with CW dye (Figure 5.15). As such, in 

15 min of incubation, around 3 and 4 order decreased in translocation efficiency was observed 

from strong and gentle press conditions, respectively. It is also evident that the outermost SB 

fabric on top of the contaminated MB fabric (i.e., SB×1/MB×1) contributed to the reduction of 

bacterial translocation compared to MB×1, consistent with Figure 5.15b. However, unlike the 

contact transmission tests performed with fluorescent dye, where no transfer was observed after 

15 min (Figure 5.15), K. pneumoniae transmission (with 4 orders of magnitude lower) continued 

up to 30 min for both MB×1 and SB×1/MB×1 under strong pressing (Figure 5.18b-i). 

Interestingly, as in Figure 5.18a, the use of the salt-coated stacked SB fabric layer over the 

contaminated MB fabric (i.e., SBNaCl×39/MB×1) showed an excellent translocation inhibition 

behavior (i: strong pressing, ii: gentle pressing). As a result, under our test conditions, the use of 

SBNaCl×39 as the outer layer of a mask was proven to prevent the contact transmission from 

contaminated MB filter: strong press (2.7-log reduction in 1 min and non-detection within 5 



179 

min) and gentle press (non-detection within 1 min). The results illustrate that incorporating a 

salt-coated multilayer SB nonwoven fabric as the outer layer of a mask or mask cover can 

significantly diminish bacterial infection through contact transmission, addressing a potential 

risk in current mask structures.  
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Figure 5.18. Bacterial translocation to fingers. Translocation of K. pneumoniae associated with a finger pressing 

from (a) contaminated outermost layer of a mask or mask cover (i.e., a stack of three SB fabrics w/ and w/o salt 

coating) and (b) contaminated MB layer (i.e., MB only, SB/MB, and salt-coated SB stack/MB) to a finger. (i) 

Strong and (ii) gentle pressing with the gloved thumb; the amount of the translocated bacteria was analyzed by 

comparing the number of sprayed K. pneumoniae on mask fabrics and translocated bacteria to gloves using CFU. (n 

=3, mean ± SD). Relative: with respect to bacteria (CFU/mL) sprayed on thumb sized fabric. Bold text indicates the 

contaminated layer. §: below detection limit. 
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5.3.5 A stack of salt-coated SB fabrics: preventing contact transmission of viral droplets   

After confirming the effectiveness in reducing contact transmission of bacteria, the study 

proceeded to investigate the efficiency of viral translocation using the PR/34 influenza virus. 

Viral translocation was characterized by measuring gene expression level of the hemagglutinin 

(HA) gene of the PR/34 virus. As observed in K. pneumoniae, viral translocation decreased over 

the course of incubation time (GLM, P < 0.0001; Figure 5.19). Unlike the swift reduction in 

translocation observed in the bacterial system around 10-15 min, the deceleration was less 

pronounced in both SB and MB fabrics (i.e., SB×3 and MB×1). However, the advantage of 

inhibiting translocation by employing SB fabric as an outer layer over the virus-contaminated 

MB fabric was more apparent even during the initial incubation period compared to the bacterial 

contaminant (i.e., compare SB×1/MB×1 in Figure 5.19b with Figure 5.18b). Most importantly, 

the superior capability of preventing contact transmission was confirmed by utilizing three 

stacked salt-coated SB fabric and pressing a virus-contaminated mask cover (SBNaCl×39, Figure 

5.19a) and MB fabric (SBNaCl×39/MB×1, Figure 5.19b). As depicted in Figure 5.19a,b-i, there was 

a 2 or 4 order of magnitude decrease in viral translocation during the initial incubation period for 

SBNaCl×39 and SBNaCl×39/MB×1, respectively, followed by non-detection within 15 min. 

Additionally, gentle pressure did not reveal any evidence of virus translocation within 1 min of 

incubation for both architectures, as shown in Figure 5.19a,b-ii. These findings demonstrate that 

a layer of salt-coated stacked SB fabrics can significantly reduce the transfer efficiency of 

viruses, thereby minimizing contact-based transmission. 

Under these experimental conditions, the virus contaminating the mask fabric surface 

corresponding to the area of the thumb (~ 3.1 cm²) equates to 5.58×10² TCID50. Assuming a 

particle size of 3 µm, the filtration efficiency of SB×3 and SBNaCl×39 exceeds 63% (Figure 5.10) 

under inhalation breathing conditions. Therefore, the anticipated amount of virus captured on the 
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stacked SB fabric is approximately 3.52×10² TCID50. Based on the measurements of viral 

translocation over time as observed in Figure 5.19a-i, a strong press can induce translocation of 

1.34×10² TCID50 (1 min), 18 TCID50 (5 min), and > 14 TCID50 (≥ 30 min) of virus to hands. On 

the other hand, SBNaCl39 exhibited a 4-fold lower transmission rate compared to non-salt-treated 

SB fabric (SB×3) until 10 min of incubation, i.e., 18 TCID50 (1 min) and 3.5 TCID50 (10 min), 

with no virus detected after 15 min, indicating no possibility of viral infection. In the case of 

gentle press, the absence of virus detection (Figure 5.19a-ii) demonstrates the remarkable 

antimicrobial effect of the salt-coated three-stacked SB fabric compared to SB×3. For SB×3, 

viruses of 35 TCID50, 3.5 TCID50, and 0.07 TCID50 were detected on the thumb after incubation 

for 1 min, 10 min, and 30 min, respectively. 

In the case of the middle layer, when exposed to the virus under the same experimental 

conditions and assumptions as the SB fabric, MB fabric is expected to have a TCID50 of 5.3×10² 

(Figure 5.8b). Upon application of a strong press to MB×1, a gradual decrease in TCID50 was 

observed due to translocation, mirroring the behavior observed in SB fabrics over time: 1 min 

(1.7×10² TCID50), 10 min (47.7 TCID50), and 30 min (26.5 TCID50). However, in a conventional 

3-ply mask structure with an SB outer layer over the contaminated MB filter (SB×1/MB×1), 

translocation occurs at a one or two orders lower level of TCID50 magnitude under strong 

pressing conditions: 10.6 TCID50 in 1 min, 5.3 TCID50 in 10 min, and 0.13 TCID50 in 30 min. 

Surprisingly, when salt-coated stacked SB fabric was used as the outer layer (SBNaCl×39/MB×1), 

the TCID50 was 0.42 after 1 min of incubation, significantly lower than SB×1/MB×1, and 0.04 

after 10 min of incubation, followed by the absence of virus detection after 15 min. Similarly, 

after gentle pressing, no virus was detected in the case of SBNaCl×39/MB×1 at all incubation time 

conditions. This indicates that SBNaCl×39 offers significant potential to solve the problem of 

infection caused by contact transmission when used as an outer layer of a mask or mask cover. 
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It is reported that influenza virus, rhinovirus, and adenovirus have an infection rate of 

about 50% (HID50: 50% human infection dose) by aerosol inoculation at a dose of < 1 TCID50 

[362-365]. Our analysis is based on the estimated TCID50 comparison due to a single event of 

contacting a contaminated mask and translocation of the virus through finger press, which 

requires more investigation for its connection to HID50. Moreover, it should be noted that 

predicting transmission due to contact during actual mask use is challenging due to extremely 

diverse and complex situations and its dependence on individual behavioral habits. Despite the 

need for further research, our work confirms that salt-coated fabric will help prevent disease 

transmission by contact. 
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Figure 5.19. Viral translocation to fingers. Translocation of PR/34 associated with a finger pressing from (a) 

contaminated outermost layer (i.e., a stack of three SB fabrics w/ and w/o salt coating) and (b) contaminated MB 

middle layer (i.e., MB only, SB/MB, and salt-coated SB stack/MB) to a finger. (i) Strong and (ii) gentle pressing 

with the gloved thumb; the amount of the translocated virus was analyzed using real-time PCR targeting the HA 

gene. (n =3, mean ± SD). Relative: with respect to gene copy number of viruses sprayed on thumb sized fabric. 

Bold text indicates the contaminated layer. §: below detection limit. 
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5.4 Conclusions 

In this study, we successfully demonstrated the efficacy of stacked salt-coated SB fabric 

in addressing critical challenges associated with mask performance. A stack of three salt-coated 

SB PP (SBNaCl×39) made of a SB fabric, often overlooked despite its role in forming the outermost 

layer of masks, significantly improved capturing efficiency for micron-sized contaminants. By 

strategically forming a layer of three stacked SB fabrics and applying salt coating, we achieved a 

balance between enhanced filtration efficiency for larger infectious droplets and maintained 

breathability, a crucial compromise in mask design. The salt-coated three-stacked SB fabric 

exhibited remarkable effectiveness in neutralizing both enveloped/non-enveloped viruses and 

spore-forming/non-spore-forming bacteria, with the antimicrobial effect scaling with the 

quantity of coated salt. Remarkably, its effectiveness against resilient pathogens like C. difficile 

and HRVs was significant, establishing its applicability as a universal antimicrobial technology. 

In the context of contact transmission, our experiments, utilizing three types of contaminant-

containing droplets (fluorescent dyes, K. pneumoniae, and PR/34), highlighted the superior 

performance of the salt-coated three-stacked SB fabric compared to traditional SB or MB 

fabrics. Notably, a rapid and substantial reduction in bacterial/viral translocation percentage 

underscores the fabric's effectiveness in mitigating the contact transmission problem inherent in 

existing masks. This study not only substantiates the excellent antimicrobial and contact 

transmission prevention effects of the salt-coated three-stacked SB fabric but also underscores 

their practical application and performance in the development of antibacterial face masks and 

mask covers. Therefore, the proposed design and architecture of antimicrobial face mask and 

mask covering, based on the salt-coated stacked SB fabric presented in this study, are anticipated 

to enhance public health safety by effectively preventing the transmission of diseases carried 

through droplets. 
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6 Conclusions and future work 

6.1 Conclusions 

This thesis aims to identify, demonstrate, and optimize a novel method for improving 

global health by targeting pathogenic threats. We propose the use of salt-coated fabrics, which 

utilize the mechanism of salt recrystallization to physically inactivate pathogens upon contact 

with pathogen-laden aerosols. Our findings highlight the remarkable capabilities of salt-coated 

fabrics, including rapid and non-specific pathogen inactivation, reusability, and a notable 

reduction in contact transmission. Such properties are assumed to significantly reduce pathogen 

spread and contribute to the decrease in outbreak occurrences. 

In Chapter 3, we conducted a comprehensive analysis of filter performance across a 

variety of fabric types, configurations, and environmental conditions, focusing on both salt-

coated and bare fabrics. The study measured particle-size-dependent filtration efficiency, 

deepening our understanding of the underlying mechanisms driving the filtration capabilities of 

these materials. Our findings revealed that salt-coated fabrics, due to the absence of electrical 

charge, exhibited diminished filtration efficiency for particles smaller than 0.3 µm in size, when 

tested with 5% NaCl aerosols. However, this reduction in efficiency could be resolved by 

employing the salt-coated fabrics as either covers or outer layers in conjunction with surgical 

masks or N95 respirators, benefiting from the high-efficiency middle layer typically used in 

these setups. Moreover, the investigation also assessed the impact of fabric wetness on both 

filtration efficiency and breathability for salt-coated and bare fabrics. Notably, as wetness 

increased, the filtration efficiency of salt-coated fabrics improved—likely due to their 

hydrophilic nature facilitating the formation of a continuous water film around the fibers—while 

that of bare fabrics deteriorated. This decline in bare fabrics was linked to water interference 
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with their electret properties (statically charged fibers), which are crucial for capturing particles 

through electrostatic attraction. These experiments underscore the potential of salt-coated fabrics 

to maintain or enhance filtration efficiency under varying conditions of humidity and wetness, 

particularly when used as external layers. The comprehensive analysis affirms that salt-coated 

fabrics, when strategically employed, can significantly augment the overall filtration 

performance of protective respiratory devices. 

In Chapter 4, we conducted a detailed mechanistic study aimed at elucidating the primary 

pathogen inactivation mechanisms associated with different types of salt-coated fabrics. The 

investigation focused on the time-dependent inactivation efficiency of these materials. The 

results were closely compared with the kinetics of salt recrystallization under similar conditions, 

revealing a significant correlation between the rapid antimicrobial action and the 

recrystallization process. Specifically, the inactivation occurred within less than 5 minutes for 

fabrics coated with NaCl and KCl, and between 5 to 15 minutes for those treated with K2SO4, 

which matches with their recrystallization behavior. Additionally, the study explored the 

potential roles of osmotic pressure and ionic effects in pathogen inactivation by employing 

various saline and sucrose solutions. However, these factors appeared to have minimal impact, 

contributing less than a 1 log reduction in pathogen levels, thereby reinforcing the hypothesis 

that salt recrystallization is the dominant mechanism behind the antimicrobial properties of these 

fabrics. Apart from the mechanistic study, the effects of transmission modes and mediums were 

analyzed. To this end, two distinct transmission modes—droplet and aerosol—and two 

mediums—artificial saliva and deionized water were used in pathogen inactivation tests. This 

comprehensive approach not only confirmed the significant and rapid inactivation capabilities of 

salt-coated fabrics but also highlighted their potential effectiveness across various environmental 

conditions and application scenarios. Through this extensive analysis, the research provides a 
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robust scientific foundation supporting the use of salt-coated fabrics as a viable method for 

enhancing microbial safety in public health applications. This study opens pathways for further 

research into optimizing the salt coatings and fabric materials to maximize health protection 

against a broad spectrum of microbial threats. 

In Chapter 5, we explored the inactivation efficiency of salt-coated fabrics against more 

resilient pathogens, specifically non-enveloped viruses and spore-forming bacteria, which are 

typically more resistant to common antimicrobial treatments than their enveloped virus and non-

spore-forming bacterial counterparts. Traditional antimicrobial efficiency tests for masks and 

other protective fabrics have predominantly focused on less resilient pathogens; however, the 

robust nature of non-enveloped viruses and spore-forming bacteria, due to their higher stability 

and resistance, necessitates their inclusion in comprehensive antimicrobial performance 

evaluations. To bridge this research gap, we conducted inactivation tests with those resilient 

pathogens using salt-coated fabrics. The testing revealed that salt-coated fabrics were 

remarkably effective in reducing the stability and viability of these pathogens, demonstrating a 

significant and rapid loss of viability within just 5 minutes of exposure for both non-enveloped 

viruses and spore-forming bacteria. This rapid inactivation suggests a potent antimicrobial action 

that could be critically advantageous in healthcare settings and other environments where quick 

decontamination of surfaces is desired. In addition to assessing pathogen inactivation, the study 

also examined the contact-based transmission efficiency of salt-coated fabrics compared to their 

bare counterparts. Interestingly, salt-coated fabrics exhibited drastically lower percentage of 

pathogen translocation. In conditions using salt-coated fabrics, no pathogen transfer was 

detected from the mask to the hand after less than 15 minutes of pathogen exposure, highlighting 

the effectiveness of salt coating in preventing the spread of infections through touch. These 

findings not only reinforce the importance of including more resilient pathogens in antimicrobial 
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testing but also highlight the potential of salt-coated fabrics to significantly enhance public 

health safety by reducing the risk of transmission.  

Overall, the collective results from these studies underscore the innovative and 

multifaceted capabilities of salt-coated fabrics in addressing global health challenges by 

reducing the transmission of both common and resilient pathogens. Given the efficacy 

demonstrated in various test scenarios—from laboratory conditions simulating real-world 

environments to rigorous pathogen inactivation trials—the potential of salt-coated fabrics 

extends beyond traditional medical and personal protective equipment applications to include 

wide-ranging public health uses.  

 

6.2 Future work 

Salt-coated fabrics have proven their efficacy in various studies targeting a broad 

spectrum of pathogens. To enhance our understanding of the pathogen inactivation mechanism of 

salt-coated fabrics, future work will include analyzing biomolecular structural changes (e.g., 

alternation and distortion in genes and lipid bilayers) in pathogens following exposure to salt-

coated fabrics. These tests will be performed using both fabricated biomolecules and the actual 

molecular structures in pathogens. Genomes and proteins of interest can be fabricated using 

genetic engineering methods (e.g., recombinant DNA production, sequencing, and protein 

expression) and liposomes can be formulated using the methods such as thin-film hydration, 

reverse-phase evaporation, or solvent injection methods. Understanding these structural changes 

will not only reveal the mechanism behind the pathogen inactivation of salt-coated fabrics but 

will also be applicable to similar antimicrobial strategies that target the focus on the physical 

damages of pathogens. Furthermore, the functionalization of the middle MB layer and analysis of 

its filter performance should be conducted. Due to structural differences in the middle layer, 
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different coating strategies from those used in SB fabric coating should be adopted, based on 

Figure 1.5. The optimal coating strategy will prevent airway blockage by antimicrobial coatings 

to enhance breathability while still achieving high inactivation efficiency. Future work also 

includes the application of different coating formulas to modulate the fluid resistance of salt-

coated fabrics. By enhancing water resistance, masks can prevent the penetration of pathogen-

laden droplets and exposure to bodily fluids. Increasing oil resistance will broaden the 

applicability of these fabrics in industrial environments, where exposure to aerosols and organic 

compound vapors is a concern. As such, controlling the fluid resistance will allow for 

customization to meet specific needs and enhance protection against pathogens. Besides, by 

modulating the composition of salts in the saline solution, a humidity-resistant coating 

formulation can be developed. Depending on the types of salts, they exhibit different critical 

relative humidities (CRH) as described in Table 2.1. By combining salts with high inactivation 

efficiency and those with high critical relative humidity, a formulation resistant to high humidity 

can be achieved. 
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