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Abstract
Transmission of foodborne pathogens can occur in food-processing environments through contaminated food-contact surfaces and aerosols leading to foodborne outbreaks. Improved sanitation approaches including ultraviolet (UV-C)-light technologies for optimal dose delivery to inactivate microorganisms are being researched. The objectives of this research were to determine the effects of UV-C LED at 255 and 279 nm and traditional 254 nm-UV-C against surface-dried and bio-aerosolized (UV-C LEDs only) hepatitis A virus (HAV), feline calicivirus (FCV) and Aichi virus (bioaerosols only) on model food-contact surfaces. Each surface-spread or bioaerosol-deposited virus on sterile ceramic (surface-spread only), stainless-steel, or glass surfaces were UV-C treated for up to 3.75 min (surface dose=0-48.83 mJ/cm2 (surface-spread) and 0-76.5 mJ/cm2 (bioaerosols) for HAV; 0-16.28 mJ/cm2 (surface-spread) and 0-51.0 mJ/cm2 (bioaerosols) for FCV and AiV). Recovered plaque counts from three treatments assayed twice were statistically analyzed using mixed model analysis of variance (MMAOV). The D-10 values (dose) for surface-spread HAV were 9.48±0.34, 14.53±2.52, and 7.26±1.93 mJ/cm2 using 254 nm-UV-C, were 4.60±0.91, 6.85±1.16, and 8.24±1.03 mJ/cm2 with 255 nm UV-C LED, and were 19.72±2.45, 26.05±0.60, and 9.12±2.08 mJ/cm2 with 279 nm UV-C LED on stainless-steel, ceramic, and glass, respectively. Surface-treated FCV showed D-10-values with 254 nm-UV-C of 3.65±0.06, 6.25±1.90, and 4.69±0.03 mJ/cm2, with 255 nm UV-C LED of 5.79 ±0.67, 5.97±0.32, and 5.25±2.01mJ/cm2, and with 279 nm UV-C LED of 7.53±2.11, 8.67±2.12, and 7.88±0.86 mJ/cm2, on stainless-steel, ceramic, and glass, respectively. The 279 nm UV-C LED D-10 values of bioaerosol-deposited HAV were 6.60±0.27 and 5.57±0.74 mJ/cm2, were 4.12±0.50 and 3.95±0.50 mJ/cm2 for FCV, and were 3.97±0.03 and 3.64±0.43 mJ/cm2 for AiV; and with 255 nm-UV-C LED were 47.39±7.40 and 40.0±2.94 mJ/cm2 for HAV, 35.36±4.04 and 40.16±7.95 mJ/cm2 for FCV, and 27.70±4.36 and 31.45±7.47 mJ/cm2 for AiV on stainless-steel and glass, respectively. These data indicate that generally higher 279 nm UV-C LED doses are needed for foodborne viral inactivation on food-contact surfaces compared to 255 nm-UV-C systems, and that viral-bioaerosols are more resistant to 255 nm-UV-C treatment than surface-dried viruses. These linear-model UV-C doses for viral inactivation on surfaces and as bioaerosol-deposits are useful for designing optimal UV-C systems for microbial inactivation. 
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Chapter I

      Literature Review


1. Introduction

	Ensuring proper environmental sanitation is a top priority for both the agricultural industry and public health sectors. Prevention of contamination of food contact surfaces and air by harmful microorganisms including bacteria, viruses, parasites, or fungi that are known to cause foodborne illnesses continues be emphasized.  Harmful microorganisms are responsible for affecting 1 in 6 people each year in the United States, leading to an estimated 48 million illnesses annually (CDC, 2024). Foodborne viruses, specifically hepatitis A virus (HAV) and human noroviruses (HuNoVs) are primarily transmitted via the fecal-oral route, but they can also spread through bioaerosol droplets, with continued reports of associated human gastroenteritis outbreaks worldwide (CDC, 2024; CDC, 2024). Due to the difficulty of HuNoVs to be successfully cultivated in a lab setting at high enough titers for inactivation testing, cultivable surrogates are used to determine appropriate inactivation approaches. Viruses typically have a reportedly lower infectious dose compared to most pathogenic bacteria (Yezli & Otter, 2011). Therefore, determining optimum control strategies for foodborne viruses are imperative to ensure food safety, protection of consumers, and prevention of food loss from recalls.
	Traditionally, chemical disinfectants such as chlorine, various alcohols such as ethanol and isopropanol (with a 30-second contact time by 70% alcohol solutions required for disinfection (Boyce et al., 2018)), organic acids, and ozone, as well as physical methods including heat, high pressure processing, electronic-beams, and gamma rays are used for inactivation. Ultraviolet (UV) light-C, in the range of 200 to 280 nanometers (nm) is also a commonly used method for inactivation; however, these systems are made up of low-pressure mercury lamps, creating harmful byproducts and hazardous waste (Song et al., 2016). Therefore, the use of novel UV-C light emitting diodes (LEDs) have become increasingly studied for more energy efficient inactivation of pathogens (Schöbel et al., 2023). However, the efficacy of these UV-C LED systems for broad-spectrum microbial inactivation needs to be further determined. The objectives of this literature review are to provide background information regarding these foodborne viruses and their cultivatable surrogates, as well as some traditional control strategies and the need for novel approaches such as UV-C LED systems for environmental sanitation (mainly food contact surfaces). 
2. Foodborne enteric viruses
	Enteric viruses play a principal part in foodborne pathogen outbreaks and remain a worldwide concern. These viruses include human noroviruses, sapoviruses, hepatitis E and A viruses, enteric adenoviruses, Aichi virus, astroviruses, and rotaviruses (Cook & Richards, 2013). Although viruses are obligate intracellular parasites, requiring a host to survive, they can be quite environmentally stable persisting for long durations outside of a host, and their prevention of spread is vital to ensure public safety and prevent economic loss to the agricultural community (Pirtle & Beran, 1991). 
2.1 Hepatitis A virus 
	Hepatitis A virus (HAV) is a major foodborne pathogen causing gastrointestinal illness throughout the world. It is a part of the Hepatovirus genus in the Picornaviridae family, that comprises of genera such as Poliovirus, Enteroviruses, Coxsackieviruses, Echoviruses, and Rhinoviruses (Stuart et al., 2019; Sattar et al., 2000). HAV is a nonenveloped RNA virus with a capsid of approximately 30 nm in diameter and positive-sense single-stranded RNA of 7.5 kb in length, containing only one large open reading frame (ORF), bound on each end by a long 5’ and a short 3’ nontranslated RNA segment (Stuart et al., 2019). The 5’ nontranslated RNA segment can form secondary and tertiary structures, containing signals that are required for viral RNA replication as well as initiating viral translation through an internal ribosome entry site (IRES) (Yi and Lemon, 2002). A single larger polyprotein is encoded by the open reading frame, processed after genetic translation by a viral protease into three polypeptide intermediates, P1-P3 (Stuart et al., 2019). From here, the P1 region further processes into four structural proteins, VP1, VP2, VP3, and VP4, which allow for self-assembly into an icosahedral capsid, however it is important to note that the VP4 has yet to be detected within infectious virus particles (Stuart et al., 2019, Yi and Lemon, 2002). Unique from other picornaviruses, the HAV capsid has a 67-residue polypeptide carboxyl-terminal extension of VP1 (Stuart et al., 2019).  The P2 region of the genome encodes for the 2A, 2B, and 2C proteins whereas the P3 segment encodes for the 3A, 3B, 3C, and 3D (RNA dependent RNA polymerase) proteins (Yi and Lemon, 2002). Thus, both the P2 and P3 polypeptide intermediates are involved in the formation of nonstructural proteins associated with viral RNA replication (Yi & Lemon, 2002). Within the P2 region, the 2C protein possesses a nucleoside triphosphatase motif, with both 2B and 2C potentially being involved with directing the membrane rearrangements that are essential for RNA replication (Yi & Lemon, 2002). Within the P3 segment, 3B (VPg) is bound covalently to the 5’ end of genomic RNA, with 3Cpro being the only proteinase that the virus encodes, making it the reason for most cleavages within the proteolytic processing of the polyprotein (Yi & Lemon, 2002). (Figure 1.1) (all tables and figures are located in the appendix).
While HAV strains belong to a single serological group, it possesses seven distinct genotypes (GI to GVII), where GI, GII, GIII, and GVII are recognized as primarily human isolates, while GIV, GV, and GVI contain simian isolates (Hussain et al., 2005). Genotypes, GI, GII, and GIII are further divided into subtypes A and B, showing a genetic difference of approximately 7-7.5% between the subtypes within the VP1/P2A region (Vaughan et al., 2014). Most strains affecting humans belong to GI with GIA and are the most frequently reported genotype worldwide, while genotype IB is predominant in the Middle East and parts of South Africa (Kaddoura et al., 2020). 
	Compared to other picornaviruses, HAV possesses different physiochemical properties including its capability of maintaining stability at both high temperatures (up to 80°C) and low pH environments (as low as a pH of 2) (Stuart et al., 2019). Upon ingestion, HAV will survive in the acidic stomach environment and be delivered to the liver or excreted via feces (Shin & Jeong, 2018). The incubation period of HAV lasts between 15-50 days, averaging around 30 days until there are waves of viremia and a large quantity of fecal viral shedding with some shedding in the saliva, without development of symptoms (Shin & Jeong, 2018). Those suffering from HAV infection can either be symptomatic or asymptomatic, with illness occurring in four phases for those experiencing symptoms. The first phase is the viral replication phase, and the second phase is the prodromal phase with onset symptoms such as fever, malaise, nausea, fatigue, abdominal pain, diarrhea, and anorexia (Castaneda et al., 2021). The third phase leads to an onset of jaundice with an enlarged liver, and the final fourth phase of HAV illness is when symptoms begin to recede and normal liver function returns (Brundage & Fitzpatrick, 2006). The introduction of effective HAV vaccinations in 1995 resulted in a significant decline in HAV outbreaks. In the past, HAV outbreaks occurred every 10-15 years and were primarily associated with asymptomatic children (Foster et al., 2019). However, since the universal childhood vaccination recommendations consisting of two doses have largely been adopted, asymptomatic children are no longer the main cause of these outbreaks (Foster et al., 2019).  As incidence rates of HAV are decreasing across all age groups, the susceptible population of unvaccinated adults who were not infected by exposure during childhood remain vulnerable to this infection by contaminated products (Foster et al., 2019). 
	As HAV is a foodborne virus, the route of transmission is primarily through the fecal-oral route or upon close contact with an infected individual, bio-aerosolized droplets, or consumption of food contaminated by a food handler infected by HAV or unhygienic practices and cross-contamination via contact surfaces that can lead to HAV illness spread (Foster et al., 2019; Ridpath et al., 2020). Proper handwashing is imperative to prevent transmission between both workers and patrons in food service locations. HAV poses a high public health concern due to its ability to transfer at infectious doses as low as 10 particles (Pradhan et al., 2019). Common foods known to be associated with HAV outbreaks include shellfish, vegetables, ready to eat salads, ice-cream, juices, breads, and raw under cooked foods (Sattar et al., 2000). As of August 4th, 2023, 37 states publicly reported a total of 44,903 cases, 27,435 hospitalizations, and 423 deaths (CDC, 2023). In 2013, six cases of HAV were reported in New York City among food handlers (Ridpath et. al, 2020). Outbreaks reported in 2013 and 2018 were linked to consumption of contaminated frozen strawberries imported from Poland in both Sweden and Austria with 34 confirmed cases (Enkrich et al., 2020). In 2022, a multistate outbreak of HAV was linked to fresh organic strawberries with 19 cases and 13 hospitalizations occurring in Arizona, California, Minnesota, and North Dakota (CDC, 2022). Even though, commercial vaccines are available against HAV, research on novel technologies to prevent HAV spread is still needed. 
2.2 Human noroviruses
One of the primary causes of viral gastroenteritis is human noroviruses (HNoVs), which are extremely infectious needing very few particles to cause disease (Chhabra et al., 2019). Originally referred to as winter vomiting disease as Norwalk or Norwalk-like virus accredited to Norwalk, Ohio where an outbreak occurred in an elementary school in 1968 that led to the first characterization of the virus (Lopman et al., 2008). Like all foodborne viruses, HuNoVs are transmitted by the fecal-oral route upon contact through an infected individual, contaminated food or water or bio-aerosolized particles (Chhabra et al., 2019). 
Human noroviruses (HuNoVs) belong to the Caliciviridae family due to its “cup-like” shape that are non-enveloped, positive sense, single-stranded RNA viruses (about 7.5 kb in length) enclosed in an icosahedral capsid of 25 to 35 nm (Chhabra et al., 2019). The genera that make up the Caliciviridae family other than Noroviruses are Sapovirus, Vesivirus, Lagovirus, and Nebovirus (Desselberger, 2019; Chhabra et al., 2019). The two genera most connected to epidemic gastroenteritis are the Sapoviruses and Noroviruses, while the Vesivirus, Lagovirus, and Nebovirus are a part of animal caliciviruses, posing no known human threat to date (Chhabra et al., 2019). HuNoVs contain three ORFs, with the first ORF (ORF1) encoding for the nonstructural proteins p48, NTPase, p22, Vpg, protease, and RNA dependent RNA polymerase (RdRp) (Veliz et al., 2020). VP1, the major structural protein, is encoded for by ORF2, while the minor structural protein, VP2, is encoded for by ORF3. (Chhabra et al., 2019) (Figure 1.2). 
Human noroviruses (HuNoVs) are currently classified into ten genogroups (GI-GX), which are further subdivided into 48 genotypes: 9 in GI, 27 in GII, 3 in GIII, 2 in GIV, 2 in GV, 2 in GVI, and one genotype each in GVII, GVIII, GIX, and GX (Chhabra et al., 2019). Viruses within genogroups GI, GII, and GIV are associated with human infection while the remaining genogroups are commonly associated with bovine and murine infecting viruses (Chhabra, 2019). Nucleotide diversity within the RNA dependent RNA polymerase (RdRp) region further divides them into 60 P-types (14 GI, 37 GII, 2 GIII, 1 GIV, 2 GV, 2 GVI, 1 GVII, and 1 GX) (Chhabra et al., 2019).
The viral capsid is made up of 90 VP1 dimers, each containing both a shell (S) and a protruding (P) domain (Chhabra et al., 2019). This P domain is responsible for the binding of histo-blood group antigens (HBGA) that are receptors on host cells, the P domain also acts as a determinant for antigenicity (Donaldson et al., 2010). HBGA’s serve as a binding ligand and putative receptor for HuNoV entry (Debbink et al., 2014). The HuNoV receptor is in enterocytes near the tips of the villi, as well as in CD3-, CD68-, and DC-SIGN-positive cells, which are markers for T cells, dendritic cells, and macrophages (Wobus, 2018). The capsid attaches to the cell surface through interactions between VP1 and HBGA’s and eventually internalized, uncoated, and disassembled (Chhabra et al., 2019). Viral replication occurs in the cytoplasm, close to host-derived membrane complexes (Chhabra et al., 2019). There are no current commercial vaccines for human noroviruses due to their complexity, however many vaccine strategies are focusing on VP1 (Chhabra et al., 2019). 
Noroviruses are known to be environmentally stable, possessing a low infectious dose of 18-2,800 particles, which makes preventing its spread extremely difficult (Debbink et al., 2014) Noroviruses display high diversity and evolve rapidly with extreme genetic variation (Teunis et al., 2020). Although typically self-limiting in healthy individuals, norovirus infection can lead to severe health complications in those who are immunocompromised, the elderly, and young children (Chhabra et al., 2019). Nosocomial transmission is associated with HuNoVs within hospitals and nursing homes. Individuals can shed norovirus particles for several weeks after symptomology ends (Chhabra et al., 2019). Hospitals may accommodate immunocompromised individuals infected with various norovirus strains, who are symptomatic. These viral variations can resemble the antigenic differences seen in HuNoV pandemics, enabling some variants to evade herd immunity (Chhabra et al., 2019). Symptoms of HuNoV illness include diarrhea, vomiting, nausea, dehydration, and stomach pain. Symptoms typically develop within 12-48 hours, with a much shorter incubation period compared to HAV, after exposure and recovery within 1-3 days (CDC, 2023).
There are approximately 20 million cases of HuNoVs reported in the United States annually (CDC, 2023). As of April 11, 2023, 322 HuNoV illnesses were reported across seven states. Another HuNoV multistate outbreak was linked to raw oysters from Texas. On December 8, 2022, the Texas Department of State Health Services and the Florida Department of Health informed the FDA of an illness connected to the consumption of raw oysters that were harvested from Texas within the Galveston Bay, thus resulting in a recall of all oysters harvested between November 7, 2022, and December 7, 2022 (CDC, 2023). Raw oysters from British Columbia were also connected to a HuNoV outbreak occurring across 13 states with 192 reported illnesses as of June 2022 (CDC, 2023). 
The cultivation of HuNoVs in the laboratory has posed major challenges in understanding the biology and development of effective antiviral strategies. Additionally, only a limited amount of HuNoV strains have been reported to replicate in B cells (Estes et al., 2019). Numerous attempts have been made to cultivate HuNoVs in both primary and immortalized cells, but these efforts have been unsuccessful due to the challenges involved in inoculating cultured cells with stool filtrates (Estes et al., 2019).  Between the years 1972 and 1990, a group of volunteer studies showed a subset of individuals that displayed genetic resistance to HuNoV infection, suggesting that a specific host receptor may be missing in certain individuals (Estes et al., 2019). Later, researchers found that HuNoV particles fail to bind to intestinal biopsies of those who are “non-secretors” and do not express the correct fucosylated glycans HBGAs within their intestinal villi due to the lack of a functional fucosyltransferase 2 (FUT2) enzymes (Estes et al., 2019). This same study found that the volunteers who were secreter-positive, those with a functional FUT2 enzyme, were infected by HuNoVs. Thus, the hypothesis that certain HuNoVs can replicate in non-transformed human epithelial cultures when obtained from secretor-positive donors who have the appropriate HBGA expression on enterocytes (Estes et al., 2019). Ensuring the correct HBGA expression is met is important when developing a cultivation system for this virus and the previous attempts at cultivating them in intestinal epithelial lines or blood-derived macrophages/dendritic cells have failed at yielding consistent results (Wobus, 2018). For example, the HK2 cells, or human kidney cells, are cultured cells that are positive for FUT2 but lack the expression for HBGAs, failing to be successful for infection and replication (Estes et al., 2019). 
Cultivation of primary human intestinal epithelial cells is extremely difficult and for an extended period, was not possible due to the rapid apoptosis of the enterocytes upon direct culturation from human tissue, resulting in the cease of viral replication (Estes et al., 2019). However, more recent studies have shown that only some HuNoV genogroups and genotypes can be cultivated in the lab in human intestinal enteroids, albeit at low titers (Tian et al., 2013; Estes et al., 2019).
2.3 Human norovirus surrogates
The use of cultivable surrogates is vital in food safety studies to determine environmental and processing parameters to decrease foodborne outbreak risk.  Cultivable surrogates act as validation components, with low risk of pathogenic exposure to humans, but are similar in size, structure, and survival/behavioral characteristics of the target pathogen, and easy to cultivate and enumerate (Bozkurt et al., 2015; Kniel, 2014). They are used to provide insights into the inactivation of foodborne viral pathogens, particularly HuNoVs (that are not yet cultivable in high enough titers), and to ensure that food processing facilities implement the adequate environmental sanitation procedures. 
Among the HuNoV surrogates is the cultivable feline calicivirus (FCV-F9), belonging to the same Caliciviridae family as HuNoVs, consisting of small (30-35 nm) single-stranded RNA (~7.6 kb) within a non-enveloped capsid, and known to cause respiratory infections in cats (Martino et al., 2009). 
Another surrogate model virus for HuNoVs within the Caliciviridae family, includes murine norovirus (MNV-1), as MNV-1’s capsid structure, replication cycle, and genomic organization are extremely similar to those of HuNoVs and use animal models that allow for natural host research to study HuNoV pathogenesis (Belliot et al., 2008; Hwang, 2014). MNV-1 was first described in 2003, shown to cause fatal disease in laboratory mice, consisting primarily of chronic infections, unlike HuNoVs (Hwang, 2014). 
The most recently used cultivable surrogate, Tulane virus (TV), within the same Caliciviridae family, is said to contain the most similar genomic organizations, recognizing the HBGAs that act as co-receptors for HuNoVs (Wei et al., 2012). 
Each of these three surrogates have their advantages and disadvantages and so use of various surrogates for comparison when investigating inactivation approaches has been suggested (Kniel, 2014).
2.4 Aichi virus
	While HAV and HuNoVs are major contributors to food and waterborne illnesses, Aichi virus (AiV-1) has recently emerged as a cause of human gastroenteritis, although reported much less frequently (Kitajima & Gerba, 2015; Bozkurt et al., 2015). Like HAV, AiV-1 belongs to the Picornaviridae family, however of the Kobuvirus genus consisting of three species: Aichi virus A, Aichi virus B, and Aichi virus C; with Aichi virus A relating to three genetically different members and different host species, AiV-1 (Aichivirus in humans, canine kobuvirus, and murine kobuvirus) (Kitajima & Gerba, 2015). AiV-1 is composed of a single-stranded positive-sense RNA genome of approximately 8.3 kb in length, slightly longer than both HAV and HuNoV, containing a 5’ and 3’ untranslated region (UTR), an internal ribosomal entry site (IRES), and one ORF (Kitajima & Gerba, 2015) (Figure 1.3). 
	AiV-1 was first found in stool samples from patients displaying gastroenteritis associated with the consumption of contaminated raw oysters in Aichi Prefecture, Japan (Yamashita et al., 1991). AiV-1 detection has been reported in parts of Asia, Europe, South America, and Africa sourced from oysters and seafood (Yates, 2014). Other sources of AiV-1 include sewage, river water, and ground water (Kitajima & Gerba, 2015). Clinical studies have shown that while typical gastroenteritis symptoms occur during AiV-1 infection, the virus is typically present in combination with other enteric viruses; suggesting that AiV-1 may be present in patients without noticeable symptoms, contributing to gastrointestinal infections that do not require medical attention or to mixed viral infections that lead to enteric disease (Kitajima & Gerba, 2015). 
3. Foodborne virus control strategies
3.1 Chemical methods for microbial inactivation
	Commonly used methods for environmental sanitation and viral inactivation include various chemical disinfectants such as chlorine, ozone, quaternary ammonium compounds/ chemicals (QACs), hydrogen peroxide, peracetic acid, and essential oils. Chlorine is a frequently used disinfectant due to its low cost and high effectiveness and possesses antimicrobial properties which vary depending upon factors such as concentration, temperature, and pH, with optimal antimicrobial pH between 4-7. However, the use of chlorine with organic matter can produce various harmful by-products, including trihalomethanes, which cause both short- and long-term health effects (Lim et al., 2010). Sodium hypochlorite (chlorine-bleach) is a commonly used disinfecting agent for viruses such as HuNoVs, but contain corrosive and irritating properties to mucous membranes, skin, and airways which can limit its use (Dubuis et al., 2020). Another disinfectant that has been considered a slightly better alternative is chlorine dioxide (ClO2) due to its lack of reaction with humic substances, forming no halogenated disinfection by-products with an even larger antimicrobial pH range of 3-7 (Lim et al., 2010). 
	For chemical disinfection, the level of virus dispersion is important for the testing of disinfectant inactivation ability. Previous chlorine studies have found that HAV when treated with free chlorine, is considerably more resistant when no dispersion or purification of virus stock was conducted before the disinfection experiment (Shin & Sobsey, 2008). Another chlorination study on poliovirus 1 (PV1) and FCV found that aggregated PV1 and FCV were up to a hundred times more resistant to free chlorine than the dispersed form of the virus (Shin & Sobsey, 2008). Quaternary ammonium compounds/chemicals (QACs) are often used in place of chlorine bleach to prevent damage to surfaces. However, these disinfectants show weak efficacy against non-enveloped viruses such as HuNoV and HAV (Huang et al., 2022). One study conducted by Tung et al., (2013) tested the efficacy of commonly used disinfectants such as ethanol (at 50, 70, and 90%), sodium hypochlorite (5, 75, 250, 500, and 1,000 parts per million (ppm)), and a QAC mix (concentrations of 0.1x, 1.0x, and 10x) against two NoV genogroup II strains (GII.2 and GII.4) as well as two cultivable HuNoV surrogates (FCV and MNV) to determine inactivation. They found that both NoV strains displayed higher resistance against sodium hypochlorite compared to both surrogates, requiring at least 500 ppm to achieve a significant reduction of 3 log RNA copies after 30 s of exposure. For the QAC solutions, all 4 viruses displayed resistance to inactivation with <0.5-log PFU/mL reduction for all concentration types, as well as resistance to ethanol with <0.5-log reduction, except for MNV, which displayed high susceptibility to ethanol with a 2-log PFU/mL reduction at the higher ethanol concentrations of 70 and 90 % after 30 s of exposure (Tung et al., 2013).
Another commonly used disinfectant is peroxide containing solutions such as accelerated hydrogen peroxide (H2O2), which can denature viral proteins unlike QACs and alcohols (Huang et al., 2022). Huang et al. (2022) tested the efficacy of 4 laboratory prepared solutions (0.5-3.13%) of H2O2 for the inactivation of FCV and TV (8 log PFU/mL) over 1 min and 10 min contact time within suspensions and found 4.1->5.4 and 3.4-3.9 log PFU/mL reduction for FCV and TV, respectively. TV displayed the highest resistance under all tested solutions, which could be due to the isoleucine residue of TV instead of myristoylated glycine at the position of the S-P1 hinge region that is present in FCV’s capsid structure, making it less impacted by oxidation (Huang et al., 2022). 
Another alternative disinfectant includes peracetic acid (PAA), which is commonly used in the food industry, healthcare establishments and water treatment. PAA is an organic peroxyacid that was deemed a bactericidal agent in 1955 (Ao et al., 2021). Research has shown an increase in sterilization ability, less dependency of pH, reduction of toxic byproducts produced, and easier application when using PAA in place of conventional chlorinated disinfectants for water disinfection and microbial inactivation (Ao et al., 2021). With its oxidizing abilities, PAA has shown potential for degradation of aqueous organic micropollutants, as well as synergistic effects for this degradation and inactivation of pathogens in water treatments such as when a PAA- based Advanced oxidation process (AOP) was used (Ao et al., 2021). For PAA-based AOP the formation of the reactive radical species is vital for water disinfection and oxidation of various aqueous micropollutants and can be activated by methods such as ultrasound exposure, catalysis, or UV, in turn activating the peroxide in AOP (Ao et al., 2021). However, the exact mechanism of PAA activation is still unknown, as well as the identification of the dominant radical species, and PAA-based AOPs efficiency in elimination of contaminants via chemical and microbiological relation (Ao et al., 2021). Bouchard et al. (2023) evaluated the effects of PAA based inactivation of MNV-1 (5.0 log PFU/mL) on stainless-steel surfaces and found a 3.50-log PFU/mL reduction after 5 min at 80 ppm and 250 ppm PAA treatment. Whereas HAV (4.0 log PFU/mL) inactivation on stainless-steel surfaces did not exceed >1.0-log PFU/mL reduction after the highest exposure of 1 min at 1000 ppm PAA, which could be due to HAV aggregation and increase of chemical treatment resistances due to increased sublethal exposures to PAA (Bouchard et al., 2023).
Another chemical disinfection technique is the application of ozone (O3). Ozone is a strong oxidizing agent acting against viruses and does not result in the potentially harmful by-products of chlorine but can lead to chronic symptoms in humans such as lung damage and asthma over long-term exposure (Predmore et al., 2015; Epelle et al., 2023). Ozone can directly disrupt virus constituents such as nucleic acids, proteins, and the capsid components and is used as a surface and water disinfecting agent, as well as a preservation method for foods and ingredients (Predmore et al., 2015). A controlling factor of the use of ozone for disinfection of water, like chlorine, is pH and temperature. A study conducted by Lim et al., (2010) used aqueous ozone to disinfect the HuNoV surrogate MNV, due to its historically higher pH resistance compared to FCV. They exposed MNV (~4 log PFU/mL) in ozone demand-free buffer to a predetermined dose at two different pHs (5.6 and 7.0) and temperature treatments (5 and 20°C) and found >99% inactivation at 1 mg/L ozone within 2 min of exposure (Lim et al., 2010). Previously evaluated enteric viruses’ susceptibility to ozone treatments include poliovirus (PoV) and HAV with ozone concentrations of 0.37 mg/L and 1 mg/L that showed reductions of 3 log PFU/mL within 10 s and 5 log PFU/mL within 60 s, respectively (Shin & Sobsey, 2003; Vaughn et al., 1991). Thus, HuNoVs show higher resistance to ozone disinfection compared to other enteric viruses (Lim et al., 2010). MNV-1 and TV (both 6 log PFU/mL) on or within fresh strawberries exposed to ozone treatments at 6% wt/wt over 40 min was found to be decreased by 3.3 log on surfaces and 1.5 log when internalized for MNV-1, while TV was reduced to non-detectable levels for the surface inoculated virus and by 1.5 log PFU/mL for internalized virus (Predmore et al., 2015). For lettuce, ~2.0-log reduction of MNV-1 and TV was obtained on contaminated lettuce after 6% wt/wt ozone treatment for 40 min, thus showing the increased resistances when internalized in food matrices (Predmore et al., 2015).  
	Ozone disinfection treatments in gaseous form is also commonly used for aerosol disinfection. Airborne transmission of respiratory viruses such as influenza A virus, gastrointestinal viruses such as rotavirus, as well as HuNoVs is known to occur (Dubuis et al., 2020). Previous studies have explored the use of ozone concentrations for the inactivation of HuNoV surrogates, MNV-1, TV, and FCV. Dubuis et al. (2020) combined ozone at 0.23 ppm with various relative humidity (RH) (20% or 85%) levels for MNV-1 (7 log PFU/mL) inactivation over 60 min of exposure and found that ozone had no effect at 20% RH and an immediate 1 log reduction at 85% RH followed by an additional 2 log reduction at 40 min of exposure. 
Essential oils (EOs) have been researched as an alternative source for food safety, due to their antimicrobial activity and lack of interference with nutritional characteristics of food products (Battistini et al., 2019). Battistini et al. (2019) evaluated the inactivation of HAV (6.74 log TCID50/mL) in soft mixed fruit berries using 0.5% lemon, 0.1% grapefruit, and 0.05% rosemary cineole. This study found highest inactivation of HAV with 0.05% rosemary cineole (2.94-log TCID50/mL reduction), followed by grapefruit (2.89-log TCID50/mL reduction), and lastly lemon (2.84 log TCID50/mL reduction) after 1 hour at room temperature (Battistini et al., 2019).
	Although effective, chemical disinfectants can possess harmful byproducts that are hazardous to humans, causing adverse health effects, as well as degradation of organic matter and can adversely affect the sensory and nutritional properties of foods (Lim et al., 2010; Sarron et al., 2021). 	 
3.2 Physical methods for microbial inactivation
	Other traditional methods used for inactivation of pathogens in the food environment include thermal and mechanical processes, although known to be both time and energy consuming (Otto et al., 2011; Bozkurt et al., 2015). Previously, FCV and MNV-1 within capillary tubes containing 50 μL of virus stock and cell culture media (~5 log PFU/mL) after treatment at 56 and 70°C showed D-values (time required to achieve 90% reduction) of 3.473 and 0.166 min for MNV-1 and 6.715 and 0.118 min for FCV, respectively (Cannon et al., 2006). While another study found D-values of 6.37 and 0.21 min for treatments of FCV within 2 mL screw-capped vials at 56 and 72°C, and D-values of 3.74 and 0.25 min for treatments of MNV-1 at 56 and 72°C, respectively (Bozkurt et al., 2014). However, HAV inactivation within cell culture media under similar temperature conditions of 56 and 72°C showed increased D-values of 8.40 and 0.88 min, respectively (Bozkurt et al., 2014). 
	High-Pressure Processing (HPP) is a non-thermal food processing method that utilizes hydrostatic pressure for pathogenic inactivation, including viruses by disrupting the capsid proteins (Govaris & Pexara, 2021). HPP treatment of HAV (7.0 log PFU/mL) in laboratory media (Dulbeco’s Modified Eagle Medium- Fetal Bovine Serum (DMEM-FBS) at 400 MPa, 50°C, for 1 min showed a 4.0 log PFU/mL reduction, while FCV (~7.0 log PFU/mL) within DMEM-FBS at 250 MPa, 20°C, for 5 min showed a 2.84 log TCID50 reduction (Kingsley et al., 2002; Murchie et al., 2007). However, AiV (~6.0 log PFU/mL) displayed no reduction at 600 MPa, at ambient temperatures, for 5 min, and was found to remain fully infectious (Kingsley et al., 2004). HPP processing treatments of HAV within mashed strawberries at 375 MPa, 21°C for 5 min/pH 3.67 displayed a 4.3 log PFU/mL reduction, while treatments of HuNoV GII.4 within strawberry puree at 400 MPA, 4°C for 2 min/pH 7.0 showed reductions of 2.29 log RNA copy/mL (Govaris & Pexara, 2021). While HPP treatments of HuNoV GI.1 contaminated blueberries (dry or wet) showed reductions of <1.0 log PFU/mL at 600 MPa at 1 and 21°C for 2 min and 2.7 log PFU/mL at 500 MPa at 1°C for 2 min for dry and wet blueberries, respectively (Govaris & Pexara, 2021). These varying levels of inactivation are dependent on both food and virus type due to potential protection within foods and pH effects, with virus survival appearing higher within high water activity (aw) foods (Govaris & Pexara, 2021).
	HPP however is not as successful for the inactivation of food enzymes and bacterial spores, as these organisms require extremely high pressures for inactivation. Enzymatic and oxidative degradation within food components is likely to occur, along with food discolorations, and there is a limit to the free water amount needed for anti-microbial effects (Naveena et al., 2020; Govaris & Pexara, 2021). 
	Another form of non-thermal processing includes ionizing radiation, either by gamma rays or electron beams (E-beams), which is reportedly faster than gamma irradiation (high penetration ability) however lacking in similar penetration depths (Predmore et al., 2015). MNV-1 (6 log PFU/mL) inactivation by E-beams at 4 kGy showed 1.6 and 1.2 log reduction within PBS and DMEM, while TV (6 log PFU/mL) showed a 1.5 and 1.8 log reduction in PBS and Opti-MEM, respectively (Predmore et al., 2015). Feng et al. (2011) found a 2.4 log reduction of MNV-1 (8 log PFU/mL) when treated with 5.6 kGy (of E-beam) on fresh produce (strawberries, romaine lettuce, and spinach). The main disadvantage of E-beam is the low penetration ability and hence primarily used for surface disinfection. However, disadvantages of ionizing radiation include potential human health risks such as damage to tissues and DNA due to its high energy and prolonged exposure (US EPA, 2024).
3.3 Ultraviolet light (UV)-C light
	Various wavelengths of light (non-ionizing wavelengths) have been studied to inactivate microorganisms. Ultraviolet (UV-C) light is a well-known means of inactivation of a wide array of microorganisms including viruses, especially within the 200-280 nanometer (nm) range (Bhardwaj et al., 2021). The UV-C light mechanism is via photochemical changes, cross-linking, and oxidative damage to DNA/RNA or proteins (Wurtmann & Wolin, 2010). Unsaturated organic compounds can absorb wavelengths between 200 and 280 nm, indicating the biological importance of UV-C light for inactivation (Cutler & Zimmerman, 2011). These unsaturated compounds are vital in the reproduction process of cells as well as in cell metabolism, that include pyrimidines, purines, and flavin, which are susceptible to UV-C light exposure at 254 nm (Cutler & Zimmerman, 2011).  Viral capsid genetic components are strong absorbers of UV-C radiation, whereas the viral protein components are only minor absorbers (Lopez et al., 2021). 
	UV-C (primarily at 254 nm) is commonly used for environmental sanitation within the food service industry, and many studies have evaluated its efficiency for viral and bacterial inactivation on food contact surfaces, on/within food and liquid matrices, and in air. Frequently evaluated surfaces include stainless-steel, ceramic, and glass due to their prevalence within packaging warehouses and food-service industries. Park et al. (2015) found that HAV (~5.9 log PFU/mL) was reduced by 2.6 log PFU/mL on stainless-steel treated by UV-C at 260 nm with a dose of 300 mJ/cm2, while MNV-1 (~6.2 log PFU/mL) displayed higher sensitivity with a 4.3 log PFU/mL reduction at the same UV-C dose, as shown in Table 1.1. Similarly, FCV (~5.39 log TCID50/100 μl eluate) on stainless-steel surfaces treated by UV-C at 254 nm with a dose of 60 mJ/cm2 showed complete inactivation (non-detectable levels) (Moldgy et al., 2020). Contaminated Formica surfaces have also been evaluated for UV-C inactivation where HAV (~6 log PFU/mL), FCV (~6 log PFU/mL), and TV (~7 log PFU/mL) treated by UV-C at 254 nm with a dose of 10.91, 21.81, and 10.91 mJ/cm2 showed reductions of 1.72, 2.26, and 1.50 log PFU/mL, respectively (Corson et al., 2024).  HAV displayed increased resistance to UV-C at 254 nm inactivation on stainless-steel compared to FCV, with only 1.72 log PFU/mL reduction for HAV compared to >5.39 log PFU/mL reduction for FCV at doses of 300 and 60 mJ/cm2 for HAV and FCV, respectively (Park et al., 2015; Moldgy et al., 2020). Similarly, treatments with UV-C at 254 nm of viruses dried on Formica surfaces showed D-10 values of 12.40 ± 1.15, 9.97 ± 2.44, and 6.83 ± 1.13 mJ/cm2 for HAV, FCV, and TV on Formica surfaces. Where, HAV displayed increased resistance to UV-C at 254 nm inactivation (Corson et al., 2024).
	UV-C irradiation has shown success for the inactivation of enveloped viruses, such as SARS-CoV-2, ~5 log PFU/mL of inoculated virus on various non-porous surfaces including glass, stainless-steel, ceramic, and oak after treatment with 254 nm UV-C doses up to 8 mJ/cm2 showed >3.5 log reduction on all tested surfaces, with glass being the least sensitive displaying >3.77 log PFU/mL reduction (Tomas et al., 2022). Various porous surfaces including car upholstery products such as polyester, nylon, and foam, showed up to 2 log PFU/mL reduction of SARS-CoV-2 when treated with UV-C at 254 nm, although very high doses of up to 528 mJ/cm2 were needed for inactivation compared to non-porous surfaces (Tomas et al., 2022). 
UV-C light for decontamination of food products is commonly utilized, to maintain the integrity of the food product without affecting color, pH, or flavor (Fino & Kniel, 2008). However, food composition is a key determinant for dose requirements. Inactivation of MNV-1 or HAV (both ~4 log PFU/mL) on contaminated green onions treated with UV-C at 254 nm for doses up to 240 mJ/cm2 showed reductions of 1.2 and 5.2 log PFU/mL, respectively (Hirneisen & Kniel, 2013). Strawberries contaminated with either HAV or FCV (both ~8 log TCID50/mL) treated with UV-C at 254 nm for a dose of 40 mJ/cm2 showed reductions of 1.28 and 4.29 log TCID50/mL, respectively (Fino & Kniel, 2008). Similarly, lettuce contaminated with either HAV or FCV (both ~8 log TCID50) under the same treatment conditions showed inactivation of 2.46 and 3.48 log TCID50/mL, respectively (Fino & Kniel, 2008). HAV on strawberries and lettuce showed the highest resistance to this UV-C treatment with 1.28 and 2.46 log TCID50/mL, reduction respectively, compared to FCV on strawberries and lettuce with 4.29 and 3.48 log TCID50/mL reduction at a dose of 40 mJ/cm2, respectively (Fino & Kniel, 2008). When comparing HAV and MNV-1 inactivation on green onions by UV-C at 254 nm however, MNV-1 displayed increased resistance with 1.2 log PFU/mL reduction, while HAV was reduced by 5.2 log PFU/mL at a dose of 240 mJ/cm2 (Hirneisen & Kniel, 2013).
	Overall, inactivation capabilities and dosage requirements could be associated with viral properties such as surface/matrix attachment and capsid and nucleic acid structure (Corson et al., 2024). However, there are disadvantages of traditional mercury lamps that include a narrow peak of 254 nm with limited range, production of hazardous waste, relatively low shelf life, and requirement of a warm-up time (Kheyrandish, 2018). Thus, novel approaches including UV-C light emitting diode (LED) devices have piqued the interest of many researchers that need further investigation for application in the food industry.
4. UV-C light-emitting-diode (UV-C-LED) systems
UV-C light-emitting-diode (UVC-LED) systems have become a promising approach for surface decontamination with energy efficient inactivation of microorganisms. LED systems are made of semiconductor materials with a structure like that of visible light systems and emit light when an electrical current is applied rather than a superheated element or ionized gas that is seen in traditional UV-C lamps (Schobel et al., 2023; Bourget, 2008). As opposed to traditional UV-C light systems, UV-C LEDs optical features with intrinsic properties provide higher sustainability, portability, and inexpensive with decreased heat emission, increased wavelength diversity, lacks the warmup time requirement and hazardous waste generation due to their lack of mercury (Kheyrandish et al., 2018). UV-C LEDs have a peak wavelength close to absorption maxima of DNA and RNA, with a wavelength range of 250-280 nm (Schobel et al., 2023). As LEDs emit visible light, light-sensitive compounds within bacterial cell walls can become excited and collide with and participate in energy transfer with oxygen molecules producing reactive oxygen species that further react with other cellular components causing cell death (Prasad et al., 2020). UV-C light, particularly UV-C LED light, became a common source for decontamination of surfaces and inactivation of bioaerosol droplets of pathogens during the COVID-19 pandemic due to other commonly used disinfectants being in short supply (Schobel et al., 2023).	
When experimenting with contact surfaces, the microorganism involved is typically in a dried or semi-dried state, though research studies focused on the UV-C LED radiation within solutions (Schobel et al., 2023). However, the kinetics for inactivation of dried microorganisms on contact surfaces can differ from solutions or in wet state. It is also rather ambiguous if these previous research studies regarding virus inactivation within liquid solutions can be applied directly to surface inactivation methods (Schobel et al., 2023). While research regarding viral inactivation within liquid suspensions as well as on surfaces by UV-C LEDs is limited, studies on the doses required for successful microbial inactivation by UV-C LEDs at various wavelengths is on-going. Tanaka et al. (2018) evaluated FCV (8 log PFU/mL) inactivation within PBS suspensions by UV-C LEDs at 255, 261, 277, and 281 nm at a single dose of 40 mJ/cm2 for all systems and found that the UV-C LED systems at 255 and 261 nm were able to achieve 5 log PFU/mL reduction of FCV, while the remaining 277 and 281 nm systems achieved  4 log PFU/mL reduction, respectively. Similarly, Schobel et al. (2023) compared UV-C LEDs at 255, 265, 275, and 285 nm systems for the dose required to achieve a 1-log PFU/mL reduction of MNV-1 (7 log PFU/mL) inoculated on stainless-steel discs, with reported dose (D-10) values at of 70, 87, 112, and 124 mJ/cm2, respectively. Treatment of FCV (~6 log PFU/mL) on stainless-steel surfaces by UV-C LED at 269 nm resulted in a 3.3 log PFU/mL reduction at a dose of 27.5 mJ/cm2 (Mariita et al., 2022). Comparatively, FCV on Formica surfaces treated by UV-C LED at 279 nm showed a 2.5 log PFU/mL reduction at a dose of 54.6 mJ/cm2 (Corson et al., 2024). In addition, Formica surfaces contaminated by HAV or TV and treated with UV-C LED at 279 nm displayed 2.2 and 1.8 log PFU/mL reductions at a dose of 27.3 mJ/cm2, respectively (Corson et al., 2024). 
Many studies have determined the doses required to inactivate various bacteria and bacteriophages within food matrices and water (Kim & Kang, 2020; Calle et al., 2021; Bowker et al., 2011). Among these include contaminated sliced deli meats inoculated with either E. coli, L. monocytogenes, or Salmonella Typhimurium (all ~ 8 log CFU/mL) and treated with UV-C LED at a peak wavelength of 280 nm at a dose of 21.6 mJ/cm2 that achieved corresponding reductions of 1.5, 1.0, and 1.6 log CFU/mL reductions, respectively (Kim & Kang, 2020). Similarly, these same researchers, Kim & Kang (2020) treated spinach contaminated with either E. coli, L. monocytogenes, or Salmonella Typhimurium (all ~8 log CFU/mL) with 280 nm UV-C LED at a dose of 21.6 mJ/cm2 and found reductions of 2.6, 2.4, and 2.6 log CFU/mL, respectively.
Raw tuna filets contaminated with either E. coli, Salmonella Typhimurium, and L. monocytogenes, and (all 6 log CFU/mL) treated with UV-C LED at 275 nm required doses as high as 4000 mJ/cm2 to achieve a 1.77, 1.86, and 1.31 log CFU/mL reduction, respectively (Fan et al., 2021). Similarly, skinless chicken breast contaminated with Salmonella Typhimurium (6 log CFU/mL) required a dose of 3600 mJ/cm2 to achieve >3 log CFU/mL reduction (Calle et al., 2021). The decreased reduction within sliced deli and tuna filets meat compared to spinach could be attributed to factors including increased porosity and shielding abilities that have been reported to protect pathogens from UV-C inactivation methods, besides the composition of the food matrix that is high in lipid and protein that could protect the microbes from the UV-C treatment.  
Bacteriophages within water have been used as enteric viral surrogates and have been treated with UV-C LED systems. Bacteriophages MS2, QB, and PhiX174 (all ~8.0 log PFU/mL) treated by UV-C LED at 266 nm at a dose of 9 mJ/cm2 resulted in >7 log PFU/mL reductions, while UV-C LED at 279 nm at a dose of 9 mJ/cm2 achieved 6 log PFU/mL reduction for all 3 tested viruses (Kim et al., 2017). MS2 and T7 bacteriophage (both ~8 log PFU/mL) treated by UV-C LED at 255 and 275 nm at doses of 60 mJ/cm2 for MS2 and 20 mJ/cm2 for T7 displayed a 2.4 and 2.2 log CFU/mL reduction of MS2 and a 3.8 and 4.6 log CFU/mL for T7, respectively (Bowker et al., 2011). 
Bio-aerosolized deposited pathogens are another area of concern within food service establishments, as contamination can occur via vomitus, coughing, sneezing, etc. by an infected food handler, and determination of the required doses to achieve successful inactivation of both bacteria and viruses is vital to prevent potential outbreaks (Nunayon et al., 2022). However, research on bio-aerosolized foodborne virus inactivation is lacking. Previously, food contact surfaces (such as stainless-steel, glass, and silicon rubber) contaminated with either E. coli, Salmonella Enteritidis, or Pseudomonas fragi (all 6 log CFU/mL) bioaerosols were treated with UV-C LED at 279 nm at a dose of 6 mJ/cm2 that achieved 2.0, 3.0, and 3.14 log CFU/mL reductions on stainless-steel surfaces, while 2.8, 3.8, and 3.6 log CFU/mL reductions were obtained on glass, and 1.91, 2.91, and 3.08 log CFU/mL were obtained on silicon rubber, respectively (Sharma et al., 2024). 
Studies regarding UV-C inactivation of foodborne bacteria and fungi within air by both traditional UV-C as well as UV-C LEDs have been reported (Kim and Kang, 2018; Snelling et al., 2022; Nunayon et al., 2022). Aerosolized S. Typhimurium, S. aureus, L. monocytogenes, and E. coli (all ~8.0 log CFU/mL) treated by UV-C LED at 279 nm at a dose of 1.5 mJ/cm2 for E. coli, and 4.6 mJ/cm2 for the rest, achieved 4.5, 3.0, and 4.0 log CFU/mL reduction for S. aureus, S. Typhimurium, and L. monocytogenes, respectively, with a 2.5 log CFU/mL reduction of E. coli (Kim and Kang, 2018). Snelling et al. (2022) found a 3.16 log CFU/mL reduction of S. aureus (initial concentration of ~9.0 log CFU/mL) in air when treated with traditional UV-C at 254 nm at a dose of 7.42 mJ/cm2. Aerosolized fungi however have shown to require higher doses for inactivation. Kim and Kang (2018) treated aerosolized Aspergillus flavus and Al. japonica (both ~8.0 log CFU/mL) with 279 nm UV-C LED at a dose of 23 mJ/cm2, that showed a 4 log CFU/mL reduction for both fungi. Effects of air mixing conditions, transmission range, and mode of irradiation determine UV-C efficiencies (Nunayon et al., 2022). Aerosolized E. coli (initial concentration of ~8.0 log CFU/mL) treated by UV-C LED with peak wavelengths between 260-270 nm under stationary conditions at a short disinfection range of 1.15 m required a dose of 1,100 mJ/cm2 and 590 mJ/cm2 to achieve a 1.0-log CFU/mL reduction under poorly mixed and well-mixed air conditions, respectively (Nunayon et al., 2022). When the aerosolized E. coli was exposed to a rotating UV-C LED system at a short disinfection rage of 3.15 m, the doses required to achieve a 1.0-log CFU/mL reduction was 650 mJ/cm2 and 590 mJ/cm2 under poorly mixed and well-mixed air conditions, respectively (Nunayon et al., 2022). However, when exposed to long disinfection ranges, much higher doses were needed to achieve a 1.0 log reduction under poorly mixed air conditions with 1,340 mJ/cm2 and 730 mJ/cm2 for the stationary and rotating UV-C LED system, respectively (Nunayon et al., 2022). When aerosolized E. coli was present in well-mixed conditions, a 1.0-log CFU/mL reduction was unachievable, regardless of mode of irradiation (Nunayon et al., 2022). 
Though there are no reported studies evaluating the inactivation of aerosolized enteric viruses by UV-C LEDs, aerosolized bacteriophages used as enteric virus surrogates including MS2 (8.0 log PFU/mL), QB (7.0 log PFU/mL), and QX174 (5.5 log PFU/mL) treated with 279 nm UV-C LED at a dose of 4.6 mJ/cm2 showed reductions of 4.7, 4.9, and 4.0 log PFU/mL, respectively (Kim and Kang, 2018).  
Thus, further determination of required doses for the inactivation of various foodborne enteric viruses on various inoculated food model contact surfaces, as well as bio-aerosolized deposits on contact surfaces, as well as in air by UV-C LED devices is needed to enhance the knowledge regarding novel UV-C LED systems for environmental sanitation to protect public health and prevent potential foodborne outbreaks. The objectives of this research were to: (1) determine the doses (D-10 values) required to achieve a 1-log reduction (D-10 values) of HAV and FCV when surface dried on stainless-steel, ceramic, and glass surfaces after treatment with traditional UV-C at 254 nm, UV-C LED at 254 nm and UV-C LED at 279 nm; and (2) determine the D-10 values needed for the inactivation of aerosolized deposits of HAV, FCV, and AiV on stainless-steel and glass surfaces when treated with UV-C LED at 254 and 279 nm.
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Abstract
Food contact surfaces can harbor and transmit pathogens leading to outbreaks. Decontamination strategies that are user- and environmentally-friendly without toxic by-product formation are needed. Novel UV-C light-emitting diode (LED) technologies are being explored to deliver the required dose to inactivate viruses in food-processing environments. The objective of this study was to compare the effects of 279 nm UV-C LED to 255 nm UV-C LED and traditional UV-C against hepatitis A virus (HAV) and feline calicivirus (FCV, a cultivable human norovirus surrogate) on stainless-steel, ceramic, and glass surfaces. Viruses were surface-spread on sterile stainless-steel or ceramic coupons (100 μL on 2 × 2 cm2), or glass discs (50 μL on 0.5-inch diameter), air-dried, and UV-C-treated for up to 3.75 min (surface dose=0–49.2 mJ/cm2 for HAV and 0–24.6 mJ/cm2 for FCV). Each triplicate treatment was assayed in duplicate, and data were statistically analyzed. The D-10 values for HAV treated with traditional 254 nm UV-C on stainless-steel, ceramic, and glass were 9.48 ± 0.34, 14.53 ± 2.52, and 6.91 ± 1.93 mJ/cm2, with 255 nm UV-C LED were 4.60±0.91, 6.85±1.16, and 8.24±1.03 mJ/cm2, and with 279 nm UV-C LED were 19.53 ± 2.45, 26.05±0.60, and 8.77 ± 2.08 mJ/cm2, respectively. The D-10 values for FCV treated with traditional 254 nm UV-C on stainless-steel, ceramic, and glass were 3.65 ± 0.06, 5.92 ± 1.90, and 4.69 ± 0.03 mJ/cm2, with 255 nm UV-C LED were 5.79±0.67, 5.97±0.32, and 5.25±2.01 while with 279 nm UV-C LED were 7.097 ± 2.11, 8.31 ± 2.12, and 7.82 ± 0.86 mJ/cm2, respectively. Higher 279 nm UV-C doses were needed to inactivate HAV and FCV compared to 255 nm UV-C LED and traditional 254 nm UV-C on the tested surfaces (except for HAV on glass). Novel UV-C LED systems using appropriate doses are capable of inactivating foodborne viruses on food contact surfaces. 
1. Introduction
Environmental sanitation is of major importance to the agricultural industry and public health sector as contamination by bacteria, viruses, parasites, or fungi can cause foodborne illnesses affecting 1 in 6 individuals in the United States annually, with 128,000 hospitalizations out of the estimated 48 million illnesses each year (CDC, 2024). Though Salmonella is most frequently reported with 1.35 million infections and 26,500 hospitalizations in the United States annually, foodborne viruses are also increasingly reported to cause human gastroenteritis illnesses worldwide (CDC, 2024). Hepatitis A virus (HAV) and human noroviruses (HuNoVs) are the epidemiologically significant foodborne viruses of human health concern (CDC, 2024; Stuart et al., 2019). Hepatitis A virus (HAV) is a non-enveloped, single-stranded RNA virus of the genus Hepatovirus in the family Picornaviridae that is transmitted through the fecal-oral route and affects the liver with symptoms that last more than a month (Sattar et al., 2000). Contact with an HAV infected individual, contamination of food by an HAV infected food handler, or contaminated surfaces can lead to illness as HAV can survive in the environment for extended periods and under low pH conditions (Shin & Jeong, 2018). Although, effective HAV vaccinations were introduced in 1995 with a decrease in number of HAV outbreaks, they continue to occur worldwide (Foster et al., 2019). As of August 2023, in the U. S. alone, HAV outbreaks were reported in 37 states totaling 44,903 cases, 27,435 hospitalizations, and 423 deaths linked to person-to-person contact (CDC, 2024). 
	While HAV surveillance is important due to the severity and length of disease symptoms, HuNoV illnesses are the most frequently reported foodborne illness with 21 million illnesses occurring annually in the U.S. (CDC, 2024). HuNoV’s belong to the Caliciviridae family and like HAV are also non-enveloped with a positive-sense, single-stranded RNA enclosed in a capsid, but have a “cup-like” shape and though are transmitted in a similar manner as HAV, have a short incubation period (Graaf et al., 2016). They are also environmentally stable and possess an infection dose between 18 and 2,800 particles which makes prevention of its spread extremely difficult, especially in the absence of commercially available vaccines (Debbink et al., 2014). Although HuNoV infection is typically self-limiting in healthy individuals, severe health complications can occur in immunocompromised individuals, the elderly, and young children (Graaf et al., 2016). Foodborne HuNoV outbreaks continue to occur and a multistate HuNoV outbreak linked to raw oysters was reported between November and December of 2022 in Texas, U.S. and in British Columbia, Canada with 192 illnesses as of June 2022 (CDC, 2024). Since, currently all genogroups of HuNoV’s cannot reproducibly be cultivated in the laboratory at high titers for inactivation studies, cultivable surrogates including feline calicivirus (FCV-F9), murine norovirus (MNV-1) and Tulane virus (TV) have been used (Araud et al., 2020; Joshi et al., 2023; Patwardhan et al., 2020).
	The importance of sanitation of food contact surfaces in the prevention of foodborne outbreak spread is well-recognized within the food industry. Commonly used chemical disinfectants include chlorine, quaternary ammonium, hydrogen peroxide, and peracetic acid (Dubuis et al., 2020; Huang et al., 2022; Ao et al., 2021) but can generate hazardous waste and harmful by-products. An alternate surface disinfection approach is the application of ultraviolet (UV) light-C technology in the range of 200 to 280 nm, traditionally using low-pressure mercury lamps (typically at 254 nm), for inactivation of microorganisms (Balamurugan et al., 2022; Vashisht et al., 2021). UV-C damages DNA and RNA due to photochemical changes, cross-linking, and oxidative damage and prevents DNA replication (Sadraeian et al., 2022). The genetic material within viral capsids are strong absorbers of UV radiation, especially near the 254 nm wavelength, whereas other viral components such as proteins are minor absorbers of UV radiation at this wavelength (Gómez-López et al., 2021). Research indicates that UV-C at 254 nm inactivation follows a dose-dependent relationship with varying effects depending on the type of microorganism (Nuanualsuwan et al., 2002). Previous studies showed that FCV dried on stainless-steel discs was completely inactivated (> 5.0 log PFU/mL) at a 254 nm UV-C dose of 60 mJ/cm2 (Moldgy, 2020). Another study reported a 2.6 log PFU/mL reduction of HAV on stainless-steel surfaces with 300 mJ/cm2 using 254 nm UV-C (Park et al., 2015).
	However, more recently, UV-C light emitting diodes (LEDs) have become widely studied as a decontamination approach with energy efficient inactivation of microorganisms (Schöbel et al., 2023; Sharma et al., 2023; Pendyala et al., 2020). LEDs possess intrinsic properties regarding optical features, are more sustainable, portable, inexpensive with low heat emission, have increased wavelength diversity, do not require a warmup time, and do not generate hazardous waste due to their lack of mercury as opposed to traditional UV-C mercury containing lamps (Kheyrandish et al., 2018). UV-C LEDs can be designed to have a peak wavelength close to absorption maxima of DNA and RNA or proteins (Schöbel et al., 2023).
There is limited research on the use of UV-C LED at varying wavelengths such as 279 nm for the inactivation of foodborne viruses on contact surfaces. Previously, the HuNoV surrogate, feline calicivirus (FCV-F9) on stainless-steel surfaces was shown to be reduced by 3 log PFU/disc using UV-C LEDs at 269 nm at a dose of 22.5 mJ/cm2 (Mariita et al., 2022). Furthermore, the dose required to achieve a 1-log or 90% reduction (D-10 value) of FCV on Formica coupons was reported to be 23.37 ± 0.91 mJ/cm2 using UV-C LED at 279 nm and 9.97 ± 2.44 mJ/cm2 using traditional UV-C at 254 nm (Corson et al., 2024). This same study also showed that HAV on Formica coupons had similar D-10 values using both traditional UV-C at 254 nm (D-10 value=12.40 ± 1.15 mJ/cm2) and UV-C LED at 279 nm (D-10 value= 12.39 ± 0.70 mJ/cm2) (Corson et al., 2024). Taken together, UV-C LED at 279 nm shows promise for inactivation of viruses on surfaces with its advantages over traditional UV-C at 254 nm. Therefore, this aimed to evaluate the effectiveness of UV-C LED at 279 nm in comparison to traditional 254 nm UV-C and UV-C LED at 254 nm for the inactivation of HAV and the cultivable human norovirus surrogate, FCV-F9 when dried on stainless-steel, ceramic, and glass surfaces, used as model food contact surfaces. 
2. Materials and methods
2.1 Animal host cell lines for HAV and FCV Propagation
	Fetal rhesus monkey kidney cells (FRHK-4) were used as host cells for the propagation of HAV-HM175 generously provided by Dr. Kalmia Kniel’s laboratory (University of Delaware), and Crandell-Reese Feline Kidney (CRFK) cells were used as host cells for the propagation of FCV-F9, obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA), as reported in our earlier studies (Joshi et al., 2023; Choi et al., 2023). Dulbecco’s Modified Eagle Medium (DMEM-F12) containing 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin (Pen-Strep) (PS; Fisher Scientific, Pittsburgh, PA, USA) were used to maintain and propagate both cell lines.


2.2 HAV and FCV propagation
	Previously published protocols were used to propagate HAV and FCV (Joshi et al., 2023; Choi et al., 2023; Bozkurt et al., 2014). Briefly, 2 mL of HAV (strain HM175), generously provided by Dr. Kalmia Kniel’s laboratory (University of Delaware), was added to confluent FRHK-4 cells within sterile 175 cm2 cell-culture flasks along with 8 mL DMEM-F12 containing 2% FBS and 1% Pen-Strep and incubated at 37 °C for three hours in a CO2 incubator with 5% CO2. This was followed by the addition of 10 mL DMEM-F12 containing 10% FBS and 1% Pen-Strep. The infected flasks were then incubated for five to seven days, within a water-jacketed incubator under 5% CO2. Once cytopathic effects were observed, the infected flasks were frozen within a −80 °C freezer and freeze-thawed thrice, centrifuged at 5000 rpm for 10 min and filtered through a 0.2-micron filter to be stored back at −80 °C for subsequent use as additional HAV stock as reported before (Patwardhan et al., 2020; Corson et al., 2024).
Similarly, to the cultivation of the previously mentioned FRHK-4 cells and infection of HAV, confluent CRFK cells within sterile 175 cm2 cell-culture flasks were infected with 2 mL of FCV-F9 stock (purchased from ATCC) and 8 mL DMEM with 2% FBS and 1% Pen-Strep and incubated at 37 °C for three hours, followed by the addition of 10 mL DMEM-F12 containing 10% FBS and 1% Pen-Strep and incubated for three to five days, within a water-jacketed incubator under 5% CO2 until cytopathic effects were observed. The infected flasks were then freeze-thawed thrice, centrifuged and filtered through a 0.2-micron filter to be stored back at −80 °C for subsequent use as additional FCV-F9 stock as reported earlier (Joshi et al., 2023; Corson et al., 2024). 

2.3 UV-C LED (279 nm) treatment of HAV and FCV inoculated and dried on stainless-steel coupons, ceramic coupons, and glass discs
Stainless-steel coupons (Biosurface Technologies, via Fisher Scientific, Pittsburgh, PA, USA, type 304, finish 2B; 2 × 2 cm2) or ceramic tiles/coupons (Home Depot; 2 × 2 cm2) or glass discs (Biosurface Technologies; 0.5-inch diameter) were surface rinsed with ethanol, dried, wrapped with aluminum foil and sterilized by autoclaving. These sterile coupons or discs were placed within sterile petri dishes within a biosafety hood (254 nm UV-C mercury lamp, Labconco Purifier Class II Biosafety cabinet, 36208 020421542 A, Kansas City, Missouri, USA) and surface decontaminated using 254 nm UV-C light for 10 min as described in earlier studies (Corson et al., 2024). Then, 100 μL of either HAV (~5.5 log PFU/mL) or FCV (~6.0 log PFU/mL) in cell-culture grade phosphate buffered saline (pH 7.2, Fisher Scientific) were aseptically spread onto individual sterile coupons (2 × 2 cm2 area of stainless- steel or ceramic) or 50 μL were spread on glass discs (0.5-inch diameter area) and allowed to dry within the biosafety hood for another 10 min for stainless-steel and ceramic coupons or overnight for glass discs (at an ambient temperature of 23 °C and 43% relative humidity) and exposed to various UV doses/treatment times as described below.
UV-C LED (MD 1016-1, Irtronix, Torrence, CA, USA) emits at a peak wavelength of 279 nm. For treatments, the sum of the 10–12 nm full width at half maximum output irradiance and corresponding wavelength absorption spectra were considered for average delivered UV dose irradiance calculation. The exposures were conducted for up to 2.5 min for HAV on stainless-steel coupons using 30 s intervals (0–150 s), 3.75 min for HAV on ceramic coupons using 45 s intervals (0–225 s), and up to 1.0 min for HAV on glass using 10 s intervals until 40 s, followed by a 20 s interval (0–60 s). Treatments up to 1.25 min for FCV on stainless-steel coupons using 15 s intervals (0–75 s), 2.5 min for FCV on ceramic coupons using 30 s intervals (0–150 s), and up to 1.0 min for FCV on glass using 10 s intervals until 40 s, followed by a 20 s interval (0–60 s) (279 nm, 6.5 cm from sample, Surface irradiance = 0.328 mW/cm2, HAV surface dose = 0–49.2 mJ/cm2 on stainless-steel, 0–73.8 mJ/cm2 on ceramic, 0–19.68 mJ/cm2 on glass; FCV surface dose = 0–24.6 mJ/cm2 for stainless-steel, 0–49.2 mJ/cm2 on ceramic, and 0–19.68 mJ/cm2 on glass). Each experiment was replicated three times for each treatment condition/exposure time/UV dose. 
Viruses from the inoculated control (0–min) ceramic and stainless-steel coupons as well as the UV-C LED exposed treated coupons were then aseptically recovered using 750 μL DMEM-F12 containing 2% FBS and 1% Pen-strep that served as an eluant for HAV or FCV and aseptically added to sterile 2 mL centrifuge tubes. Viruses from the inoculated control (0–min) glass discs as well as the UV-C LED exposed treatments were aseptically recovered by placing the glass disc within a 15 mL sterile centrifuge tube containing 9 mL DMEM-F12 with 2% FBS and 1% Pen-strep that served as an eluant for HAV and FCV. The recovered viruses were ten-fold serially diluted using DMEM-F12 containing 2% FBS and 1% Pen-Strep. The viral infectivity was determined using viral plaque assays in duplicate for each ten-fold dilution for each treatment type and treatment time/dose. 
2.4 UV-C LED (255 nm) treatment of HAV and FCV inoculated and dried on stainless-steel coupons, ceramic coupons, and glass discs 
As mentioned previously in section 2.3, cleaned and sterilized stainless-steel coupons or ceramic tiles/coupons or glass discs were placed within sterile petri dishes within the same biosafety hood. Then, 100 μL of either HAV (~5.5 log PFU/mL) or FCV (~6.0 log PFU/mL) in cell-culture grade phosphate buffered saline (pH 7.2, Fisher Scientific) were aseptically spread onto individual sterile coupons (2 × 2 cm2 area of stainless- steel or ceramic) or 50 μL were spread on glass discs (0.5-inch diameter area) and allowed to dry within the biosafety hood for another 10 min for stainless-steel and ceramic coupons or overnight for glass discs (at an ambient temperature of 23 °C and 43% relative humidity) and exposed to various UV doses/treatment times as described below.
UV-C LED (MD 1016-1, Irtronix, Torrence, CA, USA) emits at a peak wavelength of 255 nm. For treatments, the sum of the 10–12 nm full width at half maximum output irradiance and corresponding wavelength absorption spectra were considered for average delivered UV dose irradiance calculation as reported above (section 2.3). The exposures were conducted for up to 0.5 min for HAV and FCV on stainless-steel coupons, ceramic coupons, and glass discs using 5 s intervals until 20 s, followed by a 10 s interval (5-30 s) (255±12 nm, 13 cm from sample, Surface irradiance = 0.58 mW/cm2, surface dose = 0–17.4 mJ/cm2 on stainless-steel, ceramic, and glass). Each experiment was replicated three times for each treatment condition/exposure time/UV dose. 
Viruses from the inoculated control (0–min) ceramic and stainless-steel coupons as well as the UV-C LED exposed treated coupons were then aseptically recovered as before (section 2.3) and ten-fold serial dilutions were used for viral enumeration using plaque assays. 
2.5 Traditional 254 nm UV-C treatment of HAV and FCV inoculated and dried on stainless-steel coupons, ceramic coupons and glass discs
Similar to UV-C LED treatments of viruses, sterile stainless-steel and ceramic coupons or glass discs were placed within sterile petri dishes within a biosafety hood (254 nm, Labconco Purifier Class II Biosafety cabinet, 36208 020421542 A, Kansas City, Missouri, USA) for surface decontamination using 254 nm UV-C light for 10 min and 100 µL of either HAV (~5.5 log PFU/mL) or FCV (~6.0 log PFU/mL) were spread on stainless-steel or ceramic discs or 50 μL of each virus were aseptically spread on glass discs and allowed to dry within the biosafety hood for 10 min for the coupons and overnight for the discs (at an ambient temperature of 23 °C and 43% relative humidity). The UV-C at 254 nm lamp was turned on for a 10-min warm-up time before treatments were conducted. UV-C hood light treatments at 254 nm (254 nm, 55.88 cm/22 inches from sample, Surface irradiance = 0.217 mW/cm2, HAV surface dose = 0–32.55 mJ/cm2 for stainless-steel, 0–48.83 mJ/cm2 for ceramic, 0–13.02 mJ/cm2 for glass; FCV surface dose = 0–16.28 mJ/cm2 for stainless-steel and ceramic, and 0–13.02 mJ/cm2 for glass) were conducted for up to 2.5 min for HAV on stainless-steel coupons using 30 s intervals ( 0–150 s), 3.75 min for HAV on ceramic coupons using 45 s intervals (0–225 s), treatments for up to 1.25 min for FCV on stainless-steel coupons and ceramic coupons using 15 s intervals (0–75 s), and 1 min treatment for both HAV and FCV on glass discs with 10 s intervals until 40 s followed by a 20 s interval until 1 min (0–60 s). Using the same methods reported above for UV-C LED in Section 2.3, viruses from both the 0–min control and the UV-C 254 nm treatments were recovered, and viral plaque assay was performed in duplicate for each of the three replicates for each treatment condition.
2.6 Infectious plaque assays
	Standard plaque assays in 6-well plates containing confluent host cells were used to determine the infectivity of both viruses (Corson et al., 2024). Briefly, the confluent host FRhK-4 cells were infected with 500 µL of ten-fold serially diluted recovered HAV from control and treated coupons. After infection, the plates were incubated at 37 °C and 5% CO2 for 2.5 h. Then, the media was aspirated, and the infected cells were overlaid with 2 mL per well of a 1:1 ratio of 1.5% Noble agar and HAV overlay medium (Corson et al., 2024). After the overlay, the plates were stored for 72–120 h at 37 °C and 5% CO2 until visualization and enumeration of plaques, and recovered viruses were reported as log PFU/mL (Patwardhan et al., 2020; Corson et al., 2024).
	Similarly, confluent host CRFK cells in 6-well plates were infected with 500 µL of ten-fold serially diluted FCV recovered from control and treated coupons. After infection, the plates were incubated at 37 °C and 5% CO2 for 2.5 h, and the media was then aspirated. The infected cells were overlaid with 2 mL per well of a 1:1 ratio of 1.5% Noble agar and 2× FCV overlay medium as reported earlier (Patwardhan et al., 2020; Corson et al., 2024). After the overlay, the plates were stored for 72–120 h in the CO2 incubator at 37 °C and 5% CO2 until visualization and enumeration of plaques.
2.7 UV-C dose calculation 
	Surface irradiances for the UV-C LEDs at 279 and 255 nm device were measured and calculated using a highly sensitive spectrophotometer (QE Pro series, Ocean Optics, Dunedin, FL, USA) within the exposure area, as discussed previously (Baldelli et al., 2022; Sharma et al., 2024). Surface irradiances for the traditional UV-C bulb at 254 nm system were measured using an International Light Technologies (ILT) research radiometer (ILT5000, SED033/F/W, International Light Technologies, Peabody, MA, USA) which was equipped with a light meter, sensor, filter, optic, and calibration. The surface dose was calculated using the UV intensity and various exposure time (secs) as reported in previous studies (Sharma et al., 2023; Corson et al., 2024; Sharma et al., 2024). The calculated UV intensity for the UV-C (254 nm) was 0.217 mW/cm2, the UV intensity of the UV-C LED (255 nm) was 0.58 mW/cm2, and the UV intensity of the UV-C LED (279 nm) was 0.328 mW/cm2, as calculated using equation 1.
“Equation 1: Surface UV-C dosage (mJ/cm2) = UV intensity (mW/cm2) ×exposure time (secs)” (Baldelli et al., 2022).
2.8 Surface roughness (Ra) measurements 
For each surface type, the surface roughness was measured and reported using a portable tester SJ-210 by Mitutoyo (Sakado, Takatsu-Ku, Kawasaki, Kanagawa, Japan) at Tennessee State University (Nashville, TN, USA) as described in previous studies, using the SJ-210 V.1.210 software with standard configurations (Sharma et al., 2024). Briefly, as described earlier, the constant measurement conditions (Lc - 0.1 in, Ls – 0.000813 cm, Sampling lengths (N)- 4, Prelength- OFF, Pitch- 0.000150 cm) were used for all the measurements and with a 0.0508 cm/s probe (sensor) speed. Like previous reports, the surface roughness (μm) of stainless-steel and ceramic coupons as well as glass discs were measured for an average of 3 sampling lengths/periods (Sharma et al., 2024).
2.9 Statistical analysis
	A two-way ANOVA statistical test with Tukey’s adjustments (p ≤ 0.05) using JMP v.17 was used to analyze the significant differences between the systems, surfaces, and their interactions for each tested virus. No random effects were introduced. A Shapiro-Wilk W and QQ normality plots were used to evaluate the normality of ANOVA residuals. All statistical assumptions regarding normality were met. Excel® was used to determine the D-10 values from linear models as reported earlier (Corson et al., 2024).




3. Results
3.1 Inactivation of HAV and FCV on stainless-steel coupons using traditional UV-C at 254 nm
The calculated D-10 value (mJ/cm2) or the dose required to achieve a 1-log reduction of HAV using 254 nm UV-C on stainless-steel surfaces was 9.48 ± 0.34 mJ/cm2 (Table 2.1) and was significantly lower (P ≤ 0.05) for FCV on stainless-steel coupons which was 3.65 ± 0.06 mJ/cm2 as shown in Table 2.2.  
HAV on stainless-steel coupons treated with UV-C at 254 nm showed reduction between 1.26 to 3.63 log PFU/mL after treatment times of 0.5 min to 2.5 min (corresponding to doses of 6.51–32.55 mJ/cm2), respectively (Table 2.3 and Figure 2.1). HAV titers were significantly reduced (p ≤ 0.05) by 1.26 ± 0.07 log PFU/mL compared to the control after treatment for 0.5 min and was further reduced by 2.53 ± 0.05 log PFU/mL after 1 min treatment and by 3.50 ± 0.16 log PFU/mL after 2 min treatment, followed by a tailing effect in reduction that occurred past the 2 min treatment with UV-C at 254 nm (Figure 2.1). 
FCV on stainless-steel coupons treated with UV-C at 254 nm showed reduction between 1.1 to 4.8 log PFU/mL after 0.25 to 1.25 min (corresponding to doses of 3.26–16.28 mJ/cm2), respectively (Table 2.4 and Figure 2.2). As expected, there was significant reduction in FCV titers compared to the control after each treatment time (p ≤ 0.05). 
3.2 Inactivation of HAV and FCV on ceramic coupons using UV-C at 254 nm
The calculated D-10 value (mJ/cm2) for 1-log reduction of HAV on ceramic coupons was 14.53 ± 2.52 mJ/cm2 as shown in Table 2.1 and was significantly lower (P ≤ 0.05) for FCV on ceramic coupons which was 5.92 ± 1.90 mJ/cm2 using 254 nm UV-C, as shown in Table 2.2.
HAV on ceramic coupons treated with UV-C at 254 nm after 0.75 min to 3.75 min (corresponding to doses of 9.77–48.83 mJ/cm2) showed reduction between 1.52 to 3.35 log PFU/mL, respectively (Table 2.5 and Figure 2.1) There was significant reduction in HAV titers after 0.75 min treatment of 1.52 ± 0.12 log PFU/mL, and after 1.5 min and 2.25 min treatment of 2.32 ± 0.11 and 3.30 ± 0.13 log PFU/mL, respectively (p ≤ 0.05), though tailing effects in reduction were observed after 2.25 min of exposure (Figure 2.1). 
FCV on ceramic coupons treated with UV-C at 254 nm showed reduction between 0.77 to 2.67 log PFU/mL after treatment for 0.25 min to 1.25 min (corresponding to doses of 3.26–16.28 mJ/cm2), respectively (Table 2.6 and Figure 2.2). There was significant reduction in FCV titers of 0.77 ± 0.07 log PFU/mL after 0.25 min treatment, 1.46 ± 0.03 log PFU/mL reduction after 0.5 min treatment, and 2.28 ± 0.07 log PFU/mL reduction after 0.75 min treatment (p ≤ 0.05), though the reduction tailed after 0.75 min of exposure (Figure 2.2). 
3.3 Inactivation of HAV and FCV on glass discs using UV-C at 254 nm
The calculated D-10 value (mJ/cm2) to achieve a 1- log reduction of HAV on glass discs was 6.91 ± 1.93 mJ/cm2 using UV-C at 254 nm, as shown in Table 2.1 and was significantly lower (P ≤ 0.05) for FCV on ceramic coupons which was 4.69 ± 0.03 mJ/cm2 using 254 nm UV-C, as shown in Table 2.2.
HAV on glass discs treated with UV-C at 254 nm for 0.17 to 1.0 min (corresponding to doses of 2.17–13.02 mJ/cm2) showed reduction between 0.85 to 2.09 log PFU/mL, respectively (Table 2.7 and Figure 2.1). There was significant reduction in HAV titers of 0.85 ± 0.02 log PFU/mL after 0.17 min treatment, with 1.3 ± 0.10 and 2.09 ± 0.10 log PFU reduction after 0.33- and 1-min treatment, respectively (p ≤ 0.05). 
FCV on glass discs showed reduction between 0.98 to 2.86 log PFU/mL after treatment with UV-C at 254 nm for 0.17 to 1.0 min (corresponding to doses of 2.17–13.02 mJ/cm2), respectively (Table 2.8 and Figure 2.2). There was significant reduction in FCV titers after all times of exposure (0.17, 0.33, 0.5, 0.67 min) until 0.67 min, where tailing reduction began (p ≤ 0.05) (Figure 2.2). 
3.4 Inactivation of HAV and FCV on stainless-steel coupons using UV-C LED at 255 nm
	The calculated D-10 value (mJ/cm2) to achieve a 1-log reduction of HAV using 255 nm UV-C LED on stainless-steel surfaces was 4.60±0.91 mJ/cm2 as shown in Table 2.1 and was not significantly lower (P ≤ 0.05) for FCV on stainless-steel surfaces which was 5.79±0.67 mJ/cm2 using 255 nm UV-C LED as shown in Table 2.2.
HAV on stainless-steel coupons treated with UV-C LED at 255 nm showed reduction between 0.68-3.3 log PFU/mL after treatment times of 0.083 and 0.5 min (corresponding to doses of 2.9-17.4 mJ/cm2), respectively (Table 2.3 and Figure 2.3). HAV titers were significantly reduced (p ≤ 0.05) by 0.68±0.05 log PFU/mL compared to the control after treatment of 0.083 min, with further reduction by 2.01±0.19 log PFU/mL after treatment of 0.17 min and 2.36±0.05 log PFU after 0.25 min treatment, and by 3.3±0.09 log PFU after 0.5 min treatment. 
FCV on stainless-steel coupons treated with UV-C LED at 255 nm showed reduction between 1.77-3.36 log PFU/mL after treatment times of 0.083 and 0.5 min (corresponding to doses of 2.9-17.4 mJ/cm2), respectively (Table 2.4 and Figure 2.4). FCV titers were significantly reduced (p ≤ 0.05) by 1.77±±0.10 log PFU/mL compared to the control after treatment for 0.083 min, by 2.19±0.10 log PFU after 0.17 min treatment, by 2.71±0.11 log PFU/mL after 0.25 min, and by 3.36±0.09 log PFU after 0.5 min treatment. 

3.5 Inactivation of HAV and FCV on ceramic coupons using UV-C LED at 255 nm
	The calculated D-10 value (mJ/cm2) to achieve a 1-log reduction of HAV using 255 nm UV-C LED on ceramic surfaces was 6.85±1.16 mJ/cm2 as shown in Table 2.1 and was not significantly lower (P ≤ 0.05) for FCV on ceramic surfaces which was 5.97±0.32 mJ/cm2 using 255 nm UV-C LED as shown in Table 2.2.
HAV on ceramic coupons treated with UV-C LED at 255 nm showed reduction between 0.6-2.5 log PFU/mL after treatment times of 0.083-0.5 min (corresponding to doses of 2.9-17.4 mJ/cm2), respectively (Table 2.5 and Figure 2.3). HAV titers were significantly reduced (p ≤ 0.05) by 0.6±0.14 log PFU/mL compared to the control after treatment for 0.083 min and was further reduced by 1.4±0.12 log PFU/mL after treatment by 0.17 min and by 1.8±0.03 log PFU/mL after treatment for 0.25 min, and by 2.3±0.15 log PFU/mL after treatment for 0.33 min. 
FCV on ceramic coupons treated with UV-C LED at 255 nm showed reduction between 1.09-3.07 log PFU/mL after treatment times of 0.083-0.5 min (corresponding to doses of 2.9-17.4 mJ/cm2), respectively (Table 2.6 and Figure 2.4). FCV titers were significantly reduced (p ≤ 0.05) by 1.09±0.12 log PFU/mL compared to the control after treatment for 0.083 min, and reduced by 1.65±0.02 log PFU/mL after treatment of 0.17 min, followed by reduction of 2.27±0.11 log PFU/mL after 0.25 min, and by 3.07±0.04 log PFU after treatment of 0.5 min. 
3.6 Inactivation of HAV and FCV on glass discs using UV-C LED at 255 nm
The calculated D-10 value (mJ/cm2) to achieve a 1-log reduction of HAV using 255 nm UV-C LED on glass discs was 5.25±2.01 mJ/cm2 as shown in Table 2.1 and was not significantly lower (P ≤ 0.05) for FCV on ceramic surfaces which was 5.25±2.01 mJ/cm2 using 255 nm UV-C LED as shown in Table 2.2.
HAV on glass discs treated with UV-C LED at 255 nm showed reduction between 0.8-2.22 log PFU/mL after treatment times of 0.083-0.5 min (corresponding to doses of 12.9-17.4 mJ/cm2), respectively (Table 2.7 and Figure 2.3). HAV titers were significantly reduced (p ≤ 0.05) by 0.8±0.15 log PFU/mL compared to the control after treatment for 0.083 min and was reduced by 1.63±0.06 log PFU/mL after treatment for 0.25 min and by 2.22±0.05 log PFU/mL after treatment for 0.5 min. The calculated D-10 value (mJ/cm2) to achieve a 1-log reduction of HAV using 255 nm UV-C LED on glass surfaces was 5.35±0.67 mJ/cm2 as shown in Table 2.1.
FCV on glass coupons treated with UV-C LED at 255 nm showed reduction between 1.43-3.64 log PFU/mL after treatment times of 0.083-0.5 min (corresponding to doses of 2.9-17.4 mJ/cm2), respectively (Table 2.8 and Figure 2.4). FCV titers were significantly reduced (p ≤ 0.05) by 1.43±0.13 log PFU/mL compared to the control after treatment for 0.083 min, and was further reduced by 2.69±0.10 log PFU/mL after treatment of 0.33 min, and by 3.64±0.04 log PFU/mL after treatment of 0.5 min. 
3.7 Inactivation of HAV and FCV on stainless-steel coupons using UV-C LED at 279 nm
The calculated D-10 value (mJ/cm2) for 1-log reduction of HAV on stainless-steel coupons was 19.53 ± 2.45 mJ/cm2 as shown in Table 2.1 and was significantly lower (P ≤ 0.05) for FCV on stainless-steel coupons which was 7.097 ± 2.11 mJ/cm2 using 279 nm UV-C LED, as shown in Table 2.2.
HAV on stainless-steel coupons showed reduction between 1.2 to 2.75 log PFU/mL after treatment for 0.5 min to 2.5 min (corresponding to doses of 9.84–49.2 mJ/cm2) with UV-C LED at 279 nm (Table 2.7 and Figure 2.5). There was significant reduction in HAV titers of 1.20 ± 0.07 log PFU/mL after 0.5 min treatment from the control, with 1.96 ± 0.02 log PFU/mL reduction after 1.5 min treatment and further reduction of 2.75 ± 0.15 log PFU/mL after 2.5 min treatment. 
FCV on stainless-steel coupons showed reduction between 1.93 to 3.89 log PFU/mL after treatment with UV-C LED at 279 nm for 0.25 to 1.25 min (corresponding to doses of 4.92–24.6 mJ/cm2) (Table 2.4 and Figure 2.6). There was significant reduction in FCV titers after 0.25 min of 1.93 ± 0.05 log PFU/mL, with 2.99 ± 0.11 log PFU/mL reduction after 0.75 min, followed by further reduction of 3.89 ± 0.19 log PFU/mL after 1.25 min (p ≤ 0.05). 
3.8 Inactivation of HAV and FCV on ceramic coupons using UV-C LED at 279 nm
The calculated D-10 value (mJ/cm2) for 1-log reduction of HAV on ceramic coupons was 26.05 ± 0.60 mJ/cm2 as shown in Table 2.1 and was significantly lower (P ≤ 0.05) for FCV on stainless-steel coupons which was 8.31 ± 2.12 mJ/cm2 using 279 nm UV-C LED, as shown in Table 2.2.
HAV on ceramic coupons showed reduction between 1.63 to 3.37 log PFU/mL after treatment with UV-C LED at 279 nm for 0.75 min to 3.75 min (corresponding to doses of 
14.76–73.8 mJ/cm2), respectively (Table 2.5 and Figure 2.3). There was significant reduction after 0.75 min of 1.63 ± 0.17 log PFU/mL from the control with further significant reduction of 2.52 ± 0.11 log PFU/mL after 2.25 min and with 3.37 ± 0.10 log PFU/mL reduction again after 3.75 min treatment. 
FCV on ceramic coupons showed reduction between 1.1 to 3.12 log PFU/mL after treatment treated with UV-C LED at 279 nm for 0.5–2.5 min (corresponding to doses of 9.84–49.2 mJ/cm2) (Table 2.6 and Figure 2.4). There was significant reduction in FCV titers after treatment for 0.5 min of 1.10 ± 0.04 log PFU/mL, with 2.51 ± 0.07 log PFU after 1.5 min treatment and 3.12 ± 0.11 log PFU/mL after 2.5 min treatment (p ≤ 0.05). 
3.9 Inactivation of HAV and FCV on glass discs using UV-C LED at 279 nm
The calculated D-10 value (mJ/cm2) to achieve a 1-log reduction of HAV using 279 nm UV-C LED on glass discs was 8.77 ± 2.08 mJ/cm2 as shown in Table 2.1 and was not significantly lower (P ≤ 0.05) for FCV on glass discs which was 7.82 ± 0.86 mJ/cm2 using 279 nm UV-C LED as shown in Table 2.2.
HAV on glass discs showed reduction between 0.5 to 2.2 log PFU/mL after treatment with UV-C LED at 279 nm for 0.17 to 1.0 min (corresponding to doses of 3.28–19.68 mJ/cm2), respectively (Table 2.7 and Figure 2.3). There was significant reduction in HAV titers after treatment for 0.17 min of 0.5 ± 0.10 log PFU/mL, with 1.3 ± 0.10 and 1.7 ± 0.10 log PFU/mL reduction after 0.5 and 0.67 min, and 2.2 ± 0.20 log PFU/mL reduction after 1 min treatment (p ≤ 0.05). The calculated D-10 value (mJ/cm2) for 1-log inactivation of HAV on glass discs was and 8.77 ± 2.08 mJ/cm2 using UV-C at 279 nm, as shown in Table 2.1.
FCV on glass discs showed reduction between 0.93 to 2.57 log PFU/mL after treatment with UV-C LED at 279 nm of 0.17 to 1.0 min (corresponding to doses of 3.28–19.68 mJ/cm2), respectively (Table 2.8 and Figure 2.4). There was significant reduction in FCV titers after treatments for 0.17 min, 0.33 min, 0.5 min, and 0.67 min of 0.93 ± 0.02, 1.41 ± 0.05, 1.86 ± 0.11, and 2.31 ± 0.19 log PFU/mL, respectively, while tailing occurred after 0.67 min (p ≤ 0.05) (Figure 2.4). The calculated D-10 value (mJ/cm2) for 1-log reduction of FCV on glass discs was 7.82 ± 0.86 mJ/cm2 using UV-C LED at 279 nm, as shown in Table 2.2.
3.10 Surface roughness (Ra) measurements of each model surface
The average Ra values for stainless-steel coupons, ceramic coupons, and glass discs were calculated to be 7.3, 56.2, and 12.3 μm, respectively. 

4. Discussion
Prevention of cross contamination is of utmost concern in the food processing industry as foodborne pathogens can survive on food contact surfaces for extended periods and be transmitted to other items (knives, spoons), food, and surface areas after contact leading to foodborne outbreaks (Stein et al., 2017). In addition to surface sanitation with chemical washes, traditional UV-C at 254 nm is commonly used for microbial decontamination of surfaces. Evaluation of the inactivation of Salmonella (8–9 log CFU/mL) inoculated on stainless-steel, HDPE, waxed cardboard, and PVC coupons (common surfaces found within the tomato processing industry) using UV-C at 254 nm showed that 2.75, 2.93, 1.39, and 1.91 log CFU reductions, respectively were obtained at doses of 3.3 mJ/cm2 (Lim & Harrison, 2016). Increased UV-C doses of 19.7 mJ/cm2 were shown to result in Salmonella reductions of 3.51, 4.32, 1.43, and 3.51 log CFU on stainless-steel, HDPE, waxed cardboard, and PVC, respectively, with waxed cardboard showing the least amount of reduction at both tested dosages, as the wax can provide a shielding effect from UV radiation (Lim & Harrison, 2016; Yuan et al., 2004). While traditional UV-C systems have been routinely used, surface disinfection using UV-C LED systems including use of wavelengths at 279 and 255 nm continue to be investigated. Stainless-steel discs inoculated by droplets containing 7-log CFU/mL of either Listeria monocytogenes, Escherichia coli, or Salmonella enterica serovar Typhimurium after treatments with UV-C LED systems at 279 nm resulted in D-10 values of 3.02 ± 0.1, 2.70 ± 0.1 mJ/cm2, and 1.90 ± 0.1 mJ/cm2, respectively (with > 3 log CFU/mL inactivation at the highest dosage of 12 mJ/cm2) for the tested bacteria (Sharma et al., 2023). Therefore, this research investigated the ability of UV-C at 254 nm and UV-C LED at 279 and 255 nm to inactivate HAV and FCV on model food contact surfaces including stainless-steel, ceramic and glass. 
HAV is known to be resilient and stable to most environmental stressors. Hence, the high D-10 value (mJ/cm2) of 26.04 ± 0.60 mJ/cm2 for HAV using UV-C LED at 279 nm and 14.53 ± 2.52 mJ/cm2 using UV-C at 254 nm on ceramic surfaces, respectively, is not surprising. This difference in dosage between the two systems could be attributed to the surface roughness and inherent properties of HAV that could result in adherence to ceramic and resistance to UV-C LED at 279 nm. These high parameters were followed by D-10 values (mJ/cm2) of HAV on stainless-steel surfaces of 19.53 ± 2.45 mJ/cm2 for UV-C LED at 279 nm, 9.48 ± 0.34 mJ/cm2 for UV-C at 254 nm, and 4.60±0.91 mJ/cm2 for UV-C LED at 255 nm, with HAV on glass discs displaying the lowest D-10 values (mJ/cm2) of 8.77 ± 2.08 mJ/cm2 by UV-C LED at 279 nm and 6.91 ± 1.93 mJ/cm2 by traditional UV-C at 254 nm, respectively. However, when treated by UV-C LED at 255 nm, HAV on stainless-steel coupons displayed the lowest D-10 values (mJ/cm2) of 4.60±0.91 mJ/cm2, although followed closely by both ceramic and glass surfaces with D-10 values (mJ/cm2) of 6.85±1.16 and 8.24±1.03 mJ/cm2, respectively. These differences could be due to the increased fit (higher R2 value of 0.95 and lower tailing effects) experienced for inactivation of HAV on stainless-steel by UV-C LED at 255 nm compared to inactivation on ceramic and glass surfaces. 
Similarly, FCV on ceramic coupons displayed higher D-10 values (mJ/cm2) of 
8.31 ± 2.12 mJ/cm2 for UV-C LED at 279 nm, 5.92 ± 1.90 mJ/cm2 for UV-C 254 nm, and 5.97 ± 1.90 mJ/cm2 for UV-C 255 nm LED, respectively compared to when inoculated on stainless-steel and glass surfaces. Based on the data obtained, HAV needed the highest dose for inactivation on contaminated ceramic surfaces by traditional UV-C at 254 nm and UV-C LED at 279 nm (~9.84–73.8 mJ/cm2 for UV-C LED at 279 nm and ~ 3.3–48.8 mJ/cm2 for UV-C at 254 nm; p ≤ 0.05). The high doses of HAV inactivation on ceramic may be associated with surface roughness (as mentioned earlier) and surface properties that may allow for stronger adherence to ceramic, less penetration of UV-C, as well as the resilience of HAV to UV-C inactivation, related to its nucleic acid and capsid protein structure and content. In fact, researchers also state that surface roughness parameters could play a role in decontamination using UV-C systems (Sharma et al., 2023; Sharma et al., 2024). Therefore, different surfaces may require different doses for microbial inactivation. With ceramic showing a higher surface roughness Ra value of 56.2 µm compared to stainless-steel and glass (7.3 and 12.3 μm, respectively), it is likely that the high Ra values contribute to accumulation of viruses, offering protection against treatments, thus providing higher survival rates and increased dosage requirements, as discussed previously (Sharma et al., 2024). These researchers compared the inactivation of E. coli, Salmonella Enteritidis, and Pseudomonas fragi by UV-C LED at 279 nm on glass, silicone rubber, and stainless-steel surfaces that had surface roughness values 0.020, 0.576, and 1.473 μm with silicone rubber showing the highest resistance to UV-C treatment resulting in only 1.91, 2.91, and 3.08 log CFU/mL reduction for E. coli, Salmonella Enteritidis, and P. fragi, respectively. However, the correlation between surface roughness and inactivation abilities is still debatable/unknown, with varying reports among researchers (Sharma et al., 2024).
Other researchers showed that glass displayed the lowest Ra and Rq values of 0.0204 and 0.0492 compared to values of stainless-steel with Ra and Rq values of 0.58 and 0.80, which explained the higher bactericidal effect on glass treated with UV-C at 280 nm (Kim & Kang, 2020) and is similar to the findings of this study for HAV inactivation. Kim & Kang (2020) showed that the level of inactivation of the tested bacterial pathogens varied dependent on surface type, however glass displayed the highest reduction for all pathogens treated with UV-C LED at 280 nm, followed by PVC, stainless-steel, Teflon, and silicon. Kim & Kang (2020) showed that treatments with 280 nm UV-C LED at a dose of 2 mJ/cm2, caused 0.9–1.44 log reductions of E. coli, with highest reduction on glass, while the lowest reduction was obtained on silicon followed by Teflon, stainless-steel and then PVC. These researchers also showed that at a dose of 3 mJ/cm2, S. Typhimurium and L. monocytogenes were reduced by 0.5–1.66 log CFU and 0.5–0.91 log CFU, respectively that followed the same surface resistance trend as E. coli (Kim & Kang, 2020). Similarly, the current study found that HAV contaminated on glass displayed the lowest D-10 value when compared to stainless-steel and ceramic surfaces after treatment with UV-C LED at 279 nm. This could be explained by the ability of the pathogen to adhere to the surfaces as well as a possible back reflection from the stainless-steel coupons that could contribute to the lower D-values of this target microorganism (Sharma et al., 2024).
Currently, literature related to UV-C at 254, 255, and 279 nm dose requirements for inactivation of human foodborne viruses including HAV and HuNoV on varied food contact surfaces is limited for comparative purposes to the current study. HAV on Formica coupons was reported to show similar D-10 values (mJ/cm2) using both traditional UV-C at 254 nm (D-10 value= 12.40 ± 1.15 mJ/cm2) and UV-C LED at 279 nm (D-10 value =12.39 ± 0.70 mJ/cm2) (Corson et al., 2024). In the current study, D-10 values using UV-C LED at 279 nm for the inactivation of HAV was shown to be 19.53 ± 2.45, 26.05 ± 0.60, and 8.77 ± 2.08 mJ/cm2 on stainless-steel, ceramic and glass surfaces, respectively. Thus, HAV showed higher resistance to UV-C LED at 279 nm treatments on ceramic, followed by stainless-steel, Formica, and then glass. Using treatments with traditional UV-C at 254 nm, HAV showed D-10 values of 9.48 ± 0.34, 14.53 ± 2.52, and 6.91 ± 1.93 mJ/cm2 on stainless-steel, ceramic and glass respectively, indicating that HAV had higher resistance to traditional UV-C at 254 nm treatments on Formica, followed by stainless-steel that was similar to ceramic, and then glass. Thus, HAV on glass was found to be most sensitive to UV-C LED at 279 nm and traditional UV-C at 254 nm compared to ceramic, stainless-steel or Formica surfaces. Using treatments with UV-C LED at 255 nm, HAV showed D-10 values of 4.60±0.91, 6.85±1.16, and 8.24±1.03 mJ/cm2 on stainless-steel, ceramic, and glass, respectively, indicating that HAV was more resistant to traditional UV-C at 254 nm and UV-C LED at 279 nm, apart from treatments on glass surfaces. This could be due to the differences in emission spectra for traditional UV-C mercury containing bulbs, which have a much narrower peak, and LED systems that are designed to reach a broad range of ±12 nm, as well as the increased wavelength of the UV-C LED at 279 nm system compared to the UV-C LED at 255 nm system and its decreased penetration power (Nicolau et al., 2022).
Studies with FCV, MNV, echovirus 12 and MS2 on petri dishes showed that doses of 25, 29, 30 and 70 mJ/cm2 using traditional UV-C at 254 nm were required to achieve 4-log reduction, respectively, while 85 mJ/cm2 was needed for 4 log reduction of intracellular echovirus 12 (Park et al., 2011). While in the current study, using UV-C at 254 nm, HAV required doses of 26.04 mJ/cm2 to achieve a 3.50 log PFU/mL reduction on stainless-steel coupons, 29.3 mJ/cm2 to achieve a 3.3 log PFU/mL reduction on ceramic coupons, and 13.02 mJ/cm2 to achieve a 2.09 log PFU/mL reduction on glass discs (Tables 2.3, 2.5, and 2.7). In addition, FCV required doses of 16.28 mJ/cm2 to achieve a 4.8 log PFU/mL reduction on stainless-steel surfaces, 9.77 mJ/cm2 to achieve a 2.28 log PFU/mL reduction on ceramic surfaces, and 13.02 mJ/cm2 to achieve a 2.86 log PFU/mL reduction on glass surfaces, respectively (Tables 2.4, 2.6, and 2.8). When using UV-C LED at 255 nm, HAV required a dose of 17.4 mJ/cm2 to achieve reductions of 3.3, 2.5, and 2.22 log PFU/mL on stainless-steel, ceramic, and glass surfaces. While FCV required a dose of 17.4 mJ/cm2 to achieve reductions of 3.36, 3.07, and 3.64 log PFU/mL on stainless-steel, ceramic, and glass surfaces using UV-C LED at 255 nm. Based on these results, MS2 requires the highest dose for inactivation on petri dishes compared to HAV and FCV on stainless-steel, ceramic or glass surfaces. These data also indicate that FCV on Petri dishes was more resistant to UV-C at 254 nm requiring higher doses for similar inactivation than FCV on stainless-steel, ceramic or glass.
When we compare the results of a study with TV, a HuNoV surrogate, significant decreases (p ≤ 0.05) in RNA copy number (approx. 1 and 2 log reduction in VP1 gene detection) after 220-nm irradiation treatments at doses between 22.5 and 37.5 mJ/cm2, or with 254 nm irradiation at doses of 30 or 37.5 mJ/cm2, respectively were reported (Araud et al., 2020).  Previous research showed that FCV on Formica surfaces was reduced by 2.26 log PFU/mL at a dose of 21.81 mJ/cm2, while TV showed reduction of 1.50 log PFU/mL at a dose of 10.91 mJ/cm2 by traditional UV-C at 254 nm (Corson et al., 2024), which were lower than those reported for RNA copy reduction. In the current study, FCV on stainless-steel, ceramic, and glass coupons treated with traditional UV-C at 254 nm showed reduction of 4.8, 2.67, and 2.86 log PFU/mL at dosages of 16.28, 9.77, and 13.02 mJ/cm2, respectively, while HAV on stainless-steel, ceramic, and glass was reduced by 3.63, 3.35, and 2.09 log PFU/mL at dosages of 32.55, 48.83, and 13.02 mJ/cm2, respectively. Thus, HAV required higher dosages for inactivation on all tested surfaces compared to FCV on Formica, ceramic, and stainless-steel. The results of this study show that on the tested surfaces, HAV was more resistant to all UV-C systems compared to FCV.
When we compare the inactivation of the pandemic causing SARS-CoV-2 (an enveloped virus at 5 log PFU/mL) on contaminated synthetic leather and clothing fabric (porous) and glass, stainless-steel, ceramics, and oaks (non-porous) surfaces by UV-C at 254 nm, doses of 132 mJ/cm2 was needed for 1-log reduction, 264 mJ/cm2 for a 2-log reduction, and 396 mJ/cm2 for a 3- log reduction on porous surfaces, while for all non-porous samples, > 3-log reduction was achievable at a dose of 8 mJ/cm2, with exposure times all below 1 min (ordered by oak, glass, ceramics, and stainless-steel for shortest to longest exposure time) (Tomás et al., 2022). The current study showed on all tested non-porous surfaces (stainless-steel, ceramic, and glass) doses of 6.91, 9.48, and 14.53 mJ/cm2 for HAV and doses of 3.65, 5.92, and 4.69 mJ/cm2 for FCV were required to achieve a 1-log reduction using traditional UV-C at 254 nm (Table 2.1 and Table 2.2). Although, using UV-C LED at 255 nm, doses of 4.6, 6.85, and 8.24 mJ/cm2 and doses of 5.79, 5.97, and 5.25 mJ/cm2 were required to achieve a 1-log reduction of HAV and FCV, respectively. When comparing the dose requirements needed for a 1-log reduction by each of the tested systems for HAV inoculated on stainless-steel ceramic and glass, both stainless-steel and ceramic displayed significantly different (p ≤ 0.05) dose requirements for each system, while no significant differences were shown for HAV inactivation dried on glass between the three tested systems. For FCV, there were no significantly different dose requirements for inactivation on stainless-steel or glass by UV-C LED at 255 nm compared to either UV-C LED at 279 and traditional UV-C at 254 nm, however there was a significant dose differences (p ≤ 0.05) between the UV-C LED at 279 nm system (7.097 ± 2.11 mJ/cm2) compared to traditional UV-C at 254 nm (3.65 ± 0.06 mJ/cm2) for 1-log inactivation of FCV on stainless-steel and glass discs. However, there were no significant differences between systems for FCV inactivation when dried on ceramic.
In addition, this current study showed that the tested viruses required higher doses using UV-C LED at 279 nm with the highest dose requirement being 7.097± 2.11 mJ/cm2 for inactivation of FCV on stainless-steel surfaces, up to 26.04 ± 0.60 mJ/cm2 for inactivation of HAV on ceramic surfaces , compared to both traditional UV-C at 254 nm and UV-C LED at 255 nm to achieve a 1-log reduction. Since HAV and FCV are both non-enveloped viruses, theoretically higher doses for their inactivation would be needed.
When using traditional UV-C at 254 nm, tailing occurred for the inactivation of HAV on stainless-steel and ceramic coupons with doses > 19.53 and 29.30 mJ/cm2 (Figure 2.1), respectively and doses > 6.51 and 8.68 mJ/cm2 for FCV on ceramic and glass surfaces 
(Figure 2.2), respectively proving ineffective at further viral inactivation. In comparison, for treatments with UV-C LED at 279 nm, tailing was not observed, except for the inactivation of FCV on glass discs with doses > 13.12 mJ/cm2 that were ineffective at further viral inactivation (Figure 2.6). For treatments with UV-C LED at 255 nm tailing occurred for the inactivation of HAV on ceramic coupons and glass discs with doses higher than 7.54 mJ/cm2. When observing tailing effects observed with 254 nm UV-C inactivation of HAV on stainless-steel and ceramic surfaces or FCV inactivation on ceramic or glass surfaces by UV-C at 254 nm and glass with UV-C LED at 279 nm, it is important to recognize that the linear model may not be most suitable for prediction of > 2 or 3 log reduction. As HAV showed the highest D-values using UV-C LED at 279 nm on ceramic coupons (which was significantly higher than on glass surfaces), the differences between the dosage requirements for inactivation of HAV on glass could be associated with the inherent properties of the virus that allow for attachment to the surface (as stated earlier) as well as the properties (structure and components) of the capsid and nucleic acid and the limitation of lower penetration power by UV-C light. 
When comparing reductions of FCV and TV on Formica by UV-C at 279 nm with HAV and FCV on stainless-steel, ceramic, and glass surfaces, FCV and TV on Formica showed reductions of 2.45 and 1.83 log PFU/mL at dosages of 54.6 and 27.3 mJ/cm2 (Corson et al., 2024). This study showed that FCV on stainless-steel, ceramic, and glass surfaces using UV-C LED at 279 nm was reduced by 3.89, 3.12, and 2.57 log PFU at dosages of 24.6, 24.6, and 19.68 mJ/cm2, respectively, while HAV showed reduction of 2.75, 3.37, and 2.2 log PFU/mL at higher dosages of 49.2, 73.8, and 19.68 mJ/cm2, respectively. Inactivation of HAV on ceramic coupons by UV-C LED at 279 nm required a higher dose to achieve > 3 log reduction, like the inactivation of TV on Formica which required a dose of 54.6 mJ/cm2 to achieve a > 1.8 log reduction, compared to inactivation of FCV on all surfaces (Corson et al., 2024). As reported above, the resistance could be associated with TV and HAV having different binding sites for the surfaces based on its capsid structure making it more resistant to UV-C and preventing damage to the capsid proteins (UV-C at 279 nm) or RNA (UV-C at 254 nm). Also, protein-RNA cross-linking or energy transfer from proteins to RNA is reported to occur at UV-C at 210–240 nm and may also occur at UV-C at 279 nm (Corson et al., 2024).
	Recently, FCV on stainless-steel surfaces was shown to be reduced by 3.3-log PFU/disc at a dose of 27.5 mJ/cm2 using UV-C LED at 269 nm (Mariita et al., 2022). In comparison, the current study reported that FCV treated by UV-C LED at 279 nm on stainless-steel, ceramic, and glass surfaces could be decreased 3.89, 3.12, and 2.57 log PFU with doses of 24.6, 49.2, and 19.68 mJ/cm2, respectively (Tables 2.4, 2.6, and 2.8). Thus, the results of the current study are comparable to that reported by Mariita et al. (2022) for stainless-steel surfaces given the differences in the wavelengths used. These UV-C LED systems that potentially target the viral capsid structure can cause damage to proteins due to absorption of UV-C by amino acids around 279 nm, with further oxidation and eventual damage to the nucleic acid, while typically 254 nm UV-C is known to cause dimerization of nucleic acids, nucleic acid damage and thus prevention of viral replication (Balamurugan et al., 2022; Sharma et al., 2023). Furthermore, UV-C LED systems with 266, 270, 275, and 279 nm were shown to cause 5 to 6 log reduction of E. coli O157:H7, Salmonella enterica serovar Typhimurium, and L. monocytogenes (8-9 log CFU/mL) with low doses of 0.7 mJ/cm2 in media within Petri dishes using 279 nm UV-C LED, while inoculated sliced cheese required higher doses of 1, 2, and 3 mJ/cm2 for inactivation (Kim et al., 2016). Salmonella cocktails consisting of Salmonella Typhimurium, S. Newport, S. Enteritidis, S. Senftenberg, and S. Heidelberg (6.5 log CFU/mL) were shown to be reduced by 1.97 and 3.48 log CFU on stainless-steel surfaces using UV-C LED at 260 to 280 nm at a dose of 2 and 4 mJ/cm2, while reductions of 4.74 and 5.2 log CFU were observed on HD polyethylene at irradiances of 2 and 4 mJ/cm2 (Calle et al., 2021). Though, the Salmonella cocktail on stainless-steel surfaces was rapidly reduced by 1.3 log CFU/mL after the initial dose of 30 mJ/cm2, a maximum reduction of 1.97 log CFU/mL after the final dose of 120 mJ/cm2 was obtained, similar to the tailing observed in the current study with viruses (Calle et al., 2021). Thus, the bacterial pathogens required lower doses for inactivation compared to the higher doses required for inactivation of the HAV and FCV used in the current study on food contact surfaces. 
Overall, this study provided the target doses needed for 1-log inactivation of HAV and FCV when dried on three food contact surfaces using UV-C at 254 nm, UV-C LED at 255 nm and UV-C LED at 279 nm based on the linear model. This data is helpful to the food industry to design systems needed to deliver the desired doses to inactivate the target pathogens on food contact surfaces.
5. Conclusions
	This research shows the promising application of UV-C LEDs at 255 and 279 nm for the inactivation of foodborne viruses, HAV and the tested HuNoV surrogate, FCV, when dried model food contact surfaces (stainless-steel, ceramic, and glass). This study helped bridge the gaps in knowledge related to the dose requirements for inactivation of HAV and FCV using both traditional UV-C at 254 nm and UV-C LEDs at 255 and 279 nm. The results also showed notable increased resistance of HAV compared to FCV to UV-C inactivation on the tested surfaces based on the linear model D-10 values. While successful at achieving similar levels of inactivation, UV-C LED at 279 nm requires higher doses for inactivation of both HAV and FCV regardless of surface type. This UV-C dose data lays the foundation for the design of UV-C LED systems to deliver the optimal doses needed to inactivate foodborne viruses on surfaces in order to decrease the risk of viral contamination. However, it is important to note that only linear models were used in this study that may not be the best fit if and when tailing effects are observed. Future studies are focused on determination of the UV-C dose requirements of aerosolized viral deposits and aerosolized viruses, as well as understanding the effect of temperature, relative humidity, organic load, and varied wavelengths of UV-C LED systems for viral inactivation on surfaces for practical applications to protect public health. 













Chapter III
Ultraviolet light technologies for the inactivation of aerosolized droplets of foodborne viruses on food-contact surfaces





Abstract
Foodborne viruses are known to be transmitted via the fecal-oral route and through aerosolized droplets and contaminated surfaces. Novel methods to control their spread in the food environment including ultraviolet light technologies continue to be researched to determine optimal doses for inactivation. The objective of this research was to determine the dose requirements for the inactivation of bio-aerosolized deposits of hepatitis A virus (HAV), feline calicivirus (FCV), and Aichi virus (AiV) on stainless-steel and glass discs. Viruses were bio-aerosolized using a nebulizer within a modified chamber and deposited onto stainless-steel or glass discs (0.17 mL on 1 x 1 cm2) and immediately treated by 255 nm or 279 nm UV-C light emitting diodes (LED) for up to 1.5 min (surface dose=0-76.5 mJ/cm2 for HAV, 0-51.0 mJ/cm2 for FCV, and 0-51.0 mJ/cm2 for AiV with 255 nm UV-C LED and 0-8.1 mJ/cm2 for HAV, 0-5.4 mJ/cm2 for FCV, and 0-5.4 mJ/cm2 for AiV with 279 nm UV-C LED). Each triplicate treatment was assayed in duplicate, and data were statistically analyzed. The calculated linear D-10 value (UV-C dose required to achieve a 1-log reduction of aerosolized deposits) for HAV by 255 nm UV-C LED on stainless-steel and glass discs was 47.39±7.40 and 40.0±2.94 mJ/cm2, for FCV was 35.36±4.04 and 40.16±7.95 mJ/cm2 for FCV, and for AiV was 27.70±4.36 and 31.45±7.47 mJ/cm2, respectively. Calculated D-10 values for HAV using UV-C LED at 279 nm on stainless-steel and glass discs were 6.60±0.27 and 5.57±0.74 mJ/cm2, while for FCV was 4.12±0.50 and 3.95±0.50 mJ/cm2, and for AiV was 3.97±0.03 and 3.64±0.43 mJ/cm2, respectively. These data show the potential of the tested UV-C LED systems for inactivating bio-aerosolized viral deposits on model food contact surfaces such as stainless-steel and glass, with 279 nm UV-C LED showing higher energy efficiency for inactivation than 255 nm UV-C LED. 

1. Introduction
The spread of pathogens through contamination of confined spaces such as hospitals, and commonly touched surfaces including food-contact surfaces is recognized as a global public health issue (Pereira et al., 2023). However, another contributor to the spread of harmful microorganisms includes bioaerosols, which refer to particles in suspension within a liquid or gas, like small droplets in air (Tellier et al., 2019). These bioaerosols are influenced by several factors including size of particle in aerosols, airflow, surface properties, and humidity (Sharma et al., 2024). These small particles (5-10 μm a diameter) are capable of transmission following both short- and long-range airflow streamlines, where particles of <5 μm can penetrate airways down to the alveolar space, and particles of <10 μm can readily penetrate below the glottis in the respiratory tract of humans (Tellier et al., 2019). 
Following the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) COVID-19 pandemic, extensive environmental disinfection became imperative. Foodborne viruses of human health concern including human noroviruses (HuNoVs), hepatitis A virus (HAV) and Aichi virus (AiV) that are single-stranded, non-enveloped viruses, can also be aerosolized during vomiting episodes associated with gastrointestinal illness symptoms. In fact, besides transmission via foods, fomites and person-to-person contact, aerosolization is another method of transmission of foodborne viruses leading to illness outbreaks (Petrovic & D’Agostino, 2016). Although chemical disinfectants aid in inactivation of microorganisms, continuous human exposure to these chemicals raises concern of health risks such as respiratory illnesses including asthma and chronic obstructive pulmonary disease (Pereira et al., 2023). Additionally, disinfection-by-products (DBPs) associated with adverse effects on human health and the environment cannot be ignored. Therefore, the use of ultraviolet light (UV)-C based treatments for environmental disinfection has gained popularity and continues to be researched. 
Novel UV-C systems show potential for inactivation of foodborne viruses on surfaces (Corson et al., 2024; Polen et al., 2024) that can also be researched for their ability to inactivate aerosolized foodborne viruses. However, most aerosolized virus inactivation studies focus on respiratory viruses of human health concern (Pereira et al., 2023). Besides, investigations on the use of UV-C based treatments to inactivate aerosolized single-stranded (ss)-RNA viruses follow varied forms of experimental conditions, making direct comparisons of results rather difficult (Hadi et al., 2020). However, a study conducted by Tseng et al., (2005) reported that aerosolized (single-stranded (ss) RNA) bacteriophage MS2 was more susceptible to low pressure 254 nm UV-C light with 90% inactivation at a dose of 339-423 μJ/cm2 from an initial 8 log PFU/mL, than aerosolized double-stranded RNA or DNA viruses (ds RNA phi6 and dsDNA virus phage T7) where 662-1190 μJ/cm2 was needed for 90% inactivation. However, uncertainties remain regarding treatment requirements associated with differences in capsid structure and genome size (Tseng et al., 2015). Another study showed that bacteriophage MS2 and adenovirus (both non-enveloped viruses at initial titers of 4 log PFU/mL) aerosols displayed high resistance to 254 nm UV-C treatments with less than 1-log reduction at a UV-C dose of 2608 μJ/cm2, while the enveloped murine hepatitis coronavirus aerosol required a lower UV-C dose of 599 μJ/cm2 for similar 1-log reduction (Walker & Ko, 2007). High relative humidity (RH) was reported to have no effect on the UV-C susceptibility of viral aerosols compared to bacterial aerosols (Walker & Ko, 2007). In addition to mercury lamps, Buonanno et al., (2020) reported  D90 values of 1.28 mJ/cm2 for aerosolized influenza A virus (H1N1, PR-8) and human coronaviruses (alpha HCoV-229E and beta HCoV-OC43) using krypton-chlorine excimer lamps at 222 nm, compared to D90 values of 1.04 mJ/cm2 reported for influenza virus (H1N1, PR-8) using a 254 nm UV-C lamp as reported by McDevitt et al., (2003).
	Furthermore, research on using UV-C LED systems to inactivate microorganisms is on-going that overcome the drawbacks of mercury lamps. Liang et al., (2021) showed that treatments with UV-C LED at 275 nm resulted in higher reduction of SARS-CoV-2 than UV-C at 254 nm, UV-C LED at 275 nm, and the excimer lamp at 222 nm using tissue culture infection dose (TCID50) assays. SARS-CoV-2 (7 log TCID50/mL) treated with 275 nm UV-C LED showed a reduction of 4.23 log after 5 s, and to below the detection limit (~1 log TCID50/mL) after longer exposure at 10, 20, and 40 s, with corresponding reduction values of >6 log for all exposures (Liang et al., 2021). In comparison, the 254 nm UV-C mercury lamp, showed reduction of 1.17 log after 5 s, 3.34 log after 10 s, >6 log after 20 s, and >6 log after 40 s, while the 222 nm excimer lamp caused reduction of 0.33, 0.6, 1.83, and 1.33 log TCID50/mL, respectively (Liang et al., 2021). Inactivation of bio-aerosolized deposits of E. coli, Salmonella Enteritidis, and Pseudomonas fragi on various food contact surfaces including stainless-steel, silicon rubber, and glass discs within a chambered setting showed maximum inactivation of 2.80, 3.81, 3.56 log CFU/mL, respectively, when treated by UV-C LED at 279 nm at a dose of 6 mJ/cm2 (Sharma et al., 2024). UV-C LED devices were also used for the treatments of various aerosolized viruses, bacteria, and fungi within a chambered setting, where the tested bacteria (E. coli O157:H7, S. Typhimurium,  L. monocytogenes, and S. aureus) were reported to be the easiest to inactivate in aerosolized form, followed by fungi, with viruses (MS2, Qβ, and ϕX174) being the most difficult to inactivate (Kim & Kang, 2018).
While earlier studies used UV-C LED at 279 nm systems for the inactivation of HAV and cultivable human norovirus surrogates (feline calicivirus and Tulane virus) when surface spread and dried on Formica, stainless-steel, ceramic and glass (Corson et al., 2024; Polen et al., 2024), UV-C LED systems at 255 and 279 nm for the inactivation of their aerosolized deposits on these surfaces need to be explored. Understanding the properties of bioaerosols that enable viral transmission is important to deliver appropriate doses to inactivate and decrease outbreak risk to ensure public safety in high-risk areas by providing more efficient surface and air disinfection practices. Hence, the objectives of this research were to determine the UV-C LED (255 nm and 279 nm) dose required to inactivate bio-aerosolized droplets of HAV, FCV, and AiV on stainless steel and glass discs (common contact surfaces found in the food environment).
2. Materials and methods
2.1 Host animal cell lines for HAV, FCV, and AiV propagation
Animal host cells were used to propagate the viruses and make viral stock in the laboratory for the research. For the propagation of hepatitis A virus, the host cell line rhesus monkey kidney cells (FRHK-4) was used, while for the propagation of feline calicivirus (FCV), the host cell line Crandell-Reese feline kidney cells (CRFK) was used and for the propagation of Aichi virus (AiV), the host cell line Vero cells were used as also mentioned in our previous studies (Joshi et al., 2023; Ailavadi et al., 2021; Choi and D’Souza, 2023; Corson et al., 2024). Dulbecco’s Modified Eagle Medium (DMEM-F12) supplemented with 1% Penicillin-Streptomycin (Pen-Strep; Fisher Scientific, Pittsburgh, PA) and 10% fetal bovine serum (FBS) was used to maintain all the three host cells.
2.2 Propagation of viruses: HAV, FCV, and AiV 
	Viral stocks of HAV, FCV, and AiV were prepared using previously established protocols (Joshi et al., 2023; Choi & D’Souza, 2023). Briefly, for HAV (strain HM175) stock preparation and propagation, 2 mL of HAV was allowed to infect FRHK-4 cells after they were almost 90% confluent when contained in sterile 175 cm² cell culture flasks. Eight-mL of DMEM-F12 supplemented with 2% FBS and 1.2% Pen-Strep was then added to this infected flask, and the infected cells were allowed to incubate in a 5% CO2 incubator for 3 hours at 37°C. After the 3-hour incubation, 10 mL of the cell-culture media, DMEM-F12 supplemented with 10% FBS and 1.2% Pen-Strep was added, and the cells were incubated for 3 to 5 days, until cytopathic effects occurred and were visible to the naked eye. Once these cytopathic effects (including sloughing of cells) were noticeable, the infected flasks were stored frozen at -80°C, subjected to three freeze-thaw cycles, centrifuged at 5000 rpm for 10 minutes, followed by filtration using a 0.2-micron filter. The resulting filtered supernatant was stored at -80°C as additional HAV stock, as also previously described (Corson et al., 2024; Polen et al., 2024).
For FCV propagation, 2 mL of FCV stock was allowed to infect the host CRFK cells, once confluent in sterile 175 cm² cell culture flasks, and 8 mL DMEM-F12 (containing 2% FBS and 1% Pen-Strep), then incubated for 3 hours with 5% CO2 at 37°C in a water-jacketed incubator. Afterward, 10 mL of DMEM-F12 containing 10% FBS and 1% Pen-Strep was added, and the cells were incubated for an additional 3 to 5 days, until cytopathic effects (CPE) were visible. Infected flasks showing CPE were then frozen, thawed three times, spun in a centrifuge, and filtered using a 0.2-micron filter. The filtered supernatant was kept frozen at -80°C for downstream use as additional FCV-F9 stock, as also previously reported (Joshi et al., 2023).
For AiV propagation, Vero host cells, once confluent in sterile 175 cm² cell culture flasks were infected with 2 mL of AiV stock and 8 mL DMEM-F12 (containing 2% FBS and 1% Pen-Strep), then incubated C for 3 hours with 5% CO2 in a water-jacketed CO2 incubator at 37°C.After incubation, 10 mL of DMEM-F12 with supplemented 10% FBS and 1% Pen-Strep was added and incubation continued for 3 to 5 days, until cytopathic effects occurred. Similar to the preparation of HAV and FCV, the AiV infected Vero flasks were freeze-thawed three times, centrifuged, and filtered through a 0.2-micron filter. The resulting filtered supernatant was then kept frozen at -80°C for later use as additional AiV stock, as also previously described (Joshi et al., 2021).
2.3 Aerosolization of viral droplets
Stainless-steel and glass discs (1 x 1 cm2) were purchased from Biosurface Technologies Corporation, Bozeman (Montana, USA). These coupons were surface rinsed with ethanol, dried, and wrapped by aluminum foil for sterilization by autoclaving. These autoclaved discs were placed on a sterile petri dish within a biosafety hood for treatment. The viral inactivation treatments were conducted within a modified polyplastic chamber (11 x 11 x 11 inches) with a centered rounded cutout within the base of the chamber as described in earlier studies (Sharma et al., 2023; 2024). Briefly, the coupons within the petri dish were placed within the chamber centered on top of a stainless-steel jack. For the bioaerosol generation, a 4 jet Blaustein Atomizing Module (BLAM) type atomizer (CH Technologies, Westwood, New Jersey, USA) was placed and balanced within the centered circular cutout and used. A 0.5 mL of test viral suspension, containing 0.25 mL of either HAV, FCV, or AiV stock (~6 log) and 0.25 mL phosphate buffered solution (PBS) was injected at a rate of 700 µL/min into the nebulizer using a 1 mL syringe connected to an air compressor that supplied 25 psi of compressed air. Discs in 3 sets of 3 were subjected to aerosolization of HAV, FCV, or AiV droplets, each set contained a 0 s exposure time as a control. The coupons were placed directly below the nebulizer at 6 inches from the spraying ports and the bioaerosols were generated and allowed to settle on the coupons surface before removal of the nebulizer that was then replaced with the UV-C LED systems (255 nm or 279 nm). 
2.4 UV-C LED (255 nm or 279 nm) treatment of HAV, FCV, or AiV aerosolized droplets on glass and stainless-steel discs
	The UV-C LED (255 nm or 279 nm) system was placed on top of the polyplastic chamber base at the spot/location of the circular cutout, centered 6 inches above the inoculated glass or stainless-steel disc. UV-C LED (255 or 279 nm, MD1016-1, Irtronix, Torrence, CA) treatments were conducted for up to 1.5 min for HAV, FCV, and AiV on glass and stainless-steel discs using 15 second intervals until 30 seconds followed by 60 seconds and resuming 15 second intervals until 90 seconds, including a control within each set of 3 discs (0s, 15s, 30s, 0s, 45s, 60s, 0s, 75s, 90s) (255 nm, 6 in from sample, Voltage=22-54, Ampere=2.1 (max), surface dose= 0-76.5 mJ/cm2, 279 nm, 4.5 in from sample, Voltage=27.1, Ampere=0.1, surface dose= 0-8.1 mJ/cm2).  
2.5 Recovery of viral particles after treatments with the UV-C LED systems
	After the inoculated discs were treated, sterile tweezers were used to transfer the treated or control disc (the latter without UV-C treatment) into a sterile 15 mL centrifuge tube containing 1 mL of DMEM-F12 with 2% FBS and 1.2% Pen-Strep, and the mixture was vortexed. The extracted viruses were then serially diluted in ten-fold increments into 2 mL centrifuge tubes containing 1.5 mL of DMEM-F12 with 2% FBS and 1.2% Pen-Strep. Infectious viral plaque assays were performed in duplicate using confluent host cell to enumerate the viral titers. Each treatment was repeated three times.
2.6 Infectious viral plaque assays 
	Standard plaque assays were conducted within six-well plates containing confluent host cells to determine the infectivity of HAV, FCV, and AiV after treatments compared to controls (untreated recovered virus from each surface). Confluent FRHK-4, CRFK, and Vero cells were infected with 500 µL of ten-fold serially diluted recovered HAV, FCV, or AiV from both control and treated discs. After inoculation, the plates were incubated at 37°C with 5% CO2 for 2.5 hours. The media was then aspirated under vacuum and the infected cells were overlaid with 2 mL per well of a 1:1 mixture containing 1.5% Noble agar and virus-specific overlay media (HAV, AiV, or FCV) (Corson et al., 2024; Joshi et al., 2021). The plates were incubated at 37°C with 5% CO2 for 72 to 120 hours, after which plaques were visualized and enumerated. After enumeration, the recovered viruses were then reported as log PFU/mL (Corson et al., 2024).
2.7. Dose calculations using the UV-C LED systems 
	The surface and particle dosages were calculated using the measured UV-C irradiance and various exposure times (secs) as reported in earlier studies (Corson et al., 2024). The UV irradiance for the UV-C LED (279 nm) system was 0.09 mW/cm2 and the UV-C irradiance for the UV-C LED (255 nm) system was 0.85 mW/cm2.
“Equation 1: Surface UV-C dosage (mJ/cm2) = UV intensity (mW/cm2) ×exposure time (secs)” (Baldelli et al., 2022).
2.8. Statistical analysis of recovered enumerated viral particles 
The treatments for both UV-C LED devices (279 nm and 255 nm) at each time/dosage were performed in triplicate on stainless steel and glass surfaces inoculated with aerosolized HAV, FCV, or AiV, along with their respective controls (untreated viruses with zero UV-C exposure). A two-way ANOVA with set Tukey’s adjustments (p ≤ 0.05) was conducted using JMP v.17 to assess significant differences between the systems, surfaces, and each of the interactions for the tested viruses. Random effects were not included. Normality of ANOVA residuals was evaluated using the Shapiro-Wilk W test and a QQ normality plot (Polen et al., 2024), and statistical normality assumptions were satisfied as previously described (Polen et al., 2024). D-10 values were calculated in Excel® using linear models, in the similar manner as reported earlier (Corson et al., 2024).
3. Results
3.1 Inactivation of bioaerosol deposited HAV, FCV and AiV on stainless-steel discs using UV-C LED at 255 nm
	The D-10 value (mJ/cm2), or the dose required to achieve a 1-log reduction of aerosolized deposits of HAV on stainless-steel disc surfaces using UV-C LED at 255 nm was 47.39±7.40 mJ/cm2, respectively, as shown in Table 3.1, while FCV and AiV displayed similar D-10 values, not showing significantly different dose requirements for a 1-log reduction, between one another, however they did show significantly different dose requirements when compared to HAV (P ≤ 0.05) on glass discs. These calculated D-10 values were 35.36±4.04 mJ/cm2, respectively, for FCV, as shown in Table 3.2, and 27.70±4.36 mJ/cm2, respectively, for AiV, as shown in Table 3.3.
Aerosolized deposits of HAV on stainless-steel discs treated with UV-C LED at 255 nm showed reduction between 0.53 and 1.76 log PFU/mL after treatment times of 0.25 min to 1.5 min (corresponding to doses between 12.75-76.5 mJ/cm2), respectively (Table 3.4 and Figure 3.1). HAV titers were significantly reduced (p ≤ 0.05) by 1.02±0.04 log PFU/mL compared to the control after treatment of 0.5 min (dose of 25.5 mJ/cm2) and was further reduced by 1.5±0.02 log PFU/mL after 1.5 min (dose of 63.75 mJ/cm2) treatment.
	Aerosolized deposits of FCV on stainless-steel discs treated with UV-C LED at 255 nm showed reduction between 1.19 and 1.60 log PFU/mL after treatment times of 0.33 min to 1.0 min (doses range of 17.0-51.0 mJ/cm2), respectively (Table 3.5 and Figure 3.2). Titers were significantly reduced (p ≤ 0.05) by 1.19±0.07 log PFU/mL compared to the control after treatment of 0.33 min (dose of 17.0 mJ/cm2) and was further reduced by 1.45±0.05 log PFU after 0.83 min (dose of 42.5 mJ/cm2) treatment. 
	Aerosolized deposits of AiV on stainless-steel discs treated with UV-C LED at 255 nm showed reduction between 1.58 and 2.05 log PFU/mL after treatment times of 0.33 min to 1.0 min (doses range of 17.0-51.0 mJ/cm2), respectively (Table 3.6 and Figure 3.3). Titers of AiV were significantly reduced (p ≤ 0.05) by 1.58 log PFU/mL compared to the control after treatment of 0.33 min (dose of 17.0 mJ/cm2) and was further reduced by 1.61 log PFU/mL after 0.5 min treatment, with the observation of a tailing effect in reduction after treatments of 0.5 min (dose of 34.0 mJ/cm2). 
3.2 Inactivation of bioaerosol deposited HAV, FCV and AiV on glass discs using UV-C LED at 255 nm
The D-10 value (mJ/cm2), or the dose required to achieve a 1-log reduction of aerosolized deposits of HAV on glass disc surfaces using UV-C LED at 255 nm was 40.0±2.94 mJ/cm2, respectively, as shown in Table 3.1, with similar D-10 values (no significantly different dose requirements) for FCV and AiV (as well as when compared to HAV) on glass discs, which were 40.16±7.95 mJ/cm2, respectively, as shown in Table 3.2 for FCV and 31.45±7.47 mJ/cm2, respectively, as shown in Table 3.3 for AiV.
	Aerosolized deposits of HAV on glass discs treated with UV-C LED at 255 nm showed reduction between 0.04 and 1.79 log PFU/mL after treatment times of 0.25 min to 1.5 min (dose range of 12.75-76.5 mJ/cm2), respectively (Table 3.7 and Figure 3.1). HAV titers were significantly reduced (p ≤ 0.05) by 0.97±0.03 log PFU/mL compared to the control after treatment of 0.5 min (dose of 25.5 mJ/cm2) and was further reduced by 1.79±0.07 log PFU/mL after treatment for 1.25 min (dose of 63.75 mJ/cm2). 
	Aerosolized deposits of FCV on glass discs treated with UV-C LED at 255 nm showed reduction between 1.12 and 1.44 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 8.48-25.44 mJ/cm2), respectively (Table 3.8 and Figure 3.2). Titers were significantly reduced (p ≤ 0.05) by 1.12±0.06 log PFU/mL compared to the control after treatment of 0.33 min (dose of 8.48 mJ/cm2) and was further reduced by 1.44 log PFU/mL after 1.0 min (dose of 25.44 mJ/cm2) treatment. 
	Aerosolized deposits of AiV on glass discs treated with UV-C LED at 255 nm showed reduction between 1.36 and 1.83 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 8.48-25.44 mJ/cm2), respectively (Table 3.9 and Figure 3.3). Titers were significantly reduced (p ≤ 0.05) by 1.36±0.13 log PFU/mL compared to the control after treatment of 0.33 min (dose of 8.48 mJ/cm2) and was further reduced by 1.83±0.08 log PFU/mL after 1.0 min treatment (dose of 25.44 mJ/cm2). 
3.3 Inactivation of bioaerosol deposited HAV, FCV and AiV on stainless-steel discs using UV-C LED at 279 nm
The D-10 value (mJ/cm2), or the dose required to achieve a 1-log reduction of aerosolized deposits of HAV on stainless-steel disc surfaces using UV-C LED at 279 nm was 6.60±0.27 mJ/cm2, respectively, as shown in Table 3.1, while FCV and AiV displayed similar D-10 values, not showing significantly different dose requirements for a 1-log reduction, between one another, however they did show significantly different dose requirements when compared to HAV (P ≤ 0.05) on glass discs. These calculated D-10 values were 4.12±0.50 mJ/cm2, respectively, for FCV, as shown in Table 3.2, and 3.97±0.03 mJ/cm2, respectively, for AiV, as shown in Table 3.3.
	Aerosolized deposits of HAV on stainless-steel discs treated with UV-C LED at 279 nm showed reduction between 0.01-1.14 log PFU/mL after treatment times of 0.25 min to 1.5 min (dose range of 1.35-8.1 mJ/cm2), respectively (Table 3.4 and Figure 3.4). Titers were significantly reduced (p ≤ 0.05) by 0.41 log PFU/mL compared to the control after treatment of 0.5 min (dose of 2.7 mJ/cm2) and was further reduced by 0.78 log PFU/mL after 1 min treatment (dose of 5.4 mJ/cm2), and further reduced by 1.14 log PFU/mL after the longest treatment time of 1.5 min (dose of 8.1 mJ/cm2) used for this virus in this study. 
	Aerosolized deposits of FCV on stainless-steel discs treated with UV-C LED at 279 nm showed reduction between 0.061-1.41 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 1.8-5.4 mJ/cm2), respectively (Table 3.5 and Figure 3.5). Titers were significantly reduced (p ≤ 0.05) by 0.61 log PFU/mL compared to the control after treatment of 0.33 min (dose of 1.8 mJ/cm2) and was further reduced by 0.83 log PFU/mL after 0.67 min treatment (dose of 3.6 mJ/cm2), followed by further reduction of 1.41 log PFU/mL after 0.83 min treatment (dose of 4.5 mJ/cm2). 
	Aerosolized deposits of AIV on stainless-steel discs treated with UV-C LED at 279 nm showed reduction between 0.68-1.41 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 1.8-5.4 mJ/cm2), respectively (Table 3.6 and Figure 3.6). Titers were significantly reduced (p ≤ 0.05) by 0.68 log PFU/mL compared to the control after treatment of 0.33 min (dose of 1.8 mJ/cm2) and was further reduced by 0.99 log PFU/mL after 0.5 min treatment. (dose of 2.7 mJ/cm2). 


3.4 Inactivation of bioaerosol deposited HAV, FCV and AiV on glass discs using UV-C LED at 279 nm
The D-10 value (mJ/cm2), or the dose required to achieve a 1-log reduction of aerosolized deposits of HAV on glass disc surfaces using UV-C LED at 279 nm was 5.57±0.74 mJ/cm2, respectively, as shown in Table 3.1, while FCV and AiV displayed similar D-10 values, not showing significantly different dose requirements for a 1-log reduction, between one another, however they did show significantly different dose requirements when compared to HAV (P ≤ 0.05) on glass discs. These calculated D-10 values were 3.95±0.50 mJ/cm2, respectively, for FCV, as shown in Table 3.2, and 3.64±0.43 mJ/cm2, respectively, for AiV, as shown in Table 3.3.
	Aerosolized deposits of HAV on glass discs treated with UV-C LED at 279 nm showed reduction between 0.05-1.29 log PFU/mL after treatment times of 0.25 min to 1.5 min (dose range of 1.35-8.1 mJ/cm2), respectively (Table 3.7 and Figure 3.4). Titers were significantly reduced (p ≤ 0.05) by 0.62±0.15 log PFU/mL compared to the control after treatment of 0.5 min (dose of 2.7 mJ/cm2) and was further reduced by 1.34±0.10 log PFU/mL after 1.25 min treatment (dose of 6.75 mJ/cm2). 
	Aerosolized deposits of FCV on glass discs treated with UV-C LED at 279 nm showed reduction between 0.51-1.44 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 1.8-5.4 mJ/cm2), respectively (Table 3.8 and Figure 3.5). Titers were significantly reduced (p ≤ 0.05) by 0.51 log PFU/mL compared to the control after treatment of 0.33 min (dose of 1.8 mJ/cm2) and was further reduced by 1.07 log PFU/mL after 0.83 min treatment (dose of 4.5 mJ/cm2) and was further reduced by 1.44 log PFU/mL after 1.0 min treatment. 
	Aerosolized deposits of AiV on glass discs treated with UV-C LED at 279 nm showed reduction between 0.74-1.46 log PFU/mL after treatment times of 0.33 min to 1.0 min (dose range of 1.8-5.4 mJ/cm2), respectively (Table 3.9 and Figure 3.6). Titers were significantly reduced (p ≤ 0.05) by 0.74 log PFU/mL compared to the control after treatment of 0.33 min (dose of 1.8 mJ/cm2) and was further reduced by 1.24 log PFU/mL after 0.67 min treatment (dose of 3.6 mJ/cm2). 
4. Discussion
As reported earlier, pathogenic microorganisms can be transmitted through bioaerosols distributed by infected individuals via vomitus, talking, coughing, or sneezing that require effective decontamination strategies to decrease outbreak risk. Therefore, the precise doses of novel UV-C LED devices required for pathogen inactivation need to be determined (Nunayon et al., 2022). 
Previously, UV-C doses for the inactivation of deposited bacterial bioaerosols on various surfaces were reported (Sharma et al., 2024). Bacterial bioaerosols of E. coli, S. Enteritidis, and P. fragi (5.5 log CFU/mL concentration) settled/deposited on food contact surfaces (including glass surfaces of 0.5-inch diameter) treated by UV-C LED at 279 nm within a chambered setting, showed maximum inactivation of 2.80, 3.81, 3.56 log CFU/mL, respectively, on glass surfaces at a UV-C dose of 6 mJ/cm2 (Sharma et al., 2024). In the present study, the use of UV-C LED at 255 nm and 279 nm within a chambered setting for the inactivation of viral particles deposited onto various surfaces was investigated. Viral bioaerosols of HAV, FCV, and AiV deposited on stainless-steel discs treated by UV-C LED at 279 nm showed maximum inactivation of 1.14, 1.41, and 1.41 log PFU/mL at UV-C doses of 8.1, 5.4, and 5.4 mJ/cm2, respectively (Tables 3.4-3.6), and maximum inactivation of 1.29, 1.44, and 1.46 log PFU/mL when treated with UV-C LED at 279 nm at  UV-C doses of 8.1, 5.4, and 5.4 mJ/cm2, respectively (Tables 3.7-3.9). Thus, indicating higher dose requirements for the inactivation of viruses compared to bacteria, under these conditions. However, these previous researchers showed that on stainless-steel and silicon rubber (0.5-inch diameter) surfaces, lower levels of inactivation (although still significant at p ≤0.05) with this same dose were observed compared to glass surfaces, with inactivation of 2.03, 3.03, and 3.14 log CFU/mL for E. coli, Salmonella, and P. fragi on stainless-steel, and 1.91, 2.91, and 3.08 log CFU/mL on silicon rubber surfaces (Sharma et al., 2024). Thus, implying that surface types may play a role in the inactivation of bio-aerosolized bacterial deposits that need to be considered while applying control measures. With this present study, however, similar levels of inactivation for treatments of HAV, FCV, and AiV on stainless-steel and glass were observed, with no significant differences between surface type, as shown in Tables 3.1-3.3. Since stainless-steel and glass surfaces are known to have similar porosity properties, with similar surface roughness characteristics, the lack of significant inactivation differences in this current study could be attributed to these factors (Polen et al., 2024).
The 255 nm UV-C LED doses required to achieve a 1-log reduction (D-10 values) of aerosolized deposits of HAV on stainless-steel and glass discs were 47.39±7.4 and 40.0±2.94 mJ/cm2, respectively, 35.36±4.04 and 40.16±7.95 mJ/cm2 for FCV, and 27.70±4.36 and 31.45±7.47 mJ/cm2 for AiV, respectively.  Lower dose requirements have been previously reported for the inactivation of HAV and FCV surface spread and dried on surfaces such as stainless-steel, ceramic, glass, and Formica by UV-C at 254 nm and UV-C LED at 279 nm (Polen et al., 2024; Corson et al., 2024). These studies reported D-10 values of  9.49±0.34 mJ/cm2, 7.26±1.93 mJ/cm2, 9.493±2.52 mJ/cm2, and 12.40±1.15 mJ/cm2 for HAV on stainless-steel, glass, ceramic, and Formica treated with 254 nm UV-C (mercury lamps) and D-10 values of 3.65±0.06 mJ/cm2, 4.69±0.03 mJ/cm2, 6.25±1.9 mJ/cm2, and 9.97±2.44 mJ/cm2 for FCV, respectively (Polen et al., 2024; Corson et al., 2024). The reported D-10 values were 19.72±2.45 mJ/cm2, 9.12±2.08 mJ/cm2, 26.05±0.60 mJ/cm2, and 12.39±0.70 mJ/cm2 for HAV surface spread and dried on stainless-steel, glass, ceramic, and Formica using UV-C LED at 279 nm, respectively, and 7.097 ± 2.11, 8.31 ± 2.12, 7.82 ± 0.86, and 23.37 ± 0.91 mJ/cm2 for FCV on stainless-steel, glass, ceramic, and Formica, respectively (Polen et al., year; Corson et al., 2024). 
However, this current study shows much higher dose requirements when using UV-C LED at 255 nm to achieve a 1-log PFU/mL reduction of bio-aerosolized deposited HAV on stainless-steel and glass surfaces, of 47.39±7.40 and 40.0±2.94 mJ/cm2, respectively compared to the surface dried HAV that showed D-10 values of  4.60±0.91and 8.24±1.03 mJ/cm2 when using UV-C LED at 255 nm,  respectively. Similarly, inactivation of dried FCV on stainless-steel and glass surfaces required doses of 5.79 ±0.67 and 5.25±2.01 mJ/cm2 for the same 1-log PFU/mL reduction using UV-C LED at 255 nm, respectively, (Table 2.2), with increased D-10 values of 35.36±4.04 and 40.16±7.95 mJ/cm2 required for treatment of bio-aerosolized deposited FCV on stainless-steel and glass surfaces by UV-C LED at 255 nm, respectively. 
The dose requirements for treatments of these bio-aerosolized viruses on stainless-steel and glass surfaces by UV-C LED at 279 nm were 6.60±0.27 and 5.57±0.74 mJ/cm2 for HAV, and 4.12±0.50 and 3.95±0.50 mJ/cm2 for FCV, and respectively. While higher dose requirements for treatments of surface dried viruses on stainless-steel and glass surfaces by UV-C LED at 279 nm of 19.53 ± 2.45 and 8.77 ± 2.08 mJ/cm2 for HAV, and 7.097 ± 2.11 and 7.82 ± 0.86 mJ/cm2 for FCV were obtained, overall reduction was higher for surface dried viruses compared to bio-aerosolized deposited droplets. For surface dried HAV, 2.75 and 2.2 log PFU/mL reduction at UV-C doses of 49.2 and 19.68 mJ/cm2 was achieved, with bio-aerosolized droplet treatments achieving maximum reductions of 1.14 and 1.44 log PFU/mL at a UV-C dose of 8.1 mJ/cm2, where tailing effects were already being experienced. Similarly, surface dried FCV treated by UV-C LED at 279 nm achieved 3.89 and 2.57 log PFU/mL reductions at UV-C doses of 24.6 and 19.68 mJ/m2, while bio-aerosolized deposited FCV achieved only 1.41 and 1.44 log PFU/mL reductions after UV-C doses of 5.4 mJ/cm2. These differences in doses could be attributed to the tailing effects and non-linearity of the curves, indicating that the linear model may not be the best fit for determining the doses when tailing effects are observed. 
While evidence is lacking regarding the inactivation of settled viral bioaerosols on surfaces, inactivation of airborne pathogens is commonly investigated. Among these include bacterial aerosols such as E. coli, S. aureus, S. Typhimurium, and L. monocytogenes, requiring UV-C doses between 1.5 and 4.6 mJ/cm2 to achieve reductions of 2.5-4.5 log CFU/mL by treatment of UV-C LED at 279 nm (Kim &Kang, 2018). Fungal aerosolization showed higher dose requirements compared to bacteria, where Kim and Kang (2018) reported a 4-log reduction of Aspergillus flavus and Al. japonica at a UV-C dose of 23 mJ/cm2. Thus, inactivation rates seeming to follow a trend of bacteria>fungi>virus for UV-C susceptibility, due to size dependent and other characteristics (Kim & Kang, 2018). While there are currently no other reported studies evaluating the inactivation of aerosolized enteric viruses such as HAV, AiV, and HuNoVs by UV-C LEDs, aerosolized bacteriophages that are commonly used as enteric virus surrogates such as MS2, QB, QX174 were reported to be reduced  >4-log PFU/mL at a UV-C dose of 4.6 mJ/cm2 when treated with UV-C LED at 279 nm (Kim & Kang, 2018). Other evaluated aerosolized viruses include influenza A virus (H1N1, PR-8) and human coronaviruses (alpha HCoV-229E and beta HCoV-OC43) with reported D-10 values of 1.28 mJ/cm2, when treated by far-UV-C at 222 nm, compared to influenza A virus (H1N1, PR-8) treatment by traditional UV-C at 254 nm with reported D-10 value of 1.04 mJ/cm2 (McDevitt et al. 2012). UV-C light has shown to be highly effective for the inactivation of SARS-CoV-2 replication on surfaces as well as in air. Jureka et al., (2021) reported a 3-log PFU/mL reduction of SARS-CoV-2 on glass, stainless-steel, and plastic at a UV dose of 17.2 mJ/cm2 when using a pulsed broad-spectrum UV (200-700 nm) system. Inactivation of by SARS-CoV-2 using infected Vero E6 cells by traditional UV-C at 254 nm at a dose of 3.7 mJ/cm2 resulted in a >3-log PFU/mL reduction, while deep UV-LED at 280 nm achieved a >3-log PFU/mL reduction at a dose of 37.5 mJ/cm2 (Biasin et al., 2021; Inagaki et al., 2020). UV-C light at 254 nm also showed capabilities of completely blocking aerosol transmission of SARS-CoV-2 between hamsters after treatments of the environment with a UV-C dose of 21.4 mJ/cm2 (Fischer et al., 2022). Enveloped viruses are known to be more sensitive to UV-C irradiation, due to their ability to undergo conformational changes and disintegration, due to their lipid membranes remaining on the outer surface, resulting in loss of fusion proteins, while non-enveloped viruses retain these fusion proteins on their capsid (Wanguyun et al., 2024). While SARS-CoV-2 is an enveloped virus, compared to these present studies that evaluated non-enveloped viruses (HAV, FCV, and AiV), higher dose requirements were reported in this study, with 27.0-47.39 mJ/cm2 needed for 1-log inactivation of HAV, FCV, and AiV when treating deposited bioaerosols on glass and stainless-steel surfaces with UV-C LED at 255 nm.  
While there is lacking evidence regarding susceptibility differences of dry and wet viruses deposited onto surfaces, it is possible that these variations are contributing to increased dose requirements for the treatment of bio-aerosolized wet viral deposits. Guo & Chen (2024) determined that E. coli on wet surfaces showed a stronger resistance to traditional UV-C at 254 nm treatment compared to dry surfaces, indicating liquid’s ability to absorb and block some UV-C irradiance. It is also important to note that this bio-aerosolization method could consist of various droplet sizes that are being dispersed within the chamber as well as within the petri-dishes containing these tested surfaces, allowing for potential overlap/accumulation of viral droplets underneath the surfaces, preventing penetration of UV-C.
When comparing the three tested viruses within this study, bio-aerosolized droplets of HAV displayed increased resistances to UV-C inactivation when treated by UV-C LED at 255 or 279 nm on stainless-steel and glass surfaces compared to FCV and AiV. UV-C LED at 279 nm displayed D-10 values of 6.60±0.27 and 5.57±0.74 mJ/cm2, with maximum doses of 8.1 mJ/cm2 required to achieve a 1.41 and 1.29 log PFU/mL reduction for HAV inactivation on stainless-steel and glass. While FCV and AiV displayed D-10 values of 4.12±0.50 and 3.97±0.03 mJ/cm2 for stainless-steel and 3.95±0.50 and 3.64±0.43 mJ/cm2 for glass, with maximum doses of 5.4 mJ/cm2 required to achieve >1.4 log PFU/mL reductions for either surface. Similarly, using UV-C LED at 255 nm, HAV displayed D-10 values of 47.39±7.40 and 40.0±2.94 mJ/cm2, with maximum doses of 76.5 mJ/cm2 required to achieve a 1.76 and 1.75 log PFU/mL reduction on stainless-steel and glass. While FCV and AiV displayed D-10 values of 35.36±4.04 and 27.70±4.36mJ/cm2 for stainless-steel and 40.16±7.95 and 31.45±7.47 mJ/cm2 for glass, with maximum doses of 51.0 mJ/cm2 required to achieve reductions between 1.44-2.05 log PFU/mL. Thus, the trend for inactivation was AiV>FCV>HAV on glass and stainless-steel using the 254 nm UV-C LED system and the 279 nm UV-C LED system. However, there were no significant differences between surface types for any of the tested viruses (p>0.05). Previous literature has reported similar trends, with HAV requiring increased doses for inactivation on dried surfaces due to its notably increased environmental and genetic resistances including its non-detected VP4 protein within infectious particles, which is known to be targeted for viral neutralization (Polen et al., 2024; Wassenaar et al., 2019; Probst et al., 1999). 
This study identified the target doses required for 1-log inactivation of HAV, FCV, and AiV in their bio-aerosolized deposited form on stainless steel and glass model food contact surfaces using UV-C LED devices at 255 nm and 279 nm, based on a linear model. These findings provide a foundation for the food industry to develop systems capable of delivering the necessary doses to inactivate these pathogens on food contact surfaces in their bio-aerosolized state.
Conclusions
	The use of UV-C LEDs for the inactivation of bioaerosol deposited foodborne viruses, HAV and AiV as well as the cultivable HuNoV surrogate, FCV, on potential food contact surfaces, stainless-steel and glass, shows promise for scale-up and application within food service establishments. This research shows notable differences between the inactivation of settled viral bioaerosol droplets by UV-C and the inactivation of surface dried viruses, with a general trend of an increased dose requirement for bioaerosol droplet treatments. While still successful for inactivation, higher 255 nm UV-C LED doses were needed for the inactivation of all tested viruses (HAV, FCV, and AiV) compared to the more energy efficient treatments with UV-C LED at 279 nm, although both systems reached similar levels of viral inactivation. Overall, HAV displayed the highest resistance to UV-C inactivation by both systems. This research also shows that there are no significant differences between the tested surfaces, stainless-steel and glass for the tested viral inactivation by UV-C LEDs, when in bio-aerosolized droplet form. However, the limitation of this study is that there were tailing effects observed with the doses used and hence the data should be interpreted with caution when linear models are used. These approaches with appropriate dose usage should be considered in settings with high risk of cross-contamination by bioaerosol deposits via vomitus, coughing, and sneezing, that increase likelihood of outbreaks.
Chapter IV
Conclusions
	Foodborne enteric viruses such as hepatitis A virus (HAV), human noroviruses (HuNoVs), and Aichi virus (AiV) continue to contribute to foodborne pathogen outbreaks and remain a global health concern. Current foodborne virus control strategies including chemical (chlorine, peracetic acid, essential oils, and ozone) and physical methods (high pressure processing), although effective in their inactivation of human enteric viruses, may not be an adequate approach to ensure that no adverse health effects or degradation of materials are experienced. Ultraviolet-light (UV-C) mercury bulbs show success for the inactivation of pathogens in food environments, however they display optimization limitations such as risk to users, sustainability, wavelength range, and warm up requirements, as well as their production of hazardous waste. Therefore, novel UV-C LED systems are being researched that are designed to overcome these drawbacks for optimal efficiency. However, the necessary UV-C dose (mJ/cm2) requirements for inactivation of foodborne viruses dried and as bioaerosol deposits on surfaces need to be determined. 
	This research showed that surface-spread HAV treated by traditional UV-C at 254 nm required doses of 9.48 ± 0.34, 14.53 ± 2.52, and 6.91 ± 1.93 mJ/cm2 to achieve a 1-log PFU/mL reduction (D-10 values) while treatments with UV-C LED at 255 nm showed lower D-10 values of 4.60±0.91, 6.85±1.16, and 8.24±1.03 mJ/cm2 , and UV-C LED at 279 nm had values of 19.53 ± 2.45, 26.05±0.60, and 8.77 ± 2.08 mJ/cm2 on stainless-steel, ceramic, and glass, respectively. Surface-spread FCV showed D-10 values of 3.65 ± 0.06, 5.92 ± 1.90, and 4.69 ± 0.03 mJ/cm2 when treated with 254 nm UV-C, with D-10 values of 5.79±0.67, 5.97±0.32, and 5.25±2.01 mJ/cm2 with 255 nm UV-C LED, and UV-C LED at 279 nm showed values of 7.097 ± 2.11, 8.31 ± 2.12, and 7.82 ± 0.86 mJ/cm2, on stainless-steel, ceramic, and glass surfaces, respectively. Overall, UV-C LED at 279 nm required higher doses to inactivate HAV and FCV compared to traditional UV-C at 254 and UV-C LED at 255 on all tested surfaces, apart from HAV on glass surfaces that experienced the same level of inactivation as the other two systems. All three tested systems were successful in achieving >2.0 log PFU/mL reduction for HAV and FCV on stainless-steel, ceramic, and glass surfaces at the tested doses.
	Bio-aerosolized deposited droplets of HAV treated by UV-C LED at 255 nm showed increased D-10 values doses of 47.39±7.40 and 40.0±2.94 mJ/cm2 compared to UV-C LED at 279 nm that required doses of 6.60±0.27 and 5.57±0.74 mJ/cm2 for 1-log-inactivation, on stainless-steel and glass, respectively. Bio-aerosolized deposited droplets of FCV treated by UV-C LED at 255 nm required doses of 35.36±4.04 and 40.16±7.95 mJ/cm2, and FCV treatments with 279 nm UV-C LED resulted in D-10-values of 4.12±0.50 and 3.95±0.50 mJ/cm2 on stainless-steel and glass surfaces. Bio-aerosolized deposited droplets of AiV treated by UV-C LED at 255 nm showed doses of 27.70±4.36 and 31.45±7.47 mJ/cm2 for 1-log inactivation and treatments with UV-C LED at 279 nm showed 3.97±0.03 and 3.64±0.43 mJ/cm2 on stainless-steel and glass surfaces, respectively. Both systems were successful in achieving similar levels of inactivation (1.14-2.05 log PFU/mL) for all viruses on both tested surfaces using the tested doses of 0-76.5 mJ/cm2. Although, bioaerosol deposited viral droplets displayed increased resistance to the applied UV-C treatments compared to the surface dried viruses. 
	Thus, this UV-C dose data provides pivotal information for the design of UV-C LED technologies that provide optimal conditions foodborne virus inactivation when dried on surfaces and as bioaerosols, to decrease the risk of viral transmission. Future studies could evaluate treatments of various aerosolized viral particles within air-duct systems, as well as understanding how environmental factors such as temperature, relative humidity, and organic load may play a role in the ability of UV-C LED systems to inactivate these viruses. 
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Figure 1.1. Hepatitis A virus (HAV) viral genome structure (with one open reading frame (ORF))
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Figure 1.2. Human norovirus (HuNoV) viral genome structure 

[image: A diagram of a protein

Description automatically generated]
Figure 1.3. Aichi virus (AiV) viral genome structure (with one open reading frame (ORF))
Table 1.1 Select hepatitis A virus outbreaks from 2013 to 2024

	Year
	Country
	Contamination Source
	HAV positive cases
	Hospitalizations
	Deaths
	Source

	2013
	USA
	Food handlers
	6
	NR
	NR
	Ridpath et al., 2020

	2016
	USA
	Scallops
	292
	74
	2
	Viray et al., 2018

	2018
	Sweden/Austria
	Frozen strawberries
	34
	NR
	NR
	Enkrich et al., 2020

	2018
	Poland
	Apples
	39
	20
	0
	Ciesla et al., 2020

	2018
	Australia
	Frozen pomegranate 
	30
	25
	1
	Franklin et al., 2018

	2019
	USA
	Fresh blackberries
	20
	11
	0
	McClure et al., 2022

	2019
	Germany
	Frozen strawberries
	65
	50
	0
	Ruscher et al., 2020

	2021
	Australia
	Fresh dates
	6
	4
	0
	O’Neill et al., 2022

	2021
	UK
	Dates
	31
	25
	0
	Vilaplana et al., 2021

	2022
	USA (Arizona, California, Minnesota, North Dakota)
	Organic strawberries
	19
	13
	NR
	CDC, 2022


NR: Not reported








Table 1.2 Select human norovirus outbreaks from 2011 to 2023

	Year(s) of outbreak
	Country
	Contamination source
	HuNoV positive cases
	Hospitalizations
	Deaths
	Source

	2011
	New Zealand
	Raw oysters
	13
	NR
	NR
	Wall et al., 2011

	2012
	France
	Raw oysters
	30
	NR
	NR
	Loury et al., 2015

	2016
	Denmark
	Lettuce
	17
	NR
	NR
	Muller et al., 2016

	2022
	USA (Texas)
	Raw oysters
	211
	NR
	NR
	CDC, 2023

	2022
	Canada
	Raw oysters
	192
	NR
	NR
	CDC, 2023

	2023
	Canada
	Raw oysters
	9
	NR
	NR
	CDC, 2023


NR: Not reported

Table 1.3 Ultraviolet-C light for the inactivation of foodborne viruses and/or their surrogates on surfaces
	Virus
And initial titer 
	Surface type
	Treatment 
	Exposure time
	Reduction
	
	Reference (author, year)
	

	MNV-1
6.2 log PFU/mL
	
Stainless-steel
	
260 nm, 10-300 mWs/cm2
	
NR
	
0.0-4.3 log PFU/mL
	
	
Park et al. (2015)
	

	HAV
5.9 log PFU/mL



6 log PFU/mL
	
Stainless-steel


Formica
	
260 nm, 10-300 mWs/cm2

2.18-10.91 mJ/cm2
	
NR



0-1.25 min
	
0.0-2.6 log PFU/mL

0.0-1.72 log PFU/mL
	
	
Park et al. (2015)


Corson et al. (2024)
	





Table 1.3 Continued
	FCV
5.39 log TCID50/mL



5.39 log TCID50/mL


6 log PFU/mL
	Wet Stainless-steel

Dry stainless-steel


Formica
	254 nm, 10-60 mJ/cm2

254 nm, 10-60 mJ/cm2


254 nm, 4.36-21.81 mJ/cm2
	NR



NR




0-2.5 min
	0.0-5.39 log PFU/mL


0.0-5.39 log PFU/mL

0.0-2.26 log PFU/mL
	
	Moldgy et al. (2020)


Moldgy et al. (2020)

Corson et al. (2024)
	

	TV
7 log PFU/mL
	
Formica
	
254 nm, 2.18-10.91 mJ/cm2
	
NR
	
0.0-1.50 log PFU/mL
	
	
Corson et al. (2024)
	

	SARS-CoV-2

5 log PFU/mL




5 log PFU/mL

5 log PFU/mL

5 log  PFU/mL

5 log PFU/mL
	

Car upholstery (polyester, nylon, foam)

Glass

Stainless-steel

Ceramic



Oak
	

254 nm, 7-528 mJ/cm2



254 nm, 8 mJ/cm2
254 nm, 8 mJ/cm2

254 nm, 8 mJ/cm2

254 nm, 8 mJ/cm2
	

0-36.32 min




38s


44s

42s


36s
	

0.0-2.0 log PFU/mL




>3.77 log PFU/mL
>3.56 log PFU/mL

>3.62 log PFU/mL

3.60 log PFU/mL
	
	

Tomas et al. (2022)




Tomas et al. (2022)
Tomas et al. (2022)

Tomas et al. (2022)

Tomas et al. (2022)
	


NR: not reported









Table 1.4 Ultraviolet-C light for the inactivation of foodborne viruses and/or their surrogates on foods/liquids
	Virus
And initial titer 
	Food type
	Wavelength/ device/ dose
	Exposure time
	Reduction
	Reference (author, year)

	MNV-1
4 log PFU/mL


3 log PFU/mL
	
Green onions

Shellfish
	 
254 nm at 240 mJ/cm2

254 nm at 263 mJ/cm2
	
NR


Up to 120h
	
1.2 log PFU/mL

4.7 log PFU/mL
	
Hirneisen and Kniel (2013)

Correa et al. (2012)

	HAV
 4 log PFU/mL


2 x 102 FFU


7-9 log TCID50/mL


7-9 log TCID50/mL
	
Green onions

Shellfish


Strawberries


Lettuce
	
254 nm at 240 mJ/cm2

254 nm at 263 mJ/cm2

254 nm 40 mJ/cm2

254 nm 40 mJ/cm2
	
NR


Up to 120h

NR


NR
	
5.2 log PFU/mL

3.5 log FFU (after 24h)

1.28 log TCID50/mL

2.46 log TCID50/mL
	
Hirneisen and Kniel (2013)

de Correa et al. (2012)

Fino and Kniel (2008)

Fino and Kniel (2008º

	Ad41
 4 log PFU/mL
	
Green onions
	
254 nm at 240 mJ/cm2
	
NR
	
3.0 log PFU/mL

	
Hirneisen and Kniel (2013)

	HAdV2
 2 x 103 FFU
	
Shellfish
	
254 nm at 263 mJ/cm2
	
Up to 120h 
	
>5 log FFU

	Correa et al. (2012)
	

	FCV
7-9 log TCID50/mL



7-9 log TCID50/mL
	
Strawberries



Lettuce
	
254 nm 40 mJ/cm2

254 nm 40 mJ/cm2
	
NR


NR
	
4.29 log TCID50/mL

3.48 log TCID50/mL
	
Fino and Kniel (2008)


Fino and Kniel (2008)


NR: not reported







Table 1.5 Ultraviolet-C LED light for the inactivation of foodborne viruses and/or their surrogates on surfaces
	Virus
And initial titer 
	Surface type
	Wavelength/ device/ dose
	Exposure time
	Reduction
	
	Reference (author, year)
	
	
	

	FCV
5.6 log PFU/mL



8 log PFU/mL









6 log PFU/mL
	
Stainless-steel 


Suspension









Formica
	
269 nm,
27.5 mJ/cm2

255 nm, 
40 mJ/cm2
261 nm, 
40 mJ/cm2
277 nm, 
40 mJ/cm2
281 nm, 
40 mJ/cm2


279 nm, 54.6 mJ/cm2
	
22s



NR









2.5 min
	
3.3 log PFU/mL


5 log PFU/mL
5 log PFU/mL
4 log PFU/mL
4 log PFU/mL


2.45 log PFU/mL
	
	
Mariita et al. (2022)


Tanaka et al. (2018)








Corson et al. (2024)
	
	

	

	HAV
6 log PFU/mL
	
Formica
	
279 nm, 27.3 mJ/cm2
	
1.25 min
	
2.24 log PFU/mL
	
	
Corson et al. (2024)
	
	
	

	MNV-1
7 log PFU/mL
	
Stainless-steel
	
255 nm, 
70 mJ/cm2
265 nm, 
87 mJ/cm2
275 nm, 
112 mJ/cm2
285 nm, 
124 mJ/cm2
	
NR
	
1 log PFU/mL
1 log PFU/mL
1 log PFU/mL
1 log PFU/mL
	
	
Schobel et al. (2023)
	
	
	

	TV
6 log PFU/mL
	
Formica
	
279 nm, 
27.3 mJ/cm2
	
1.25 min
	
1.83 log PFU/mL
	
	
Corson et al. (2024)
	
	
	


NR: not reported





Table 1.6 Ultraviolet-C LED light for the inactivation of foodborne bacteria or bacteriophages on foods/liquids
	Bacteria 
and initial concentration 
	Food type
	Wavelength/ device/ dose
	Exposure time
	Reduction
	
	Reference (author, year)
	
	
	

	E. coli
8-9 log CFU/mL

8-9 log CFU/mL




6 log CFU/mL



8 log CFU/mL



6 log CFU/mL


6 log CFU/mL
	
Sliced deli meat


Spinach




Raw tuna fillets

Water



Water


Water
	
254 nm
21.6 mJ/cm2


254 nm
21.6 mJ/cm2



250-280 nm (500-4000 mJ/cm2)

255 nm
275 nm (9 mJ/cm2)

265 nm (20 mJ/cm2)

265 nm (10.8 mJ/cm2)

280 nm (13.8 mJ/cm2)

310 nm (56.9 mJ/cm2)
	
0-21.6s



0-21.6s




NR



NR



NR


NR
	
1.5 log CFU/mL


2.6 log CFU/mL



1.77 log CFU/mL


2.6 log CFU/mL


3.8 log CFU/mL

3.0 log CFU/mL

>4.0 log CFU/mL


0.6 log CFU/mL
	
	
Kim and Kang (2020)

Kim and Kang (2020)


Fan et al. (2021)

Bowker et al. (2011)


Chatterley et al. (2010)

Oguma et al. (2013)
	
	
	

	L. monocytogenes
8-9 log CFU/mL

8-9 log CFU/mL

6 log CFU/mL
	
Sliced deli meat

Spinach



Raw tuna fillets
	
254 nm
21.6 mJ/cm2

254 nm
 21.6 mJ/cm2


275 nm
(500-4000 mJ/cm2)
	
0-21.6s


0-21.6s



NR
	
1.0 log CFU/mL

2.4 log CFU/mL


1.86 log CFU/mL
	
	
Kim and Kang (2020)
Kim and Kang (2020)

Fan et al. (2021)
	
	
	


Table 1.6 Continued
	Salmonella Typhimurium
8-9 log CFU/mL

8-9 log CFU/mL



6 log CFU/mL



6 log CFU/mL
	

Sliced deli meat

Spinach




Skinless chicken breast

Raw tuna fillets
	

254 nm
21.6 mJ/cm2


254 nm
 21.6 mJ/cm2


250-280 nm (0-3.6 J/cm2)


275 nm
(4000 mJ/cm2)
	

0-21.6s



0-21.6s



0-900s



NR
	

1.6 log CFU/mL


2.6 log CFU/mL


>3.0 log CFU/mL


1.31 log CFU/mL
	
	

Kim and Kang (2020)
Kim and Kang (2020)


Calle et al. (2021)


Fan et al. (2021)
	
	
	

	MS2
8-9 log PFU/mL





8 log PFU/mL
	
Water






Water
	
266 nm (9 mJ/cm2)

 279 nm (9 mJ/cm2)


255 nm
 
275 nm (60 mJ/cm2)
	
NR






NR
	
>7.0 log PFU/mL

6.0 log PFU/mL


2.4 log PFU/mL
2.2 log PFU/mL

	
	
Kim et al. (2017)





Bowker et al. (2011)
	
	
	

	QB
8-9 log PFU/mL


8-9 log PFU/mL
	
Water
	
266 nm (9 mJ/cm2)

 
279 nm (9 mJ/cm2)
	
NR
	
>7.0 log PFU/mL


6.0 log PFU/mL
	
	
Kim et al. (2017)
	
	
	

	PhiX174
8-9 log PFU/mL

8-9 log PFU/mL
	
Water
	
266 nm (9 mJ/cm2)

 279 nm (9 mJ/cm2)
	
NR
	
>7.0 log PFU/mL

6.0 log PFU/mL
	
	
Kim et al. (2017)
	
	
	




Table 1.6 Continued
	T7
8 log PFU/mL


	
Water
	
255 nm 


275 nm (20 mJ/cm2)
	
NR
	
3.8 log PFU/mL

4.6 log PFU/mL
	
	
Bowker et al. (2011)
	
	
	


NR: not reported

Table 1.7 Ultraviolet-C and UV-C LED light for the inactivation of foodborne bacteria or bacteriophages by bioaerosol deposits on surfaces 
	Bacteria 
And initial concentration 
	Surface type
	Wavelength/ device/ dose
	Exposure time
	Reduction
	
	Reference (author, year)
	
	
	

	E. coli 
6 log CFU/mL
	
Glass


Stainless-steel

Silicon rubber
	
279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)

	
NR


NR


NR
	
2.8 log CFU/mL

2.03 log CFU/mL

1.91 log CFU/mL
	
	
Sharma et al. (2024)

Sharma et al. (2024)

Sharma et al. (2024)
	
	
	

	Salmonella Enteritis 
6 log CFU/mL
	

Glass


Stainless-steel

Silicon rubber
	

279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)
	

NR


NR


NR
	

3.81 log CFU/mL


3.03 log CFU/mL


2.91 log CFU/mL
	
	

Sharma et al. (2024)

Sharma et al. (2024)

Sharma et al. (2024)
	
	
	

	P. Fragi
6 log CFU/mL
	
Glass


Stainless-steel

Silicon rubber
	
279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)

279 nm LED (6 mJ/cm2)
	
NR


NR


NR
	
3.56 log CFU/mL

3.14 log CFU/mL

3.08 log CFU/mL
	
	
Sharma et al. (2024)

Sharma et al. (2024)

Sharma et al. (2024)
	
	
	


NR: not reported
Table 1.8 Ultraviolet-C and UV-C LED light for the inactivation of foodborne bacteria or fungi in air 
	Bacteria 
And initial concentration 
	Wavelength/ device/ dose
	Nebulization time
	Reduction
	
	Reference (author, year)
	
	
	
	
	
	

	E. coli 
8-9 log CFU/mL



8-9 log CFU/mL
	
260-270 nm LED (0.59-1.34 J/m2

279 nm LED
(1.5 mJ/cm2
	
NR




1 min
	
1 log CFU/mL




2.5 log CFU/mL
	
	
Nunayon et al. (2022)

Kim and Kang (2018)
	
	
	
	
	
	

	S. aureus
9 log CFU/mL


8-9 log CFU/mL
	
254 nm
(7.42 mJ/cm2

279 nm LED
(4.6 mJ/cm2
	
0.86 s



1 min
	
3.16 log CFU/mL



4.5 log CFU/mL
	
	
Snelling et al. (2022)

Kim and Kang (2018)
	
	
	
	
	
	

	S. typhimurium
8-9 log CFU/mL
	
279 nm LED
(4.6 mJ/cm2)
	
1 min
	
3 log CFU/mL
	
	
Kim and Kang (2018)
	
	
	
	
	
	

	L. monocytogenes
8-9 log CFU/mL
	

279 nm LED
(4.6 mJ/cm2)
	

1 min
	

4 log CFU/mL
	
	

Kim and Kang (2018)
	
	
	
	
	
	

	As. Flavus
8-9 log CFU/mL
	
279 nm LED
(23 mJ/cm2)
	
5 min
	
4 log CFU/mL
	
	
Kim and Kang (2018)
	
	
	
	
	
	

	Al. japonica
8-9 log CFU/mL
	

279 nm LED
(23 mJ/cm2)
	

5 min
	
4 log CFU/mL
	
	
Kim and Kang (2018)
	
	
	
	
	
	


NR: not reported




Table 1.9 Ultraviolet-C and UV-C LED light for the inactivation of virus in air 
	Virus
And initial titer
	Wavelength/ device/ dose
	Nebulization time
	Reduction
	
	Reference (author, year)
	
	
	

	Influenza A
7-8 log TCID50/mL
	
222 nm
1.3 mJ/cm2
	
NR


	
1 log TCID50/mL
	
	
Buonanno et al., (2020)
	
	
	

	Porcine respiratory coronavirus (PRCV)
7 log TCID50/mL
	



254 nm
13.9 mJ/cm2


20.28 mJ/cm2

49.6 mJ/cm2
	



2439 L/min




1674 L/min



684 L/min
	



2.2 log TCID50/mL



3.4 log TCID50/mL


3.8 log TCID50/mL
	
	



Qiao et al. (2021)
	
	
	

	Bovine coronavirus
9 log TCID50/mL
	
254 nm
5 mJ/cm2
	
1254 L/min
	
2.4 log TCID50/mL
	
	
Snelling et al. (2022)
	
	
	

	Human coronavirus (alpha HCoV-229E & beta HCoV-OC43)
7-8 log TCID50/mL
	






222 nm
0.56 mJ/cm2

0.39 mJ/cm2
	






NR
	






1 log TCID50/mL

1 log TCID50/mL
	
	






Buonanno et al., (2020)
	
	
	

	MS2
8 log PFU/mL
	
279 nm LED
4.6 mJ/cm2
	
10 min
	
4.7 log PFU/mL
	
	
Kim and Kang (2018)
	
	
	


Table 1.9 Continued
	Qβ
7 log PFU/mL
	
279 nm LED
4.6 mJ/cm2
	
10 min
	
4.9 log PFU/mL
	
	
Kim and Kang (2018)
	
	
	

	ϕX174
5.5 log PFU/mL
	
279 nm LED
4.6 mJ/cm2
	
10 min
	
4 log PFU/mL
	
	
Kim and Kang (2018)
	
	
	


NR: not reported
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]
Table 2.1 D-10 values (mJ/cm2) of HAV treated with either UV-C LED (279 nm), traditional UV-C (254 nm), or UV-C LED (255 nm) on three model food contact surfaces.
	
Surface type
	
UV-C LED 279 nm
	
UV-C 254 nm
	
UV-C LED 255 nm

	Stainless-steel
	19.53 ± 2.45Ab
	9.48 ± 0.34Bb
	4.60±0.91Cb

	Ceramic
	26.04 ± 0.60Aa
	14.53 ± 2.52Ba
	6.85±1.16Cab

	Glass
	8.77 ± 2.08Ac
	6.91 ± 1.93Ab
	8.24±1.03Aa


*Capital letters denote statistically significant differences when compared across one row between UV-C systems (p ≤ 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations; Note: both optical devices have different UV intensities.

Table 2.2. D-10 values (mJ/cm2) of FCV treated with either UV-C LED (279 nm), traditional UV-C (254 nm), or UV-C LED (255 nm) on three model food contact surfaces.
	Surface type
	UV-C LED 279 nm
	UV-C 254 nm
	UV-C LED 255 nm

	Stainless-steel
	7.097 ± 2.11Aa
	3.65 ± 0.06Ba
	5.79 ±0.67ABa

	Ceramic
	8.31 ± 2.12Aa
	5.92 ± 1.90Aa
	5.97±0.32Aa

	Glass
	7.82 ± 0.86Aa
	4.69 ± 0.03Ba
	5.25±2.01ABa


*Capital letters denote statistically significant differences when compared across one row between UV-C systems (p ≤ 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p ≤ 0.05). Data represent averages of triplicate treatments ± standard deviations; both optical devices have different UV intensities.








Table 2.3 Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on stainless-steel coupons.
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0
	0A
	0
	0A
	0
	0A

	0.083 
	
	
	2.9
	0.68±0.05B

	
	

	0.17 
	
	
	5.8
	2.01±0.19C

	
	

	0.25 
	
	
	8.7
	2.36±0.05D

	
	

	0.33 
	
	
	11.6
	2.71±0.11D

	
	

	0.5
	9.84
	1.20±0.07B
	17.4
	3.3±0.09E
	6.51
	1.26±0.07B

	1.0 
	19.68
	1.90±0.12BC
	
	
	13.02
	2.53±0.05C

	1.5 
	29.52
	1.96±0.02C
	
	
	19.53
	2.99±0.29CD

	2.0 
	39.36
	2.31±0.15CD
	
	
	26.04
	3.50±0.16D

	2.5 
	49.2
	2.75±0.15D
	
	
	32.55
	3.63±0.09D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations.

Table 2.4 Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on stainless-steel coupons. 
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0
	0A
	0
	0A
	0
	0A

	0.083
	
	2.9
	2.9
	1.77±0.10B
	
	

	0.17 
	
	5.8
	5.8
	2.19±0.10B
	
	

	0.25
	4.92
	1.93±0.05B
	8.7
	2.71±0.11C
	3.26
	1.1±0.04B

	0.33 
	
	
	11.6
	2.99±0.05CD
	
	

	0.5
	9.84
	1.94±0.04B
	17.4
	3.36±0.09D
	6.51
	2.0±0.10C

	0.75 
	14.76
	2.99±0.11C
	
	
	9.77
	2.5±0.20D

	1.0 
	19.68
	3.17±0.22C
	
	
	13.02
	3.3±0.10E

	1.25 
	24.6
	3.89±0.19D
	
	
	16.28
	4.8±0.0F


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations 



Table 2.5. Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on ceramic coupons. 
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0A
	0A
	0A
	0A
	0A
	0A

	0.083 
	
	
	2.9
	0.67±0.14B
	
	

	0.17 
	
	
	5.8
	1.47±0.12C
	
	

	0.25 
	
	
	8.7
	1.83±0.03D
	
	

	0.33 
	
	
	11.6
	2.29±0.15E
	
	

	0.5 
	
	
	17.4
	2.49±0.08E
	
	

	0.75 
	14.76
	1.63±0.17B
	
	
	9.77
	1.52±0.12B

	1.5 
	29.52
	1.95±0.12B
	
	
	19.53
	2.32±0.11C

	2.25 
	44.28
	2.52±0.11C
	
	
	29.3
	3.30±0.13D

	3.0 
	59.04
	2.47±0.12C
	
	
	39.06
	3.43±0.12D

	3.75 
	73.8
	3.37±0.10D
	
	
	48.83
	3.35±0.09D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations.

Table 2.6 Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on ceramic coupons. 
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0A
	0A
	0A
	0A
	0A
	0A

	0.083 
	
	
	2.9
	1.09±0.12B
	
	

	0.17 
	
	
	5.8
	1.65±0.02C
	
	

	0.25 
	
	
	8.7
	2.27±0.11D
	3.26
	0.77±0.07B

	0.33 
	
	
	11.6
	2.45±0.09D
	
	

	0.5
	9.84
	1.10±0.04B
	17.4
	3.07±0.04E
	6.51
	1.46±0.0.03C

	0.75 
	
	
	
	
	9.77
	2.28±0.07D 

	1.0
	19.68
	2.27±0.06B
	
	
	13.02
	2.40±0.09D

	1.25 
	
	
	
	
	16.28
	2.67±0.12D

	1.5 
	29.52
	2.51±0.07C
	
	
	
	

	2.0 
	39.36
	2.73±0.11C
	
	
	
	

	2.5 
	49.2
	3.12±0.11D
	
	
	
	


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations 



Table 2.7 Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on glass discs.
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0
	0A
	0
	0A
	0
	0A

	0.083 
	
	
	2.9
	0.8±0.15B
	
	

	0.17
	3.28
	0.5±0.10B
	5.8
	1.06±0.11BC
	2.17
	0.85±0.02B

	0.25 
	
	
	8.7
	1.63±0.06CD
	
	

	0.33 
	6.56
	0.9±0.10B
	11.6
	1.72±0.11D
	4.34
	1.3±0.10BC

	0.5
	9.84
	1.3±0.10C
	17.4
	2.22±0.05D
	6.51
	1.5±0.04CD

	0.67 
	13.12
	1.7±0.10D
	
	
	8.68
	1.6±0.07CD

	1.0 (
	19.68
	2.2±0.20E
	
	
	13.02
	2.09±0.10D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations.

Table 2.8 Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 or 255 nm) on glass discs.
	Time (mins)
	279 nm UV-C LED dose (mJ/cm2)
	279 nm UV-C LED (Reduction in log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED (Reduction in log PFU/mL) 
	254 nm UV-C dose (mJ/cm2)
	254 nm UV-C (Reduction in log PFU/mL)

	0
	0
	0A
	0
	0A
	0
	0A

	0.083 
	
	
	2.9
	1.43±0.13B
	
	

	0.17
	3.28
	0.93±0.02B
	5.8
	1.69±0.02B
	2.17
	0.98±0.07B

	0.25 
	
	
	8.7
	1.96±0.10BC
	
	

	0.33
	6.56
	1.41±0.05C
	11.6
	2.69±0.10C
	4.34
	1.47±0.09C

	0.5
	9.84
	1.86±0.11D
	17.4
	3.64±0.04D
	6.51
	2.04±0.03D

	0.67
	13.12
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*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations 
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Figure 2.1. Inactivation of HAV by UV-C at 254 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for HAV on stainless-steel surfaces = 9.48 mJ/cm2; Linear 2D  = 18.96 mJ/cm2; Linear 3D  = 28.44 mJ/cm2; Linear 1D value for HAV on ceramic surfaces =14.53 mJ/cm2; Linear 2D = 29.07 mJ/cm2; Linear 3D = 43.60 mJ/cm2; and on glass discs linear 1D value = 6.91 mJ/cm2; Linear 2D  = 13.81 mJ/cm2; Linear 3D  = 20.72 mJ/cm2.
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Figure 2.1 Continued
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Figure 2.2. Inactivation of FCV by UV-C at 254 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for FCV on stainless-steel = 3.65 mJ/cm2; Linear 2D  =7.3 mJ/cm2; Linear 3D =10.95 mJ/cm2; Linear 1D value for FCV on ceramic= 5.92 mJ/cm2; Linear 2D = 11.85 mJ/cm2; Linear 3D = 17.78 mJ/cm2; and Linear 1D value for FCV on glass surfaces =4.69 mJ/cm2; Linear 2D = 9.38 mJ/cm2; Linear 3D = 14.06 mJ/cm2.
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Figure 2.3. Inactivation of HAV by UV-C LED at 255 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for HAV on stainless-steel surfaces 4.60 mJ/cm2; Linear 2D  = 9.21 mJ/cm2; Linear 3D  = 13.81 mJ/cm2; Linear 1D value for HAV on ceramic surfaces = 6.85 mJ/cm2; Linear 2D  = 13.71 mJ/cm2; Linear 3D  = 20.56 mJ/cm2; and on glass discs linear 1D value = 8.24 mJ/cm2; Linear 2D  = 16.47 mJ/cm2; Linear 3D  = 24.71 mJ/cm2.
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Figure 2.4. Inactivation of FCV by UV-C LED at 255 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for FCV on stainless-steel surfaces 5.79 mJ/cm2; Linear 2D  = 11.59 mJ/cm2; Linear 3D  = 17.38 mJ/cm2; Linear 1D value for FCV on ceramic surfaces = 5.97 mJ/cm2; Linear 2D  = 11.93 mJ/cm2; Linear 3D  = 17.90 mJ/cm2; and on glass discs linear 1D value = 5.25 mJ/cm2; Linear 2D  = 10.51 mJ/cm2; Linear 3D  = 15.76 mJ/cm2.
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Figure 2.5. Inactivation of HAV by UV-C LED at 279 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for HAV on stainless-steel surfaces19.53 mJ/cm2; Linear 2D  = 39.06 mJ/cm2; Linear 3D  = 58.59 mJ/cm2; Linear 1D value for HAV on ceramic surfaces =26.04 mJ/cm2; Linear 2D  = 52.08 mJ/cm2; Linear 3D  = 78.13 mJ/cm2; and on glass discs linear 1D value =8.77 mJ/cm2; Linear 2D  = 17.54 mJ/cm2; Linear 3D  = 26.31 mJ/cm2.
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Figure 2.6. Inactivation of FCV by UV-C LED at 279 nm on (A) stainless-steel; (B) ceramic; and (C) glass surfaces. Corresponding Linear 1D value for FCV on stainless-steel surfaces=7.1 mJ/cm2; Linear 2D = 14.2 mJ/cm2; Linear 3D = 21.3 mJ/cm2; Linear 1D value for FCV on ceramic surfaces = 8.31 mJ/cm2; Linear 2D = 16.61 mJ/cm2; Linear 3D = 24.92 mJ/cm2; and on glass discs linear 1D value =7.82 mJ/cm2; Linear 2D  = 15.64 mJ/cm2; Linear 3D = 23.46 mJ/cm2. 
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Table 3.1. D-10 values (mJ/cm2) of bio-aerosolized droplets of HAV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on model food contact surfaces.
	Surface type
	279 nm UV-C LED 
	255 nm UV-C LED 

	Stainless-steel
	6.60±0.27Aa
	47.39±7.40Ba

	Glass
	5.57±0.74Aa
	40.0±2.94Aa


*Capital letters denote statistically significant differences when compared across one row between UV-C systems (p ≤ 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p ≤ 0.05). Data represent averages of triplicate treatments ± standard deviations; both optical devices have different UV intensities.

Table 3.2. D-10 values (mJ/cm2) of bio-aerosolized droplets of FCV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on model food contact surfaces.
	Surface type
	279 nm UV-C LED 
	255 nm UV-C LED 

	Stainless-steel
	4.12±0.50Aa
	35.36±4.04Ba

	Glass
	3.95±0.50Aa
	40.16±7.95Ba


*Capital letters denote statistically significant differences when compared across one row between UV-C systems (p ≤ 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p ≤ 0.05). Data represent averages of triplicate treatments ± standard deviations; both optical devices have different UV intensities.

Table 3.3. D-10 values (mJ/cm2) of bio-aerosolized droplets of AIV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on model food contact surfaces.
	Surface type
	279 nm UV-C LED 
	255 nm UV-C LED 

	Stainless-steel
	3.97±0.03Aa
	27.70±4.36Ba

	Glass
	3.64±0.43Aa
	31.45±7.47Ba


*Capital letters denote statistically significant differences when compared across one row between UV-C systems (p ≤ 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p ≤ 0.05). Data represent averages of triplicate treatments ± standard deviations; both optical devices have different UV intensities.

Table 3.4. Inactivation of bio-aerosolized deposited HAV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on stainless-steel discs.
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.25
	1.35
	0.01±0.15A
	12.75
	0.53±0.22A

	0.5
	2.7
	0.41±0.15B
	25.5
	1.02±0.04B

	1.0
	5.4
	0.78±0.03C
	51.0
	1.32±0.04BC

	1.25
	6.75
	0.98±0.10CD
	63.75
	1.5±0.02CD

	1.5
	8.1
	1.14±0.09D
	76.5
	1.76±0.05D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations.

Table 3.5. Inactivation of bio-aerosolized droplet FCV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on stainless-steel discs. 
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.33
	1.8
	0.61±0.09B
	17.0
	1.19±0.07B

	0.5
	2.7
	0.61±0.08B
	25.5
	1.22±0.09BC

	0.67
	3.6
	0.83±0.16BC
	34.0
	1.38±0.10BCD

	0.83
1.0
	4.5
5.4
	1.09±0.08CD
1.41±0.04D
	42.5
51.0
	1.45±0.05CD
1.60±0.08D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations.

Table 3.6. Inactivation of bio-aerosolized droplet AIV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on stainless-steel discs.
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.33
	1.8
	0.68±0.10B
	17.0
	1.58±0.06BC

	0.5
	2.7
	0.99±0.04C
	25.5
	1.58±0.05BC

	0.67
	3.6
	1.16±0.03C
	34.0
	1.61±0.05BC

	0.83
1.0
	4.5
5.4
	1.2±0.05C
1.41±0.05C
	42.5
51.0
	1.95±0.04CD
2.05±0.04D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations.

Table 3.7. Inactivation of bio-aerosolized droplet HAV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on glass discs.
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.25
	1.35
	0.05±0.15A
	12.75
	0.04±0.05A

	0.5
	2.7
	0.62±0.15B
	25.5
	0.97±0.03B

	1.0
	5.4
	0.98±0.03BC
	51.0
	1.16±0.08B

	1.25
	6.75
	1.34±0.10C
	63.75
	1.79±0.07C

	1.5
	8.1
	1.29±0.09C
	76.5
	1.75±0.07C


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations.




Table 3.8. Inactivation of bio-aerosolized droplet FCV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on glass discs.
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.33
	1.8
	0.51±0.03B
	17.0
	1.12±0.06B

	0.5
	2.7
	0.63±0.08B
	25.5
	1.20±0.04BC

	0.67
	3.6
	0.78±0.01B
	34.0
	1.22±0.08BC

	0.83
	4.5
	1.07±0.07C
	42.5
	1.32±0.15BC

	1.0
	5.4
	1.44±0.10D
	51.0
	1.44±0.05C


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data denote Averages of triplicate treatments ± standard deviations.

Table 3.9. Inactivation of bio-aerosolized droplet AIV treated with either UV-C LED (255 nm) or UV-C LED (279 nm) on glass discs.
	Time (mins)
	279 nm UV-C LED dose
 (mJ/cm2)
	279 nm UV-C LED Reduction (log PFU/mL)
	255 nm UV-C LED dose (mJ/cm2)
	255 nm UV-C LED Reduction (log PFU/mL)

	0
	0
	0A
	0
	0A

	0.33
	1.8
	0.74±0.08B
	17.0
	1.36±0.13BC

	0.5
	2.7
	0.98±0.06B
	25.5
	1.55±0.04CD

	0.67
	3.6
	1.24±0.10C
	34.0
	1.56±0.07CD

	0.83
	4.5
	1.42±0.08C
	42.5
	1.63±0.06CD

	1.0
	5.4
	1.46±0.04C
	51.0
	1.83±0.08D


*Capital letters denote statistically significant differences when compared across treatment times (p ≤ 0.05). Data are reported as averages of triplicate treatments ± standard deviations.
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Figure 3.1. Linear-model curves for the inactivation of bio-aerosolized deposits of HAV by UV-C LED at 255 nm on (A) stainless-steel and (B) glass surfaces. 
Corresponding Linear 1D value for HAV on stainless-steel surfaces = 47.39 mJ/cm2; Linear 2D = 94.79 mJ/cm2; Linear 3D  = 142.18 mJ/cm2; and on glass discs linear 1D value = 40.0 mJ/cm2; Linear 2D  = 80.0 mJ/cm2; Linear 3D  = 120.0 mJ/cm2.
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Figure 3.2. Linear-model curves for the inactivation of bio-aerosolized deposits of FCV by UV-C LED at 255 nm on (A) stainless-steel and (B) glass surfaces. 
Corresponding Linear 1D value for FCV on stainless-steel surfaces = 35.34 mJ/cm2; Linear 2D  = 70.67 mJ/cm2; Linear 3D  = 106.0 mJ/cm2; and on glass discs linear 1D value = 40.16 mJ/cm2; Linear 2D  = 80.32 mJ/cm2; Linear 3D = 120.48 mJ/cm2.
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Figure 3.3. Linear-model curves for the inactivation of bio-aerosolized deposits of AiV by UV-C LED at 255 nm on (A) stainless-steel and (B) glass surfaces. 
 Corresponding Linear 1D value for AiV on stainless-steel surfaces = 27.70 mJ/cm2; Linear 2D  = 55.40 mJ/cm2; Linear 3D  = 83.10 mJ/cm2; and on glass discs linear 1D value = 31.45 mJ/cm2; Linear 2D  = 62.89 mJ/cm2; Linear 3D = 94.34 mJ/cm2.
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Figure 3.4. Linear-model curves for the inactivation of bio-aerosolized deposits of HAV by UV-C LED at 279 nm on (A) stainless-steel and (B) glass surfaces. 
 Corresponding Linear 1D value for HAV on stainless-steel surfaces = 6.60 mJ/cm2; Linear 2D  = 13.19 mJ/cm2; Linear 3D  = 19.79 mJ/cm2; and on glass discs linear 1D value = 5.57 mJ/cm2; Linear 2D  = 11.15 mJ/cm2; Linear 3D = 16.72 mJ/cm2.
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Figure 3.5. Linear-model curves for the inactivation of bio-aerosolized deposits of FCV by UV-C LED at 279 nm on (A) stainless-steel and (B) glass surfaces. 
 Corresponding Linear 1D value for FCV on stainless-steel surfaces = 4.12 mJ/cm2; Linear 2D = 8.23 mJ/cm2; Linear 3D  = 12.35 mJ/cm2; and on glass discs linear 1D value = 3.95 mJ/cm2; Linear 2D  = 7.90 mJ/cm2; Linear 3D = 11.85 mJ/cm2.
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Figure 3.6. Linear-model curves for the inactivation of bio-aerosolized deposits of AiV by UV-C LED at 279 nm on (A) stainless-steel and (B) glass surfaces. 
 Corresponding Linear 1D value for AiV on stainless-steel surfaces = 3.97 mJ/cm2; Linear 2D  = 7.94 mJ/cm2; Linear 3D  = 11.91 mJ/cm2; and on glass discs linear 1D value = 3.64 mJ/cm2; Linear 2D  = 7.28 mJ/cm2; Linear 3D = 10.92 mJ/cm2.




Vita
Breanna Polen was born and raised in Greenbrier, Tennessee and graduated with a Bachelor of Science in Food Science in 2023 from the University of Tennessee, Knoxville. She then received her Master of Science in Food Science from the University of Tennessee, Knoxville in 2025. She plans to continue her career in food science, with a focus in microbiology and public health.


HAV inactivation by UV-C at 254 nm on stainless-steel coupons 
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HAV inactivation by UV-C at 254 nm on ceramic coupons 


7.7469553755630693E-2	0.11994041499791433	0.10749480120801595	0.12975545189345089	0.11712127406169906	8.9853279764342764E-2	7.7469553755630693E-2	0.11994041499791433	0.10749480120801595	0.12975545189345089	0.11712127406169906	8.9853279764342764E-2	7.7469553755630693E-2	0.11994041499791433	0.10749480120801595	0.12975545189345089	0.11712127406169906	8.9853279764342764E-2	7.7469553755630693E-2	0.11994041499791433	0.10749480120801595	0.12975545189345089	0.11712127406169906	8.9853279764342764E-2	0	9.7650000000000006	19.53	29.295000000000002	39.06	48.825000000000003	5.5	4	3.1666666666666665	2.1999999999999997	2.1	2.1333333333333333	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



HAV inactivation by UV-C at 254 nm on glass discs
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FCV inactivation by UV-C at 254 nm on stainless-steel coupons
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. FCV inactivation by UV-C at 254 nm on ceramic coupons 
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FCV inactivation by UV-C at 254 nm on glass discs
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HAV inactivation by UV-C LED at 255 nm on stainless-steel coupons
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HAV inactivation by UV-C LED at 255 nm on ceramic coupons


2.0450647150243768E-2	0.1372196133009039	0.11607825071539823	3.418642761663912E-2	0.15369905012413784	8.1981659694708914E-2	2.0450647150243768E-2	0.1372196133009039	0.11607825071539823	3.418642761663912E-2	0.15369905012413784	8.1981659694708914E-2	2.0450647150243768E-2	0.1372196133009039	0.11607825071539823	3.418642761663912E-2	0.15369905012413784	8.1981659694708914E-2	2.0450647150243768E-2	0.1372196133009039	0.11607825071539823	3.418642761663912E-2	0.15369905012413784	8.1981659694708914E-2	0	2.9	5.8	8.6999999999999993	11.6	17.399999999999999	5.1301111148926424	4.4642579988945927	3.6577847435749598	3.2967740887674251	2.8350905918287084	2.6417148063630864	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



HAV inactivation by UV-C LED at 255 nm on glass discs


2.8502423367170262E-2	0.14819835080363628	0.10550737975070133	5.8090969889965205E-2	0.11403815871631505	5.3037660732479314E-2	2.8502423367170262E-2	0.14819835080363628	0.10550737975070133	5.8090969889965205E-2	0.11403815871631505	5.3037660732479314E-2	2.8502423367170262E-2	0.14819835080363628	0.10550737975070133	5.8090969889965205E-2	0.11403815871631505	5.3037660732479314E-2	2.8502423367170262E-2	0.14819835080363628	0.10550737975070133	5.8090969889965205E-2	0.11403815871631505	5.3037660732479314E-2	0	2.9	5.8	8.6999999999999993	11.6	17.399999999999999	5.6228392906141531	4.8208614802991638	4.5617204153138173	3.9895447372722894	3.9004922452317992	3.3968710775017055	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 255 nm on stainless-steel coupons


0.11771836036089424	9.5949865865664993E-2	9.5842627140255307E-2	0.10732803828887495	4.9106157749760328E-2	9.0298404986139016E-2	0.11771836036089424	9.5949865865664993E-2	9.5842627140255307E-2	0.10732803828887495	4.9106157749760328E-2	9.0298404986139016E-2	0.11771836036089424	9.5949865865664993E-2	9.5842627140255307E-2	0.10732803828887495	4.9106157749760328E-2	9.0298404986139016E-2	0.11771836036089424	9.5949865865664993E-2	9.5842627140255307E-2	0.10732803828887495	4.9106157749760328E-2	9.0298404986139016E-2	0	2.9	5.8	8.6999999999999993	11.6	17.399999999999999	5.5465868586700537	3.7829992080031842	3.3646198307386883	2.8374925098745982	2.5623826288447993	2.1901056208558032	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 255 nm on ceramic coupons


0.19851171659827202	0.12291583453656202	2.4908907574641419E-2	0.11180240248462403	9.391076426554977E-2	4.4502554402471327E-2	0.19851171659827202	0.12291583453656202	2.4908907574641419E-2	0.11180240248462403	9.391076426554977E-2	4.4502554402471327E-2	0.19851171659827202	0.12291583453656202	2.4908907574641419E-2	0.11180240248462403	9.391076426554977E-2	4.4502554402471327E-2	0.19851171659827202	0.12291583453656202	2.4908907574641419E-2	0.11180240248462403	9.391076426554977E-2	4.4502554402471327E-2	0	2.9	5.8	8.6999999999999993	11.6	17.399999999999999	5.0424481260605285	3.9460605885315911	3.3931102630372663	2.7732006443924191	2.5872392038497192	1.9712282121756377	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 255 nm on glass discs


0.19398732052297152	0.12932314281312907	1.5834388126230153E-2	0.10116893996022758	9.7359250613590839E-2	4.2379524398359625E-2	0.19398732052297152	0.12932314281312907	1.5834388126230153E-2	0.10116893996022758	9.7359250613590839E-2	4.2379524398359625E-2	0.19398732052297152	0.12932314281312907	1.5834388126230153E-2	0.10116893996022758	9.7359250613590839E-2	4.2379524398359625E-2	0.19398732052297152	0.12932314281312907	1.5834388126230153E-2	0.10116893996022758	9.7359250613590839E-2	4.2379524398359625E-2	0	2.9	5.8	8.6999999999999993	11.6	17.399999999999999	6.2734064316540641	4.8423501842957872	4.5750089322889815	4.3069922552638937	3.5837168110970445	2.6275954102905197	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



HAV inactivation by UV-C LED at 279 nm on stainless-steel coupons


0.14191415376891978	7.2197931371897076E-2	0.11576339320389699	1.7456340517319612E-2	0.14601103016511632	0.14575770420005946	0.14191415376891978	7.2197931371897076E-2	0.11576339320389699	1.7456340517319612E-2	0.14601103016511632	0.14575770420005946	0.14191415376891978	7.2197931371897076E-2	0.11576339320389699	1.7456340517319612E-2	0.14601103016511632	0.14575770420005946	0.14191415376891978	7.2197931371897076E-2	0.11576339320389699	1.7456340517319612E-2	0.14601103016511632	0.14575770420005946	0	9.84	19.68	29.52	39.36	49.2	5.2666666666666666	4.0999999999999996	3.5	3.3333333333333335	2.8333333333333335	2.5333333333333332	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



HAV inactivation by UV-C LED at 279 nm on ceramic coupons


0.17607014768448809	0.17047553203559715	0.11917831661674988	0.11179714123149576	0.11948635951523401	9.8989492019733935E-2	0.17607014768448809	0.17047553203559715	0.11917831661674988	0.11179714123149576	0.11948635951523401	9.8989492019733935E-2	0.17607014768448809	0.17047553203559715	0.11917831661674988	0.11179714123149576	0.11948635951523401	9.8989492019733935E-2	0.17607014768448809	0.17047553203559715	0.11917831661674988	0.11179714123149576	0.11948635951523401	9.8989492019733935E-2	0	14.76	29.52	44.28	59.04	73.8	5.4333333333333336	3.8000000000000003	3.5	2.9333333333333336	2.9333333333333336	2.1	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



HAV inactivation by UV-C LED at 279 nm on glass discs


1.2689993681329217E-2	0.10545088200632306	9.9690251235559676E-2	7.8439390861713185E-2	0.14186819333673123	0.15228004598041284	1.2689993681329217E-2	0.10545088200632306	9.9690251235559676E-2	7.8439390861713185E-2	0.14186819333673123	0.15228004598041284	1.2689993681329217E-2	0.10545088200632306	9.9690251235559676E-2	7.8439390861713185E-2	0.14186819333673123	0.15228004598041284	1.2689993681329217E-2	0.10545088200632306	9.9690251235559676E-2	7.8439390861713185E-2	0.14186819333673123	0.15228004598041284	0	3.2800000000000002	6.5600000000000005	9.84	13.120000000000001	19.68	5.2666666666666666	4.7666666666666666	4.3999999999999995	4	3.5666666666666664	3.0333333333333332	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 279 nm on stainless-steel coupons


0.19044707881896572	8.5102317354467064E-2	0.28964697264914896	0.20021784852339908	3.2355431865532899E-2	0.20281323319679481	0.19044707881896572	8.5102317354467064E-2	0.28964697264914896	0.20021784852339908	3.2355431865532899E-2	0.20281323319679481	0.19044707881896572	8.5102317354467064E-2	0.28964697264914896	0.20021784852339908	3.2355431865532899E-2	0.20281323319679481	0.19044707881896572	8.5102317354467064E-2	0.28964697264914896	0.20021784852339908	3.2355431865532899E-2	0.20281323319679481	0	4.92	9.84	14.76	19.68	24.6	5.5	3.6333333333333333	3.5666666666666664	2.5333333333333332	2.3333333333333335	1.6333333333333335	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 279 nm on ceramic coupons


0.38913958746917815	3.6555407152522812E-2	6.1245657885742648E-2	6.5306781251910223E-2	0.11217835716753478	0.10694113556475419	0.38913958746917815	3.6555407152522812E-2	6.1245657885742648E-2	6.5306781251910223E-2	0.11217835716753478	0.10694113556475419	0.38913958746917815	3.6555407152522812E-2	6.1245657885742648E-2	6.5306781251910223E-2	0.11217835716753478	0.10694113556475419	0.38913958746917815	3.6555407152522812E-2	6.1245657885742648E-2	6.5306781251910223E-2	0.11217835716753478	0.10694113556475419	0	4.92	9.84	14.76	19.68	24.6	4.8000000000000007	3.6999999999999997	2.5666666666666669	2.3000000000000003	2.1	1.6666666666666667	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



FCV inactivation by UV-C LED at 279 nm on glass discs 


6.0542719261751143E-2	1.5976184805002024E-2	4.9314703012934245E-2	0.10680664825103994	0.18522748021726532	7.1888955475110983E-2	6.0542719261751143E-2	1.5976184805002024E-2	4.9314703012934245E-2	0.10680664825103994	0.18522748021726532	7.1888955475110983E-2	6.0542719261751143E-2	1.5976184805002024E-2	4.9314703012934245E-2	0.10680664825103994	0.18522748021726532	7.1888955475110983E-2	6.0542719261751143E-2	1.5976184805002024E-2	4.9314703012934245E-2	0.10680664825103994	0.18522748021726532	7.1888955475110983E-2	0	3.2800000000000002	6.5600000000000005	9.84	13.120000000000001	19.68	5.166666666666667	4.2333333333333334	3.7333333333333329	3.2666666666666671	2.8333333333333335	2.6	Dose (mJ/cm2)


Recovered Virus  
(Log PFU/mL)



Inactivation of bioaerosolized deposits of HAV on stainless-steel discs by 255 nm UV-C LED


5.8734179079584043E-3	0.22421681176761135	3.8300071149732579E-2	4.3130388280073581E-2	2.0949591947801341E-2	4.5922114851239863E-2	5.8734179079584043E-3	0.22421681176761135	3.8300071149732579E-2	4.3130388280073581E-2	2.0949591947801341E-2	4.5922114851239863E-2	5.8734179079584043E-3	0.22421681176761135	3.8300071149732579E-2	4.3130388280073581E-2	2.0949591947801341E-2	4.5922114851239863E-2	5.8734179079584043E-3	0.22421681176761135	3.8300071149732579E-2	4.3130388280073581E-2	2.0949591947801341E-2	4.5922114851239863E-2	0	12.75	25.5	51	63.75	76.5	5.3124916774949673	4.7797449606447922	4.2889384562978066	3.9875370544743238	3.8093336205566612	3.5493372212725802	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of HAV on glass discs by 255 nm UV-C LED


4.9541404069668678E-2	4.5078553322238368E-2	3.3252009117914198E-2	8.2548376677231958E-2	6.8866789121649549E-2	6.9352392931393725E-2	4.9541404069668678E-2	4.5078553322238368E-2	3.3252009117914198E-2	8.2548376677231958E-2	6.8866789121649549E-2	6.9352392931393725E-2	4.9541404069668678E-2	4.5078553322238368E-2	3.3252009117914198E-2	8.2548376677231958E-2	6.8866789121649549E-2	6.9352392931393725E-2	4.9541404069668678E-2	4.5078553322238368E-2	3.3252009117914198E-2	8.2548376677231958E-2	6.8866789121649549E-2	6.9352392931393725E-2	0	12.75	25.5	51	63.75	76.5	6.0335824564912492	5.9866086473169773	5.0553780490710905	4.8713052731394351	4.2408540421513843	4.2834077328899953	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of FCV on stainless-steel discs by 255 nm UV-C LED


3.3625590340364317E-2	7.4536697674688054E-2	8.6939570389776816E-2	9.6339135920355576E-2	5.2580459931515597E-2	7.6696414007702496E-2	3.3625590340364317E-2	7.4536697674688054E-2	8.6939570389776816E-2	9.6339135920355576E-2	5.2580459931515597E-2	7.6696414007702496E-2	3.3625590340364317E-2	7.4536697674688054E-2	8.6939570389776816E-2	9.6339135920355576E-2	5.2580459931515597E-2	7.6696414007702496E-2	3.3625590340364317E-2	7.4536697674688054E-2	8.6939570389776816E-2	9.6339135920355576E-2	5.2580459931515597E-2	7.6696414007702496E-2	0	17	25.5	34	42.5	51	4.8422394799780974	3.6560276714413447	3.6213836725493116	3.4651914538278015	3.3905882192158283	3.2467176448463335	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of FCV on glass discs by 255 nm UV-C LED


3.6542194889273981E-2	6.103192534496088E-2	4.430839622968355E-2	7.5437138552785568E-2	0.14636202302924672	4.8571088201649404E-2	3.6542194889273981E-2	6.103192534496088E-2	4.430839622968355E-2	7.5437138552785568E-2	0.14636202302924672	4.8571088201649404E-2	3.6542194889273981E-2	6.103192534496088E-2	4.430839622968355E-2	7.5437138552785568E-2	0.14636202302924672	4.8571088201649404E-2	3.6542194889273981E-2	6.103192534496088E-2	4.430839622968355E-2	7.5437138552785568E-2	0.14636202302924672	4.8571088201649404E-2	0	17	25.5	34	42.5	51	4.6281322377522942	3.5043458442785909	3.4248435206083934	3.4061306336923702	3.3075325843607666	3.1924062513142073	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of AiV on stainless-steel discs by 255 nm UV-C LED


5.9276754231530775E-2	6.5853212287061882E-2	5.4493026341880225E-2	5.0822609520044346E-2	3.8023639710496604E-2	3.6948812869230338E-2	5.9276754231530775E-2	6.5853212287061882E-2	5.4493026341880225E-2	5.0822609520044346E-2	3.8023639710496604E-2	3.6948812869230338E-2	5.9276754231530775E-2	6.5853212287061882E-2	5.4493026341880225E-2	5.0822609520044346E-2	3.8023639710496604E-2	3.6948812869230338E-2	5.9276754231530775E-2	6.5853212287061882E-2	5.4493026341880225E-2	5.0822609520044346E-2	3.8023639710496604E-2	3.6948812869230338E-2	0	17	25.5	34	42.5	51	5.2465698005800716	3.6570902095897981	3.6628019206428957	3.6324642456619372	3.2922147276662916	3.1934771890798253	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of AiV on glass discs by 255 nm UV-C LED


1.8542962964445152E-2	0.12587226008424393	4.2116251419126803E-2	6.5185627684812592E-2	6.1712173831106713E-2	7.605290429109017E-2	1.8542962964445152E-2	0.12587226008424393	4.2116251419126803E-2	6.5185627684812592E-2	6.1712173831106713E-2	7.605290429109017E-2	1.8542962964445152E-2	0.12587226008424393	4.2116251419126803E-2	6.5185627684812592E-2	6.1712173831106713E-2	7.605290429109017E-2	1.8542962964445152E-2	0.12587226008424393	4.2116251419126803E-2	6.5185627684812592E-2	6.1712173831106713E-2	7.605290429109017E-2	0	17	25.5	34	42.5	51	5.1281434971720676	3.7641723548266826	3.5723388775458669	3.5653323204227347	3.5006134920760794	3.297954835116943	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of HAV on stainless-steel discs by 279 nm UV-C LED


0.10110812046301557	0.01	0.10604700973055511	0.14299225270032528	9.0585504909493943E-3	1.1442678493683606E-2	0.10110812046301557	0.01	0.10604700973055511	0.14299225270032528	9.0585504909493943E-3	1.1442678493683606E-2	0.10110812046301557	0.01	0.10604700973055511	0.14299225270032528	9.0585504909493943E-3	1.1442678493683606E-2	0.10110812046301557	0.01	0.10604700973055511	0.14299225270032528	9.0585504909493943E-3	1.1442678493683606E-2	0	1.3499999999999999	2.6999999999999997	5.3999999999999995	6.75	8.1	5.7346040683579291	5.7057038371126554	5.3242735411573925	4.9451957417655628	4.7490400215968274	4.5888767236014765	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of HAV on glass discs by 279 nm UV-C LED


9.6065489549669539E-3	0.15406615656172035	0.14619031926393036	3.059759180995017E-2	0.10433045226030593	9.1453733059773945E-2	9.6065489549669539E-3	0.15406615656172035	0.14619031926393036	3.059759180995017E-2	0.10433045226030593	9.1453733059773945E-2	9.6065489549669539E-3	0.15406615656172035	0.14619031926393036	3.059759180995017E-2	0.10433045226030593	9.1453733059773945E-2	9.6065489549669539E-3	0.15406615656172035	0.14619031926393036	3.059759180995017E-2	0.10433045226030593	9.1453733059773945E-2	0	1.3499999999999999	2.6999999999999997	5.3999999999999995	6.75	8.1	5.8107472465288383	5.7584171694580517	5.1884374918710883	4.8348939845277519	4.4743143962319456	4.5241481122935125	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of FCV on stainless-steel discs by 279 nm UV-C LED


3.1343410139306908E-2	9.3670108670295307E-2	8.1648006629609776E-2	0.15961915834460075	7.819118357001785E-2	4.0850878885974024E-2	3.1343410139306908E-2	9.3670108670295307E-2	8.1648006629609776E-2	0.15961915834460075	7.819118357001785E-2	4.0850878885974024E-2	0	1.7999999999999998	2.6999999999999997	3.5999999999999996	4.5	5.3999999999999995	5.016381810219376	4.4118434486899458	4.4123232515573889	4.1890842681484477	3.9294273755404632	3.6122393126687284	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of FCV on glass discs by 279 nm UV-C LED


2.9973994409645304E-2	2.9612833616100703E-2	8.3083211932885509E-2	1.0368974402011866E-2	6.8546952978840087E-2	9.6263357048324144E-2	2.9973994409645304E-2	2.9612833616100703E-2	8.3083211932885509E-2	1.0368974402011866E-2	6.8546952978840087E-2	9.6263357048324144E-2	0	1.7999999999999998	2.6999999999999997	3.5999999999999996	4.5	5.3999999999999995	5.0676912812118253	4.5575530767268715	4.4409416077927082	4.294541617810367	3.9965268806239833	3.6030237930056206	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of AiV on stainless-steel discs by 279 nm UV-C LED


3.9381078955959249E-2	0.10722398968519774	3.3508244635765169E-2	3.502300396750424E-2	4.5941160939215638E-2	4.0246921894566079E-2	3.9381078955959249E-2	0.10722398968519774	3.3508244635765169E-2	3.502300396750424E-2	4.5941160939215638E-2	4.0246921894566079E-2	0	1.7999999999999998	2.6999999999999997	3.5999999999999996	4.5	5.3999999999999995	4.7664879401821372	4.0878092839479434	3.7784183453732445	3.6145959173872924	3.5684439988516541	3.3576306172424544	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)



Inactivation of bioaerosolized deposits of AiV on glass discs by 279 nm UV-C LED


5.6175482124972649E-2	7.9363376013177528E-2	5.6157092393825783E-2	0.100591151908497	7.5817838529480513E-2	4.3301001298058132E-2	5.6175482124972649E-2	7.9363376013177528E-2	5.6157092393825783E-2	0.100591151908497	7.5817838529480513E-2	4.3301001298058132E-2	0	1.7999999999999998	2.6999999999999997	3.5999999999999996	4.5	5.3999999999999995	4.5994095582011658	3.8594670091762815	3.6226210993025547	3.358441423651028	3.1802429436225808	3.1402797611151243	Dose (mJ/cm2)


Virus recovered (Log PFU/mL)
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