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A B S T R A C T   

Contaminated fomites can lead to hepatitis A virus (HAV) and human norovirus (HuNoV) disease 
outbreaks. Improved decontamination methods that are user-friendly, cost-effective, and water-
less are being researched for sustainability. Traditional ultraviolet light (UV–C) technologies 
though effective for surface decontamination have drawbacks, using mercury lamps, that pose 
user-safety risk and environmental hazards. Therefore, UV-C light emitting diode (LED) systems 
are being designed for delivering required antiviral doses. The objective of this research was to 
determine the ability of UV-C LED (279 nm) systems to inactivate HuNoV surrogates, feline 
calicivirus (FCV–F9) and Tulane virus (TV), and HAV on Formica coupons in comparison to UV-C 
(254 nm) systems. FCV-F9 (~6 log PFU/mL), TV (~7 log PFU/mL), or HAV (~6 log PFU/mL) at 
100 μL were surface-spread on sterile Formica coupons (3 × 3 cm2), air-dried, and treated for up 
to 2.5 min with both systems. Each experiment was replicated thrice. Recovered infectious plaque 
counts were statistically analyzed using mixed model analysis of variance. FCV-F9, TV, and HAV 
showed D10 values of 23.37 ± 0.91 mJ/cm2, 16.32 ± 3.6 mJ/cm2, and 12.39 ± 0.70 mJ/cm2 

using 279 nm UV-C LED, respectively and D10 values of 9.97 ± 2.44 mJ/cm2, 6.83 ± 1.13 mJ/ 
cm2 and 12.40 ± 1.15 mJ/cm2, respectively with 254 nm UV-C. Higher 279 nm UV-C LED doses 
were required to cause HuNoV surrogate reduction than 254 nm UV-C, except similar doses with 
both systems were needed for HAV inactivation on Formica surfaces. It remains critical to 
measure UV intensity of optical sources and optimize exposure times for desired log reduction on 
surfaces.   

1. Introduction 

Foodborne human noroviral (HuNoV) and hepatitis A virus (HAV) outbreaks continue to occur worldwide, including the 2022 
HuNoV outbreak involving raw oysters and the 2023 HAV outbreak involving frozen strawberries in the United States [1,2]. Improved 
sustainable and cost-effective approaches need to be developed and optimized to control these pathogens in the food environment. 
HuNoV outbreaks continue to emerge with evolving virulent strains that are capable of causing death in the elderly and immuno-
compromised and those with co-morbidities may be at higher risk, with an estimated 685 million cases reported annually on a global 
level [3]. While some genogroups of HuNoV have been cultivated in the lab, their titers are not high enough to accurately determine 
parameters for optimal inactivation [4–7]. Therefore, cultivable HuNoV surrogates including the single-stranded RNA coliphage MS2, 
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feline calicivirus (FCV–F9), murine norovirus (MNV-1), Tulane virus (TV) and porcine sapovirus continue to be used [4]. Additionally, 
HAV is another foodborne virus of human health concern that results in severe disease symptoms that last for more than a month [8]. 
Therefore, improved decontamination strategies are needed to further prevent viral transmission in the food environment. 

Ultraviolet light (UV–C at 200–280 nm) technology is recognized as a promising decontamination approach associated with its low 
cost and low energy consumption [9,10]. Furthermore, UV-C lamps have been approved by the U.S. Food and Drug Administration (US 
FDA) for surface decontamination of food products to control surface microorganisms [11]. However, for optimal inactivation, the 
viral target should directly receive an adequate amount of germicidal light (fluence) that can be controlled by varying exposure time 
[12]. UV light is found to be most effective in the 200–300 nm range, that includes the entire UV-C light range and a part of the UV-B 
light range [12]. UV-C ranging from 250 to 280 nm is normally used to disinfect water, cooking utensils, and liquid foods [13,14]. 
Typically, the UV-C light resistance is calculated using the decimal reduction dose (D, expressed in mJ/cm2) together with the 
sensitivity of the target virus in the applicable wavelength of light [12]. 

There are reports in literature on the UV-C inactivation of viruses in fluid suspensions, though viral inactivation on Formica 
surfaces found in food environments have not been reported. Studies with inactivation on contact surfaces have mainly been conducted 
using stainless steel and plastic surfaces [14–17]. MNV-1 on stainless steel discs was reported to be reduced by 3 log PFU after 5 min 
treatment with UV-C at 254 nm, but the calculated dose was not reported in this study [15]. Park et al. [14], showed that 1–2 log PFU 
reductions of HAV on stainless steel surfaces were observed after treatment with 60–120 mJ/cm2 of UV-C at 254 nm, with >2 log (PFU) 
reductions (>99 %) only after treatments with 180 mJ/cm2 of UV-C, while >2 log (PFU) reductions (>99 %) were observed for MNV-1 
on stainless steel coupons, after treatment with 40 mW s/cm2 of UV-C. This study reported the D-value for MNV-1 to be 33.5 mJ/cm2 

and HAV to be 55.5 mJ/cm2 [14]. Tailing was observed during inactivation of both these tested viruses using UV-C at 254 nm sug-
gesting the increased exposure time would not cause a proportional increase in inactivation [18]. Therefore, pulsed UV light at 60 
mJ/cm2 and 91 mJ/cm2 was used that resulted in close to 5 log reduction of HAV and MNV-1 on stainless steel and PVC surfaces [16, 
17], though this technology is reported to be more expensive than traditional continuous UV-C treatments [19]. It is also important to 
note that the inactivation by UV-C is theoretically and typically favored on stainless steel surfaces due to the low degree of shielding 
[18]. 

Another study showed that 254 nm UV-C treatments of 5-mL suspensions of MNV-1 at 8 log PFU/mL, FCV-F9 at 8.5 log PFU/mL, 
and MS2 at 10 log PFU/mL on petri dishes resulted in 4 log reduction at fluencies of 29, 25, and 70 mJ/cm2, respectively [20]. TV at 
250 μL in 6 well culture plates was reported to be inactivated to non-detectable levels (>4 D reduction) after UV-C treatment at 254 nm 
with 60–70 mJ/cm2 [4]. Treatments of FCV-F9 suspended in PBS in a Petri dish with 253.4 nm UV-C and 125 mJ/cm2 resulted in a >2 
log PFU/mL reduction, while HAV was decreased by > 4 log PFU/mL with the same treatment [21]. However, the main disadvantage 
with inactivation using UV-C light is its low penetrability, the need for the UV-C to have direct exposure to the target and the use of 
mercury lamps that can pose a risk to the user and the environment, with a relatively low shelf-life [11,22,23]. 

Alternatively, UV-C LED lights are being designed to overcome the drawbacks of traditional UV-C systems that are robust, durable, 
and inexpensive with low heat emission, wavelength diversity, low energy demand, that do not need warm up time, and are mercury 
free, with no hazardous waste generation [24]. These UV-LED systems are built from semiconductor materials, with analogous 
structures to the visible light LEDs, that emit light upon application of an electrical current [25,26]. Researchers treated 100 μL of 
SARS-CoV-2 suspension at 3.16 × 106 TCID50 (50 % tissue culture infective dose)/mL held in a Petri dish and covered with a quartz 
coverslip, with UVC-LED irradiance at 280 ± 5 nm (using a 1000 mW LED module) at different heights (10, 20, 30, and 50 cm) for 
different times (2–60 s) and found that a ≥ 99.99 % viral reduction was obtained after treatment for 30 s at 50 cm, 20 s at 30 cm, 10 s at 
20 cm, and 2 s at 10 cm [27]. They reported that a UV dose of >10 mJ/cm2 caused reduction of 99.99 %, which is optimal for 
SARS-CoV-2 (an enveloped virus) eradication [27]. 

Data on inactivation of viruses (other than recent SARS-CoV-2 data) on surfaces with UV-LED systems are also lacking. Most of the 
published literature has focused on the use of UV-LED in liquid and aerosolized systems with bacteriophages, foodborne bacteria and 
fungi [28,29]. Coconut water (5 mL, pH = 4.86, 6.2◦Brix) treated with UV-LED at 255 nm was shown to inactivate E. coli ATCC 8739 by 
6.2 log CFU/mL, Salmonella eneterica ATCC 13314 by 6.3 log CFU/mL, and L. monocytogenes ATCC 19111 by 5.6 log CFU/mL [24,27]. 
UV-LED treatments of a carrot, grape, ginger, lemon, and carob (0.02 mL, pH = 4.01, 7.8◦Brix) beverage mix resulted in >4 log 
CFU/mL reduction of E. coli K12 and reduction of mesophilic bacteria by 2.59 log CFU/mL with 280/365 nm wavelength combinations 
[26,30]. 

The mechanism of inactivation by UV-C is dependent on the target virus (depending on nucleic acid content and composition, 
envelope, and protein and UV chromophore content and structure) and the UV wavelength [26,31]. UV-C at 254 nm is reported to 
inactivate RNA viruses by damaging nucleic acids, by forming pyrimidine dimers, uridine hydrates, and thus preventing replication 
[32,33]. Other research results suggest that using UV-C at 210–240 nm, damage to RNA occurs due to protein–RNA cross-linking or 
energy transfer from proteins to RNA [12,18,26], and theoretically at 279 nm damage to protein and protein-RNA structures can also 
occur. UV treatments of Tulane virus showed decreased host receptor binding and mutagenized its genome, while UV treatment at 220 
nm allowed RV-host receptor interaction but prevented replication of the genome, thus indicating that varied virion components were 
targeted, namely their genome and viral capsid [34]. 

Thus, UV-C LED is a novel promising approach for broad-spectrum inactivation and routine decontamination of surfaces found in 
food environments that needs to be further investigated. Therefore, the aim of this study was to determine the ability of a UV-C LED 
light (peak wavelength at 279 nm) system to inactivate HAV and the cultivable HuNoV surrogates (FCV–F9 and TV) in comparison to 
UV-C (254 nm) light on Formica coupons (used as a model countertop surface found in food processing and food service 
environments). 

E. Corson et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e25201

3

2. Materials and methods 

2.1. Host cell lines for viral propagation 

Rhesus monkey kidney epithelial cells (LLC-MK2) for the propagation of TV and Crandell- Reese Feline Kidney (CRFK) cells for the 
propagation of FCV-F9 were obtained from the American Type Culture Collection (Manassas, VA). Fetal rhesus monkey kidney (FRhK- 
4) cells for the propagation of HAV were obtained from the University of Tennessee collection. All host cells were maintained as 
described in earlier studies [35–37]. Briefly, LLC-MK2 cells were maintained using Opti-MEM with 2 % newborn calf serum (NCS) and 
1 % Pen-strep (PS; Thermo Fisher Scientific, Pittsburgh, PA), CRFK cells were maintained with Dulbecco’s Modified Eagle Medium 
(DMEM-F12) containing 8 % NCS and 1 % PS, while FRhK-4 cells were maintained in DMEM-F12 supplemented with 2 % NCS and 1 % 
PS. 

2.2. Viral propagation 

The viruses used in this study were propagated using published protocols and viral propagation methods are briefly summarized 
below [35–37]. 

TV was obtained as a kind gift from Dr. J. Jiang (Cincinnati Children’s General Hospital, Cincinnati, OH). Confluent LLC-MK2 cells 
contained in sterile 175cm2 cell-culture flasks were infected with TV and incubated at 37 ◦C with 5 % CO2 for 3 h. This was followed by 
the addition of 10 mL of Opti-MEM containing 8 % NCS and 1 % PS and then incubated for three to five days. After observation of 
cytopathic effects and infectivity, the flasks were freeze thawed thrice, followed by centrifugation at 5000 rpm for 10 min and filtration 
through 0.2 μm filters. To increase the titer, TV stock was passed through Amicon ultra centrifugal filters (3 KDa molecular weight cut 
off), and centrifuged at 5000 rpm for 1 h. The filtrate containing TV was stored at − 80 ◦C as stock for subsequent use. 

FCV-F9 was purchased from ATCC (Manassas, VA). Confluent CRFK cells in sterile 175 cm2 flasks were inoculated with FCV-F9 and 
incubated with 5 % CO2 in a water-jacketed incubator at 37 ◦C for 3 h. Then, 10 mL DMEM with 8 % NCS and 1 % PS was added and the 
infected flasks were further incubated for three days until cytopathic effects were observed. The infected flasks were freeze-thawed 
thrice, followed by centrifugation for 10 min at 5000 rpm in the cold (4 ◦C) and then the supernatant was filtered through 0.2 μm 
filters. This filtrate was used for FCV-F9 stock and/or stored frozen at − 80 ◦C until use. 

HAV (strain HM175) was kindly provided by Dr. Kalmia Kniel’s laboratory (University of Delaware). For HAV propagation, 
confluent FRhK-4 cells within sterile 175 cm2 cell-culture flasks were infected with HAV and incubated at 37 ◦C for 3 h. Flasks were 
then incubated for five days in a water-jacketed incubator under 5 % CO2 after the addition of 10 mL DMEM with 8 % NCS and 1 % PS. 
The infected flasks were freeze thawed three times, centrifuged, filtered through 0.2 μm filters as described above. The HAV containing 
filtrate was then stored frozen at − 80 ◦C for use as the HAV stock. 

2.3. UV-C LED (279 nm) treatment of viruses inoculated on Formica coupons 

Sterile autoclaved Formica coupons were kept within sterile Petri dishes in a biosafety cabinet under UV-C (254 nm) light for 10 
min for surface decontamination. Then, 100 μL of either TV (~7 log PFU/mL), FCV-F9 (~6 log PFU/mL), or HAV (~6 log PFU/mL), 
was spread onto Formica coupons (approximately 3 × 3 cm2 area) and air-dried for 10 min (as a proof of concept) within the biosafety 
cabinet with one inoculated coupon for each treatment time. UV-C LED (279 nm, MD1016-1, Irtronix, Torrence, CA) treatments were 
then performed for up to 2.5 min for FCV using 30 s intervals (279 nm, 6.5 cm from sample, Voltage = 28.0, Ampere = 0.1, surface 
dose = 0–54.64 mJ/cm2), while up to 1.25 min treatment times for TV and HAV were used. 

The control (0 min) and subsequent treatments were recovered using 200 μL of DMEM with 10 % NCS and 1 % PS to elute either 
FCV-F9 or HAV from the inoculated Formica coupon. Ten-fold serial dilutions were then performed using DMEM containing 2 % NCS 
and 1 % PS. For TV, the 0 min control and treatments were recovered using 200 μL Opti-MEM containing 10 % NCS and 1 % PS initially 
to elute TV from the inoculated Formica coupon, and then ten-fold serial dilutions were performed with Opti-MEM containing 2 % NCS 
and 1 % PS. All treatments were replicated thrice and infectivity determined using plaque assays in duplicate as described below. 

2.4. UV-C at 254 nm treatment of viruses inoculated on Formica coupons 

Similar to the treatments with UV-LED, sterile Formica coupons were placed on sterile Petri plates under UV-C (254 nm, Labconco 
Purifier Class II Biosafety cabinet, Model 36,208, serial number 020421542 A) light for 10 min in a biosafety cabinet. A set of these 
sterile Formica coupons were then inoculated with either 100 μL of TV (~7 log PFU/mL), FCV-F9 (~6 log PFU/mL) or HAV (~6 log 
PFU/mL), and surface spread onto Formica coupons (approximately 3 × 3 cm2 area) and air-dried in the biosafety cabinet for 10 min. 
Treatments were then performed at 30 s intervals up to 2.5 min with UV-C 254 nm hood light (254 nm, 55.88 cm/22 inches from 
sample, surface dose = 0–21.81 mJ/cm2) for FCV and 1.25 min with 15 s intervals for TV and HAV. Viruses from 0 min control and 
treatments were recovered as reported above in section 2.3. 
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2.5. Infectious plaque assays 

Infectivity of the control and treated viruses were determined using standard plaque assays as described before [35–37]. 
Briefly, host LLC-MK2 cells in six well plates were incubated at 37 ◦C with 5 % CO2 until confluent, and infected with ten-fold 

serially diluted TV (treated and/or control). Infected plates were then incubated for 3 h at 37 ◦C with 5 % CO2. Next, the media 
was aspirated and the cells were overlaid with 2 mL of a 1:1 ratio of 1 % Noble agar and Opti-MEM with 2 % NCS and 1 % PS. Plates 
were then incubated for 72 h at 37 ◦C with 5 % CO2 to visualize and then enumerate plaques [36]. Plaque counts were converted to 
plaque forming units per mL (PFU/mL) [36,37]. 

Similarly, ten-fold serially diluted FCV-F9 (treated and/or control) were added to confluent host CRFK cells in six well plates and 
infected as described above [35,37]. Plates were then incubated at 37 ◦C with 5 % CO2 for 3 h, then media were aspirated. Next, 
overlay media containing 2 mL of a 1:1 ratio of 1 % Noble agar and FCV-F9 2X overlay medium containing 4 % NCS, 3 % NaHCO3, 2 % 
nonessential amino acids, 2 % L-glutamine, and 2 % penicillin-streptomycin was added. Infected plates were then incubated for 72 h at 
37 ◦C with 5 % CO2 prior to visualization and enumeration of plaques. 

Similarly, for HAV infectivity determination, media from confluent FRhK-4 cells in six well plates were aspirated followed by the 
addition of ten-fold serial dilutions of 500 μL of HAV (treated and/or control) in duplicate to these plates. Infected FRhK-4 plates were 
then incubated at 37 ◦C under 5 % CO2 for 3 h. Then, the media of the infected plates (containing treated or control dilutions) were 
aspirated and overlaid using 2 mL of a 1:1 ratio of 1 % Noble agar and HAV 2X overlay medium containing 4 % NCS, 3 % NaHCO3, 2 % 
nonessential amino acids, 2 % L-glutamine, 2 % HEPES buffer, 0.2 % gentamycin-kanamycin, and 0.15 % MgCl2. Plates were then 
incubated for 72 h at 37 ◦C with 5 % CO2 prior to visualization and enumeration of plaques. All treatments were replicated thrice and 
assayed in duplicate as indicated above. 

2.6. UV-C dose calculation 

Surface dose was calculated based on product of UV intensity and exposure time in secs. The UV intensity for UV-C low pressure 
lamp and LED was 0.1454 mW/cm2 and 0.36 mW/cm2, respectively. 

Surface UV-C dosage (mJ/cm2) = UV intensity (mW/cm2) × exposure time (secs) [38]. 

2.7. Statistical analysis 

Each treatment time point and control treatment for each virus on Formica coupons were replicated three times and recovered 
infectious titers in log PFU/mL were calculated. The average per trial/replicate was analyzed using mixed model analysis of variance 
(MMAOV) with Tukey’s adjustment (p < 0.05) using SAS v 9.4 (Cary, NC) and linear models were created using Excel to determine D- 
values [35,36]. 

3. Results 

3.1. FCV-F9 treated with UV-C (254 nm) and UV-C LED (279 nm) on Formica coupons 

Treatments of FCV-F9 on Formica coupons (Table 1) with UV-C light did not result in any significant differences in infectious titer 
reductions between the two tested systems, with D-values of 1.07 ± 0.04 min with UV-LED at 279 nm and 1.14 ± 0.28 min after 
treatments with 254 nm UV-C lamp (p > 0.05) without accounting for the UV intensity and UV dosage. Upon calculation of UV 
sensitivity (D10), FCV-F9 had D10 values of 23.37 ± 0.91 mJ/cm2 using 279 nm UV-C LED and 9.97 ± 2.44 mJ/cm2 using the UV-C 
lamp (254 nm) on Formica coupons which were significantly different (p < 0.05; Table 4) from each other. It therefore remains critical 
to evaluate the UV sensitivity based on UV dosage and exposure time for surfaces. Herein, we have calculated the D10 values based on 
exposure time and surface UV-C dosage [38]. Perhaps the optics of the viral suspension may also play a role in varying D10 value, based 
on the viral capsid composition. 

Table 1 
Inactivation of FCV-F9 treated with either UV-C (254 nm) or UV-C LED (279 nm) on Formica coupons.  

Time (mins) UV-C LED System (279 nm) UV dose (mJ/cm2) UV-C LED System (279 nm) 
Reduction (log PFU/mL) 

UV-C (254 nm) UV dose (mJ/cm2) UV-C (254 nm) 
Reduction (log PFU/mL) 

0 0 0 G 0 0 G 

0.5 10.92 0.87 ± 0.048 EF 4.36 0.51 ± 0.06FG 

1 21.84 1.36 ± 0.33CDE 8.72 1.20 ± 0.21DE 

1.5 32.76 1.84 ± 0.09BC 13.09 0.70 ± 0.15BCD 

2 43.68 2.07 ± 0.14AB 17.45 1.86 ± 0.20ABC 

2.5 54.6 2.45 ± 0.05A 21.81 2.26 ± 0.50AB 

*Capital letters denote statistically significant differences when compared across treatment times. (p < 0.05). 
Averages of triplicate treatments ± standard deviations. 
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3.2. TV treated with UV-C (254 nm) and UV-C LED (279 nm) on Formica coupons 

Similarly, TV on Formica coupons (Table 2) did not result significant differences in recovered infectious titers when treated with 
UV-C (254 nm) or UV-C LED (279 nm). The D-values for TV were 0.78 ± 0.13 min with 254 nm UV-C and 0.86 ± 0.21 min with the 
279 nm UV-C LED system, without accounting for UV intensity and dosage (p > 0.05). The calculation of UV sensitivity (D10) for TV 
resulted in D10 values of 16.34 ± 3.6 mJ/cm2 with 279 nm UV-C LED and 6.83 ± 1.13 mJ/cm2 with 254 nm UV-C on Formica coupons. 

3.3. HAV treated with UV-C (254 nm) and UV-C LED (279 nm) on Formica coupons 

Treatment of HAV on Formica coupons (Table 3) also did not result in significant differences in titer reductions between UV-C (254 
nm) and UV-LED (279 nm) (p > 0.05), where HAV had D-values of 0.57 ± 0.03 min after treatment with 279 nm UV-C LED and D- 
values of 0.71 ± 0.07 min on Formica coupons after treatment with UV-C (254 nm). However, unlike for FCV and TV, the dosage with 
both systems were not significantly different for HAV (p > 0.05). D10 values of 12.39 ± 0.70 mJ/cm2 using 279 nm UV-C LED and 
12.40 ± 1.15 mJ/cm2 with 254 nm UV-C on Formica coupons were observed. 

4. Discussion 

Contamination of contact surfaces and the risk of cross-contamination in the food processing environments is a significant public 
health issue. The resilience of foodborne viruses (including HuNoV and HAV) on contact surfaces and fomites (porous and non-porous) 
with the ability for survive over weeks to months depending on temperature and humidity [39–42] drive the need to implement 
optimal control strategies to decrease the risk of illness outbreaks. In fact, research has shown that on carpet (nylon and wool), in-
fectious FCV survived between <1 and 15 days, while MNV-1 survived longer between 3 and 15 days [40]. TV was shown to have 
D-values of 18.5 ± 0.34 days and 13.1 ± 0.36 days on stainless steel and acrylic based surfaces [41]. Viral persistence studies showed 
that HuNoV (GI) and FCV could be detected on inoculated ceramic, stainless steel and Formica surfaces for up to 7 days [39]. Taken 
together, these studies highlight the role of fomites and food contact surfaces in foodborne viral disease transmission with the need for 
improved decontamination strategies. 

Literature is currently lacking on the precise parameters needed for the application of UV-C technology for inactivation of human 
foodborne viruses on Formica surfaces found in the food environment. Therefore, the objective of this research study was to determine 
the inactivation of HAV, FCV-F9, and TV on Formica coupons (a model food contact surface) by two UV-C systems (at 254 nm and at 
279 nm) for their application in real-world scenarios to decrease the risk of enteric viral disease transmission. The resistance of the 
historically used cultivable surrogate, FCV-F9 was compared to the relatively recent cultivable TV that has similar receptors as HuNoVs 
[4]. In this study, a single drying time of 10 min was used using the small 100 μL volumes of virus. It is important to note that this may 
not reflect all conditions experienced in the real world where viruses may be dried for longer periods on the surfaces before treatments 
are applied. 

Table 2 
Inactivation of TV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Formica coupons.  

Time (mins) UV-C LED System (279 nm) UV dose mJ/cm2 UV- C LED System (279 nm) 
Reduction (log PFU/mL) 

UV-C (254 nm) UV dose mJ/cm2 UV-C (254 nm) 
Reduction (log PFU/mL) 

0 0 0E 0 0 E 

0.25 5.46 0.51 ± 0.20CDE 2.18 0.21 ± 0.04DE 

0.5 10.92 0.99 ± 0.12BC 4.36 0.50 ± 0.38CDE 

0.75 16.38 1.22 ± 0.072ABC 6.54 1.03 ± 0.14BC 

1 21.84 0.83 ± 0.49BCD 8.72 1.32 ± 0.28AB 

1.25 27.3 1.83 ± 0.38A 10.91 1.50 ± 0.20AB 

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

Table 3 
Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Formica coupons.  

Time (min) UV-C LED System (279 nm) UV dose mJ/cm2 UV- C LED System (279 nm) 
Reduction (log PFU/mL) 

UV-C (254 nm) UV dose mJ/cm2 UV-C (254 nm) 
Reduction (log PFU/mL) 

0 0 0E 0 0 E 

0.25 5.46 0.51 ± 0.37DE 2.18 0.24 ± 0.16E 

0.5 10.92 1.36 ± 0.39BC 4.36 0.94 ± 0.19CD 

0.75 16.38 1.67 ± 0.30AB 6.54 1.17 ± 0.15BCD 

1 21.84 1.82 ± 0.32AB 8.72 1.42 ± 0.17BC 

1.25 27.3 2.24 ± 0.22A 10.91 1.72 ± 0.20AB 

*Capital letters denote statistically significant differences when compared across treatment times. (p < 0.05). 
Averages of triplicate treatments ± standard deviations. 
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Using the traditional UV-C (254 nm) system, FCV-F9 had D10 values of 9.97 ± 2.44 mJ/cm2, TV had D10 values of 6.83 ± 1.13 mJ/ 
cm2, and HAV had D10 values of 12.40 ± 1.15 mJ/cm2 when dried on Formica coupons (Table 4). It is quite apparent that HAV and 
FCV showed higher resistance to UV-C at 254 nm treatments on Formica coupons than TV. UV-C technology is known to damage 
nucleic acids of targets and ultimately inhibit their replication [32,33], while UV-C ranging from 210 to 240 nm can damage RNA that 
is attributed to protein–RNA cross-linking or energy transfer from proteins to RNA and also oxidation [12,18,26]. Thus, the differences 
in resistance to UV-C at 254 nm between FCV, HAV and TV could be attributed to their nucleic acid sequence composition and 
structure as well as capsid protein size, amino acid sequence and structure including number of dimer formation. Genomes enriched 
with thymine/uracil will be affected significantly. The FCV-F9 capsid protein, VP1 contains 668 aa while the TV VP1 capsid contains 
534 aa [43], suggesting that the length, composition, and size of the capsid could play a protective role in the resistance of FCV-F9 to 
treatment with UV-C at 254 nm. The VP1 capsid of HAV is reported to contain 278 aa, VP2 contains 222 aa and VP3 contains 246 aa 
[44], hence besides capsid size, amino acid composition and capsid protein structure (secondary and tertiary structures together with 
interaction with nucleic acids) can play major roles in viral stability and resistance to inactivation processes. These factors need to be 
further explored and also modeled in future studies. 

Reports on 254 nm UV-C treatments of 50 μL MNV-1 (6.2 log PFU/mL) and HAV (5.85 log PFU/mL) dried for 1 h on stainless steel 
surfaces revealed a 0–4.3 log PFU/mL reduction of MNV-1 (D10 values of 33.3 mJ/cm2) and 0–2.6 log PFU/mL reduction of HAV (D10 
values of 55.4 mJ/cm2) using doses of 10–300 mJ/cm2 [14]. These D10 values were significantly higher for HAV than MNV-1 (p <
0.05) [14]. In our current study, both FCV-F9 (D10 values of 9.97 ± 2.44 mJ/cm2) and HAV (D10 values of 12.40 ± 1.15 mJ/cm2) were 
more resistant to UV-C treatments at 254 nm than TV (D10 values of 6.83 ± 1.13 mJ/cm2) inoculated on Formica coupons. These 
values on Formica coupons were lower for FCV-F9 and TV than the values reported for MNV-1 on stainless steel surfaces by Park et al. 
[14], but show similar trends for HAV on Formica coupons (being more resistant than the HuNoV surrogates, namely TV on Formica 
and MNV-1 on stainless steel) to that reported for HAV on stainless steel surfaces Moreover, our results for HAV on Formica coupons 
(D10 values of 12.40 ± 1.15 mJ/cm2, suggesting 5 log reduction with 60.2 mJ/cm2) are comparable to the results reported using pulsed 
UV-C light where 60 mJ/cm2 caused almost 5 log reduction of HAV on stainless steel and PVC surfaces [16,17]. 

Earlier research used a 30 W UV (with 10 W output) at 253.4 nm lamp showed higher resistance of FCV-F9 than HAV, where 1–3 mL 
of FCV-F9 and HAV suspended into PBS onto a Petri dish resulted in a >2 log PFU/mL reduction of FCV-F9 and a >4 log PFU/mL 
reduction of HAV with doses of 125 mJ/cm2 [21]. In our study using Formica coupons, HAV showed 1.42 log reduction after 1 min 
(dosage of 17.45 mJ/cm2), while FCV-F9 showed 1.2 log reduction after 1 min (dosage of 8.72 mJ/cm2) using UV-C at 254 nm. Other 
studies showed that TV was reduced by > 4 log using 254 nm UV-C at 60–70 mJ/cm2 when 250 μL was placed into 6 well plates [4]. In 
our study with treatments of UV-C at 254 nm, TV had D10 values of 6.83 ± 1.13 mJ/cm2 on Formica coupons (suggesting 4 log PFU 
reduction using ~28 mJ/cm2). The differences between studies can be attributed due to the different matrices and methods (PBS in 
petridishes versus drying on Formica coupons) used, varying treatment conditions and potentially also the non-uniform UV dose 
exposure conditions. 

As mentioned above, literature is currently lacking on the effects of UV-C LED at 279 nm against foodborne viruses. Though, UV-C 
LED has been successfully applied to inactivate aerosolized bacteriophages, bacteria, and fungi, where bacteria were reported to be the 
most sensitive to UV-C LED among the tested microorganisms, while bacteriophages MS2, Qβ, and ΦX174 (7–8 log PFU/27 L) were 
inactivated by 5 log PFU/27 L after treatment with 45 mJ/cm2 for up to 10 min [28]. UV-C LED is known to converge linearly unlike 
UV lamps whose lights scatters, which may decrease the strength of the intensity [45]. In the current study, FCV-F9 inoculated and 
surface spread on Formica coupons was most resistant to UV-C LED at 279 nm treatment, among the three tested viruses, with a D10 
value of 23.37 mJ/cm2 followed by TV with a D10 value of 16.34 mJ/cm2, and then HAV with a D10 value of 12.39 mJ/cm2. 

When comparing the two UV-C systems used for the inactivation of the three tested viruses, HAV showed similar inactivation at UV- 
C at 254 nm to UV-C at 279 nm (requiring similar doses for inactivation by both systems (p > 0.05)). However, both FCV-F9 and TV 
were more sensitive to UV-C at 254 nm requiring lower doses for inactivation than using UV-C LED at 279 nm. However, the ad-
vantages of UV-C LED at 279 nm with the relatively lower risk to handlers and users and lower environmental hazards, make this 
technology a promising alternative novel UV-C inactivation option. Overall, the reported studies with UV-C suggest that using 
alternate UV-C systems to UV-C mercury lamps and at alternate wavelengths provide improved ways to inactivate pathogens in the 
food environment. It is important to keep in mind that at least a 6 log reduction for food safety applications has been recommended 
[46]. 

Table 4 
Comparison of the D10 values of FCV-F9, TV and HAV treated with 254 nm UV-C and 279 nm UV-C LED on Formica coupons.   

UV-C LED System (279 nm) 
D10 value (mJ/cm2) 

UV-LED System (279 nm) 
D-value (min) 

UV-C (254 nm) 
D10 value (mJ/cm2) 

UV-C (254 nm) 
D-value (min) 

FCV-F9 23.37 ± 0.91Aa 1.07 ± 0.04Ba 9.97 ± 2.44Bb 1.14 ± 0.28Aa 

TV 16.34 ± 3.60Aab 0.86 ± 0.21Aab 6.83 ± 1.13Bbc 0.78 ± 0.13Aa 

HAV 12.39 ± 0.70Ac 0.57 ± 0.03Bc 12.40 ± 1.15Aab 0.71 ± 0.07Aab 

*Capital letters denote statistically significant differences when compared across one treatment type (one row) (p < 0.05). 
Lowercase letters denote statistically significant differences when compared down a treatment medium (one column) (p < 0.05). 
Averages of triplicate treatments ± standard deviations; both optical devices have different UV intensities. 
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As reported earlier, UV-C at 279 nm theoretically damages proteins and protein-RNA structures [34]. In addition to nucleic acid 
content, the capsid protein-RNA interaction, folding and structure could play key roles in resistance or susceptibility to UV-C treat-
ments. The pI of the VP1 capsid protein that is linked to the amino acid composition of TV is at a pH of 10 [43], for HAV at pH of 7.15 
[47], at a pH of 4.27 for FCV-F9 (Mayer et al., 2015), and at a pH of 4.65 for HuNoV [48]. These differences in protein properties and 
their potential differences in protein-RNA complex formation could account for the higher resistance of FCV-F9 to treatments with 
UV-C LED at 279 nm. Hence, depending on the optimal wavelength of treatment, the properties of the virus in terms of protein 
structure and composition and RNA structure and composition contribute to its resistance to UV-C treatments. As an example, the 
positive-sense, single stranded-RNA bacteriophage MS2 (non-enveloped virus) that has been used as a surrogate for foodborne viruses 
and as an indicator for UV reactor validation in the US, could be inactivated using <300 nm wavelengths [12,49]. However, its 
inactivation was reported to increase three times using 214 nm compared to inactivation at 254 nm [49]. 

Thus, UV-LED at 279 nm shows promise for surface decontamination of HAV and the tested HuNoV surrogates when air-dried on 
Formica coupons for 10 min. A single short drying time of 10 min was used in this study, and is a limitation where longer drying times 
need to be explored. In addition, further testing with the cultivable HuNoVs will help establish the precise UV-C dosage needed for 
inactivation to prevent outbreaks. However, as mentioned earlier, high HuNoV titers are needed to observe and enumerate >3 log 
reduction during experimentation. Additionally, testing on porous surfaces may provide data to increase the utility of UV-C LED 
systems in a wide range of settings including clinical and agricultural environments. 

From literature and the results of our current study, UV-C LED remains a growing area of research interest due to the mercury free 
design, durability, and lack of warm up time [23,28]. Besides, there is potential for the inactivation of aerosolized viruses, bacteria and 
fungal pathogens (both foodborne and respiratory) and also toxins that could be found on the surfaces of food processing environ-
ments, in clinical settings and in food systems themselves using these novel UV-C LED systems. 

5. Conclusions 

This research shows that UV-C LED (279 nm) is a promising user-friendly technology for the inactivation of HAV and the tested 
HuNoV surrogates when dried for 10 min on Formica coupons as model contact surfaces. While the targeted viruses when dried for 10 
min on Formica coupons were also inactivated by UV-C at 254 nm, further drying times need to be tested using both UV-C systems. 
These UV-C dose response data will be useful to implement optimal UV-C control strategies to decrease foodborne viral contamination 
and reduce the risk of cross-contamination events to prevent and control foodborne viral outbreaks. Furthermore, it remains critical to 
incorporate the suspension media optical data and adjust/calculate the delivered UV-C dosages for virus kinetic studies. These data 
also show promise for further testing of UV-C systems for foodborne virus inactivation in fluid foods. 
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