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Abstract: Food contact surfaces can harbor and transmit pathogens leading to outbreaks. Decontam-
ination 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 254 nm 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 1 × 1 cm2), 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 D10-values for HAV treated with UV-C at 254 nm
on stainless-steel, ceramic, and glass were 9.48 ± 0.34, 14.53 ± 2.52, and 6.91 ± 1.93 mJ/cm2, while
with UV-C LED at 279 nm were 19.53 ± 2.45, 26.05 ± 0.60, and 8.77 ± 2.08 mJ/cm2, respectively.
The D10-values for FCV treated with UV-C at 254 nm on stainless-steel, ceramic, and glass were
3.65 ± 0.06, 6.25 ± 1.90, and 4.69 ± 0.03 mJ/cm2, while with UV-C LED at 279 nm were 7.097 ± 2.11,
8.31 ± 2.12, and 7.88 ± 0.86 mJ/cm2, respectively. Higher 279 nm UV-C doses were needed to
inactivate HAV and FCV compared to 254 nm UV-C on the tested surfaces. Novel UV-C LED systems
using appropriate doses show promise to inactivate foodborne viruses on food contact surfaces.

Keywords: Hepatitis A virus; human norovirus; feline calicivirus; ultraviolet light systems; inactivation;
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 hospital-
izations out of the estimated 48 million illnesses each year [1]. 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 gastroen-
teritis illnesses worldwide [1]. Hepatitis A virus (HAV) and human noroviruses (HuNoVs)
are the epidemiologically significant foodborne viruses of human health concern [2,3].
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 [4]. Contact with an HAV in-
fected 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 [5]. Although, effective HAV vaccinations were introduced
in 1995 with a decrease in number of HAV outbreaks, they continue to occur worldwide [6].
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 [2].
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While HAV surveillance is important due to the severity and length of disease symp-
toms, HuNoV illnesses are the most frequently reported foodborne illness with 21 million
illnesses occurring annually in the U.S. [7]. 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 [8]. They are also environmentally stable and possess an in-
fection dose between 18 and 2,800 particles which makes prevention of its spread extremely
difficult, especially in the absence of commercially available vaccines [9]. Although HuNoV
infection is typically self-limiting in healthy individuals, severe health complications can
occur in immunocompromised individuals, the elderly, and young children [8]. 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. [7] and in
British Columbia with 192 illnesses as of June 2022 [7]. Since 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 [10–12].

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 [13–15], 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 [16,17]. UV-C damages DNA and RNA
due to photochemical changes, cross-linking, and oxidative damage and prevents DNA
replication [18]. 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 [19]. Research indicates
that UV-C at 254 nm inactivation follows a dose-dependent relationship with varying
effects depending on the type of microorganism [20]. Previous studies showed that dried
FCV on stainless-steel discs was completely inactivated (>5.0 log) at a 254 nm UV-C dose
of 60 mJ/cm2 [21]. Another study reported a 2.6 log reduction of HAV on stainless-steel
surfaces with 300 mJ/cm2 using 254 nm UV-C [22].

However, more recently, UV-C light emitting diodes (LEDs) have become widely
studied as a decontamination approach with energy efficient inactivation of microor-
ganisms [23–25]. 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 without hazardous waste generation due to
their lack of mercury as opposed to traditional UV-C mercury containing lamps [26]. UV-C
LEDs can be designed to have a peak wavelength close to absorption maxima of DNA and
RNA or proteins [23].

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 LED technology at 269 nm at a dose of 22.5 mJ/cm2 [27].
Furthermore, the dose required to achieve a 1 log or 90% reduction (D10-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 UV-C at 254 nm [28]. This same study also showed that
HAV on Formica coupons had similar D10-values using both traditional UV-C at 254 nm
(D10 = 12.40 ± 1.15 mJ/cm2) and UV-C LED at 279 nm (D10 = 12.39 ± 0.70 mJ/cm2) [28].
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 UV-C at 254 nm for
the inactivation of HAV and the cultivable human norovirus surrogate, FCV-F9 dried on
stainless-steel, ceramic and glass surfaces as model food contact surfaces.
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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 [11,29]. 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 [11,29,30].
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 [12].

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 [11].

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; 1 × 1 cm2) 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, MO, USA)
and surface decontaminated using 254 nm UV-C light for 10 min as described in earlier
studies [28]. 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 (1 × 1 cm2 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
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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 (254 nm) 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, MO, 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.

2.5. Infectious Plaque Assays

Standard plaque assays in 6-well plates containing confluent host cells were used to
determine the infectivity of both viruses [28]. 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 [28]. 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 [12,28].
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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 [11,28]. 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.

2.6. UV-C Dose Calculation

Surface irradiances for the UV-C LED at 279 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 [31,32]. Surface irradiances for the UV-C
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 (s) as reported
in previous studies [24,28,32]. The calculated UV intensity for the UV-C (254 nm) was
0.217 mW/cm2 and the UV intensity of the UV-C LED was 0.328 mW/cm2, as calculated
using Equation (1) [31].

Surface UV-C dosage (mJ/cm2) = UV intensity (mW/cm2) × exposure time (s) (1)

2.7. Surface Roughness 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 [32]. 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. Similar to 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 [32].

2.8. 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
D10-values from linear models as reported earlier [28].

3. Results
3.1. Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 254 nm

HAV on stainless-steel coupons treated with UV-C at 254 nm showed reduction
between 1.26 to 3.63 log PFU after treatment times of 0.5 min to 2.5 min (corresponding
to doses of 6.51–32.55 mJ/cm2), respectively (Table S1 and Figure 1). HAV titers were
significantly reduced (p < 0.05) by 1.26 ± 0.07 log PFU compared to the control after
treatment for 0.5 min and was further reduced by 2.53 ± 0.05 log PFU after 1 min treatment
and by 3.50 ± 0.16 log PFU 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 1). The calculated
D10-value (mJ/cm2) for 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 as shown in Table 1.
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Figure 1. Inactivation of HAV by UV-C at 254 nm on (A) Stainless-steel; (B) Ceramic; and (C) Glass
surfaces. Corresponding Linear 1D10-values for HAV on stainless-steel surfaces = 9.48 mJ/cm2;
Linear 2D10 = 18.96 mJ/cm2; Linear 3D10 = 28.44 mJ/cm2; Linear 1D10-values 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 1D10-values = 6.91 mJ/cm2; Linear 2D10 = 13.81 mJ/cm2; Linear 3D10 = 20.72 mJ/cm2.

FCV on stainless-steel coupons treated with UV-C at 254 nm showed reduction between
1.1 to 4.8 log PFU after 0.25 to 1.25 min (corresponding to doses of 3.26–16.28 mJ/cm2),
respectively (Table S2 and Figure 2). There was significant reduction in FCV titers compared
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to the control after each treatment time (p ≤ 0.05). The calculated D10-value (mJ/cm2) for 1 log
reduction of FCV on stainless-steel coupons was 3.65 ± 0.06 mJ/cm2 as shown in Table 2.
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Figure 2. Inactivation of FCV by UV-C at 254 nm on (A) Stainless-steel; (B) Ceramic; and (C) Glass
surfaces. Corresponding Linear 1D10-values for FCV on stainless-steel = 3.65 mJ/cm2; Linear
2D10 = 7.3 mJ/cm2; Linear 3D10 = 10.95 mJ/cm2; Linear 1D-values for FCV on ceramic = 5.92 mJ/cm2;
Linear 2D = 11.85 mJ/cm2; Linear 3D = 17.78 mJ/cm2; and Linear 1D10-values 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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Table 1. D10-values (mJ/cm2) and D-values (min) of HAV treated with either UV-C (254 nm) or UV-C
LED (279 nm) on model food contact surface coupons.

Surface Type UV-C LED System (279 nm)
D10-Value (mJ/cm2)

UV-C LED System (279 nm)
D-Value (min)

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

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

Stainless-steel 19.53 ± 2.45 Ab 1.0 ± 0.12 Ab 9.48 ± 0.34 Bb 0.73 ± 0.03 Bb

Ceramic 26.04 ± 0.60 Aa 1.3 ± 0.03 Aa 14.53 ± 2.52 Ba 1.1 ± 0.12 Ba

Glass 8.77 ± 2.08 Ac 0.47 ± 0.11 Bc 6.91 ± 1.93 Bb 0.56 ± 0.16 Ab

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. D10-values (mJ/cm2) and D-values (min) of FCV treated with either UV-C (254 nm) or UV-C
LED (279 nm) on three model food contact surface coupons.

Surface Type UV-C LED System (279 nm)
D10-Value (mJ/cm2)

UV-C LED System (279 nm)
D-Value (min)

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

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

Stainless-steel 7.097 ± 2.11 Aa 0.38 ± 0.11 Aa 3.65 ± 0.06 Ba 0.28 ± 0.001 Ba

Ceramic 8.31 ± 2.12 Aa 1.37 ± 0.34 Ba 5.92 ± 1.90 Ba 1.45 ± 0.48 Aa

Glass 7.82 ± 0.86 Aa 0.40 ± 0.05 Aa 4.69 ± 0.03 Ba 0.36 ± 0.001 Ba

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.

3.2. Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 254 nm

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, respectively (Table S3 and Figure 1). There was significant reduction in HAV titers
after 0.75 min treatment of 1.52 ± 0.12 log PFU, and after 1.5 min and 2.25 min treatment
of 2.32 ± 0.11 and 3.30 ± 0.13 log PFU, respectively (p ≤ 0.05), though tailing effects in
reduction were observed after 2.25 min of exposure (Figure 1). The calculated D10-value
(mJ/cm2) for 1 log reduction of HAV on ceramic coupons was 14.53 ± 2.52 mJ/cm2 as
shown in Table 1.

FCV on ceramic coupons treated with UV-C at 254 nm showed reduction between
0.77 to 2.67 log PFU after treatment for 0.25 min to 1.25 min (corresponding to doses of
3.26–16.28 mJ/cm2), respectively (Table S4 and Figure 2). There was significant reduction
in FCV titers of 0.77 ± 0.07 log PFU after 0.25 min treatment, 1.46 ± 0.03 log PFU reduction
after 0.5 min treatment, and 2.28 ± 0.07 log PFU reduction after 0.75 min treatment (p ≤ 0.05),
though the reduction tailed after 0.75 min of exposure (Figure 2). The calculated D10-value
(mJ/cm2) for 1 log reduction of FCV on ceramic coupons was 6.25 ± 1.90 mJ/cm2 using
UV-C at 254 nm, as shown in Table 2.

3.3. Inactivation of HAV and FCV on Glass Discs Using UV-C at 254 nm

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, respectively
(Table S5 and Figure 1). There was significant reduction in HAV titers of 0.85 ± 0.02 log
PFU 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). The calculated D10-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 1.

FCV on glass discs showed reduction between 0.98 to 2.86 log PFU 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 S6 and Figure 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
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(p ≤ 0.05) (Figure 2). The calculated D10-value (mJ/cm2) to achieve a 1 log reduction of
FCV on glass discs was 4.69 ± 0.03 mJ/cm2 using UV-C at 254 nm, as shown in Table 2.

3.4. Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 279 nm

HAV on stainless-steel coupons showed reduction between 1.2 to 2.75 log PFU 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 S1 and Figure 3). There was significant reduction in HAV titers of
1.20 ± 0.07 log PFU after 0.5 min treatment from the control, with 1.96 ± 0.02 log PFU
reduction after 1.5 min treatment and further reduction of 2.75 ± 0.15 log PFU/mL after
2.5 min treatment. The calculated D10-value (mJ/cm2) required to achieve a 1 log reduction
of HAV on stainless-steel coupons was 19.53 ± 2.45 mJ/cm2 using UV-C at 279 nm, as
shown in Table 1.
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Figure 3. Inactivation of HAV by UV-C LED at 279 nm on (A) Stainless-steel; (B) Ceramic;
and (C) Glass surfaces. Corresponding Linear 1D10-values for HAV on stainless-steel surfaces
19.53 mJ/cm2; Linear 2D10 = 39.06 mJ/cm2; Linear 3D10 = 58.59 mJ/cm2; Linear 1D10-values for HAV
on ceramic surfaces = 26.04 mJ/cm2; Linear 2D10 = 52.08 mJ/cm2; Linear 3D10 = 78.13 mJ/cm2;
and on glass discs linear 1D10-values = 8.77 mJ/cm2; Linear 2D10 = 17.54 mJ/cm2; Linear
3D10 = 26.31 mJ/cm2.

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 S2 and Figure 4). There was significant reduction in FCV
titers after 0.25 min of 1.93 ± 0.05 log PFU, with 2.99 ± 0.11 log PFU reduction after
0.75 min, followed by further reduction of 3.89 ± 0.19 log PFU after 1.25 min (p ≤ 0.05).
The calculated D10-value (mJ/cm2) to achieve a 1 log reduction of FCV on stainless-steel
coupons was 7.097 ± 2.11 mJ/cm2 using UV-C LED at 279 nm, as shown in Table 2.
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3.5. Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 279 nm

HAV on ceramic coupons showed reduction between 1.63 to 3.37 log PFU after treat-
ment 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 S3 and Figure 4). There was significant reduction
after 0.75 min of 1.63 ± 0.17 log PFU from the control with further significant reduction
of 2.52 ± 0.11 log PFU after 2.25 min and with 3.37 ± 0.10 log PFU reduction again after
3.75 min treatment. The calculated D10-value (mJ/cm2) for 1-log inactivation of HAV on
ceramic coupons using UV-C at 279 nm was 26.05 ± 0.60 mJ/cm2 as shown in Table 1.

FCV on ceramic coupons showed reduction between 1.1 to 3.12 log PFU after treat-
ment 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 S4 and Figure 4). There was significant reduction in FCV titers
after treatment for 0.5 min of 1.10 ± 0.04 log PFU, with 2.51 ± 0.07 log PFU after 1.5 min
treatment and 3.12 ± 0.11 log PFU after 2.5 min treatment (p ≤ 0.05). The calculated
D10-value (mJ/cm2) for FCV on ceramic coupons was 8.31 ± 2.12 mJ/cm2 using UV-C LED
at 279 nm, as shown in Table 2.



Foods 2024, 13, 2892 12 of 18

3.6. Inactivation of HAV and FCV on Glass Discs Using UV-C at 279 nm

HAV on glass discs showed reduction between 0.5 to 2.2 log PFU 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 S5 and Figure 3). There was significant reduction in HAV titers after
treatment for 0.17 min of 0.5 ± 0.10 log PFU, with 1.3 ± 0.10 and 1.7 ± 0.10 log PFU
reduction after 0.5 and 0.67 min, and 2.2 ± 0.20 log PFU reduction after 1 min treatment
(p ≤ 0.05). The calculated D10-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 1.

FCV on glass discs showed reduction between 0.93 to 2.57 log PFU 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 S6 and Figure 4). There was significant reduction in FCV titers af-
ter 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, respectively, while tailing occurred after 0.67 min
(p ≤ 0.05) (Figure 4). The calculated D10-value (mJ/cm2) for 1-log reduction of FCV on
glass discs was 7.88 ± 0.86 mJ/cm2 using UV-C LED at 279 nm, as shown in Table 2.

3.7. 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 [33]. 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 [34]. Increased UV-C doses
of 19.7 mJ/cm2 were shown to result in 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 [34,35]. While traditional UV-C systems have been
routinely used, surface disinfection using UV-C LED systems including use of wavelengths
at 279 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 D10-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 [24]. Therefore, this
research investigated the ability of UV-C at 254 nm and UV-C LED at 279 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 D10-value (mJ/cm2) of 26.05 ± 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 (p < 0.05). 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
D10-values (mJ/cm2) of HAV on stainless-steel surfaces of 19.53 ± 2.45 mJ/cm2 for UV-C
LED at 279 nm and 9.48 ± 0.34 mJ/cm2 for UV-C at 254 nm, with HAV on glass discs
displaying the lowest D10-values (mJ/cm2) of 8.77 ± 2.08 mJ/cm2 for UV-C LED at 279 nm
and 6.91 ± 1.93 mJ/cm2 for UV-C at 254 nm, respectively.

Similarly, FCV on ceramic coupons displayed higher D10-values (mJ/cm2) of
8.31 ± 2.12 mJ/cm2 for UV-C LED at 279 nm and 6.25 ± 1.90 mJ/cm2 for UV-C 254 nm,
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respectively compared to when inoculated on stainless-steel and glass surfaces. Thus,
FCV showed a similar trend to HAV with regards to inactivation on ceramic requiring
higher doses using UV-C LED at 279 nm than UV-C at 254 nm. However, unlike HAV, FCV
on glass discs showed D10-values of 7.88 ± 0.86 mJ/cm2 with UV-C LED at 279 nm and
4.69 ± 0.03 mJ/cm2 with UV-C at 254 nm, and on stainless-steel coupons showed D10-
values of 7.097 ± 2.11 mJ/cm2 for UV-C LED at 279 nm and 3.65 ± 0.06 mJ/cm2 for UV-C
at 254 nm.

Based on the data obtained, HAV and FCV needed the highest dose for inactivation on
contaminated ceramic surfaces by both UV-C systems (~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 [24,32]. 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 [32]. 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 [32].

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 [36]
and is similar to the findings of this study for HAV inactivation. Kim and Kang [36]
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
and Kang [36] 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 [36]. Similarly, the current study found that HAV
contaminated on glass displayed the lowest D10-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 [24].

Currently, literature related to UV-C at 254 nm 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 D10-values (mJ/cm2) using both traditional UV-C at 254 nm
(D10 = 12.40 ± 1.15 mJ/cm2) and UV-C LED at 279 nm (D10 =12.39 ± 0.70 mJ/cm2) [28]. In
the current study, D10-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
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treatments with UV-C at 254 nm, HAV showed D10-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 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 compared to ceramic, stainless-steel or Formica surfaces.

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 [37]. 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 S1–S3). 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 S4–S6). 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 [10].
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 [28], which were lower than those reported for RNA copy reduction. In the
current study, FCV on stainless-steel, ceramic, and glass coupons treated with 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 both UV-C systems compared to FCV.

When we compare the inactivation of the pandemic causing SARS-CoV-2 (an en-
veloped virus at 105 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) [38]. The current study showed that for HAV and FCV on all tested
non-porous surfaces (stainless-steel, ceramic, and glass) doses ranging from ~7–9 mJ/cm2

for HAV and ~3–6 mJ/cm2 for FCV were required to achieve a 1-log reduction using
UV-C at 254 nm. In addition, this current study showed that the tested virus required
higher doses using UV-C LED at 279 nm ranging from 7.097 to 26.05 mJ/cm2 than UV-C at
254 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 1),
respectively and doses > 6.51 and 8.68 mJ/cm2 for FCV on ceramic and glass surfaces
(Figure 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 4). When observing tailing effects in cases such as UV-C inactivation
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of HAV on stainless-steel and ceramic surfaces at 254 nm or FCV inactivation on ceramic
or glass surfaces by UV-C at 254 nm and also 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 [28].
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 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, similar
to 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 [28]. As reported above,
the resistance could be associated with TV 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 [28].

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 [27]. 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 S4–S6). Thus, the results of the current study are
comparable to that reported by Mariita et al. [27] 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 [16,24].

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 (~108–109 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 [39]. Salmonella cocktails consisting of Salmonella Ty-
phimurium, 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 for irradiances of 2 and 4 mJ/cm2 [40]. 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 [40]. 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 and UV-C LED
at 279 nm based on the linear model. This data lays the foundation for the food industry to
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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 LED at 279 nm for the inacti-
vation of foodborne viruses, HAV and the tested HuNoV surrogate, FCV, on 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 LED at 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 D10-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 will be useful in laying 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.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13182892/s1, Table S1: Inactivation of HAV treated with either
UV-C (254 nm) or UV-C LED (279 nm) on Stainless-steel coupons; Table S2: Inactivation of FCV treated
with either UV-C (254 nm) or UV-C LED (279 nm) on Stainless-steel coupons; Table S3: Inactivation
of HAV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Ceramic coupons; Table S4:
Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Ceramic coupons;
Table S5: Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 nm) on glass discs;
Table S6: Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 nm) on glass discs.

Author Contributions: Conceptualization, A.P. and D.H.D.; funding acquisition, A.P., B.P. (Brah-
maiah Pendyala) and D.H.D.; supervision, D.H.D.; methodology, B.P. (Breanna Polen) and D.H.D.;
lab experiments, B.P. (Breanna Polen); data curation, B.P. (Breanna Polen); formal analysis, B.P.
(Breanna Polen) and D.H.D.; writing—original draft preparation, B.P. (Breanna Polen) and D.H.D.;
writing—review and editing, B.P. (Breanna Polen), B.P. (Brahmaiah Pendyala), A.P. and D.H.D. All
authors have read and agreed to the published version of the manuscript.

Funding: The funding for this research was provided by the USDA AFRI Program Grant #2019-
69015-29233 and #2022-67018-36277. This research is part of the M.S. thesis of Breanna Polen in partial
fulfillment of the degree requirements at the University of Tennessee.

Data Availability Statement: The data obtained for this study are included in the article, and any
further information can be obtained from the corresponding author.

Conflicts of Interest: All authors do not have any conflicts of interest to declare. The names of any
vendors, manufacturers, or products are for solely for information and data reproducing purposes
and do not imply any endorsement by any of the authors.

References
1. Centers for Disease Control and Prevention (CDC). Reports of Salmonella in the United States. Available online: https://www.

cdc.gov/salmonella/index.html (accessed on 20 August 2024).
2. Centers for Disease Control and Prevention (CDC). Person-to-person outbreaks of hepatitis A across the United States. Available

online: https://www.cdc.gov/hepatitis/outbreaks/ongoing-hepatitis-a/index.html (accessed on 20 August 2024).
3. Stuart, D.I.; Ren, J.; Wang, X.; Rao, Z.; Fry, E.E. Hepatitis A Virus Capsid Structure. Cold Spring Harb. Perspect. Med. 2019,

9, a031807. [CrossRef] [PubMed]
4. Sattar, S.A.; Jason, T.; Bidawid, S.; Farber, J. Foodborne spread of hepatitis A: Recent studies on virus survival, transfer and

inactivation. Can. J. Infect. Dis. 2000, 11, 159–163. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/foods13182892/s1
https://www.mdpi.com/article/10.3390/foods13182892/s1
https://www.cdc.gov/salmonella/index.html
https://www.cdc.gov/salmonella/index.html
https://www.cdc.gov/hepatitis/outbreaks/ongoing-hepatitis-a/index.html
https://doi.org/10.1101/cshperspect.a031807
https://www.ncbi.nlm.nih.gov/pubmed/30037986
https://doi.org/10.1155/2000/805156
https://www.ncbi.nlm.nih.gov/pubmed/18159284


Foods 2024, 13, 2892 17 of 18

5. Shin, E.C.; Jeong, S.H. Natural History, Clinical Manifestations, and Pathogenesis of Hepatitis A. Cold Spring Harb. Perspect. Med.
2018, 8, a031708. [CrossRef] [PubMed]

6. Foster, M.A.; Hofmeister, M.G.; Kupronis, B.A.; Lin, Y.; Xia, G.L.; Yin, S.; Teshale, E. Increase in Hepatitis A Virus Infections—
United States, 2013-2018. MMWR Morb. Mortal. Wkly. Rep. 2019, 68, 413–415. [CrossRef]

7. Centers for Disease Control and Prevention (CDC). Burden of Norovirus in the United States. Available online: https://www.cdc.
gov/norovirus/data-research/index.html (accessed on 20 August 2024).

8. Graaf, M.; Beek, J.; Koopmans, M.P. Human norovirus transmission and evolution in a changing world. Nat. Rev. Microbiol. 2016,
14, 421–433. [CrossRef]

9. Debbink, K.; Lindesmith, L.C.; Ferris, M.T.; Swanstrom, J.; Beltramello, M.; Corti, D.; Lanzavecchia, A.; Baric, R.S. Within-host
evolution results in antigenically distinct GII.4 noroviruses. J. Virol. 2014, 88, 7244–7255. [CrossRef]

10. Araud, E.; Fuzawa, M.; Shisler, J.L.; Li, J.; Nguyen, T.H. UV Inactivation of Rotavirus and Tulane Virus Targets Different
components of the virions. Appl. Environ. Microbiol. 2020, 86, e02436-19. [CrossRef] [PubMed]

11. Joshi, S.S.; Dice, L.; Ailavadi, S.; D’Souza, D.H. Antiviral Effects of Quillaja saponaria Extracts Against Human Noroviral
Surrogates. Food Environ. Virol. 2023, 15, 167–175. [CrossRef]

12. Patwardhan, M.; Morgan, M.T.; Dia, V.; D’Souza, D.H. Heat sensitization of hepatitis A virus and Tulane virus using grape seed
extract, gingerol and curcumin. Food Microbiol. 2020, 90, 103461. [CrossRef]

13. Dubuis, M.E.; Dumont-Leblond, N.; Laliberté, C.; Veillette, M.; Turgeon, N.; Jean, J.; Duchaine, C. Ozone efficacy for the control of
airborne viruses: Bacteriophage and norovirus models. PLoS ONE 2020, 15, 0231164.

14. Huang, J.; Park, G.W.; Jones, R.M.; Fraser, A.M.; Vinjé, J.; Jiang, X. Efficacy of EPA-registered disinfectants against two human
norovirus surrogates and Clostridioides difficile endospores. J. Appl. Microbiol. 2022, 132, 4289–4299. [CrossRef] [PubMed]

15. Ao, X.W.; Eloranta, J.; Huang, C.H.; Santoro, D.; Sun, W.J.; Lu, Z.D.; Li, C. Peracetic acid-based advanced oxidation processes for
decontamination and disinfection of water: A review. Water Res. 2021, 188, 116479. [CrossRef] [PubMed]

16. Balamurugan, S.; Zaidi, M.; Arvaj, L.; Pendyala, B.; Gabriel, M.; Farber, J.M.; Sasges, M.; Patras, A. Modeling the UV-C Inactivation
Kinetics and Determination of Fluence Required for Incremental Inactivation of Cronobacter spp. J. Food Prot. 2022, 85, 1625–1634.
[CrossRef] [PubMed]

17. Vashisht, P.; Pendyala, B.; Gopisetty, V.V.S.; Patras, A. Modeling and validation of delivered fluence of a continuous Dean flow
pilot scale UV system: Monitoring fluence by biodosimetry approach. Food Res. Int. 2021, 148, 110625. [CrossRef]

18. Sadraeian, M.; Zhang, L.; Aavani, F. Viral inactivation by light. eLight 2022, 2, 18. [CrossRef]
19. Gómez-López, V.M.; Jubinville, E.; Rodríguez-López, M.I.; Trudel-Ferland, M.; Bouchard, S.; Jean, J. Inactivation of Foodborne

Viruses by UV Light: A Review. Foods 2021, 10, 3141. [CrossRef]
20. Nuanualsuwan, S.; Mariam, T.; Himathongkham, S.; Cliver, D.O. Ultraviolet Inactivation of Feline Calicivirus, Human Enter-

icViruses and Coliphages. Photochem. Photobiol. 2002, 76, 406–410. [CrossRef]
21. Moldgy, A. Comparative Evaluation of the Virucidal Effect of Remote and Direct Cold Air Plasmas with UV-C. Plasma Process.

Polym. 2020, 17, 1900234. [CrossRef]
22. Park, S.Y.; Kim, A.N.; Lee, K.H.; Ha, S.D. Ultraviolet-C efficacy against a norovirus surrogate and hepatitis A virus on a

stainless-steel surface. Int. J. Food Microbiol. 2015, 211, 73–78. [CrossRef]
23. Schöbel, H.; Diem, G.; Kiechl, J.; Chistè, D.; Bertacchi, G.; Mayr, A.; Posch, W. Antimicrobial efficacy and inactivation kinetics of a

novel LED-based UV-irradiation technology. J. Hosp. Infect. 2023, 135, 11–17. [CrossRef]
24. Sharma, A.; Mahmoud, H.; Pendyala, B.; Balamurugan, S.; Patras, A. UV-C inactivation of microorganisms in droplets on food

contact surfaces using UV-C light-emitting diode devices. Front. Food Sci. Technol. 2023, 3, 1182765. [CrossRef]
25. Pendyala, B.; Patras, A.; Pokharel, B.; D’Souza, D. Genomic Modeling as an Approach to Identify Surrogates for Use in

Experimental Validation of SARS-CoV-2 and HuNoV Inactivation by UV-C Treatment. Front. Microbiol. 2020, 29, 572331.
[CrossRef] [PubMed]

26. Kheyrandish, A.; Mohseni, M.; Taghipour, F. Protocol for Determining Ultraviolet Light Emitting Diode (UV-LED) Fluence for
Microbial Inactivation Studies. Environ. Sci. Technol. 2018, 52, 7390–7398. [CrossRef] [PubMed]

27. Mariita, R.M.; Wilson Miller, A.C.; Randive, R.V. Evaluation of the virucidal efficacy of Klaran UVC LEDs against surface-dried
norovirus. Access Microbiol. 2022, 4, 000323. [CrossRef] [PubMed]

28. Corson, E.; Pendyala, B.; Patras, A.; D’Souza, D.H. Inactivation of hepatitis A virus, feline calicivirus, and Tulane virus on Formica
coupons using ultraviolet light technologies. Heliyon 2024, 10, e25201. [CrossRef]

29. Choi, J.M.; D’Souza, D.H. Inactivation of Tulane virus and feline calicivirus by aqueous ozone. J. Food Sci. 2023, 88, 4218–4229.
[CrossRef]

30. Bozkurt, H.; D’Souza, D.H.; Davidson, P.M. Determination of thermal inactivation kinetics of hepatitis A virus in blue mussel
(Mytilus edulis) homogenate. Appl. Environ. Microbiol. 2014, 80, 3191–3197. [CrossRef]

31. Baldelli, G.; Aliano, M.P.; Amagliani, G.; Magnani, M.; Brandi, G.; Pennino, C.; Schiavano, G.F. Airborne microorganism
inactivation by a UV-C LED and ionizer-based continuous sanitation air (CSA) system in train environments. Int. J. Environ. 2022,
19, 1559. [CrossRef]

32. Sharma, A.; Singh, A.; Pendyala, B.; Balamurugan, S.; Patras, A. Inactivation of Deposited Bioaerosols on Food Contact Surfaces
with UV-C Light Emitting Diode Devices. 2024, to be submitted. [CrossRef]

https://doi.org/10.1101/cshperspect.a031708
https://www.ncbi.nlm.nih.gov/pubmed/29440324
https://doi.org/10.15585/mmwr.mm6818a2
https://www.cdc.gov/norovirus/data-research/index.html
https://www.cdc.gov/norovirus/data-research/index.html
https://doi.org/10.1038/nrmicro.2016.48
https://doi.org/10.1128/JVI.00203-14
https://doi.org/10.1128/AEM.02436-19
https://www.ncbi.nlm.nih.gov/pubmed/31811032
https://doi.org/10.1007/s12560-023-09550-7
https://doi.org/10.1016/j.fm.2020.103461
https://doi.org/10.1111/jam.15524
https://www.ncbi.nlm.nih.gov/pubmed/35279925
https://doi.org/10.1016/j.watres.2020.116479
https://www.ncbi.nlm.nih.gov/pubmed/33069949
https://doi.org/10.4315/JFP-22-165
https://www.ncbi.nlm.nih.gov/pubmed/36075045
https://doi.org/10.1016/j.foodres.2021.110625
https://doi.org/10.1186/s43593-022-00029-9
https://doi.org/10.3390/foods10123141
https://doi.org/10.1562/0031-8655(2002)0760406UIOFCH2.0.CO2
https://doi.org/10.1002/ppap.201900234
https://doi.org/10.1016/j.ijfoodmicro.2015.07.006
https://doi.org/10.1016/j.jhin.2022.12.023
https://doi.org/10.3389/frfst.2023.1182765
https://doi.org/10.3389/fmicb.2020.572331
https://www.ncbi.nlm.nih.gov/pubmed/33133042
https://doi.org/10.1021/acs.est.7b05797
https://www.ncbi.nlm.nih.gov/pubmed/29856617
https://doi.org/10.1099/acmi.0.000323
https://www.ncbi.nlm.nih.gov/pubmed/35252757
https://doi.org/10.1016/j.heliyon.2024.e25201
https://doi.org/10.1111/1750-3841.16755
https://doi.org/10.1128/AEM.00428-14
https://doi.org/10.3390/ijerph19031559
https://doi.org/10.21203/rs.3.rs-3925783/v1


Foods 2024, 13, 2892 18 of 18

33. Stein, R.A.; Chirilã, M. Routes of Transmission in the Food Chain. In Foodborne Diseases; Academic Press: Cambridge, MA, USA,
2017; pp. 65–103. [CrossRef]

34. Lim, W.; Harrison, M.A. Effectiveness of UV light as a means to reduce Salmonella contamination on tomatoes and food contact
surfaces. Food Control 2016, 66, 166–173. [CrossRef]

35. Yaun, B.R.; Sumner, S.S.; Eifert, J.D.; Marcy, J.E. Inhibition of pathogens on fresh produce by ultraviolet energy. Int. J. Food
Microbiol. 2004, 90, 1–8. [CrossRef]

36. Kim, D.K.; Kang, D.H. Effect of surface characteristics on the bactericidal efficacy of UVC LEDs. Food Control 2020, 108, 106869.
[CrossRef]

37. Park, G.W.; Linden, K.G.; Sobsey, M.D. Inactivation of murine norovirus, feline calicivirus and echovirus 12 as surrogates for
human norovirus (NoV) and coliphage (F+) MS2 by ultraviolet light (254 nm) and the effect of cell association on UV inactivation.
Lett. Appl. Microbiol. 2011, 52, 162–167. [CrossRef] [PubMed]

38. Tomás, A.L.; Reichel, A.; Silva, P.M.; Silva, P.G.; Pinto, J.; Calado, I.; Santos, N.C. UV-C irradiation-based inactivation of
SARS-CoV-2 in contaminated porous and non-porous surfaces. J. Photochem. Photobiol. B Biol. 2022, 234, 112531. [CrossRef]
[PubMed]

39. Kim, S.J.; Kim, D.K.; Kang, D.H. Using UVC light-emitting diodes at wavelengths of 266 to 279 nanometers to inactivate foodborne
pathogens and pasteurize sliced cheese. Appl. Environ. Microbiol. 2016, 82, 11–17. [CrossRef]

40. Calle, A.; Fernandez, M.; Montoya, B.; Schmidt, M.; Thompson, J. UV-C LED Irradiation Reduces Salmonella on Chicken and Food
Contact Surfaces. Foods 2021, 10, 1459. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/B978-0-12-385007-2.00003-6
https://doi.org/10.1016/j.foodcont.2016.01.043
https://doi.org/10.1016/S0168-1605(03)00158-2
https://doi.org/10.1016/j.foodcont.2019.106869
https://doi.org/10.1111/j.1472-765X.2010.02982.x
https://www.ncbi.nlm.nih.gov/pubmed/21214604
https://doi.org/10.1016/j.jphotobiol.2022.112531
https://www.ncbi.nlm.nih.gov/pubmed/35933836
https://doi.org/10.1128/AEM.02092-15
https://doi.org/10.3390/foods10071459

	Introduction 
	Materials and Methods 
	Animal Host Cell Lines for HAV and FCV Propagation 
	HAV and FCV Propagation 
	UV-C LED (279 nm) Treatment of HAV and FCV Inoculated and Dried on Stainless-Steel Coupons, Ceramic Coupons, and Glass Discs 
	UV-C (254 nm) Treatment of HAV and FCV Inoculated and Dried on Stainless-Steel Coupons, Ceramic Coupons and Glass Discs 
	Infectious Plaque Assays 
	UV-C Dose Calculation 
	Surface Roughness Measurements 
	Statistical Analysis 

	Results 
	Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 254 nm 
	Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 254 nm 
	Inactivation of HAV and FCV on Glass Discs Using UV-C at 254 nm 
	Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 279 nm 
	Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 279 nm 
	Inactivation of HAV and FCV on Glass Discs Using UV-C at 279 nm 
	Surface Roughness (Ra) Measurements of Each Model Surface 

	Discussion 
	Conclusions 
	References

