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A B S T R A C T   

Herpes simplex virus type 1 (HSV-1) is an enveloped virus that mainly infects humans. Given its high global 
prevalence, disinfection is critical for reducing the risk of infection. Ultraviolet-light-emitting diodes (UV-LEDs) 
are eco-friendly irradiating modules with different peak wavelengths, but the molecules degraded by UV-LED 
irradiation have not been clarified. To identify the target viral molecules of UV-LEDs, we exposed HSV-1 sus
pensions to UV-LED irradiation at wavelengths of 260-, 280-, 310-, and 365-nm and measured viral DNA, pro
tein, and lipid damage and infectivity in host cells. All UV-LEDs substantially reduced by inhibiting host cell 
transcription, but 260- and 280-nm UV-LEDs had significantly stronger virucidal efficiency than 310- and 365- 
nm UV-LEDs. Meanwhile, 260- and 280-nm UV-LEDs induced the formation of viral DNA photoproducts and the 
degradation of viral proteins and some phosphoglycerolipid species. Unlike 260- and 280-nm UV-LEDs, 310- and 
365-nm UV-LEDs decreased the viral protein levels, but they did not drastically change the levels of viral DNA 
photoproducts and lipophilic metabolites. These results suggest that UV-LEDs reduce the infectivity of HSV-1 by 
targeting different viral molecules based on the peak wavelength. These findings could facilitate the optimization 
of UV-LED irradiation for viral inactivation.   

1. Introduction 

During pandemics/epidemics, viruses play critical roles in disease 
development because of their ease of transmission and the associated 
high number of casualties. Influenza A virus H1N1 subtype caused a 
pandemic in 1918 that killed at least 50 million people and infected 500 
million people globally. Almost all subsequent influenza A strains are 
derived from the 1918 virus [1]. Human immunodeficiency virus (HIV) 
has caused an estimated 36.3 million deaths and 79.3 million infections 
since 1981 [2]. The virus represents an unresolved problem because 
37.7 million people were infected by HIV in 2020 [2]. Meanwhile, 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first 
detected in 2019, and the number of cases of coronavirus disease 2019 
(COVID-19) has increased to 200 million, affecting people in more than 
228 countries. More than 4 million people have died of COVID19, and 
some variants of SARS-CoV-2 have caused global health and public 
safety crises [3]. Therefore, more efficient disinfection methods are 
required to limit the spread of viral infectious diseases. 

Viruses are small organisms with diameters of 5–300 nm. They have 
a core of genetic material, either RNA or DNA, surrounded by a protein 
coat. Some viruses have an envelope cover consisting of phospholipid 
bilayers. They propagate in host cells after infection. After attachment, 
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viruses inject their genetic material into host cells, hijack their internal 
machinery to duplicate themselves, and disrupt cells to release newly 
formed viral particles. However, some viruses can remain latent after 
infection before reactivation. Viruses can be transmitted between 
humans through insects, droplets, and aerosols [4]. Soil, groundwater, 
wastewater, personal protective equipment, and clothing can also be 
sources of viral transmission [5,6]. Therefore, the disinfection of envi
ronmental viruses is critical for reducing the risk of viral spread. Several 
disinfection methods with different inactivation mechanisms for viral 
molecules have been reported. Heat or dry-heat treatments are well 
established as virucidal methods based on their ability to damage the 
integrity of capsid and/or envelope proteins [7,8]. These methods are 
widely applied in the industrial production of materials such as human 
albumin and milk because of their strong ability to neutralize contam
inating bacteria and both enveloped virus and non-enveloped viruses. 
However, the treatments are not suitable for raw foods and non- 
thermotolerant materials, and each process must be optimized to pro
tect important protein [7,8]. Low pH-based methods are widely applied 
for sterilization in biotherapeutic processes [9]. Treatment by acidic 
solvents or detergents can induce viral inactivation via viral envelope 
destruction, but these treatments cannot inactivate non-enveloped vi
ruses [8,10]. 

Ultraviolet (UV) irradiation is a common inactivation modality that 
can damage viral nucleic acids and proteins [7], and it has long been 
used to disinfect water, air, surfaces, and waste. A low-pressure UV (LP- 
UV) mercury lamp provides radiation at a monochromatic peak wave
length (254 nm), and it is used for common water treatment processes to 
remove and inactivate viral and microbial pathogens, mainly by 
damaging their genomes [11,12]. In recent years, UV light-emitting 
diodes (UV-LEDs) have been developed as alternative UV light emis
sion sources that can irradiate light of a single wavelength without a 
filter and that are capable of emitting light at multiple individual 
wavelengths [13]. UV rays can be classified by wavelength into UVA 
(315–400 nm), UVB (280–315 nm), and UVC (<280 nm). Currently, the 
number of reports about the virucidal effects of UVC-LEDs is increasing, 
revealing that the treatment damaged viral DNA or RNA [14–16]. We 
recently reported that irradiation by 260-nm UV-LEDs at a fluence of 4.8 
mJ/cm2 had stronger virucidal effects on influenza A viruses than that a 
LP-UV mercury lamp at the same fluence, and the virucidal effect was 
highly correlated with viral RNA damage but not with hemagglutinin 
activity [15]. However, some researchers recently suggested that irra
diation by UVC-LEDs damaged both viral DNA/RNA and proteins. 
Tanaka et al. reported that irradiation by 255-nm UV-LEDs at a fluence 
of 20 mJ/cm2 reduced infectivity by − 3 log10, the viral RNA load by 
43%, and capsid protein levels by 6.9% in a non-enveloped feline cal
icivirus, and 281-nm UV-LEDs had similar effects on infectivity and the 
viral RNA load but a stronger effect on capsid protein levels (16.2% 
reduction) than 255-nm UV-LEDs [17]. Beck et al. reported that a high 
radiation dose of 400 mJ/cm2 delivered by 261- and 278-nm UV-LEDs 
reduced protein levels by 11%–34% and 17%–20%, respectively, in a 
non-enveloped human adenovirus 2 strain [18]. These findings indicate 
that high-dose irradiation by UVC-LEDs can damage both viral DNA/ 
RNA and proteins in non-enveloped viruses; however, the effects of this 
treatment on the proteins of enveloped viruses are unclear. In addition, 
there is little evidence of the virucidal effects of UVB- and UVA-LEDs. We 
previously demonstrated that irradiation by 310- (0.26 J/cm2) and 365- 
nm UV-LEDs (6.4 J/cm2) reduced the infectivity of influenza A virus by 
90% by inhibiting the replication and transcription of viral RNA in host 
cells [14]. Minamikawa et al. reported that irradiation (23 mJ/cm2) by 
300-nm UV-LEDs reduced the infectivity of SARS-CoV-2 by − 4 log [19]. 
Oguma et al. reported that irradiation (600 mJ/cm2) by 300-nm UV- 
LEDs reduced the infectivity of feline calicivirus by − 4 log [20]. How
ever, the detailed mechanisms of the virucidal effects of UVB- and UVA- 
LED irradiation have not been elucidated. 

Herpes simplex virus type 1 (HSV-1) is an enveloped virus belonging 
to the Alphaherpesvirinae family that mainly infects humans. HSV-1 has 

a double-stranded DNA genome that is approximately 152 kilobase pairs 
in length and covered by an icosahedral capsid. An estimated 3.7 billion 
people younger than 50 years are infected by HSV-1 globally, and 88% 
of the population in Africa is infected [21]. Because HSV-1 infects the 
ocular area as well as other brain regions and other internal organs, 
many infected patients develop encephalitis or blindness [22,23]. 
Because HSV-1 highly accumulates in saliva, HSV-1 can spread through 
both contact and droplet transmission. To reduce viral transmission, 
irradiation by UV-LEDs could be a reasonable virucidal method for 
environmental viruses. 

Thus, the present study investigated which molecules of HSV-1 were 
damaged by irradiation by UVA-, UVB-, and UVC-LEDs. We irradiated 
HSV-1 using 260-, 280-, 310-, and 365-nm UV-LEDs and demonstrated a 
relationship between the reduction of infectivity and the damage of viral 
DNA and proteins. To assess viral DNA damage DNA, we measured two 
DNA photoproducts, namely cyclobutane pyrimidine dimers (CPDs) and 
6–4 photoproducts (6-4PPs), which are generated by UV irradiation and 
which inhibit DNA transcription and replication in other microorgan
isms [24,25]. To determine the effects of irradiation on viral protein, we 
measured two viral proteins, specifically glycoprotein D (gD, a glyco
protein present in the envelope with an important role in viral entry into 
host cells [26]) and infected cell protein 0 (ICP0), by Western blotting. 
Given that the viral envelope consists of glycoproteins as well as lipids 
including phosphoglycerolipids and sphingolipids [27,28], we 
measured the lipophilic metabolites of HSV-1 following UV-LED irra
diation by liquid chromatography-time of flight mass spectrometry (LC- 
TOF-MS). Identification of the virucidal mechanisms and target viral 
molecules of UV-LEDs at different wavelengths could facilitate the 
optimization of UV-LED irradiation for viral inactivation. 

2. Materials and Methods 

2.1. Cells and Virus Strain 

Vero cells and the HSV-1 strain KOS were kindly gifted by Prof. Akio 
Adachi (Tokushima University Graduate School and Kansai Medical 
University). Vero cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum (Thermo Fisher 
Scientific, Waltham, MA, USA) and 50 μg/mL gentamicin (Fujifilm 
Wako Chemicals, Osaka, Japan) at 37 ◦C in an atmosphere of 5% CO2. 
The viral suspensions were prepared for irradiation experiments by 
propagating HSV-1 in Vero cells for 48 h. The supernatant of culture 
medium was precleared by centrifugation at 3300 ×g for 5 min followed 
by filtration through 0.45-μmϕ pore membrane filters. The supernatant 
was then purified by centrifugation at 112,500 ×g for 2 h using a CP50 
ultracentrifuge with a P40ST angle rotor (Eppendorf Himac Technolo
gies, Ibaragi, Japan) through PBS containing 20% sucrose, as previously 
reported [15]. The viral pellets were collected and stored at − 80 ◦C until 
UV-LED irradiation experiments. 

2.2. Irradiation of Viral Suspensions by UV-LEDs 

UV-LEDs (Nichia, Tokushima, Japan) were used to irradiate the viral 
suspensions at four different wavelengths, namely 365 (NVSU233A- 
U365), 310 (NCSU234A-U310), 280 (NCSU234A-U280), and 260 nm 
(MO2257-U260) (Supplementary Fig. S1A). The individual LEDs were 
placed on a printed circuit board (Audio-Q, Shizuoka, Japan) and con
nected in series to a current-controlling single power source (PAS40–9, 
Kikusui Electronics Corp., Kanagawa, Japan). The UV spectral fluence 
rates (mW/cm2/nm) on the surface of samples were measured six times 
during UV-LED irradiation using an MCPD 3700A multiple wavelength 
photometer (Otsuka Electronics, Osaka, Japan). The fluence rates were 
calculated as the sum of the averaged spectral fluence rates between 200 
and 400 nm. The diodes irradiated the viral suspensions under 
maximum forward current (IF) according to the manufacturer's in
structions, and the fluence rates were 106 (365 nm), 4.4 (310 nm), 2.5 
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(280 nm), and 1.2 mW/cm2 (260 nm). The UV-LEDs emitted radiation 
downward onto the surface of the viral suspensions (Supplementary 
Fig. S1B). The viral suspensions were irradiated for 30, 60, or 120 s by 
both 365- and 310-nm UV-LEDs or for 4, 10, 20 s by both 280- and 260- 
nm UV-LEDs. 

2.3. Measurements of Virus Infectivity 

A median tissue culture infectious dose (TCID50) assay was per
formed in Vero cells to determine the cytoplasmic effect of HSV-1. After 
UV-LED irradiation of the viral suspensions (1.74 × 107 TCID50/mL), 
Vero cells cultured in DMEM in 48-well plates were infected with 10-fold 
serial dilutions of the viral suspensions and incubated at 37 ◦C. An un
irradiated viral suspension was used as a dark control. Following 72 h of 
incubation, the cells were stained with 0.5% crystal violet solution 
containing 10% formalin for TCID50 analysis. The viral-inactivating ef
fects of UV-LED irradiation were assessed using the log10 infectivity 
reduction, which was calculated as follows: log TCID50/mL ratio =
log10(Nt/N0), where Nt is TCID50/mL of the UV-irradiated sample and N0 
is TCID50/mL of the sample without UV irradiation. Kinfectivity was 
calculated as the ratio of the log10 infectivity reduction to the fluence of 
each UV-LED type. 

2.4. RNA Extraction from Vero Cells and Reverse Transcription (RT)- 
Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

The mRNA levels of the HSV-1 pol gene in infected cells were measured 
by RT-qPCR. Vero cells in a six-well plate were infected with viral sus
pensions following UV-LED irradiation or no treatment (dark control). At 2, 
4, and 6 h post-infection (hpi), the cells were washed three times with ice- 
cold PBS, and total RNA was extracted and purified using TRIzol® Reagent 
(Thermo Fisher Scientific) according to the manufacturer's instructions. 
The total RNA concentration was quantified spectrophotometrically 
(Beckman Coulter, Brea, CA, USA). The RT reaction was performed with 
500 ng of purified RNA and both random hexamer and oligo(dT) primers 
using a First Strand cDNA synthesis kit (TaKaRa Bio, Shiga, Japan). Real- 
time PCR was performed using a LightCycler® 2.0 Real-Time PCR Sys
tem (Roche, Mannheim, Germany) as previously described [24,25]. The 
primers for HSV-1 pol (forward, 5′-GCTCGAGTGCGAAAAAACGTTC-3′; 
reverse, 5′-CGGGGCGCTCGGCTAAC-3′) were used to quantify the total 
viral RNA level in Vero cells. Act-b (forward, 5′-AAGGATTCA
TATGTGGGCGATG-3′; reverse, 5′-TCTCCATGTCGTCCCAGTTGGT-3′) 
was used as an internal control for host cellular RNA. 

2.5. Dot-Blot Analysis 

Viral DNA was purified from the viral suspensions with or without 
UV-LED irradiation using a Viral Nucleic Acid Extraction Kit (Favorgen, 
Ping-Tung, Taiwan) according to the manufacturer's instructions. The 
concentrations of viral DNA were quantified spectrophotometrically and 
checked by agarose gel electrophoresis. The purified viral DNA was 
filtered through a 0.45-μmϕ pore nitrocellulose membrane (Fujifilm 
Wako Chemicals) using the Bio-Dot SF Microfiltration Apparatus (Bio- 
Rad Laboratories, Hercules, CA, USA). The membrane was dried at 37 ◦C 
and then incubated with 5% bovine serum album in Tris-buffered saline 
containing Tween 20 (TBS-T) for 1 h to block non-specific immuno
reaction. The membrane was incubated with anti-CPD or anti-6-4PP 
antibody (Cosmo Bio, Tokyo, Japan) at 4 ◦C for 12 h. The membranes 
were washed three times with TBS-T and incubated with horseradish 
peroxidase-conjugated anti-mouse immunoglobulin antibody (MBL, 
Nagoya, Japan) for 1 h. The immunoreactions were visualized using an 
enhanced chemiluminescence detection system (Amersham Biosciences, 
Buckinghamshire, UK). The images were captured by the LAS-3000UV 
mini CCD camera system, (Fujifilm, Tokyo, Japan) and analyzed den
sitometrically using Scion Image software (Scion Corporation, Freder
ick, MD, USA). KCPDs and K6-4PPs were calculated as the ratios of the 
levels of each photoproduct to the log10 reduction of infectivity induced 
by each UV-LED type. 

2.6. Western Blotting 

Following UV-LED irradiation or no treatment, the viral suspensions 
were homogenized with lysis buffer, and the protein levels were deter
mined by Western blotting as previously described [29]. Anti-gD and 
anti-ICP0 antibodies were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). KICP0 and KgD were calculated as the ratios of the 
immunoblot values of each protein to the reduction of the viral titer 
induced by each UV-LED type. 

2.7. Measurement of Lipophilic Metabolites in HSV-1 

The lipophilic fractions of the viral suspensions were isolated using 
the Bligh and Dyer method [30]. The fractions were analyzed using an 
Agilent LC-TOFMS 6200 with a ZORBAX Eclipse Plus C18 column 
(Agilent Technologies, Palo Alto, CA, USA) at a flow rate of 1 mL/min 
using water:methanol (40:60) as the initial mobile phase. After sample 
injection, the percentage of methanol was increased to a water:methanol 
ratio of 0:100 at 10–30 min and was continued for 20 min. The equipped 
ion source of MS was the Agilent Jetstream electrospray ionization 
source (Dual AJS ESI, Agilent Technologies). The electrospray ionization 
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Fig. 1. Reduction of the infectivity of herpes simplex virus type 1 (HSV-1) by irradiation with ultraviolet-light-emitting diodes (UV-LEDs) at different peak 
wavelengths. (A) Log10 infectivity reduction following irradiation by UV-LEDs. (B) Ktiter for each UV-LED type. The viral suspensions of HSV-1 were irradiated by four 
UV-LEDs with different peak wavelengths, and the viral titers were measured as the median tissue culture infectious dose in Vero cells, as described in the Materials 
and Methods. Ktiter was calculated as the ratio of the log10 infectivity reduction to the irradiation fluence of each UV-LED type. Values are presented as the mean ± SD 
(n = 4). Different letters indicate a statistical difference (P < 0.05) compared to the other values using ANOVA with Bonferroni's multiple comparison test. 
WL, wavelength. 
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source was operated in the positive mode with spray voltages of 3500 V 
for the capillary entrance and 500 V for the nozzle, a nitrogen sheath gas 
temperature of 250 ◦C at a flow rate of 12 L/min, a nitrogen drying gas 
temperature of 150 ◦C at a flow rate of 10 L/min, and a nitrogen 
nebulizer at 45 psig. Purified ubiquinone-8 from Escherichia coli (Avanti 
Polar Lipids, Alabaster, AL, USA) was used as the internal standard to 
calculate the recovery rate during sample purification. The m/z values, 
retention times, and ion counts of metabolites were extracted from the 
total ion chromatogram using the Molecular Future Extraction method 
of MassHunter software (Agilent Technologies). The metabolites that 
significantly differed between the dark control and UV-LED–irradiated 
samples (P < 0.05 by one-way analysis of variance [ANOVA]) were 
selected by multivariate analysis using Mass Profiler Professional soft
ware (Agilent Technologies). The selected metabolites were identified 
using the METLIN Personal Metabolite Database (Agilent Technologies). 
The metabolites were categorized by LIPID MAPS® (Wellcome Trust, 
London, UK). 

2.8. Statistical Analysis 

The statistical analysis of differences was performed by ANOVA with 
Bonferroni's multiple comparison test using Statview 5.0 software (SAS 

Institute Inc., Cary, NC, USA). Student's t-test was used for paired data 
where appropriate. P < 0.05 indicated statistical significance according 
to the analysis performed. Spearman's rank correlation test was used to 
analyze the association between the infectivity reduction and the levels 
of viral DNA photoproducts or viral proteins in each UV-LED group. 

3. Results and Discussion 

3.1. Irradiation by each UV-LED Reduced the Infectivity of HSV-1 

To compare the virucidal effects of UV-LEDs with different peak 
wavelengths, we irradiated viral suspensions using 260-, 280-, 310- and 
365-nm UV-LEDs and measured the infectivity of the virus in host cells 
(Fig. 1). All UV-LEDs reduced the infectivity of HSV-1 in a fluence- 
dependent manner by as much as approximately − 4 log10 (Fig. 1A). 
Kinfectivity indicated that 260-nm UV-LEDs had the highest virucidal ef
ficiency among the UV-LEDs used in this study (Fig. 1B). Meanwhile, 
310- and 365-nm UV-LEDs had significantly lower efficiency than UVC- 
LEDs. These results illustrated that the peak wavelength was an 
important factor of the virucidal efficiency induced by UV-LED 
irradiation. 
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Fig. 4. The effect of ultraviolet-light-emitting diode (UV-LED) irradiation on viral protein levels in HSV-1. (A) Representative images of immunoblotting for ICP0 and 
gD. (B) The correlations between the levels of ICP0 or gD and the log10 viral titer reduction. (C) KICP0 and KgD for each UV-LED type. Proteins were extracted from 
HSV-1 suspension irradiated using four UV-LED types at the indicated fluences. The viral proteins were detected by Western blotting using anti-ICP0 and anti-gD 
antibodies, as described in the Materials and Methods. KICP0 and KgD were calculated as the ratio of the protein levels to the log10 viral titer reduction. Values 
are presented as the mean ± SE (n = 3–4). Different letters indicate a statistical difference (P < 0.05) compared to the other values using ANOVA with Bonferroni's 
multiple comparison test. 
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3.2. Irradiation by each UV-LED Type Inhibited the HSV-1 Gene 
Transcription in Host Cells 

Next, to check whether irradiation by UV-LEDs inhibited the tran
scription of HSV-1 in host cells, we measured the mRNA levels of pol at 2, 
4, and 6 hpi. The viral suspensions were irradiated by each UV-LED type 
at 3.16 (365 nm), 0.132 (310 nm), 0.01 (280 nm), and 0.005 J/cm2 (260 
nm), all of which reduced infectivity by approximately − 2 log10 
(Fig. 2A), and the suspensions were then used to infect Vero cells. The 
mRNA levels of pol in host cells infected with unirradiated viral sus
pensions were increased at 4 and 6 hpi (Fig. 2B). Irradiation by each UV- 
LED type significantly inhibited the upregulation of pol in host cells 
(Fig. 2B). In addition, the levels of pol in host cells were not significantly 
different at each time point among the four UV-LEDs. We previously 
reported that irradiation by 280-, 310-, and 365-nm UV-LEDs inhibited 
the transcription and replication of the viral RNA of influenza A virus in 
host cells [14]. The current results suggest that irradiation by each UV- 
LED type inhibits the transcription of enveloped virus genes in host cells. 

3.3. The Levels of Viral DNA Photoproducts Following Irradiation by 
UVC-LEDs Were Highly Correlated with the Reduction of Infectivity 

To assess HSV-1 genomic DNA damage induced by UV-LED irradia
tion, we evaluated the levels of the DNA photoproducts CPDs and 6- 
4PPs. Formation of the photoproducts leads to changes of the confor
mations of the DNA helix [31] and inhibition of DNA transcription and 
replication in bacteria such as E. coli and Staphylococcus aureus [24,25]. 
However, few reports have examined the effects of these DNA photo
products on the viral genome. The levels of both CPDs and 6-4PPs were 
increased by irradiation by 260- and 280-nm UV-LEDs in a fluence- 
dependent manner (R > 0.98, P < 0.01, Fig. 3A–B), suggesting that 
the virucidal effects of 260- and 280-nm UV-LEDs might depend on viral 
genomic DNA damage. In addition, the ratios of the level of each 
photoproduct to the log10 infectivity reduction (KCPDs and K6-4PPs) were 
not significantly different between irradiation with 260- and 280-nm 
UV-LEDs (Fig. 3C). Our data were supported by the results of Matsu
naga et al., who reported that irradiation by monochromatic UV at 260 
and 280 nm generated similar levels of DNA photoproducts [32]. 
Furthermore Yamada et al. determined that 270 nm was highest peak 
wavelength in the absorption spectrum of thymine [33]. From these 
results, 270-nm UV may have the strongest effect on the formation of 
DNA photoproducts in HSV-1. 

Irradiation by 310-nm UV-LEDs statistically increased CPD levels in a 
fluence-dependent manner (R = 0.93, P < 0.01), but KCPDs of 310-nm 
UV-LEDs was significantly lower than those of 260- and 280-nm UV- 
LEDs. Nascimento et al. reported that UVB irradiation induced CPD 
formation in the conidia of fungi including Aspergillus fumigatus and 
Metarhizium acridum in a fluence-dependent manner [34]. Bastien et al. 
also demonstrated that CPDs were the main photoproducts in both pu
rified DNA and human fibroblasts following UVB irradiation at 40 J/cm2 

[35]. Furthermore, Douki et al. demonstrated that irradiation by 
monochromatic UV at 320 nm increased 6-4PP levels, but its levels were 
500-times lower than those of CPDs [36,37]. However, the fluences of 
UVB irradiation in these reports were significantly higher than that of 
310-nm UV-LEDs in this study. Unlike the results for CPD levels, irra
diation by 310-nm UV-LEDs did not change 6-4PP levels (Fig. 3B–C). 
These findings suggest that CPDs are the primary photoproducts 
generated following UVB irradiation in viruses and other microorgan
isms, but the generation of CPDs in response to 310-nm UV-LED irra
diation may have a smaller contribution to the reduction of HSV-1 
infectivity than that induced by 260- and 280-nm UV-LEDs. 

Irradiation by 365-nm UV-LEDs had no effect on the levels of both 
photoproducts. However, some reports demonstrated that UVA irradi
ation increased the levels of the photoproducts in other microorganisms. 
Tyrrell demonstrated that radiation at a wavelength of 365 nm (1350 J/ 
cm2) increased the levels of pyrimidine dimers in the DNA of E. coli [38]. 

Mouret et al. also reported that UVA irradiation at 100 J/cm2 increased 
CPD levels but not 6-4PP levels in Micrococcus luteus and Clostridium 
perfringens [39]. In this study, HSV-1 was irradiated by 365-nm UV-LEDs 
at fluences up to 12.7 J/cm2. The results suggested that the fluence of 
365-nm UV-LED radiation in this study were not sufficient to increase 
CPD levels in HSV-1. In addition, the levels of CPDs induced by mono
chromatic UV irradiation at 350 nm were approximately 100,000-fold 
lower than those induced by UV irradiation at 260 nm [36]. From 
these results, viral DNA damage induced by 365-nm UV-LED irradiation 
might have had a small contribution to the observed reduction of HSV-1 
infectivity. 

3.4. Degradation of Viral Proteins by UV-LED Irradiation Was Correlated 
with the Infectivity Reduction 

To assess HSV-1 protein damage induced by UV-LED irradiation, we 
evaluated the levels of ICP0 and gD by Western blotting (Fig. 4). Irra
diation by 280-, 310-, and 365-nm UV-LEDs significantly decreased the 
levels of both ICP0 and gD in a fluence-dependent manner (Fig. 4A), and 
the levels of both HSV-1 proteins were highly correlated with the log10 
infectivity reduction (Fig. 4B). These results suggested that the virucidal 
effects of 280-, 310-, and 365-nm UV-LEDs were dependent on viral 
protein damage. These results were supported by the findings of Beck 
et al., who reported that UV irradiation at various peak wavelengths 
within the range of 200–300 nm decreased protein levels in human 
adenovirus serotype 2 [18]. However, few reports have evaluated the 
effects of UVB and UVA irradiation on viral protein levels. However, 
some previous reports demonstrated that UVB and UVA irradiation 
changed protein modifications in gram-negative bacteria. Bosshard et al. 
demonstrated that UVA irradiation induced protein oxidation and ag
gregation in E. coli [40]. Santos et al. reported that UVB irradiation 
induced oxidative modification of the side chains of aromatic amino 
acids, including tyrosine and tryptophan, in the proteins of Pseudomonas 
sp. [41] The enveloped glycoprotein gD has an important role in viral 
entry into host cells via binding to cognate receptors such as nectin-1 and 
nectin-2 [42]. ICP0 acts as a viral interferon antagonist and participates 
in the reversal of HSV-1 silencing [43]. The degradation of gD and ICP0 
may be important for the reduction of infectivity induced by UV-LED 
irradiation. 

KICP0 did not significantly differ among irradiation with 280-, 310-, 
and 365-nm UV-LEDs, but KgD of 280-nm UV-LEDs was higher than 
those of 310- and 365-nm UV-LEDs (Fig. 4C). In addition, irradiation by 
260-nm UV-LEDs moderately decreased ICP0 levels in a fluence- 
dependent manner (R > 0.75, P < 0.01), but it had no effect on gD 
levels. From these results, ICP0 and gD had different sensitivities to UV- 
LED irradiation. The amino acid (AA) sequences of proteins represent an 
important factor for photon absorption and conformational changes of 
proteins [44]. Charged AAs including lysine, glutamate, and arginine 
had broad absorption features extending beyond 320 nm [45]. 
Conversely, aromatic AAs have distinct absorption features because of 
the presence of chromophores in the side chains, and the wavelengths of 
peak absorption for tryptophan, tyrosine, and phenylalanine are 280, 
275, and 257 nm, respectively [45]. The ratios of charged AAs to total 
AAs do not differ between gD and ICP0, but the content of aromatic AAs 
in gD (33/394) is higher than that in ICP0 (23/776). These results 
suggest that the content of aromatic AAs may be an important factor for 
protein degradation induced by 280-nm UV-LED irradiation. In addition 
to aromatic AAs, disulfide bonds in proteins represent another important 
factor the sensitivity to UV irradiation [46]. According to DiANNA 1.1 
disulfide bond prediction software [46], ICP0 has three putative half- 
cysteines involved in disulfide bonds, whereas gD has none. Wong
kongkathep et al. demonstrated that 266-nm UV irradiation enhanced 
protein cleavage through disulfide bond degradation [47]. These data 
suggest that the differing sensitivities of ICP0 and gD to 260-nm UV-LED 
irradiation might be associated with the presence of disulfide bonds. 
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3.5. Irradiation by UVC-LEDs Modified the Profile of Viral Lipid 
Metabolites 

To evaluate the effect of UV-LEDs on the lipids of HSV-1, we 
measured lipid metabolites by LC-TOF-MS. We extracted lipophilic 
fractions from HSV-1 suspensions after irradiation by each UV-LED type 
at the fluence that induced an approximately − 3 log10 infectivity 
reduction (Supplementary Fig. S3A). Fig. 5A presents the heat map of 
the values of 510 metabolites detected in all samples. Principal 
component analysis indicated that the profile of the metabolites was 
changed by 260- and 280-nm UV-LED irradiation, but not by 310- and 
365-nm UV-LED irradiation (Fig. 5B). The volcano plot analysis illus
trated that 65 (260-nm UV-LEDs), 61 (280-nm UV-LEDs), 11 (310-nm 
UV-LEDs), and 9 (365-nm UV-LEDs) metabolites were statistically 
changed (P < 0.05, fold change >1.5) by irradiation (Fig. 5C–D). The 
differential metabolites induced by irradiation by 260- and 280-nm UV- 
LEDs were highly merged and included glycerophospholipids, sphin
golipids, glycerolipids, fatty acyls, and sterol lipids (Fig. 5D). Previous 

reports illustrated that phosphoglycerolipids and sphingolipids were the 
main lipids in the envelopes of influenza A viruses and HIV [27,28]. In 
this study, irradiation by both 260- and 280-nm UV-LEDs decreased the 
levels of some phosphoglycerolipid species including phosphatidylcho
lines [PC(21:0), PC(O-20:2)], phosphatidic acids [PA(32:1), PA(18:4)], 
and phosphatidylserines [PS(O-33:0), PS(22:1)] (Fig. 5E). Among 
sphingolipids, 260-, 280-, and 365-nm UV-LED irradiation increased the 
levels of ceramide species including Cer(d43:0), Cer(d41:0), Cer(d38:0), 
and Cer(d35:0) (Figs. 5E and S3B), whereas 260- and 280-nm UV-LED 
irradiation decreased the levels of two phosphatidylethanol-ceramides, 
namely PE-Cer(d34:2) and PE-Cer(d35:2) (Fig. S2B). The absorbance 
of phospholipids peaked at 203 nm with parallel variations in the 
wavelength range of 190–290 nm [48]. Chatterjee et al. demonstrated 
that 254- or 256-nm UV irradiation at a similar fluence as used in this 
study induced lipid peroxidation in the liposomal membrane of 
phospholipid-containing liposomes and goat erythrocytes [49,50]. In 
addition, Grether-Beck et al. reported that UVA radiation at 30 J/cm2 

and singlet oxygen increased ceramide levels in protein-free, 

Fig. 5. The effect of ultraviolet-light-emitting diode (UV-LED) irradiation on lipid metabolites in herpes simplex virus type 1 (HSV-1). (A) Heat map presenting the 
values of 510 lipophilic metabolites in each UV-LED group. (B) Principal component analysis of the metabolite datasets from each UV-LED group. (C) Volcano plot 
analyses of the metabolite values between each UV-LED group and the dark control. Red plots indicate significant differential metabolites between the dark control 
and irradiation groups using Student's t-test (P < 0.05, fold change >1.5). (D) Venn diagram presenting the number of differential metabolites between each UV-LED 
group and the dark control. (E, F). The levels of glycerophospholipid (E) and sphingolipid (F) species in each UV-LED group. The lipophilic metabolites were 
extracted from the HSV-1 suspensions after UV-LED irradiation and measured by liquid chromatography-time of flight mass spectrometry, as described in the 
Materials and Methods. Each UV-LED type reduced viral infectivity at the indicated fluence by approximately − 3 log10, as presented in Supplementary Fig. S3A. 
Values are presented as the mean ± SE (n = 4–5). #P < 0.05 for each UV-LED vs. the dark control using one-way ANOVA. PC, phosphatidylcholine; PA, phosphatidic 
acid; PS, phosphatidylserine; Cer, ceramide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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sphingomyelin-containing liposomes via reactive oxygen intermediates 
as singlet oxygen [51]. From these reports, the modification of viral 
glycerophospholipids and ceramides by UV-LED irradiation might 
depend on lipid peroxidation. However, few reports have discussed the 
degradation of viral lipids by UV irradiation. Further evidence is needed 
to clarify the mechanisms by which UV-LED irradiation modifies viral 
lipids. 

The roles of phosphoglycerolipids and sphingolipids in the viral en
velope are not well understood. Some phosphoglycerolipid-binding 
proteins in host cells were identified to have important roles in cell 
entry and infection by enveloped viruses [52]. Huang et al. reported that 
antiserum against annexin V, a widespread phosphoglycerolipid- 
binding protein, completely inhibited the infectivity of influenza A 
virus [53]. Meertens et al. demonstrated that the phosphatidylserine- 
binding protein families T-cell immunoglobulin and mucin domain 
and Tyro3, Axl and MerTK receptor tyrosine kinase mediated the entry 
of dengue viruses into host cells, but they did not mediate the entry of 
HSV-1 [54]. No phosphoglycerolipid-binding proteins involved in HSV- 
1 infection have been identified. Phosphoglycerolipids and sphingoli
pids on the viral envelope and membranes in host cells have important 
roles in virus infection. Arii et al. reported that phosphatidylethanol 
biosynthesis mediated by phosphate cytidylyltransferase 2, ethanol
amine was required for efficient HSV-1 envelopment in host cell and 
viral replication [55]. Audi et al. reported sphingomyelin depletion in 
both the plasma membrane and virus envelope by treatment with 
exogenous bacterial sphingomyelinase impaired virus infection and 
reduced host entry by influenza A virus [56]. From these results, 
modification of viral phospholipids by UV-LED irradiation might 
contribute to the inhibition of HSV-1 entry into host cells and viral 
replication. 

To inactivate viral and microbial pathogens, genomic DNA/RNA is 
well known as a main target of UVC irradiation [13,14]. In this study, we 

elucidated that UVC-LEDs induced the formation of DNA photoproducts 
and modification of viral proteins and phospholipids. Unlike UVC-LEDs, 
310- and 365-nm UV-LEDs mainly target viral proteins because they 
decreased the levels of viral proteins in a fluence-dependent manner, but 
the levels of DNA photoproducts and profile of lipophilic metabolites 
were not dualistically changed. In this study, 260-nm UV-LEDs had the 
most efficient virucidal effect among the UV-LEDs (Fig. 1), but protein 
degradation induced by 260-nm UV-LED had a minor contribution to the 
reduction of infectivity (Fig. 4). Because the external quantum effi
ciencies of aluminum gallium nitride-based deep UVC-LEDs are <10%, a 
strategy to increase the efficiency of viral inactivation by deep UVC- 
LEDs is necessary for their application against environmental viruses. 
Our results indicate that combined treatment by different UV-LEDs 
might be a reasonable method to increase the virucidal effect through 
targeting different viral molecules. We previously reported that the 
combination of 365-nm UV-LED and LP-UV lamp irradiation exerted a 
synergistic bactericidal effect on Vibrio parahaemolyticus that was 
dependent on the suppression of CPD repair [24]. Our previous data 
were supported by the findings of Xiao et al. and Song et al., who re
ported the synergistic inactivating effects of combined 265-nm/365-nm 
UV-LED irradiation on E. coli through the suppression of DNA repair 
[57,58]. However, some reports illustrated that the combination of 265- 
nm/280-nm UV-LEDs had no synergistic effect on E. coli [58,59]. These 
findings suggest that the combination of 260- and 365-nm UV-LEDs 
would be useful for both bacteria and enveloped viruses; however, 
more evaluations are necessary for the application of combined UV-LEDs 
for viral inactivation. 

4. Conclusion 

In this study, we irradiated HSV-1 suspensions using UV-LEDs with 
four different peak wavelengths (260-, 280-, 310-, and 365-nm) and 

Reduction of infectivity to host cells (around -3 log10)

Viral DNA photoproducts formation

Viral proteins degradation

365-nm 310-nm 280-nm 260-nm

Viral phospholipids modification

Irradiation by UV-LEDs
with different peak wavelength

Enveloped virus
(Herpes simplex virus 

type-1, HSV-1)

High flucence
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(6400 mJ/cm2)
fluence

(150 mJ/cm2)
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fluence
(25 mJ/cm2)
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Fig. 6. Schematic summary of this study.  
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measured the reduction of infectivity and damage of viral molecules 
including DNA, proteins, and lipids in HSV-1 virions. All UV-LEDs 
decreased the infectivity of HSV-1 to host cells, although 260- and 
280-nm UV-LEDs had stronger inhibitory effects on HSV-1 than 310- and 
365-nm UV-LEDs. In addition, the UV-LEDs targeted different viral 
molecules according to the peak wavelength (Fig. 6). Our study might 
contribute to preventing the spread of HSV-1 and other enveloped vi
ruses using UV-LEDs. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jphotobiol.2022.112410. 
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