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Abstract

Ultraviolet-light emitting diodes (UV-LEDs) have garnered attention for their efficient bacterial inactivation. However, in
previous studies, it has been difficult to strictly compare the bacterial inactivation effect of UV irradiation among wavelengths
differing by a few nanometers because detailed UV irradiation conditions for comparison, such as the LED characteristics
at each wavelength and power supply characteristics, have not been established. Therefore, this study aimed to evaluate UV
inactivation of 10 bacterial strains across 13 wavelengths (250-365 nm) using a standardized irradiation system previously
reported to identify the most effective wavelengths for prevention of bacterial infection and contamination. Bacterial inacti-
vation dose response curves were generated to determine the fluence required to archive 1-3 log inactivation. The results
indicated that Gram-negative bacteria exhibited higher initial sensitivity compared with Gram-positive bacteria. Wavelength-
dependent inactivation peaked at 263—270 nm, correlating strongly with cyclobutane pyrimidine dimer production (r> 0.9
for most strains). Deconvolution analysis confirmed that bacterial inhibition was maximal around 267.6 nm. Furthermore,
UV-LEDs outperformed low-pressure mercury lamps in terms of bacterial inactivation under equivalent fluences, attributed
to differences in spectral emission profiles. These findings will help optimize UV-LED sterilization methods for broader
applications in microbial control.

Keywords Bacterial photosensitivity - Cyclobutene pyrimidine dimer - Low-pressure mercury lamp - Ultraviolet-light
emitting diodes - Winer deconvolution

Introduction

Communicated by Pankaj Bhatt.

Bacteria are ubiquitous in nature and can be found in every
conceivable habitat, including soil, plants, the sea, air,
humans, animals, artificial materials, and even extreme
Department of Microbial Control, Institute of Biomedical environments such as acidic hot springs (Soni et al. 2004;
Science.s, Tokushima University Graduate School, Wibowo et al. 2023; Rappaport et al. 2023). They are
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often classified based on their various shapes and struc-
tures, such as spherical, rod-shaped, slightly curved rods or
comma-—shaped, spiral-shaped, and tightly coiled forms, as
Department of Preventive Environment and Nutrition, well as by the thickness of their pep tidoglycan lay.er (Ky se_l a
Institute of Biomedical Sciences, Tokushima University et al. 2016; Vollmer et al. 2008). Many bacteria exist in
Graduate School, Tokushima, Japan human living environments, and some can have harmful
effects via contact, oral, droplets, and airborne infections
(Antunes et al. 2020; Wei et al. 2016). Given the preva-
lence of pathogenic bacteria in human living environments,
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effective sanitation using various disinfection techniques is
essential to maintain health and well-being.

General sterilization methods, such as heat, chemical
treatments, ultraviolet (UV) radiation, ozone, and high-
pressure steam, are widely employed across various fields
(Bharti et al. 2022). Among these techniques, there is a
growing demand for sterilization technologies that mini-
mize chemical or physical impacts on the target, especially
in environments where food or people are present (Park
et al. 2021). For example, in 2000, the U.S. Food and Drug
Administration approved UV radiation as an effective
method for controlling pathogens in food, water, and bev-
erages (Li et al. 2005). UV disinfection is a non-chemical
method that produces few by-products while maintaining
the nutritional quality of food. As a result, it is suitable not
only for sterilizing human food and drinking water but also
for disinfecting indoor environments. The inhibitory effects
of UV radiation on microorganisms have been extensively
studied using mercury-based lamps, such as low-pressure
mercury (LP-Hg) and medium-pressure mercury lamps
(Beck and Linden 2015; Chen et al. 2009; Oliveira et al.
2021; Rodriguez et al. 2022), as well as tunable wavelength
lasers (Beck et al.2015; Beck et al. 2014; Schuit et al. 2022)
and light-emitting diode (LED). Currently, LP-Hg lamps
are the most widely used UV sources for microbial inhi-
bition. However, due to restrictions and legislative bans
on mercury use, there is an increasing shift towards safer
alternatives, such as excimer lamps (Ning et al. 2023) and
UV-LEDs. Of these, UV-LEDs have gained significant
attention for their applications in water treatment, food
sterilization, and indoor disinfection. This increasing inter-
est is fueled by their vast breadth of wavelengths, compact
size, versatile design, long lifespan, tunable output (regu-
lated by driving current), and environmental advantages,
such as the lack of hazardous waste like mercury (Kebbi
et al. 2020; Martin-Sémer et al. 2023; Song et al. 2016;
Taghipour 2018; Wan et al. 2022). So far, many studies
have reported on microorganism inactivation by UV-LED
irradiation (Masjoudi et al. 2021). To accurately compare
and evaluate UV sensitivity across different bacterial spe-
cies, it is crucial to standardize irradiation—related condi-
tions such as peak wavelength, irradiance, beam angle, bot-
tom surface reflection, the presence or absence of a stirrer,
sample temperature, and sample volume during exposure
(Bolton et al. 2015; Beck and Linden 2015). Protocols for
LED irradiation have been described in a few report (Khey-
randish et al. 2018; Sholtes et al. 2019). However, there are
no published protocols establishing the experimental condi-
tions for UV sensitivity evaluation using UV-LEDs based
strictly on their optical characteristics, such as temperature-
dependent peak wavelength shifts, temperature versus rela-
tive radiation flux characteristics, and power supply factors
including overshoot and time delay. In our previous study,
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we developed an irradiation system that takes into consid-
eration the LED and power supply characteristics; using
this system, we then established a standardized evaluation
method, and elucidated UV sensitivity across LEDs of 13
different wavelength (from U250 to U365) for fungi, as well
as UV tolerance due to melanin (Ishida et al. 2024; Onoda
et al. 2024). Following these studies, comparing UV sensi-
tivity among bacterial strains could reveal the most effective
UV wavelengths for preventing contamination of specific
strains.

To compare the UV bacterial inactivation at various
wavelengths, we need to evaluate bacteria present in human
environments with different structures, survival environ-
ments, and pathogenicities. Escherichia coli is a widely
used experimental model for bacteria and is found in soil
and the intestinal tracts and feces of animals. In addition,
the incidence of extended-spectrum beta-lactamase-produc-
ing E. coli, a type of drug-resistant bacteria, has increased
in recent years (Erkan et al. 2025). Staphylococcus aureus,
a foodborne pathogen, is commonly found on human skin,
particularly the fingers, and it can cause food poisoning via
contaminated food during the cooking process (Liu et al.
2022). Similarly, there are drug-resistant strains of Pseu-
domonas aeruginosa and Enterococcus faecalis, which pose
a risk of nosocomial infection, along with E. coli and S.
aureus (Cascante et al. 2025; Dadashi et al. 2021; Pham
et al. 2019). Salmonella enterica Enteritidis, Campylobac-
ter jejuni, and Vibrio parahaemolyticus, widely known as
food-poisoning bacteria, are present in environments such
as soil, oceans and animal intestines, and can cause diges-
tive symptoms such as diarrhea and abdominal pain in
infected humans (Delahoy et al. 2022; Vetchapitak et al.
2019). Legionella pneumophila is primarily found in soil
and water environments and can cause pneumonia-like
symptoms in humans contaminated via water ingestion or
droplet inhalation (Iliadi et al. 2022). Bacillus subtilis and
Lactoplantibacillus plantarum are opportunistic bacteria
found in soil and food that have attracted attention for their
use as probiotics (Chen et al. 2023). B. subtilis forms spore
bodies and adapts to various stressors, making it more dif-
ficult to remove compared with other bacteria (Pedraza-
Reyes et al. 2024). Based on the above, we selected E. coli,
S. enterica Enteritidis, C. jejuni, P. aeruginosa, L. pneu-
mophila, S. aureus, E. faecalis, L. plantarum, B. subtilis
trophozoite, and B. subtilis spore to evaluate the inactiva-
tion effect of UV irradiation.

To acquire essential data for the development of device
and methods to prevent bacterial infection and contamina-
tion, in this study, we aimed to compare the effects of our
developed irradiation system on inactivation of various bac-
teria and to explore the most effective UV wavelengths for
inactivation. From our results, we identified differences in
UV sensitivity among these bacteria, determined the most
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effective wavelengths for inhibition, established a correlation
between bacterial inactivation specifically in the UVC region
and the degree of DNA damage, and revealed differences in
bacterial inactivation and DNA damage between LED and
LP-Hg lamps under the same irradiation conditions. Under
the same irradiation conditions, we compared inactivation
of various bacterial strains exposed to UV-LEDs of wave-
lengths differing by only few nanometers. Our findings may
contribute to the development of UV irradiation devices and
methods with more effective bacterial inactivation.

Materials and methods
Bacterial strains and culture conditions

After preculturing from frozen stocks, E. coli ATCC 25922
(American Type Culture Collection (ATCC), Manassas,
VA, USA), S. aureus ATCC 29213 and S. enterica serovar
Enteritidis 171 strains (Nakano et al. 2012) were cultured in
1% NaCl-LB broth (1% tryptone, 0.5% yeast extract) at 37
°C for 24 h with shaking (170 rpm) until reaching the sta-
tionary phase. The culture medium was washed three times
with D—phosphate buffered saline (D-PBS (—); Fujifilm
Wako Chemicals, Osaka, Japan) followed by centrifuga-
tion at 12,000 rpm for 3 min per wash to remove the broth.
The bacteria were evaluated by colony forming unit (CFU)
assay using 1% NaCl-LB agar plates (Mori et al. 2007).
C. jejuni NCTC11168 strain ATCC 700819 was cultured
from frozen stocks in Muller-Hinton broth (#225,250; BD
Difco, USA) at 37°C under static and microaerobic condi-
tions (5% O,, 10% CO,, 85% N,) for 48 h. After centrif-
ugation at 12,000 rpm for 3 min, the bacterial pellet was
resuspended in fresh Muller-Hinton broth and incubated
for an additional 36 h. The bacteria were then collected by
centrifugation at 3,000 rpm for 15 min, and the pellet was
washed with D-PBS. The bacteria were evaluated by CFU
assay using MH agar plates (Fukushima et al. 2022). After
preculturing from frozen stocks, P. aeruginosa PAOI strain
ATCC BAA-47 and B. subtilis IFO 3134 (Institute for Fer-
mentation, Osaka, Japan) were cultured in Trypticase soy
broth at 37 °C for 24 h with shaking (170 rpm) until reach-
ing the stationary phase. The culture media were washed
three times with D-PBS, by centrifugation at 12,000 rpm
for 3 min per wash to remove the broth. B. subtilis was incu-
bated in Trypticase soy broth at 37 °C for 24 h and then
incubated at 37 °C for 7 days to allow sporulation. Subse-
quently, B. subtilis spore was harvested by washing with
D-PBS three times, heating at 80 °C for 12 min to inactivate
the vegetative and germinating cells, and washing again with
D-PBS six times sequentially. The bacteria were evaluated
by CFU assay using Trypticase soy agar plates (Hritonenko
et al. 2018; Rattanakul et al. 2018). After preculturing

from frozen stocks, L. pneumophila ATCC 33152 was
cultured in BCYEa (buffered charcoal yeast extract with
0.1% o-ketoglutarate) broth at 37 °C for 48 h with shaking
(170 rpm) until reaching the stationary phase. The culture
medium was washed three times with D-PBS by centrifuga-
tion at 12,000 rpm for 3 min per wash to remove the broth.
The bacteria were evaluated by CFU assay using BCYE«
agar plates (Rattanakul et al. 2018). After preculturing from
frozen stocks, E. faecalis ATCC 7080 was cultured in brain
heart infusion broth (#237500; BD Difco) at 37 “C for 48 h
under static conditions until reaching the stationary phase.
The culture medium was washed three times with D-PBS by
centrifugation at 12,000 rpm for 3 min per wash to remove
the broth. The bacteria were evaluated by CFU assay using
brain heart infusion agar plates (Kundra et al. 2021). After
preculturing from frozen stocks, L. plantarum ATCC 8014
was cultured in De Man Rogosa Sharpe broth (#288,130;
BD Difco) at 37°C for 48 h under static condition until reach-
ing the stationary phase. The culture medium was washed
three times with D-PBS by centrifugation at 12,000 rpm
for 3 min per wash to remove the broth. The bacteria were
evaluated by CFU assay using De Man Rogosa Sharpe agar
plates (MeZnaric¢ et al. 2022). After preculturing from fro-
zen stocks, V. parahaemolyticus RIMD 2210633 (Research
Institute for Microbial Diseases (RIMD), Osaka University,
Osaka, Japan) was cultured in 3% NaCl-LB broth at 37 °C
for 24 h with shaking (170 rpm) until reaching the station-
ary phase. The culture medium was washed three times with
D-PBS by centrifugation at 12,000 rpm for 3 min per wash
to remove the broth. The bacteria were evaluated by CFU
assay using 3% NaCl-LB agar plates (Ishida et al. 2023).
Subsequently, to exclude weakening of the UV inactivation
effect due to decreased permeability of the bacterial solu-
tion, all bacterial suspensions were diluted with D-PBS until
reaching an absorbance at 600 nm (Ag,) of 0.5, and the
adjusted bacterial solutions were diluted tenfold for the UV
irradiation experiments.

UV irradiation using the LEDs

UV irradiation was performed using a previously reported
standardized UV-LED irradiation system, designed with
consideration of the electrical and thermal characteristics
of LEDs (Ishida et al. 2024). This system comprises a power
supply, a timer to regulate LED activation, a chiller for tem-
perature control, and a UV device consisting of a body and
UV-LEDs portions of LEDs of 13 wavelengths (Nichia Cor-
poration, Tokushima, Japan).

As described in our previous study, the device body was
coated with a low-reflection material on all surfaces and
equipped with three apertures between the LED and petri
dish to minimize internal reflections of stray light. The
number and arrangement of the LEDs were optimized via
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optical simulations, ensuring stable irradiance with high
uniformity. These simulations were performed to determine
LED placement and irradiation distance, maintaining irra-
diance uniformity above 95% within a 20° range of oblique
incident light. In addition, this device reduces irradiation
time errors, and power supply characteristics such as time
lag and overshoot. The UV-LED properties (temperature
vs. peak wavelength, temperature vs. radiation flux, and
current vs. peak wavelength) were measured, and the irra-
diance of each LED was determined based on these char-
acteristics. At the same time, the irradiance of this device
was confirmed by radiometer measurements calibrated by
the Japan Calibration Service System (JCSS) and we con-
firmed that these values were in agreement within a 10%
margin of error. In this device, the 13 wavelength-ranked
LEDs (U250, U254, U257, U260, U263, U267, U270,
U275, U280, U290, U300, U308, U365; Nichia Corpora-
tion, Tokushima, Japan) were evaluated for their inactiva-
tion effect on each bacterium. The peak wavelengths of
each UV-LED in this study, as determined in our previous
study, were as follows: 250.8 nm (U250 LED), 253.3 nm
(U254 LED), 255.7 nm (U257 LED), 260.3 nm (U260
LED), 263.0 nm (U263 LED), 266.8 nm (U267 LED),
269.3 nm (U270 LED), 274.0 nm (U275 LED), 281.3 nm
(U280 LED), 289.7 nm (U290 LED), 300.2 nm (U300
LED), 307.5 nm (U308 LED), and 367.0 nm (U365 LED).
The spectral widths at half maximum of all LEDs used
were in the range of + 10 nm. The UV irradiance at the
surface of the sample solution was unified to 1 mW/cm?,
except for 0.5 mW/cm? for U250, 1.5 mW/cm? for U290
and 18 mW/cm? for U365.

Each bacterial sample was prepared in D-PBS and then
1 mL of the prepared suspension was dispensed into a
35 mm dish (Sarstedt, Niimbrecht, Germany). The device
conditions for UV irradiation were as follows: working dis-
tance, 100 mm; suspension volume, 1 mL; bacterial volume
in the suspension, A4y, =0.5 with a tenfold dilution; no stir-
ring. The dose-dependent inactivation effect was evaluated
at fluences 0of 0, 2, 4, 6, 8, 10, 20, 30, 35, 40, 50, and 60 mJ/
cm? using the U280 LED, and then the effect of irradiation
at the other 12 wavelengths was compared at the integrated
light fluence at which each bacterium was reduced by a fac-
tor of 1 log,, inactivation. All UV irradiation experiments
were conducted in complete darkness to minimize the effects
of ambient light, including potential photoreactivation by
photolyases. The temperature of the bacterial samples was
maintained at 25 °C by connecting a heat sink to a chiller
positioned beneath the sample stage.

UV irradiation by using an LP-Hg lamp

UV lamp irradiation was conducted using an LP-Hg lamp
with a flat-plate collimator (Blatchley et al. 1997; Shen
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et al. 2005). This collimator was designed to reduce reflec-
tion and transform the transmitted radiation into a nearly
collimated beam. The LP-Hg lamp exhibited a peak wave-
length of 253.4 nm with a spectral width at half maximum
of + 1.5 nm. The average irradiance at a distance of 125 mm
from the base of the collimator tube was measured at 0.2
mW/cm?, with fluctuations ranging from 0.08 to 0.35 mW/
cm? over a 120-Hz cycle. Additionally, a minor fraction of
radiation was emitted within the 300-600 nm wavelength
range. Therefore, the irradiance contribution from the
300-600 nm range was quantified using an optical cut fil-
ter and subsequently subtracted, ensuring an irradiance of
0.2 mW/cm? at around 254 nm. The bacterial samples were
suspended in D-PBS, and 1 mL of the suspension was trans-
ferred into a 35-mm dish. All UV irradiation experiments
were conducted in complete darkness to minimize the effects
of ambient light, including potential photoreactivation by
photolyases. The temperature of the bacterial samples was
maintained at 25 °C by connecting a heat sink to a chiller
positioned beneath the sample stage.

Pulsed irradiation using the LEDs

Pulsed irradiation was controlled using a bipolar power sup-
ply (NF Corporation, Kanagawa, Japan) such that irradiance
fluctuated from 0.08 to 0.35 mW/cm? over a 120-Hz cycle.
All other conditions were the same as the continuous irradia-
tion conditions. To simulate the intensity fluctuations, the
emission intensities of the LEDs and LP-Hg lamp irradiation
system were confirmed to be the same using a photodetector
oscilloscope system.

Evaluation of inactivity effect for UV irradiated
bacteria

The irradiated bacterial sample were recovered from 35 mm
dish and diluted with D-PBS, and then 100 pL aliquots
were plated on the appropriate agar plates. These plates
were incubated under the specific conditions required for
each bacterium. Bacterial counts were estimated by CFU
assay. The value of inactivation was determined by the log,
reduction in CFUs compared with the non-irradiated bacte-
rial sample. This value was defined as the "a factor of log;
inactivation" and was calculated using the following equa-
tion: a factor of log,, inactivation =log;,(Nt/NO), where Nt
and No represent the CFU/mL of the UV-irradiated and
non-irradiated samples, respectively.

Measurement of cyclobutene pyrimidine dimers
and 6,4-photoproducts (6,4-PPs)

The CPD and 6,4-PP contents were measured using a high-
sensitivity CPD ELISA kit (NM-MA-K003; Cosmo Bio Cat)
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and 6,4-PP ELISA kit (NM-MA-K002; Cosmo Bio Cat),
respectively. Genomic DNA was purified using DNeasy
Blood and Tissue kits for DNA isolation (Qiagen, Hilden,
Germany) after UV irradiation. For CPD measurement,
the DNA samples were diluted to 0.4 pg/mL, and CPDs
were detected using the CPD—specific monoclonal antibody
clone TDM-2. For 6,4-PP measurement, the DNA samples
were diluted to 4 pg/mL, and 6,4-PPs were detected using
the 6,4—PP specific monoclonal antibody clone 64 M-2.
Subsequently the samples were treated with a biotinylated
secondary antibody, streptavidin peroxidase complex, and
o-phenylenedidiamine to determine the amount of product
complexed with the TDM-2 or 64 M-2 antibody. The reac-
tion of peroxidase, H,O, and o-phenylenediamine results
in an orange color, and the color intensity is generally pro-
portional to the amount of CPD or 6,4-PP in the sample.
The chromogenic reaction was stopped, and the absorbance
at 492 nm was measured using a microplate reader (Spec-
traMax i13; Molecular Device, Osaka, Japan).

Measurement of 8—-hydroxy-2'-deoxyguanosine
(8-OHdG)

The content of 8-OHdG was measured using a highly sensi-
tive ELISA kit for 8—OHdG (KOG-HS10/E; Japan Institute
for the Control of Aging, NIKKEN SEIL Co, Ltd, Tokyo,
Japan). Genomic DNA was purified using the DNeasy
Blood and Tissue kits for DNA isolation (Qiagen) after
UV irradiation. Before measurement, the sample DNA was
stimulated hydrolytically using the 8—~OHdG Assay Prepa-
ration Reagent Set (#292-67801; Fujifilm Wako Chemi-
cals). The isolated sample was diluted to 90 pg/mL, and
8-OHdG was detected using an 8—~OHdG specific monoclo-
nal antibody. The chromogenic reaction was stopped, and
the absorbance at 450 nm was measured using a microplate
reader (SpectraMax i3).

Expression analysis using SDS-PAGE and native-
PAGE

The irradiated bacterial samples were centrifuged
(12,000 rpm, 4 °C, 10 min) and the pellets resuspended
in 300 pL radioimmunoprecipitation assay buffer (pH 7.4;
50 mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 1% sodium
deoxycholate, 0.1% SDS, 1% Triton X-100) and 30 pL
10 mg/mL achromopeptidase solution. After 1 h incubation
at 4 °C with rotation, the bacterial suspension was homog-
enized sufficiently using a homogenizer. The mixture was
centrifuged (12,000 rpm, 4 °C, 10 min) and the supernatant
collected. The samples for SDS-PAGE were mixed with
5 X loading buffer (pH 6.8; 250 mM Tris—-HCl, 50% glyc-
erol, 5% SDS, bromophenol blue, 25% 2-mercaptoethanol)
and boiled for 5 min at 95 °C. The samples for native—PAGE

were mixed with 4 X loading buffer (200 mM Tris—HCI,
40% glycerol, bromophenol blue, pH 6.8) without boiling.
The samples were then loaded onto each gel. Electropho-
resis for SDS-PAGE was performed at room temperature
for approximately 45 min using a constant current (20 mA)
in 1 X running buffer (50 mM Tris base, 192 mM glycine,
0.1% SDS, pH 8.5) until the dye front reached the end of
the gel. Electrophoresis for native-PAGE, electrophoresis
was performed at 4 °C for approximately 60 min using a
constant current (15 mA) in 1 X running buffer (Positive;
100 mM Tris—HCI, pH 7.8 / Negative; 53 mM Tris—HCI,
68 mM glycine, pH 8.9) until the dye front reached the end
of the gel.

SDS-PAGE and native-PAGE gels were stained using
50 mL Coomassie Brilliant Blue solution (50% methanol,
10% acetic acid containing 0.025% Coomassie R—250) for
30 min and then destained in 100 mL of ddH,O overnight
using sharker.

Bacterial growth curve after UV irradiation

The optical densities of E. coli, S. aureus, V. parahaemo-
lyticus, C. jejuni, E. faecalis and B. subtilis were measured
using a microplate reader (SpectraMax i3) at a wavelength of
600 nm after UV-LED irradiation using U254, U260, U267,
U270, U280, U308 and U365 LEDs. The irradiated bacterial
samples (200 pL) were inoculated into a 12-well microplate
containing 1800 uL each bacterial culture medium. The cul-
tures without C. jejuni were incubated at 37 °C with shaking
at 140 rpm, while A, readings were recorded at 2 h inter-
vals for 24 h. The culture of C. jejuni was incubated at 37 °C
with static and microaerobic conditions (5% O,, 10% CO,,
85% N,), while A, readings were recorded at 6 h intervals
for 48 h. The resulting values were used to construct bacte-
rial growth curves.

Wiener deconvolution

UV-LED-induced inactivation of E. coli was evaluated using
experimental data obtained from 13-wavelength UV-LEDs.
The factor of log,, inactivation of E. coli under monochro-
matic light exposure at wavelength A and radiant energy W,
denoted as kimgle(ﬂ), was estimated using the Wiener decon-
volution method (Winer 1949; Press et al. 1992). The cal-
culation formulae and methods employed for the estimation
are outlined below:

The terms used in the calculation formulae are defined

in Table S5. Based on these terms, kiingle(/l) is expressed as
follows:

single _ single
k=) = - (MWW (D
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Here, n?fngle(K) represents the rate of reduction in the fac-

tor of log,, inactivation under monochromatic light at wave-
length A. In the case of LEDs, the spectral output was not
a discrete line spectrum but rather a narrowband emission
spectrum with a finite bandwidth. Taking this characteristic
into account, the factor of log,, inactivation under a nar-
rowband light source, such as an LED, denoted as kﬁ“”"w,
can be expressed as follows:

klrfurrOW(A) — Zkzm gle(l)W(A)dﬂ (2)
= / " (Ayw(A)d A 3)

0

The central wavelength of each LED was denoted as A,
. The factor of log, inactivation for an LED with central
wavelength 4., denoted as k""" (Ac), incorporating the
spectral radiant energy of the light source at A, and the meas-
urement error, could be expressed as follows:

krarmov (3) = W / i kiingle( Mhy(A, — DdA+n(4,) 4)

By applying the Fourier transform to this equation with
respect to 4., it could be expressed as follows:

KEarrow (Ac) — WKzingle (AC)HO (Ac) + N(Ac) )

Let G(A, ) represent the Wiener deconvolution filter used

to estimate Kiingle(AC). The filter G(A,) was expressed as

follows (Vaseghi 2008; Thomas et al. 2016):

_ Hy (A.)
c) = 6
Ho(A,)] +a ©
At this point, the constant (a) was defined as follows:
N(A,
LN -
S(A.)

Using the Wiener deconvolution filter, the estimated value
of the factor of log inactivation under monochromatic light
exposure at wavelength A and radiant energy W, after Fourier

—

transformation (KEi nele (AC)), was expressed as follows:

—

Ksingle (A

Lo () = G(A)KE™ (A ®

c

The estimated factor of log,, inactivation under exposure
to monochromatic light of wavelength A and radiation energy

W, denoted as k;ingle(/{), was calculated by applying the

inverse Fourier transform to the estimated value Kii nele (A, )
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Statistical analysis

All experiments were conducted in triplicate and on
three separate days. The data were presented as the
means + standard error of the means for all experiments.
Significant differences between two groups were calculated
using Student's t test, with the threshold for significance
set at a P value of 0.05 or 0.01. Significant differences
among multiple groups were determined using one-way
analysis of variance (ANOVA) and Tukey’s honestly sig-
nificant difference test in IBM SPSS Statistics 25 (SPSS
Inc., Chicago, IL, USA): P <0.05 was considered signifi-
cant. The correlation between bacterial inactivation effects
by UV irradiation and CPD production was assessed via a
two-tailed significance test using Pearson’s and Spearman’s
coefficients.

The UV dose response data in this study were fitted to the
Weibull model (Mafart et al. 2002; Murat et al. 2023). Gin-
aFit, an Excel plug-in developed by Gereeard et al. (2005)
was used to solve for delta and P value.

1% = 10<_((§)p>) 9)

The goodness of fit of the Weibull model was evaluated
based on the root mean squared error between the measured
and predicted factor of log inactivation values.

B 2
RMSE = \/ Zict (Hyea = Loy (10)

n

Results

Each bacterial strain exhibited fluence-dependent
individual inactivation when irradiated
with the U280 LED

To investigate the UV sensitivity of bacteria under the
uniformed irradiation condition, we first measured the
dose-dependent inactivation effect of LED irradiation
on individual bacterium. The ten bacteria evaluated in
this study exhibited dose-dependent inactivation under
U280 LED irradiation, but the inactivation effects at the
same UV fluence varied depending on the bacterial strain
(Fig. 1, Table S1). In addition to linear response curves,
sigmoid-like curves with shoulders were observed in some
strains. Usually, a sigmoid curve has an S—shape with both
a shoulder and tailing section; however, due to the detec-
tion limits of the UV fluence observed using this device,
only the shoulder and linear curve were observed without
a tailing section. To compare the inactivation effects at
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Fig. 1 Fluence response curves of the inactivation effect of each bacterium using the U280 LED
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281.3 nm irradiation among the different bacterial strains,
the UV fluence required for 1-3 log reductions and the
inactivation rate constants calculated from the linear
part of the dose—response curves of each microorganism
were determined (Table 2). The UV fluence required for
1-3 log reductions were determined from the predicted
curves generated using the Weibull model, based on the
observed inactivation values and irradiation times. The
root means square errors of the predicted values relative
to the observed values are shown in Table S2. The inacti-
vation rate constants calculated from the observed values
were defined as two slopes: K, the initial inactivation rate
constant corresponding to the shoulder section, and K,,
the log phase inactivation rate constant corresponding to
the linear response curve. The results showed that Gram-
negative bacteria except for E. coli required less UV flu-
ence for 1-3 log reductions compared with Gram-positive
bacteria. Additionally, while K, did not show a clear dif-
ference between Gram-negative and Gram-positive bac-
teria, except for B. subtilis spore, K; was higher for all
Gram-negative than Gram-positive bacteria. These results
suggest that structural differences such as peptidoglycan
and the cell and outer membranes may influence the initial
UV sensitivity at U280 LED irradiation (Table 1).
Bacterial suspensions were exposed to UV irradiation
using the U280 LED at an irradiance of 1 mW/cm?. The
factor of log;, inactivation of each bacterium after UV
irradiation was evaluated by the CFU assay. a E. coli was
irradiated at fluences of 0, 2, 4, 6, 7, 8 and 10 mJ/cm?2, b V.
parahaemolyticus was irradiated at fluences of 0, 1, 2, 3,
4, 6 and 8 mJ/cm?, ¢ S. enterica Enteritidis was irradiated
at fluences of 0, 1, 2, 3,4, 6 and 8 mJ/cm?, d C. jejuni was
irradiated at fluences of 0, 1, 2, 3, 4, 6, 8 and 10 mJ/cm?,
e P. aeruginosa was irradiated at fluences of 0, 1, 2, 3, 4,
5, 6,8 and 10 mJ/cm?, f L. pneumophila was irradiated at
fluences of 0, 2, 3, 4, 6, 8 and 10 mJ/cm?, g S. aureus was
irradiated at fluences of 0, 2, 4, 5, 6, 7, 8 and 10 mJ/cm?,

h E. faecalis was irradiated at fluences of 0, 2, 4, 6, 8, 10
and 12 mJ/cm?, i L. plantarum was irradiated at fluences
0of0,2,4,6,8 and 10 mJ/cmz,j B. subtilis trophozoite was
irradiated at fluences of 0, 2, 4, 6, 8 and 10 mJ/cm?, k B.
subtilis spore was irradiated at fluences of 0, 10, 20, 30,
35, 40, 50 and 60 mJ/cm?. Each bar indicates the mean
concentration (n=4/group).

Bacterial inhibition peaked at wavelengths
around 263-270 nm when exposed to LEDs of 13
wavelengths

Next, UV sensitivity was compared among LEDs of 13 dif-
ferent wavelengths (U250, U253, U257, U260, U263, U267,
U270, U275, U280, U290, U300, U308, and U365) to evalu-
ate the wavelength dependency of bacterial UV sensitivity.
The reference UV fluence for comparison was based on the
UV fluence required for 1 log reduction under U280 LED
irradiation for each bacterium, calculated in Fig. 1. The
results showed a strong wavelength-dependent inhibitory
effect within the 250-300 nm range, with all bacteria exhib-
iting an inactivation peak around 263-270 nm (Fig. 2). The
maximum log reduction values were as follows: 2.79 +0.24
log for E. coli, 1.62 +0.09 log for V. parahaemolyticus,
2.04+0.18 log for S. enterica, 1.75+0.19 log for C. jejuni,
2.00+0.36 log for P. aeruginosa, 2.17+0.16 log for L.
pneumophila, 2.20 +0.06 log for S. aureus, 4.28 +0.31 log
for E. faecalis, 2.09 +0.17 log for L. plantarum, 2.74 +0.26
log for B. subtilis trophozoite, and 3.54 +0.13 log for B.
subtilis spore (Table S3). E. faecalis exhibited significant
differences within the UVC range, whereas V. parahaemo-
Iyticus and C. jejuni showed minor differences within the
UVC range.

The rate of reduction by a factor of log,, inactivation
under monochromatic light with the line spectrum nSLi"gle(k),
represents the wavelength-dependent antimicrobial effi-
cacy of a given target organism. This parameter provides

Table 1 UV fluence for a factor

. Rl Gram stain ~ Bacterial strain Log,, values Inactivation rate constants
of 1-3 log, inactivation and
inactivation rate constants llog,, 2log,, 3log,, K, K,
Negative E. coli 4.5 6.4 7.7 —0.122+0.018 —0.766 +0.055
V. parahaemolyticus 1.2 2.5 3.8 —0.892+0.204 —0.858+0.095
S. enterica 3.0 4.8 6.5 —0.515+£0.052 —0.634+0.051
C. jejuni 2.1 3.7 52 —-0.297+0.277 —0.759+0.033
P. aeruginosa 1.8 3.0 4.4 —0.451+£0.196 —0.644+0.033
L. pneumophila 3.0 4.5 6.2 —-0.272+0.069 —0.673+0.015
Positive S. aureus 4.2 54 6.6 —0.095+£0.045 —0.864+0.078
E. faecalis 7.5 10.0 114 —0.032+£0.013 —0.528+0.039
L. plantarum 5.7 8.1 10.1 —0.068+0.032 —0.413+0.042
B. subtilis trophozoite 4.5 6.7 8.3 —0.093+£0.075 —0.601=+0.063

B. subtilis spore

36.0 48.0 61.0 —0.003+0.002 —0.063+0.005
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valuable insight into the underlying bactericidal mecha-
nisms. If ni‘ng]e(%) is known, the antimicrobial efficacy of

light sources with arbitrary wavelength spectra can be esti-
single
L

tion experiments using monochromatic light sources, such

as lasers, while scanning across different wavelengths. How-
ever, obtaining light sources that deliver high radiant energy
across arbitrary wavelengths remains challenging. In prac-
tice, LEDs are a more feasible option, as they can readily
produce high-output light at various wavelengths. Although
LED emission spectra are typically narrowband, with full
widths at half maximum ranging from a few nanometers
to several tens of nanometers, they are not strictly mono-
chromatic. To address this limitation, a signal processing
approach was applied to estimate the wavelength-dependent
reduction rate, niingle(k), based on the inactivation effects
of multiple narrowband spectral light sources on E. coli.
This analysis assumed that the factor of log, inactivation
was determined using light sources with identical spectral
profiles but varying central wavelengths.

Deconvolution analysis was performed based on the
inactivation effect of UV-LED irradiation on E. coli and
the spectra obtained after padding (Fig. S6d). Due to the
padding, the spectrum resulting from the deconvolution
spanned approximately twice the wavelength range used
in the experiment. However, values outside the measured
range were extrapolated and thus considered less reliable.
By trimming the deconvolution results to the experimentally
measured range (Fig. S6e), four wavelengths corresponding
to local minima were identified (Table S6). Among these,
the most significant reduction in survival rate was observed
at 267.6 nm. This finding aligns with the experimental
results showing that UV-LED irradiation at a peak wave-
length of 266.8 nm exhibited a strong inactivation effect
on E. coli (Fig. 2a). These results provide detailed insight
into the contribution of various UV wavelength bands to
bacterial UV sensitivity. Additionally, they underscore the
utility of deconvolution analysis for examining the wave-
length-dependent reduction by a factor of log, inactivation,
as derived from inactivation data obtained using this irradia-
tion system.

mated. In principle, n (M) can be determined via steriliza-

Bacterial inactivation by each UV-LED wavelength
was correlated highly with DNA damage

Previous studies reported that UV light induces cell death by
generating CPDs and 6—4PPs within the irradiated cellular
DNA; these products disrupt the DNA structure, inhibit pol-
ymerases, and induce DNA replication (Rastogi et al. 2010;
Lawrence et al. 2022). Such DNA damage is induced not
only in human cells but also in pathogenic microorganisms
(Kraft et al. 2011; Nyangaresi et al. 2023; Nascimento et al.

2010; Kuluncsics et al. 1999). Although DNA damage is
observed across all UVA, UVB, and UVC wavelengths, the
levels of DNA damage are significantly higher under UVB
and UVC irradiation compared with UVA (Kuluncsics et al.
1999; Jiang et al. 2009). Therefore, we evaluated the produc-
tion of CPD and 6,4-PP in irradiated bacteria under the con-
ditions in Fig. 2 that demonstrated a wavelength—dependent
inactivation effect around 250-300 nm (Fig. 3).

First, CPD production in the DNA of E. coli after expo-
sure to the LEDs at 13 wavelengths was evaluated and com-
pared with that under U280 LED irradiation. The results
revealed varying levels of CPD production depending on the
wavelength, with notably higher CPD production observed
under UVC compared with UVA and UVB, and particu-
larly high levels around 260 nm (Fig. 4a). Based on these
findings, CPD production was further evaluated at 13 char-
acteristic wavelength-ranked LEDs (U254, U260, U267,
U270, and U280 LED) in other bacterial strain. First, it was
evaluated in the Gram-negative bacteria V. parahaemolyti-
cus and C. jejuni, which showed relatively weak inactiva-
tion. These bacteria exhibited comparable CPD production
levels between U280 LED irradiation and the other wave-
lengths (Fig. 3b, c). Next, CPD production was evaluated
in the Gram-positive bacteria S. aureus, E. faecalis, and
B. subtilis trophozoite and spore. S. aureus and B. subti-
lis trophozoite exhibited particularly high CPD production
around 267-270 nm (Fig. 3d, f). Although no significant
differences were observed among the UVC wavelengths, E.
faecalis, which showed relatively high inactivation, showed
increased CPD production around 260-270 nm (Fig. 3e). In
contrast, UV irradiation of B. subtilis spore resulted in CPD
production similar to the level observed in the non-irradiated
controls (Fig. 3g). Additionally, the production of 6,4—PPs,
which is another type of DNA damage, was compared across
different UV wavelengths using DNA from E. coli and S.
aureus. 6,4—PP production varied depending on the wave-
length, with particularly higher production observed under
U267 and U270 than U280 LED irradiation (Fig. S1). The
correlations between bacterial inactivation and CPD produc-
tion at each UV wavelength are shown in Table 3. A strong
positive correlation between bacterial inactivation and CPD
production was observed in the bacteria evaluated. Further-
more, when regression lines were calculated and the coef-
ficients of determination were assessed, all strains showed
high accuracy with values > 0.5 (Table 2).

A previous study has reported that 8-hydroxy-2'-deoxy-
guanosine (8-OHdG) is an important biomarker of oxidative
stress and is induced in UV irradiation, especially in the UVA
region (Al-Sadek et al. 2024). Therefore, the involvement of
8—OHdG in bacterial inactivation was evaluated using DNA
from E. coli and S. aureus. Under conditions inducing CPD
and 6,4-PP production, there was no detectable increase in
8—OHdG production under irradiation compared with the
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«Fig.2 The inactivation effect of 13 wavelength-ranked LEDs (U250,
U254, U257, U260, U263, U267, U270, U275, U280, U290, U300,
U308, and U365) on each bacterium. Bacterial suspensions were
exposed to UV irradiation using 13 wavelength-ranked LEDs (U250,
U254, U257, U260, U263, U267, U270, U275, U280, U290, U300,
U308, and U365 LED) under fluence conditions that resulted in a 1
log reduction of each bacterium at U280 LED irradiation. The factor
of log,, inactivation of each bacterium after UV irradiation was eval-
uated by CFU assay. a E. coli was irradiated at a fluence of 4.5 mJ/

cm?, b V. parahaemolyticus was irradiated at a fluence of 1.2 mlJ/

cm?, ¢ S. enterica Enteritidis was irradiated at a fluence of 3.0 mJ/

cm?, d C. Jejuni was irradiated at a fluence of 2.1 ml/cm?, e P. aer-
uginosa was irradiated at a fluence of 1.8 mJ/cm?, f L. pneumophila
was irradiated at a fluence of 3.0 mJ/cm?, g S. aureus was irradiated
at a fluence of 4.2 mJ/cm?, h E. faecalis was irradiated at a fluence
of 7.5 ml/em?, (i) L. plantarum was irradiated at a fluence of 5.7 mJ/
cm?, () B. subtilis trophozoite was irradiated at a fluence of 4.5 mJ/
cm?, and k B. subtilis spore was irradiated at a fluence of 36 mJ/cm?.
Each bar indicates the mean concentration (n=4/group)

non—irradiated group (Fig. S2). Additionally, the effect of UV
irradiation at each wavelength on the total intracellular pro-
tein levels was assessed using SDS-PAGE and native-PAGE.
Similar to 8—~OHdG, the changes were not observed on the
amount of produced protein immediately after UV irradia-
tion at used wavelength (Fig. S3). These results suggest that
the inactivation of bacteria by UV irradiation is primarily
driven by direct DNA damage, specifically CPD and 6,4-PP
production. Moreover, the differences in bacterial inactiva-
tion among the wavelengths within the UVC range may be
influenced by the production of these products.

UV-LEDs which emits peak wavelength

of around 254 nm exhibited strong bacterial
inactivation and DNA damage, compared with LP-
Hg lamps

LP-Hg lamps, which emit monochromatic UV radiation at
around 254 nm, have long been used as germicidal lamps
and are widely used in the field of bacterial inhibition
(Kebbi et al. 2020; Martin-Sémer et al. 2023). To com-
pare the bacterial inhibitory effect between LP-Hg lamps
and UV-LEDs, we used a device combining a LP-Hg lamp
with a collimator tube. Additionally, we used the U254 LED
adjusted to the same UV irradiance to adapt the same con-
ditions because the UV irradiance of the LP-Hg lamp at
the surface of the sample solution was 0.2 mW/cm?. We
compared inhibition between the LP-Hg lamp and U254
LED for E. coli and S. aureus. Both bacteria showed greater
inactivation under U254 LED irradiation compared with
the LP-Hg lamp. For E. coli, the inactivation at a UV flu-
ence of 4 mJ/cm? was 0.88 +0.08 log under LP-Hg lamp
irradiation versus 1.31 +0.27 log under U254 LED irra-
diation (Fig. 4a). For S. aureus, the inactivation at a UV
fluence of 4 mJ/cm? was 0.08 +0.12 log under LP-Hg
lamp irradiation versus 1.07 +0.14 log under U254 LED

irradiation (Fig. 4b). In general, UV-LEDs emit continu-
ous light, whereas LP-Hg lamps emit light of alternating
intensities at regular intervals. With the LP-Hg lamp used
in our device, irradiance varied from 0.08 to 0.35 mW/cm?
over a 120-Hz cycle. To determine whether the difference
in inactivation effects between the UV-LED and LP-Hg
lamp was due to differences in the emission method, the
UV-LED was modulated to emit light at the same fre-
quency and amplitude as the LP-Hg lamp using a bipolar
power supply, and E. coli and S. aureus inactivation were
compared between the devices (Fig. 4, S4). UV-LED irradi-
ation demonstrated greater bacterial inactivation under both
the continuous and alternating emission modes compared
with the LP-Hg lamp; no significant difference in inactiva-
tion was observed between the two emission modes of the
UV-LED. To determine whether the difference in inactiva-
tion is related to CPD production, we evaluated inactivation
and CPD production in bacteria irradiated at the same UV
fluence as in Fig. 3. In E. coli and S. aureus, a difference
in CPD production, which corresponded to the difference
in inactivation, was observed between the UV-LED and
LP-Hg lamp at the same peak wavelength (Fig. 4c—e). On
the other hand, the similar CPD production was observed
when the bacteria were irradiated at each UV fluence that
produced the similar inactivation using the UV-LED or
LP-Hg lamp (Fig. S5a—d). Additionally, similar evalua-
tions were conducted for V. parahaemolyticus and C. jejuni,
which exhibited relatively weak inactivation in comparison
U267 LED with U280 LED in Fig. 2. C. jejuni showed
decreased CPD production under conditions of differences
in inactivation, and V. parahaemolyticus was observed to
change in value of CPD production with no significant dif-
ference (Fig. 4g—j). We also irradiated at a UV fluence of 1
mW/cm? to assess the effect of UV fluence, but there was
no difference in bacterial inactivation or CPD production in
these bacteria (Fig. S5e—n). These findings indicate that the
differences in bacterial inactivation between the UV-LED
and LP-Hg lamp at the same UV fluence are dependent on
CPD production.

The different UV-LED wavelengths affected bacterial
growth after UV irradiation

Last, we evaluated bacterial growth after UV irradiance to
reveal differences after irradiation at each wavelength. The
measurements were conducted using seven wavelengths:
five in the UVC range (U254, U260, U267, U270, and
U280), one in the UVB range (U308), and one in the
UVA range (U365). The growth ability of the bacteria
after UV irradiation was evaluated under the UV fluence
conditions required to achieve a factor of 1 log, inactiva-
tion at each wavelength (Fig. 5). E. coli, C. jejuni and E.
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Fig. 3 Relative cyclobutane pyrimidine dimer (CPD) levels in bacte-
ria irradiated with U254, U260, U267, U270, and U280 LEDs. CPD
was measured at the fluence resulting by a factor of 1 log, inactiva-
tion for each bacterium after U280 LED irradiation. a E. coli, b V.
parahaemolyticus, ¢ C. jejuni, d S. aureus, e E. faecalis, £ B. subtilis

faecalis showed a shift in the log phase at all wavelengths
compared with the non-irradiated group. In contrast, S.
aureus showed a shift in the log phase only under U365
LED irradiation. B. subtilis showed a shift in the log phase
under the UVB and UVC wavelengths compared with the
non-irradiated and U365 LED irradiated groups. V. para-
haemolyticus showed similar growth curves in all samples,
including the control. The slope of the log phase differed

@ Springer

trophozoite, and g B. subtilis spore. Results value were showed rela-
tive to U280 LED irradiation. P values were determined by one—way
ANOVA followed by Tukey’s test. Different letters indicate signifi-
cant differences (P <0.05); n=4/group

significantly compared with the control sample at several
wavelengths in each bacterium (Table S4). Similarly, the
number of bacteria in the stationary phase was compara-
ble regardless of UV irradiation without B. subtilis. These
findings suggest that UV irradiation may cause delayed
growth onset, leading to a shift in the log phase. Addition-
ally, the wavelengths caused shift in the log phase and this
result may vary depending on the bacterial strain.
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Fig.4 Differences in bacterial inactivation and CPD production
between the UV-LED and LP-Hg lamp under the same UV fluence.
a Fluence response curves of E. coli using continuous irradiation by
UV-LED (irradiance of 0.2 mW/cm?), pulsed irradiation by UV—
LED (irradiance of 0.2 mW/cm?), and the LP-Hg lamp (irradiance
of 0.2 mW/cm?). b Fluence response curves of S. aureus using con-
tinuous irradiation by UV-LED (irradiance of 0.2 mW/cm?), pulsed
irradiation by UV-LED (irradiance of 0.2 mW/cm?), and the LP-Hg
lamp (irradiance of 0.2 mW/cm?). ¢ Bacterial inactivation and d
CPD production level in E. coli at a fluence of 4.5 mJ/cm? using the

Discussion

Sterilization using UV light is an effective disinfection
method for various applications, including disinfection of
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UV-LED and LP-Hg lamp (irradiance of 0.2 mW/cm?), e Bacterial
inactivation effect and (f) CPD production level of S. aureus at a flu-
ence of 4.2 mJ/cm? using UV-LED and LP-Hg lamp (irradiance of
0.2 mW/cm?), g Bacterial inactivation and (h) CPD production in V.
parahaemolyticus at a fluence of 1.2 mJ/cm? using the UV-LED and
LP-Hg lamp (irradiance of 0.2 mW/cm?), i Bacterial inactivation and
(j) CPD production in C. jejuni at a fluence of 2.1 mJ/cm? using the
UV-LED and LP-Hg lamp (irradiance of 0.2 mW/cm?). Bar indicate
the mean concentration. ¥*P<0.05, and **P<0.01, compared with
each group (Student’s ¢ test); n=4/group

water, food, and spaces within the human living environ-
ment. Until now, LP-Hg lamps have been the most com-
monly used UV sterilization devices. However, due to
restrictions and legislative bans on mercury use, UV-LEDs
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Table 2 The results of correlation coefficient and regression analysis for inactivation rate and CPD production

E. coli V. parahaemo- C. jejuni S. aureus E. faecalis B. subtilis B. subtilis
Iyticus trophozoite  spore
Correlation coefficient ~ Correlation 0.925 0.771 0.943 0.908 0.933 0.943 0.886
coefficient (r)
p-value <0.001 0.072 0.005 0.012 0.007 0.005 0.019
Regression analysis R? 0.909 0.982 0.907 0.825 0.870 0.939 0.837
Slope (m) 0.635 0.742 0.656 0.402 0.343 0.746 0.130
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Fig.5 Bacterial growth curves after UV-LED irradiation. Bacteria
were exposed to seven wavelength-ranked LEDs (U254, U260, U267,
U270, U280, U308, and U365) at each fluence achieving a factor of 1
log,, inactivation. a E. coli was irradiated at 2.8 mJ/cm? (U254 and
U260 LEDs), 2.5 mJ/cm? (U267 and U270 LEDs), 4.5 mJ/cm? (U280
LED), 480 mJ/cm? (U308 LED), and 13.5 J/em? (U365 LED). b S.
aureus was irradiated at 3.5 mJ/cm? (U254 LED), 3.0 mJ/cm? (U260,
U267 and U270 LEDs), 4.2 mJ/cm? (U280 LED), 550 mJ/cm? (U308
LED), and 16.2 J/cm? (U365 LED). ¢ V. parahaemolyticus was irradi-
ated at 0.8 mJ/cm? (U254 and U260 LEDs), 0.7 mJ/cm? (U267 and
U270 LEDs), 1.2 mJ/cm? (U280 LED), 130 mJ/cm? (U308 LED),

are gaining attention for their vast breadth of wavelengths,
compact size, versatile design, long lifespan, tunable output
(regulated by driving current), and environmental advan-
tages, such as the lack of hazardous waste like mercury.
UV-LEDs can be designed to precisely adjust peak wave-
lengths in increments of a few nanometers. However, bacte-
rial inactivation at wavelengths other than characteristic ones
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and 3.96 J/cm? (U365 LED). d C. jejuni was irradiated at 1.7 mJ/
cm? (U254 LED), 1.6 mJ/cm? (U260 LED), 1.0 mJ/cm? (U267 LED),
1.4 mJ/em? (U270 LED), 2.1 mJ/cm® (U280 LED), 260 mJ/cm?
(U308 LED), and 400 mJ/cm? (U365 LED). e E. faecalis was irra-
diated at 5.6 mJ/cm? (U254 LED), 4.8 mJ/cm? (U260 LED), 4.4 mJ/
cm? (U267 LED), 4.5 mJ/cm? (U270 LED), 7.5 mJ/cm? (U280 LED),
1000 mJ/cm? (U308 LED), and 34.43 J/cm? (U365 LED). f B. subti-
lis trophozoite was irradiated at 3.7 mJ/cm? (U254 LED), 2.8 mJ/cm?
(U260, U267 and U270 LEDs), 4.5 mJ/cm? (U280 LED), 480 mJ/cm?>
(U308 LED), and 40.173 J/cm? (U365 LED). Data are presented as
the mean + SD from four independent measurements

such as 254 and 280 nm has not received much attention.
Furthermore, the number of bacteria has been evaluated
in terms of UV-LED induced inactivation remains limited
(Martin et al. 2023). Therefore, we evaluated the UV sen-
sitivity of ten bacterial strains across a range of UV wave-
lengths using a newly developed UV-LED device.
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First, we measured the dose responses of the 10 bacte-
ria using the U280 LED, which has a peak wavelength of
281.3 nm. All bacteria exhibited dose-dependent inactiva-
tion under U280 LED irradiation; however, the inactivation
effects at the same UV fluence varied depending on the bac-
terial strain. A previous study indicated that the integrated
UV fluences achieving 2 log,, inactivation of E. coli, P.
aeruginosa, S. aureus, and B. subtilis at a UV wavelength
of 285 nm were 9.2, 5.5, 7.1 and 10.8 mJ/cm? (Sun et al.
2023), respectively. In comparison, our results showed that
all strains required a lower UV fluence to achieve 2 log,
inactivation (Table 2). It is thought that these differences
are attributed to the different bacterial strains and equip-
ment conditions between the two studies. In fact, it has been
reported that the inactivation effect varies among different
strains of the same bacterial species (Masjoudi et al. 2021).
Evaluation of bacterial inactivation under the same con-
ditions using this system should clarify the differences in
photosensitivity among strains in the future. Furthermore,
based on the response curves obtained from the measured
data, we evaluated the K, and K, constants for each bac-
terium. As a results, K; was higher for all Gram-negative
than Gram-positive bacteria. Previous studies have sug-
gested that Gram-positive bacteria are less sensitive to UV
sterilization compared with Gram—negative bacteria, pri-
marily due to the thickness of the peptidoglycan layer and
the absence of an outer membrane (Jaiaue et al. 2022). The
peptidoglycan layer of Gram—negative bacteria is a very
thin monolayer (8—15 nm), whereas that of Gram-positive
bacteria is multilayered and relatively thick (30-80 nm)
(Sun et al. 2023). According to those studies, the smaller
slope in K, that we observed in Gram—positive bacteria
under UV irradiation suggests that the thick peptidoglycan
layer and absence of an outer membrane influence the ini-
tial sensitivity of Gram—positive bacteria to UV irradiance
using our UV device. In our study, E. coli exhibited weak
initial UV sensitivity similar to that of the Gram-positive S.
aureus and B. subtilis trophozoite. Another factor influenc-
ing UV sensitivity is the DNA repair mechanism. While
DNA damage caused by UV irradiation is repaired primar-
ily by the action of DNA photolyases (Oguma et al. 2001),
the effects of DNA photolyases were likely minimal in our
study because both irradiation and incubation were con-
ducted under dark conditions. A previous study reported
that prokaryotes utilize translesion synthesis (TLS), mainly
employing Y-family DNA polymerases, which are lesion-
tolerance mechanisms that enable the replication machinery
to bypass damaged DNA sites (Fuchs et al. 2013). It has
been reported that E. coli possesses the umuC family DNA
polymerase V (pol V) as a TLS—type polymerase (Fujii et al.
2004). Pol V is a major polymerase that catalyzes the effi-
cient bypass of UV—induced DNA lesions in the presence
of RecA (Duigou et al. 2005; Tang et al. 2000; Pham et al.

2002). Additionally, B. subtilis also undergoes TLS using
Y-family polymerases (Duigou et al. 2005) and encodes
uvrX, a member of the Gram-positive umuC family, which
is phylogenetically close to pol V (Ohmori et al. 2001). In
contrast, it has been reported that P. aeruginosa and V. chol-
erae, which are closely related to V. parahaemolyticus, pos-
sess dinP, a member of the dinB family of Y—polymerases;
dinP mediates untargeted mutagenesis and is required for
adaptive mutagenesis (Duigou et al. 2005; Ohmori et al.
2001). These findings suggest that E. coli, unlike other
Gram-negative bacteria, exhibit weakened inactivation
under low UV fluence due to the ability of this strain to per-
form TLS via TLS-type polymerases, to repair UV-induced
DNA damage.

Using UVC LEDs with wavelength increments of a few
nanometers to evaluate differences in inactivation effects
across the different wavelengths, we found that all bac-
terial strain exhibited a peak inactivation effect around
263-270 nm (Fig. 2). Since it was reported in some bacte-
ria (Sun et al. 2023; Mamane et al. 2005; Rattanakul et al.
2018), the peak inactivation effect was around 265 nm at the
same UV fluence, our results emphasized to these results in
more detail. A previous study indicated that bacterial inhi-
bition at 265 or 285 nm was mainly due to DNA damage,
specifically the formation of CPDs and 6,4—PPs (Tang et al.
2000). Under natural conditions, CPDs constitute the major-
ity (~75%) of this DNA damage, while 6,4—PPs make up the
remaining 25% (Wang et al. 2022). Therefore, measurement
of the CPD and 6,4-PP levels in bacterial DNA irradiated
at each wavelength indicated that all bacteria, except for
the B. subtilis, spore showed changes in CPD production
corresponding to the changes in inactivation. Our results
suggest a correlation between bacterial inactivation and
DNA damage, in the form of CPD and 6,4—PP production,
in the UVC wavelength range (Figs. 2, 3; Table 3). CPDs
result from the binding of thymine to another pyrimidine
base within DNA. A previous study indicated that absorp-
tion spectrum of thymine peaks at 265 nm (Gustavsson
et al. 2006). Therefore, the maximum inactivation observed
at 263-270 nm within the UVC region may be attributed
to thymine's UV absorption, which indicates CPD produc-
tion. We simulated the contribution of each wavelength to
bacterial inactivation using the deconvolution method based
on the measured inactivation of E. coli. As a result, a peak
in inactivation was calculated around 263-267 nm, which
corresponds to the measured inactivation and CPD produc-
tion results. In addition, subpeaks were observed around 260
and 280 nm (Fig. S6), which correspond to the absorption
maximum of RNA/DNA and proteins (especially tyrosine
and tryptophan), respectively (Gustavsson et al. 2006; Piv-
etta et al. 2024; Lavrinenko et al. 2020). Based on these
findings, the UV wavelengths showed a greater inactivation
effect around 263-267 nm, likely due to CPD production
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caused by thymine absorption. On the other hand, higher
photosensitivity around 260— and 280— nm, compared with
other wavelengths, may be induced by the uracil contest, as
well as the tyrosine and tryptophan contents, in bacterial
cells. Particularly, differences in sensitivity to wavelengths
around 260- and 280-nm due to variations in nucleotide and
amino acid compositions may contribute to the differences
in UV sensitivity among bacterial strain.

Since there was no significant difference in CPD production
between irradiated and non—irradiated B. subtilis spore, factors
other than CPD production may influence the UV—induced
bacterial inactivation to B. subtilis spore. B. subtilis forms spore
under nutrient restricted conditions. These spores exhibit high
resistance to heat, chemical, and physical treatments due to
their thick proteinaceous coats, peptidoglycan cortex, low water
content, high level of dipicolinic acid, and divalent cations in the
spore core (Cho et al. 2020). In addition to conventional heat
sterilization, non-thermal inactivation processes and chemical
inactivation are gaining attention for spore sterilization. Using
these inactivation methods, UV irradiation can cause various
effects, including abnormal ion flow, increased cell membrane
permeability, and cell membrane depolarization (Cho et al.
2012; Gayén et al. 2013; Sun et al. 2016). A previous study
indicated that excessive UVC irradiation (25—-100 mJ/cm?)
causes DNA damage, and irradiation above 1 mJ/cm? led to
the denaturation of spore proteins involved in germination
(Kuwana et al. 2023). According to those studies, our UV
irradiation systems may induce damage of spore DNA related
to germination leading to bacterial inactivation via the inhibition
of spore germination.

Our data indicated that U254-LED showed greater inhibition
of each bacterium compared with the LP-Hg lamp (Fig. 4). In
general, the differences between LP-Hg lamps, which have
a peak wavelength of 253.4 nm, and UV-LEDs include the
emission method and the spectral width of the irradiation
wavelengths. These differences likely contributed to the
significant variations in bacterial inactivation observed under
the same UV fluence in our study. To determine whether the
difference in emission method (continuous vs. alternating modes
for UV-LEDs vs. LP-Hg lamps) affects the bacterial inactivation
ability of each device, we examined the irradiation results for
E. coli. The UV-LED, when adjusted to the same emission
method as that of the LP-Hg lamp, showed no difference in
inactivation compared with continuous emission from the
UV-LED, indicating that the emission method does not
influence bacterial inactivation (Fig. 4a, S4a). The LP-Hg lamp
emits monochromatic UV radiation centered around 254 nm,
while the U254-LED has a spectral width of approximately
10 nm at half maximum (Fig. S4b). We found that irradiation
using the UV-LEDs, each with peak wavelengths differing by
only a few nanometers, resulted in differences in inactivation
across the wavelengths for all the tested bacteria. These
differences were primarily attributed to the amount of DNA
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damage, such as CPD production (Fig. 2, 3). Additionally, when
comparing bacterial inactivation and CPD production between
the UV-LEDs and LP-Hg lamp, CPD production was correlated
with the bacterial inactivation ability (Fig. 4c-j). These results
suggest that the proportion of light at each wavelength contained
in the emitted radiation may directly influence the inactivation
ability via variations in DNA damage.

Finally, in addition to the evaluation of CPD production,
we investigated the change in bacterial growth, 8-OHdG
production, and the amount of protein produced immediately
after UV irradiation using several wavelengths. The bacterial
growth results showed that the time to reach the log phase for E.
coli, C. jejuni, and E. faecalis were delayed at all wavelengths,
whereas shifts in the log phase of S. aureus and B. subtilis were
observed especially under U365 LED irradiation. These findings
indicate that the wavelengths affecting growth potential differ
among bacterial strains (Fig. 5). Previous reports have shown
that when damaged E. coli is cultured, the period before growth
resumes, including the lag phase, is extended to allow repair of
the damage (Tsuchido et al. 2023). Additionally, UV irradiation
of E. coli induces an SOS response, in which the SulA protein
inhibits cell division (Burby et al. 2020). Based on these
findings, our results suggest that extension of the period before
growth resumes, due to induction of the SOS response triggered
by UV-induced DNA damage, may have caused the shift in log
phase. In contrast, S. aureus and B. subtilis exhibited a shift
in the log phase only after U365 LED irradiation (Fig. 5b).
Similar to E. coli, S. aureus possesses a nucleotide excision
repair pathway that repairs DNA damage by the SOS response.
The SOS response in S. aureus is triggered by the YolD protein,
which differs from the protein responsible for SOS activation
in E. coli (Ha et al. 2021). Since B. subtilis relies on YolD for
its SOS response (Permina et al. 2002), it is possible that U365
LED irradiation caused a shift in log phase in B. subtilis, similar
to that in S. aureus. This difference in the protein responsible
for SOS activation may explain the variation in recovery rates
following irradiation at each wavelength. On the other hand,
we found no change in the bands of bacterial protein irradiated
each wavelength by SDS-PAGE and Native-PAGE, suggesting
no change in the number of proteins produced immediately
after irradiation (Fig. S3). However, because SDS-PAGE and
Native-PAGE assess complete inhibition of protein production,
as indicated by a lack of bands (Arakawa et al. 2022), the
extent of production of the individual proteins may not have
been evaluated adequately. Therefore, to compare the effects of
different UV wavelengths on individual protein production in
more detail in the future, RNA-seq and other gene expression
methods are needed. Furthermore, UVB and UVC wavelengths
exert bactericidal effects primarily via direct damage to the target
DNA, whereas UVA wavelengths have more indirect effects
associated with oxidative damage due to increased intracellular
production of ROS such as 8-OHdG (Al-Sadek et al. 2024; Song
et al. 2019). In this study, the wavelength used for irradiation was
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limited for comparison with CPD productions, but it is possible
that 8-OHdG production can be confirmed using LEDs with
longer wavelengths. 8-OHdG production was also confirmed
by the presence of various cellular photosensitizers, such as
flavins, melanin, riboflavin, and porphyrins (Jin et al. 2022); the
presence or absence of photosensitizers in each bacterial strain
may be affected by 8-OHdG production after UVA irradiation.
In addition, other studies have shown significantly lower
intracellular ATP levels in E. coli than in S. aureus after 254 nm
UV irradiation, and ATP depletion leads to delayed initiation of
DNA replication via degradation of DnaA in E. coli (Charbon
et al. 2021). Those studies suggested that the intracellular ATP
level after UV irradiation influences the rate of subsequent
growth. Therefore, further experiments using wavelengths not
investigated in this paper are expected to clarify the bacterial
inactivation mechanism of each wavelength and ultimately
enable the selection of more effective LEDs for each target,
contributing to the development of more efficient methods of
bacterial growth inhibition.

Conclusions

We investigated the UV sensitivity of various bacterial strains
present in human environments and the correlation between
effective UV wavelengths and bacterial DNA damage.
In the UVC range, bacterial inactivation was dependent
on the wavelength, and all tested bacteria showed strong
inactivation under UV-LED, which has a peak wavelength
around 263-270 nm. CPD production also differed among
the UV wavelengths, showing a correlation with the bacterial
inactivation effect. In comparison with the LP-Hg lamp,
differences in both bacterial inactivation and CPD production
were observed under the same irradiation conditions, suggesting
that these differences may be due to the wavelength components
of the devices. However, since our study evaluated only one
strain of bacteria per species, it will be necessary in the future
to accumulate data on UV-LED inactivation of other strains in
addition to other bacteria. Measurement of the UV sensitivity
of each bacterium and the wavelength dependence of bacterial
inactivation, as well as the different characteristics of UV-LEDs
and LP-Hg lamps observed in this study, will be useful for the
development of UV irradiation devices and methods aimed to
prevent bacterial infections.
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