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ABSTRACT UVC light, a strong surface disinfection technology, is used worldwide
to ensure not only environmental safety but also food safety. Several drawbacks as-
sociated with the use of mercury-containing UV lamps, especially human and envi-
ronmental health risks, led to the Minamata Convention on Mercury, which prohibits
the manufacture and import/export of products containing mercury. Therefore, light-
emitting diode (LED)-based UVC irradiation, a new technology that is ecofriendly
and represents an effective UV light source, has been researched recently. To date,
however, there has been no report describing pulsed UVC-LED irradiation for im-
provement of inactivation of foodborne pathogens, although much research regard-
ing conventional pulsed xenon lamps has been published. In this investigation, we
evaluated the enhanced bactericidal effect of a pulsed UVC-LED system, compared
to continuous irradiation, and optimum conditions for maximizing the effect were
determined. Also, the differences in inactivation between pulsed and continuous
UVC-LED irradiation were determined by inactivation mechanism analyses. The com-
bination of 20-Hz frequency and 50% duty ratio for pulsed UVC-LED irradiation
achieved 4- to 5-log-unit reductions of Escherichia coli O157:H7, Salmonella enterica
serovar Typhimurium, and Listeria monocytogenes; this combination showed the
greatest bactericidal effect among various treatment conditions using 2 or 5 mJ/cm?2.
In mechanism assessments, membrane integrity (propidium iodide uptake) was not
affected by UVC-LED treatment but membrane potential [bis-(1,3-dibutylbarbituric
acid)trimethine oxonol [DiBAC,(3)] accumulation] showed significantly different val-
ues when pulsed and continuous treatments were compared. Changes in membrane
lipid peroxidation and respiratory enzyme activity were attributed to generation of
more reactive oxygen species by pulsed UVC-LED irradiation.

IMPORTANCE In 2013, the United Nations Environment Programme convened the
Minamata Convention on Mercury, which prohibits trade in mercury-containing
products in order to ensure human health. It will be effectuated in 2020; use of low-
pressure mercury lamps will be discontinued and a new UV light source selected to
replace the conventional technology. In this regard, UVC-LEDs have been developed
and the fundamental inactivating effect has been researched. However, a pulsed
UVC-LED system has not been studied, because of the difficulty of generating a
UVC-LED pulse wave. An optical chopper system that physically divides the light
with an adjustable blade, with personalized frequency and duty ratio settings, was
introduced for generation of pulsed UVC-LED irradiation. This study elucidated the
efficacy of a pulsed UVC-LED system and investigated its enhanced bactericidal ef-
fect in mechanism analyses.
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V irradiation, which is a powerful surface inactivation technology, has been widely

used by the food industry and water disinfection utilities. As one type of UV-light-
emitting technology, low-pressure mercury lamps have been utilized for many years
and have been thoroughly researched for inactivation of pathogenic microorganisms,
including bacteria, viruses, and fungi on food (1-3). Based on its disinfecting efficacy,
UVC technology was approved by the U.S. Food and Drug Administration (FDA) in 2000
as an effective inactivating method to control microorganisms in food, water, and
beverages (4). UVC irradiation has been applied to control microbial contamination in
blood transfusion systems, as well as by the food industry (5-7).

In 2013, the Minamata Convention on Mercury, an international agreement to
preserve public health and to protect the environment from mercury contamina-
tion, was approved by delegates from approximately 140 countries with the United
Nations Environment Programme (UNEP) (8). This treaty regulates the manufacture
of products containing mercury and the importation/exportation of mercury, to
decrease the amount of mercury released into the environment in order to prevent
widespread mercury pollution (9). When the Minamata Convention comes into
effect in 2020, use of conventional low-pressure mercury UV lamps will be prohib-
ited; therefore, a new alternative UV-emitting technology should be introduced into
the industrial field.

A pulsed-light system that emits a wide range of wavelengths from 200 to 1,100
nm is a powerful surface and water disinfection technology (10). Within a short
time, a pulsed xenon lamp can deliver intense UV light, resulting in control of
pathogenic microorganisms as effective as that achieved with conventional UV
lamps (11-16). Especially high intensity results in physical damage by photons and
the photothermal effect (17), which contributes to further inactivation of patho-
gens. However, the pulsed xenon lamp system still has drawbacks, such as exces-
sively increasing temperatures due to emitting wavelengths in the infrared range,
resulting in deterioration of foods (18, 19), and the need for a bulky system to
control the pulse and cooling systems, leading to difficulty integrating the system
into a conventional processing line (17).

Recently, UVC-light-emitting diode (LED) technology has emerged as a strong
candidate to substitute for conventional mercury-containing UV lamps because it can
compensate for the limitations of conventional UV lamps, with its ability to be inte-
grated into sterilization systems due to its compact size, its robustness in avoiding
breakage from external forces, and, above all, its lack of use of mercury, which
eliminates human and environmental health problems (20). Shin et al. showed that
UVC-LED did not demonstrate temperature-dependent intensity and no warm-up time
to maximize the fluence rate was needed; in contrast, low-pressure UV lamp intensity
decreased with lower temperatures and an ~5-min warm-up time was necessary (20).
UVC-LED treatment demonstrated superior bactericidal effects on Escherichia coli O157:
H7, Salmonella enterica serovar Typhimurium, and Listeria monocytogenes, compared to
low-pressure lamps at the same dosages with adjusted fluence rates (21). Furthermore,
effective viral inactivation using human enteric virus surrogates, such as MS2, QB, and
®X174, were researched in batch-type and continuous-type water disinfection systems
(22).

Therefore, the objective of this study was a comprehensive investigation of a pulsed
UVC-LED system to enhance its bactericidal effects and to optimize factors such as
frequency and duty ratio. Also, elucidation of the mechanisms of increased antimicro-
bial activity with a pulsed UVC-LED system was performed, and the pulsed irradiation
system was applied to food samples such as white mushrooms and commercial
ready-to-eat sausages, to inactivate foodborne pathogens.
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FIG 1 Reductions of E. coli 0157:H7 (a), S. Typhimurium (b), and L. monocytogenes (c) cells on selective media (E. coli 0157:H7, SMAC agar; S. Typhimurium, XLD
agar; L. monocytogenes, OAB agar) after treatment with continuous or pulsed UVC-LED irradiation, with frequencies varying from 20 to 1,000 Hz. Pulsed
irradiation was generated using an optical chopper, and the duty ratio was altered with an adjustable chopper blade.

RESULTS

Bactericidal effects by frequency. Inactivation of foodborne pathogens at various
frequencies is presented in Fig. 1. No reductions were observed for controls (non-UVC-
LED-treated groups) and, as treatment dosages increased, greater reductions were
induced in all three pathogens, Escherichia coli O157:H7, Salmonella enterica serovar
Typhimurium, and Listeria monocytogenes. At the highest UVC-LED dosages, i.e., 2
mJ/cm? for E. coli 0157:H7 and 5 mJ/cm? for S. Typhimurium and L. monocytogenes, 3-
to 5-log-unit reductions were achieved with continuous and pulsed UVC-LED treat-
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TABLE 1 Reductions of three pathogens on culture media after treatment with continuous or pulsed UVC-LED irradiation at different
frequencies

Reduction (log CFU/ml)®

Continuous 1,000 Hz 20 Hz
Microorganism Selective Nonselective Selective Nonselective Selective Nonselective
E. coli O157:H7 450+ 037 A 494 +0.10 A 446 £0.16 A 5.04 +0.04 B 517 *0.19 A 510+ 0.05 A
S. Typhimurium 2.94 £ 0.05 A 2.84=0.10 A 343 £028A 2.65*+ 043 A 4.10 = 0.06 A 3.19£0378B
L. monocytogenes 235+ 030 A 1.78 £0.10 B 247 048 A 1.77 013 A 3.01*059A 204*+013 A

aThe highest dosages were applied (2 mJ/cm? for E. coli 0157:H7 and 5 mJ/cm? for S. Typhimurium and L. monocytogenes). Data represent means * standard
deviations from three replications. Values followed by the same uppercase letters within rows for each treatment type are not significantly different.

ments. There was a tendency for greater bactericidal effects with pulsed irradiation,
compared to continuous treatment, at 1 and 2 mJ/cm? for E. coli 0157:H7 and 3 and 5
mJ/cm? for S. Typhimurium and L. monocytogenes, although no significant differences
were observed among some treatments (100, 500, and 1,000 Hz). Furthermore, E. coli
0157:H7 was much more sensitive to UVC-LED irradiation than were S. Typhimurium
and L. monocytogenes, such that a 5-log-unit reduction was achieved with 2 mJ/cm? for
E. coli O157:H7, whereas 3- to 4-log-unit reductions were achieved with 5 mJ/cm? for
S. Typhimurium and L. monocytogenes. Also, no injured cells were generated with
continuous or pulsed irradiation, except for some points (Table 1).

Bactericidal effects by duty ratio. Figure 2 demonstrates enhanced bactericidal
effects with various duty ratios with steady pulsed UVC-LED irradiation dosages (20 Hz;
1 mJ/cm? for E. coli 0157:H7 and 3 mJ/cm? for S. Typhimurium and L. monocytogenes)
applied to the three pathogens. In contrast to results from frequency-dependent
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FIG 2 Reductions of the foodborne pathogens E. coli 0157:H7, S. Typhimurium, and L. monocytogenes on
selective media after treatment with pulsed UVC-LED irradiation, with duty ratios varying from 10% to
50%. Pulsed irradiation was generated using an optical chopper, and the duty ratio was altered with an
adjustable chopper blade.

October 2018 Volume 84 Issue 20 e01340-18 aem.asm.org 4


https://aem.asm.org
http://aem.asm.org/

Investigating Inactivation Efficacy of Pulsed UVC-LED Applied and Environmental Microbiology

TABLE 2 Reductions of three pathogens on culture media after treatment with continuous or pulsed UVC-LED irradiation at different
duty ratios

Reduction (log CFU/ml)®

Continuous 10% 50%
Microorganism Selective Nonselective Selective Nonselective Selective Nonselective
E. coli O157:H7 2.10 £ 0.06 A 233+0.07B 191 =0.13 A 263+0.13B 293 +071 A 280+ 0.19 A
S. Typhimurium 1.69 =042 A 1.35+0.18 A 185+ 028 A 141 £0.10 A 2.91 = 0.06 A 247 £ 048 A
L. monocytogenes 0.86 £0.57 A 0.57 =024 A 0.92 £0.06 A 0.96 £ 0.08 A 156 £0.11 A 1.26 = 0.25 A

aDosages of 1 mJ/cm? for E. coli 0157:H7 and 3 mJ/cm? for S. Typhimurium and L. monocytogenes were irradiated onto the media. Data represent means * standard
deviations from three replications. Values followed by the same uppercase letters within rows for each treatment type are not significantly different.

inactivation levels, an enhanced inactivation effect was observed as the duty ratio
increased from 10% to 50%. With a 10% duty ratio, inactivation levels for the three
pathogens were approximately 2 log units for E. coli 0157:H7 and S. Typhimurium and
1 log unit for L. monocytogenes; with a 50% duty ratio, 2.5- to 3-log-unit reductions for
E. coli 0157:H7 and S. Typhimurium and a 1.5-log-unit reduction for L. monocytogenes
occurred. The numerical values for the enhanced bactericidal effects were 41.9, 57.3,
and 69.6% for E. coli 0157:H7, S. Typhimurium, and L. monocytogenes, respectively. Also,
the enhanced bacterial inactivation was log-linear in proportion to increasing duty
ratio, so that the treatments achieved approximately 2- to 3-log-unit reductions of E.
coli O157:H7 and S. Typhimurium and 1.5-log-unit reductions of L. monocytogenes.
Moreover, sublethally injured cells were not produced with continuous or pulsed
irradiation (Table 2).

Membrane damage assessments. Indicators of cell membrane damage, ie., pro-
pidium iodide (PI) uptake and bis-(1,3-dibutylbarbituric acid)trimethine oxonol [DiBAC,(3)]
accumulation, are presented in Tables 3 and 4. First, Pl uptake values for nontreatment,
continuous irradiation, and pulsed UVC-LED irradiation ranged from 90% to 103% for E.
coli 0157:H7 and from 93% to 101% for L. monocytogenes (Table 3). Among the
treatment groups, including nontreated controls, no significant differences in Pl uptake
proportions were observed for the two foodborne pathogens.

In contrast to Pl uptake, DiBAC,(3) accumulation percentages showed statistically
significant differences according to UVC-LED treatment types (Table 4). The nontreated
controls showed the least DiBAC,(3) accumulation, followed by continuous irradiation
and 1,000-Hz/10% pulsed irradiation, and 20-Hz/50% pulsed UVC-LED irradiation
showed the highest level of DiBAC,(3) accumulation for both E. coli O157:H7 and L.
monocytogenes.

Membrane lipid peroxidation assay. Levels of thiobarbituric acid-reactive sub-
stances (TBARS) (which indicate the level of cell membrane lipid peroxidation) with
various UVC-LED treatments are presented in Table 5. Pulsed UVC-LED treatments,
including 1,000 Hz/10% and 20 Hz/50%, achieved TBARS accumulation levels of 171%
to 323% for E. coli 0157:H7 and 1,850% to 2,330% for L. monocytogenes, which were
significantly different from values for cells with continuous UVC treatment. The 20-Hz/

1sanb Aq 6T0Z ‘T2 Arenuer uo /610 wse wae//.dny wolj papeojumog

TABLE 3 PI uptake of E. coli 0157:H7 and L. monocytogenes cells suspended in PBS after
treatment with continuous or pulsed (1,000 Hz/10% or 20 Hz/50%) UVC-LED irradiation

Pl uptake (%)<

Treatment E. coli 0157:H7 L. monocytogenes
Control 100.00 = 3.63 A 100.00 = 1.57 A
Continuous 99.10 = 529 A 99.29 = 1153 A
1,000 Hz/10% 90.62 =596 A 93.11 £ 352 A

20 Hz/50% 10346 = 11.20 A 101.93 = 5.14 A

aThe non-UV-treated groups were designated the controls. Data represent means =+ standard deviations
from three replications. Values followed by the same uppercase letters within columns for each
microorganism are not significantly different.
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TABLE 4 DiBAC,(3) accumulation of E. coli O157:H7 and L. monocytogenes cells suspended
in PBS after treatment with continuous or pulsed (1,000 Hz/10% or 20 Hz/50%) UVC-LED

irradiation

DiBAC,(3) accumulation (%)
Treatment E. coli O157:H7 L. monocytogenes
Control 100.00 = 0.75 A 100.00 = 1.53 A
Continuous 11430+ 147 B 105.54 = 1.06 B
1,000 Hz/10% 123.02 £2.98 C 11529 +1.76 C
20 Hz/50% 130.49 =261 D 12224 =244 D

aThe non-UV-treated groups were designated the controls. Data represent means =+ standard deviations
from three replications. Values followed by the same uppercase letters within columns for each
microorganism are not significantly different.

50% pulsed UVC-LED treatment showed nearly 3- to 23-fold increased TBARS values,
compared to continuous UVC-LED treatment for both pathogens.

Reactive oxygen species generation. Table 6 shows different levels of reactive
oxygen species (ROS) generation caused by UVC-LED treatment types, i.e., continuous
and pulsed UVC irradiation. The values increased with pulsed UVC-LED treatment,
compared to continuous treatment, and 20 Hz/50% was significantly different and
yielded the highest level of ROS generation among all treatments. For both foodborne
pathogens, when the ROS generation value corresponding to continuous treatments
was set as a standard, 20-Hz/50% pulsed irradiation yielded approximately 2- to 6-fold
increased levels in L. monocytogenes and E. coli O157:H7. The numerical order of
increasing ROS generation among the three experimental groups (continuous UVC <
1,000-Hz/10% pulsed UVC < 20-Hz/50% pulsed UVC) was identical to the order of
TBARS accumulation increases among treatments.

Succinate-coenzyme Q reductase activity. Levels of formazan formation induced
by the electron-transport-chain-related enzyme succinate-coenzyme Q reductase (SQR)
are presented in Table 7. Because nontreated cells maintain SQR activity, the highest
level of iodonitrotetrazolium-formazan formation occurs in those cells, and this value
was set as a standard. UVC-LED treatment decreased the formazan formation levels by
45% and 85% in E. coli O157:H7 and L. monocytogenes, respectively, and significantly
different diminished values were observed with the two pulsed UVC-LED irradiation
types, compared to the nontreated control and continuous UVC-LED irradiation.

Bactericidal effects of continuous and pulsed UVC-LED treatment of food
samples. The inactivation of foodborne pathogens, including E. coli 0157:H7, S. Typhi-
murium, and L. monocytogenes, on food surfaces is shown in Fig. 3 and 4. At higher
treatment dosages, for both types of food samples, surviving populations of the three
foodborne pathogens decreased with a nearly log-linear pattern. Remarkable reduc-
tions were observed for ready-to-eat sausages with pulsed irradiation. For E. coli
0157:H7, approximately 2-log-unit reductions with continuous UVC-LED irradiation and
3-log-unit reductions with pulsed UVC-LED irradiation were achieved. Similarly, survival
of S. Typhimurium decreased by 1.5 log units with continuous treatment and by 4 log
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TABLE 5 TBARS formation of foodborne pathogen cells suspended in PBS after treatment
with continuous or pulsed (1,000 Hz/10% or 20 Hz/50%) UVC-LED irradiation

TBARS formation (%)?

Treatment E. coli O157:H7 L. monocytogenes
Continuous 100.00 = 27.01 A 100.00 = 4.09 A
1,000 Hz/10% 17142 = 2186 B 1,850.76 = 40.03 B
20 Hz/50% 323.97 +£31.89 C 2,330.27 +£139.81 C

9The percentage data were obtained by subtracting fluorescence values for untreated cells from those for
treated cells, dividing the results by the values for cells treated with continuous UVC-LED irradiation, and
expressing those values as percentages (TBARS percentage = [fluorescence value after treatment —
fluorescence value for untreated cells]/fluorescence value for continuously treated cells). Data represent
means * standard deviations from three replications. Values followed by the same uppercase letters within
columns for each microorganism are not significantly different.
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TABLE 6 ROS generation by E. coli 0157:H7 and L. monocytogenes cells suspended in PBS
after treatment with continuous or pulsed (1,000 Hz/10% or 20 Hz/50%) UVC-LED
irradiation

ROS generation (%)

Treatment E. coli 0157:H7 L. monocytogenes
Continuous 100.00 = 75.56 A 100.00 = 34.63 A
1,000 Hz/10% 265.87 = 76.05 B 160.05 = 2232 B
20 Hz/50% 655.07 = 51.50 C 269.17 = 1838 C

9The percentage data were obtained by subtracting fluorescence values for untreated cells from those for
treated cells, dividing the results by the values for cells treated with continuous UVC-LED irradiation, and
expressing those values as percentages (ROS percentage = [fluorescence value after treatment —
fluorescence value for untreated cells]/fluorescence value for continuously treated cells). Data represent
means * standard deviations from three replications. Values followed by the same uppercase letters within
columns for each microorganism are not significantly different.

units with pulsed UVC-LED treatment. For L. monocytogenes, pulsed UVC-LED treatment
produced 4-log-unit reductions but continuous treatment produced 2-log-unit reduc-
tions.

For white mushrooms, approximately 2-log-unit reductions of E. coli 0157:H7 were
achieved with continuous and pulsed UVC-LED irradiation, and survival of S. Typhimu-
rium decreased by 1.5 log units with pulsed treatment. For L. monocytogenes, pulsed
UVC-LED treatment produced 1.8-log-unit reductions. Except for E. coli O157:H7, all
pathogens were inactivated by 1.0 log unit with continuous irradiation, and statistically
greater reductions were observed with 2.1 J/cm? for Gram-negative bacteria and with
6.5 J/cm? for Gram-positive bacteria.

DISCUSSION

Pulsed-light irradiation, using intense light, has been researched and recognized as
a powerful surface inactivation and water disinfection technology. However, tempera-
ture increases in food samples and the xenon lamp itself are major limitations for it
becoming an industrially applicable system, because it needs an additional system to
stabilize the pulsed light (17). Also, due to the Minamata Convention, it has become
essential to seek a new technology to substitute for traditional low-pressure mercury
UV lamps.

LED-based UVC irradiation has been widely recognized as a potential alternative
technology, compared to low-pressure mercury lamps, and has been increasingly
researched recently. Fundamental characteristics and bactericidal and viricidal effects,
relative to irradiance dosages, have been determined, and inactivation mechanisms
have been elucidated (20-23). Pulsed LED-based UV irradiation has rarely been inves-
tigated; there has only been one research study using an UVA-LED system to inactivate
Candida albicans and E. coli K-12 biofilms (24), and scant research has been conducted
using UVC-LED systems. Therefore, in this study, inactivation levels achieved with
continuous and pulsed UVC-LED irradiation systems were investigated.

Generating pulsed UVC-LED irradiation with a power supply or source meter was not

TABLE 7 INT-formazan formation by E. coli O157:H7 and L. monocytogenes cells suspended in
PBS after treatment with continuous or pulsed (1,000 Hz/10% or 20 Hz/50%) UVC-LED
irradiation

Formazan formation (%)?

Treatment E. coli 0157:H7 L. monocytogenes
Control 100.00 = 2.01 A 100.00 += 1.87 A
Continuous 90.12 =244 B 98.12 2090 A
1,000 Hz/10% 65.18 = 1.56 C 93.65+1.598B

20 Hz/50% 4532+210D 8537 £340C

aThe non-UV-treated groups were designated the controls. Data represent means =+ standard deviations
from three replications. Values followed by the same uppercase letters within columns for each
microorganism are not significantly different.
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FIG 3 Reductions of the foodborne pathogens E. coli O157:H7 (a), S. Typhimurium (b), and L. monocytogenes (c) inoculated onto white mushrooms, after
treatment with 20-Hz/50% pulsed UVC-LED irradiation with dosages of 2.1, 4.3, and 6.5 J/cm2. The error bars indicate standard deviations.

suitable for establishing maximum irradiance output, due to current delay in the
turn-off time (data not shown), i.e., the electrical current did not drop sharply with a
predictable slope when the electrical power was shut off. Therefore, the optical
chopper system, a method to produce full-irradiance pulsed UVC-LED irradiation by
interrupting the light with rotating blades, was introduced in this research.

There were differences in pathogen reductions between continuous and 20-Hz
pulsed treatments at the lowest dosages (0.5 or 1 mJ/cm?), but no significant differ-
ences were observed between the irradiation types (P > 0.05). At higher dosages, such
as 2 mJ/cm? for E. coli O157:H7 and 5 mJ/cm? for S. Typhimurium and L. monocytogenes,
inactivation levels for 20-Hz pulsed UVC-LED irradiation reached an additional 0.5- to
0.7-log-unit reduction, compared to continuous irradiation. The finding of greater
inactivation of pathogens produced by pulsed versus continuous UVC-LED irradiation
concurs with published research studies, even though the details of conditions yielding
maximum bactericidal effects differ. Pulsed xenon lamps (30 Hz) achieved a greater
inactivation effect, in that a >4-log-unit reduction of E. coli occurred, while only
2-log-unit reductions were observed with medium-pressure and low-pressure UV lamps
at the same UV fluence (25). Within 3 min, 7-log-unit reductions of E. coli 0157:H7 and
L. monocytogenes were observed with intense pulsed light (5 Hz), whereas 5-log-unit
reductions were achieved with a low-pressure UV lamp after treatment for 20 min (26).
Also, pulsed UVA-LED irradiation at 100 Hz showed the greatest inactivating effects on
E. coli biofilms and C. albicans (24).
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FIG 4 Reductions of the foodborne pathogens E. coli O157:H7 (a), S. Typhimurium (b), and L. monocytogenes (c) inoculated onto ready-to-eat sausages, after
treatment with 20-Hz/50% pulsed UVC-LED irradiation with dosages of 1, 3, and 5 J/cm2. The error bars indicate standard deviations.

Figure 2 shows increased bactericidal effects of pulsed UVC-LED irradiation in terms
of duty ratio. Because different inactivation levels for foodborne pathogens were
expected, different dosages were employed, namely, 1 mJ/cm? for E. coli O157:H7 and
3 mJ/cm? for S. Typhimurium and L. monocytogenes. As the duty ratio increased from
10% to 50%, reductions increased among the three foodborne pathogens. The im-
proved bactericidal effects corresponding to 50% and 10% duty ratios were signifi-
cantly different (P < 0.05). Li et al. similarly reported that higher duty ratios produced
greater inactivation of microorganisms, and statistically different values were observed
for continuous and pulsed irradiation (24). The chopper blade system in this study
could be adjusted to a 50% duty ratio, and further research, including higher duty
ratios, is needed for precise industrial applications.

Analyses of changes in cell physiology, including membrane integrity, enzyme
activity, and ROS levels, can elucidate different inactivation levels with treatment
technology and synergistic effects caused by combination treatment. Numerous stud-
ies used fluorescent dyes to investigate the inactivation process (23, 27-29). In this
research, Pl uptake assays and DiBAC,(3) analyses were performed to assess alterations
in the cell membrane, whereas ROS measurements, TBARS assays, and formazan
formation analyses were performed to determine intracellular disruption.

First, percentages of Pl uptake were not statistically different; therefore, cell mem-
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brane integrity was not affected by the UVC-LED irradiation. It is a well-known phe-
nomenon that UV irradiation disrupts genetic material in cells through the formation of
pyrimidine dimers, resulting in interruption of DNA-associated processing (30-32).
Neither continuous nor pulsed UVC-LED irradiation influenced cell membrane integrity.
However, membrane potential values, which indicate the electrical difference between
the inside and outside of the cell membrane, differed in accordance with UV treatment
and also the type of UVC irradiation. The greatest accumulation of DIBAC,(3) was
observed with the 20-Hz/50% pulsed UVC-LED treatment, and the nontreated group
had the lowest level. This result is consistent with other UV research studies using flow
cytometric analysis of 3,3'-dihexyloxacarbocyanine iodide [DiOC4(3)] accumulation and
spectrophotometric measurements of DIBAC,(3) accumulation in foodborne pathogen
cells (23, 29, 33). From physiological analysis of the cell membrane, continuous and
pulsed UVC-LED irradiation changed the cell membrane charges but did not produce
pores. UVC-LED treatment decreased cell activity and ATP formation, so that perturba-
tion of foodborne pathogens treated with UV irradiation occurred, but it was not
necessarily coupled to cell death (34).

TBARS analysis was conducted to determine cell membrane lipid peroxidation,
because, after UV treatment, vulnerability of membranes was detected from DiBAC,(3)
assessments. Three-fold and 23-fold increased TBARS accumulation values were gen-
erated for E. coli O157:H7 and L. monocytogenes, respectively, with 20-Hz/50% pulsed
irradiation instead of continuous treatments. Membrane lipid peroxidation, as assessed
by TBARS analysis, has been reported after treatment with plasma (35-37), chemical
agents (38), and visible light (39). From our results, pulsed UVC-LED irradiation obvi-
ously affects membrane lipid deterioration.

Because membrane lipid peroxidation was observed with pulsed UVC treatment,
ROS generated inside foodborne pathogen cells were analyzed by using 5-(and-6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA).
When acetate groups of the agent are cleaved by intracellular esterases, followed by
ROS-mediated oxidation within the cell, CM-H,DCFDA is transformed from a nonfluo-
rescent form into a fluorescent form. ROS generation within pathogens is represented
in Table 6, and a similar pattern, showing that UVC irradiation causes higher TBARS
values, was observed. Li et al. reported that the inactivation level of pulsed UVA-LED
irradiation decreased when mannitol, a ROS scavenger, was added to the system (24).
The pulsed irradiation system caused significantly greater reductions of microorgan-
isms by greatly increasing the ROS concentrations, because UVA irradiation generates
ROS as a major pathogen-inactivating mechanism (30). In the case of UVC-LED irradi-
ation, pulsed irradiation produced intracellular ROS, and a significantly higher level of
ROS generation was induced, compared to continuous irradiation. Several studies
reported that certain species of ROS induced by UVC irradiation, including superoxide
anion, hydrogen peroxide, and hydroxyl ion, readily provide intensive stress to the cell
membrane (40-42). In this study, pulsed UVC-LED irradiation increased intracellular ROS
generation, and it was linked to enhanced cell membrane lipid peroxidation.

The activity of SQR, an intracellular enzyme that participates in both the tricarboxylic
acid (TCA) cycle and the electron transport chain (43), was also investigated, because
intracellular ROS can cause multiple failures related to proliferation of cells, and energy
formation is the primary factor in cell growth. lodonitrotetrazolium (INT) is reduced by
SQR, as two hydrogen ions are added, and turns into formazan, a color-developing
substance. Therefore, low absorbance values imply attenuated SQR activity and a
perturbed cell physiological state. Pulsed UVC-LED irradiation caused significantly
diminished formazan formation by means of ROS generation (Table 6) and irradiation
itself, since protein absorbs light with a peak wavelength of 280 nm, and resulting
protein failure in function can be drawn from a UVC-irradiation-induced excitation state
(23).

The bactericidal effects of continuous and pulsed UVC-LED irradiation on the white
mushroom surface did seem to be similar, although some points had statistically
different levels of pathogen inactivation. The averaged difference in reductions in
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foodborne pathogens between continuous and pulsed irradiation was 0.41 log unit;
therefore, the elevated bactericidal effect can be regarded as negligible in this food
matrix. Phenolic compounds, such as gallic acid, catechin, caffeic acid, and vitamin
groups, in white mushrooms exhibit antioxidant activity and function as ROS scaven-
gers (44, 45). Therefore, inactivation of foodborne pathogens on the surface of white
mushrooms declined as a result of diminished activity of ROS. In addition, inefficient
bactericidal activity was attributed to a shading effect due to rough food surfaces (10,
46, 47).

However, superior bactericidal effects of pulsed UVC-LED irradiation on ready-to-eat
sausage surfaces, compared to continuous irradiation, were observed in the fundamen-
tal surface inactivation research. Generally speaking, the shading effect, when light
irradiated onto a surface affects the pattern of bacterial inactivation, causes a dimin-
ished inactivation rate and tailing (10, 46, 47). For this sample, however, pulsed
UVC-LED treatment overcame the shading effect by means of intermittent irradia-
tion, leading to greater penetration depths and ROS generation. Furthermore,
Oms-Oliu et al. reported that the thermal effect of conventional pulsed light
damaged phenolic contents and vitamin C (48); therefore, UVC-LED irradiation,
which does not produce excessive heat, is an alternative to a high-intensity pulsed
UV system.

In this study, the bactericidal effects of pulsed UVC-LED irradiation were evaluated
with respect to various factors, including frequency and duty ratio, and optimum
conditions for the greatest inactivation of foodborne pathogens were determined. Also,
the enhanced bactericidal effects were elucidated with analyses of cell physiological
changes. There was no effect on cell membrane integrity, but membrane potential, lipid
peroxidation, ROS generation, and enzyme activity were affected by pulsed UVC-LED
irradiation. Moreover, effective inactivation of foodborne pathogens on the food
surface by pulsed irradiation was observed, compared to continuous LED irradiation
within treatment dosages.

MATERIALS AND METHODS

Pulsed UVC-LED system. Three UVC-LEDs (LG Innotek Co., Republic of Korea), emitting the same
peak wavelength of approximately 280 nm, were connected and combined on an electrical printed
circuit board (PCB). The three UVC-LED packages were arranged linearly to avoid hindrance by an optical
chopper system, and a distance of 8 cm was set between the PCB and a 90-mm-diameter petri dish.
Immediately below the LED PCB, an optical chopper (MC2000B-EC; Thorlabs, Newton, NJ, USA) was
incorporated in order to generate pulse irradiation. A chopper blade with an adjustable duty ratio (1%
to 50%) (MC1F10A; Thorlabs), which could produce 20-Hz to 1,000-Hz frequency, was installed and
synchronized with the chopper control system.

Bacterial strains. Escherichia coli 0157:H7 (ATCC 35150, ATCC 43889, and ATCC 43890), Salmonella
enterica serovar Typhimurium (ATCC 19585, ATCC 43971, and DT 104), and Listeria monocytogenes (ATCC
19111, ATCC 19115, and ATCC 15313) were obtained from the Food Science and Human Nutrition culture
collection at Seoul National University (Seoul, Republic of Korea). The stock cultures were kept frozen at
—80°C in 0.7 ml of tryptic soy broth (TSB) (MB Cell) and 0.3 ml of 50% glycerol. Working cultures were
streaked onto tryptic soy agar (TSA) (MB Cell), incubated for 24 h at 37°C, and stored at 4°C.

Culture preparation. All strains of E. coli 0157:H7, S. Typhimurium, and L. monocytogenes were
cultured in 5 ml of TSB for 24 h at 37°C and were harvested by centrifugation at 4,000 X g for 20 min
at 4°C. Pelleted cells were washed three times with sterile 0.2% peptone water (PW) (Bacto, Sparks, MD),
and the final pellets were resuspended in 9 ml PW, corresponding to approximately 108 to 10° CFU/ml.
The mixed-pathogen cocktail was produced by combining the resuspended pelleted cells.

Irradiance measurements. Irradiance of the UVC-LED packages was measured with a spectrometer
(AvaSpec-ULS2048-USB2-UA-50; Avantes, Netherlands) calibrated for a range of 200 to 400 nm to include
the entire UV spectrum. For sample treatment, an optical spectrometer probe was placed 3 or 8 cm from
the collimated UVC-LEDs and, in order to include the whole intensity that LEDs emit, the integral
irradiance of the light source from 240 nm to 280 nm, which covers the UVC range and not just a certain
peak wavelength, was measured. The Petri factor, which indicates even distribution of UVC irradiance on
the surface of a sample petri dish, was calculated by scanning an area representing one-eighth of the
surface (20-23). An 8-cm distance between the probe and LEDs was maintained, the UVC-LED irradiation
of each point was divided by the maximum fluence rate, and values were averaged. A Petri factor of >0.9,
which indicates >90% uniformity in irradiance distribution, was established using the linear arrange-
ment. Adjusted irradiance values were calculated by multiplying the maximum irradiance by the Petri
factor value. Dosages of 0.5 to 3.0 mJ/cm? were imposed for selective medium experiments, and dosages
of 1 to 5 J/cm? were imposed for model food experiments in this study.
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Food sample preparation. White mushrooms (Agaricus bisporus [J. E. Lange] Imbach) and commer-
cial ready-to-eat (fully cooked) sausages were purchased from a local market (Seoul, Republic of Korea),
stored under refrigeration (4°C), and used in experiments for a maximum of 3 days. Stipes of the white
mushrooms were removed with a sterile stainless steel knife, and only pilei with diameters ranging from
4 to 5 cm, weighing approximately 10 g, were used in this research. The pilei were arrayed on sterile
aluminum foil with the caps facing up and were placed in a biosafety hood without the fan running. The
sausage samples were sliced longitudinally into fourths (arcs of 90°) with a sterile stainless steel knife. The
sausages were placed on sterile aluminum foil with the circular arcs facing up.

Bacterial inoculation. Bacterial inoculation was performed according to methods published previ-
ously (20, 21, 23). Briefly, the resuspended mixed-pathogen cocktail was serially diluted 10-fold with 0.2%
sterile PW so that the initial inoculum concentration ranged approximately from 10° to 106 CFU/ml.
Additional 10-fold serial dilutions were performed, and 100-ul aliquots of appropriate diluents were
spread plated on the following selective media: sorbitol-MacConkey (SMAC) agar (Oxoid) for E. coli
0157:H7, xylose lysine desoxycholate (XLD) agar (Oxoid) for S. Typhimurium, and Oxford agar base with
antimicrobial supplement (OAB) (MB Cell) for L. monocytogenes. The same amounts of pathogen
suspension diluent were also spread plated on phenol red agar base (Difco) with 1% sorbitol (SPRAB) (MB
Cell), to enumerate injured E. coli 0157:H7, and on TSA (MB Cell) followed by the overlay technique
described below to enumerate injured S. Typhimurium and L. monocytogenes.

For food applications, 100 ul of resuspended cocktail was distributed by spot inoculation with a
micropipettor on food surfaces in the biosafety hood, with 16 spots distributed over the entire surface.
The inoculated samples were dried for 1 h inside the biosafety hood, with the laminar flow fan running.

Pulsed and continuous UVC treatments. Inoculated media and food samples were exposed to a
linear array of UVC-LED PCBs in the chamber (TH-TG-300; Jeio Tech, Republic of Korea) at selected
dosages, at room temperature. For pulsed UVC-LED treatment at select frequencies, the optical chopper
system was operated with various frequencies from 20 Hz to 1,000 Hz, with a fixed duty ratio (50%). Also,
UVC treatment in terms of various duty ratios was carried out by modifying the gap of the optical
chopper blade, resulting in 10% to 50% duty ratios with 20-Hz frequency, which showed the greatest
bactericidal effect. For continuous UVC-LED treatment, only the chopper blade was removed from the
treatment system. Actual treatment times were calculated by dividing the target dosages by the adjusted
irradiance for continuous treatment, and the calculated times were divided by the duty ratios for pulsed
UVC treatment in order to maintain conserved UV dosages with various treatments.

A selected form of pulsed UVC irradiation was applied to inactivate foodborne pathogens on food
surfaces. Based on preliminary experiments using selective media, pulsed UVC-LED treatment with 20-Hz
frequency and a 50% duty ratio, which yielded the greatest inactivating effect, was selected and applied
to foods at various dosages. Also, because a need for higher UVC irradiation dosages to control
microorganisms in the food matrix was anticipated, the UVC-LED array was placed 3 cm from the
samples.

Enumeration. After the fundamental inactivation experiments on selective medium surfaces were
performed, treated agar media were incubated for 24 h at 37°C. For food samples, treated sausages were
placed in sterile stomacher bags containing 90 ml PW (Labplas, Inc., Canada) and were thoroughly homog-
enized with a stomacher (EasyMix; AES Chemunex, France). One-milliliter stomacher-homogenized
sample aliquots were serially diluted in 9 ml of sterile 0.2% PW, 100-ul aliquots of selected diluents were
spread plated on each selective medium (as described above), the plates were incubated for 24 to 48 h
at 37°C, and characteristic colonies were enumerated.

Injured cell analysis. Enumeration of injured E. coli 0157:H7 cells was performed with SPRAB agar,
on which sublethally damaged bacteria can be resuscitated. After incubation for 24 h at 37°C, white
colonies were enumerated; serological confirmation was performed with an aggregation test (RIM E. coli
0157:H7 latex agglutination test; Remel, Lenexa, KS, USA). The overlay method was used to enumerate
injured S. Typhimurium and L. monocytogenes cells (20, 21, 49). A nonselective medium, TSA, was used
to resuscitate sublethally injured pathogens during short incubations (2 h at 37°C), followed by an
overlay of 7 to 10 ml of the selective medium XLD agar for S. Typhimurium or OAB agar for L.
monocytogenes. After solidification of the poured selective media, plates were incubated for an additional
22 h at 37°C. Black colonies of both S. Typhimurium and L. monocytogenes were enumerated.

Cell membrane damage assessment. Cell membrane damage after continuous and pulsed UVC-
LED treatments was assessed by using Pl (Sigma-Aldrich, St. Louis, MO, USA) and DiBAC,(3) (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA, USA), as described in a research study conducted by Kim
et al. (23). Quantitative analysis of membrane destruction of microorganisms can be measured by uptake
of PI, which is a fluorescent DNA-intercalating agent. E. coli O157:H7 and L. monocytogenes were
inoculated into 5 ml of phosphate-buffered saline (PBS) (Corning Inc.,, NY, USA), and the optical density
at 600 nm (ODy,,) of the suspension was adjusted to approximately 0.4. The maximum dosage for each
bacterium (3 mJ/cm? for E. coli O157:H7 and 5 mJ/cm? for L. monocytogenes) was delivered to the
PBS-bacterium suspension with continuous or 20-Hz/50% pulsed treatments. After treatment, a 1-ml
aliquot was transferred to a sterile centrifuge tube and PI solution was added to a final concentration of
2.9 uM, followed by a 10-min incubation in the dark at room temperature.

Membrane potential, an indicator of cellular damage, was evaluated with DiIBAC,(3), an anionic
fluorescent dye. Treated suspensions of E. coli O157:H7 were incubated for 15 min at 37°C with 2.5 pg/ml
DiBAC,(3) in PBS with 4 mM EDTA in the dark. In the case of L. monocytogenes suspensions, cells were
incubated for 2 min at 37°C with 0.5 ug/ml DiBAC,(3) in PBS in the dark.

After incubation, cells were collected by centrifugation at 10,000 X g for 10 min and were washed
twice with PBS in order to remove excess fluorescent dye. Pelleted cells were resuspended in PBS, and
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fluorescence was measured using a spectrofluorophotometer (SpectraMax M2e; Molecular Devices, San
Jose, CA, USA), with an excitation wavelength of 495 nm and emission wavelength of 615 nm for PI
uptake and an excitation wavelength of 488 nm and emission wavelength of 525 nm for DiBAC,(3)
accumulation. All measured fluorescence and absorbance values in this study, including Pl uptake,
DiBAC,(3) accumulation, TBARS accumulation, ROS generation, and SQR activity values, were normalized
against the cell density (ODg,) of the bacterial suspension and expressed as a percentage of the highest
value observed (with 20-Hz/50% treatment).

Membrane lipid peroxidation assessment. Cell membrane lipid peroxidation was assessed by
measuring malondialdehyde using the Oxiselect TBARS assay kit. Bacterium-PBS suspensions were
treated with a dosage of 3 mJ/cm? or 5 mJ/cm? (for E. coli O157:H7 or L. monocytogenes, respectively),
and samples were processed by following the manufacturer’s instructions. Fluorescence was measured
by using the spectrometer at an excitation wavelength of 540 nm and an emission wavelength of
590 nm.

ROS measurements. ROS levels were assayed in order to elucidate the reason for different levels of
membrane lipid peroxidation with continuous versus pulsed treatments. The ROS detection reagent
CM-H,DCFDA (Invitrogen, Eugene, OR, USA) was purchased and processed following the manufacturer’s
instructions. The final concentration of the agent was set at 5 uM in 1 ml of treated bacterial solution.
As for the other mechanism assays, the same levels of UVC irradiation were delivered to the PBS solution.
Fluorescence was measured using the spectrometer at an excitation wavelength of 492 nm and an
emission wavelength of 520 nm.

SQR activity assay. The activity of SQR, which is involved in the electron transfer chain for energy
production, was assessed in order to evaluate other cellular damage arising from ROS. After UV
treatment, 100 ul of 0.5% iodonitrotetrazolium chloride solution (Sigma-Aldrich) was added to 0.9 ml of
treated bacterial solution, and the mixture was incubated for 2 h at 37°C in the dark. Bacterial cells were
collected by centrifugation (and the supernatant was discarded), followed by resuspension in 1 ml of 1:1
(vol/vol) acetone-ethanol. Based on the amount of formazan formation, SQR activity was determined by
measuring the absorbance of INT-formazan at 490 nm with a SpectraMax M2e.

Statistical analysis. All experiments were performed in duplicate and replicated three times. All data
were analyzed with analysis of variance using SAS software (SAS Institute, Cary, NC, USA) and Duncan’s
multiple range test to determine whether there were significant differences (P < 0.05) in mean values of
log-unit reductions in microorganism populations or fluorescence units.
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