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ABSTRACT The purpose of this study was to investigate the synergistic bactericidal
effect of 222-nm KrCl excilamp and 254-nm low-pressure (LP) Hg lamp simultaneous
treatment against Escherichia coli O157:H7, Salmonella enterica subsp. enterica sero-
var Typhimurium, and Listeria monocytogenes in tap water and to identify the syner-
gistic bactericidal mechanism. Sterilized tap water inoculated with pathogens was
treated individually or simultaneously with a 254-nm LP Hg lamp or 222-nm KrCl ex-
cilamp. Overall, for all pathogens, an additional reduction was found compared to
the sum of the log unit reductions of the individual treatments resulting from syn-
ergy in the simultaneous treatment with both kinds of lamps. In order to identify
the mechanism of this synergistic bactericidal action, the form and cause of mem-
brane damage were analyzed. Total reactive oxygen species (ROS) and superoxide
generation as well as the activity of ROS defense enzymes then were measured, and
the overall mechanism was described as follows. When the 222-nm KrCl excilamp
and the 254-nm LP Hg lamp were treated simultaneously, inactivation of ROS de-
fense enzymes by the 222-nm KrCl excilamp induced additional ROS generation fol-
lowing exposure to 254-nm LP Hg lamp (synergistic) generation, resulting in syner-
gistic lipid peroxidation in the cell membrane. As a result, there was a synergistic
increase in cell membrane permeability leading to a synergistic bactericidal effect.
This identification of the fundamental mechanism of the combined disinfection sys-
tem of the 222-nm KrCl excilamp and 254-nm LP Hg lamp, which exhibited a syner-
gistic bactericidal effect, can provide important baseline data for further related
studies or industrial applications in the future.

IMPORTANCE Contamination of pathogenic microorganisms in water plays an im-
portant role in inducing outbreaks of food-borne illness by causing cross-
contamination in foods. Thus, proper disinfection of water before use in food pro-
duction is essential to prevent outbreaks of food-borne illness. As technologies
capable of selecting UV radiation wavelengths (such as UV-LEDs and excilamps) have
been developed, wavelength combination treatment with UV radiation, which is
widely used in water disinfection systems, is actively being studied. In this regard,
we have confirmed synergistic bactericidal effects in combination with 222-nm and
254-nm wavelengths and have identified mechanisms for this. This study clearly ana-
lyzed the mechanism of synergistic bactericidal effect by wavelength combination
treatment, which has not been attempted in other studies. Therefore, it is also ex-
pected that these results will play an important role as baseline data for future re-
search on, as well as industrial applications for, the disinfection strategy of effective
wavelength combinations.

KEYWORDS combined wavelengths, foodborne pathogens, synergistic effect
mechanism, ultraviolet irradiation, water disinfection
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Kang and Kang

ontaminated water is a major source of pathogenic microorganisms, which can

pose a severe health threat to humans either by direct consumption or through its
presence in washing food materials and food contact surfaces (1). In most developing
countries, especially in rural areas, water safety is an important issue. According to the
World Health Organization (WHO), contaminated water causes millions of deaths per
year worldwide (2), and 663 million people still lacked access to improved drinking
water sources in 2015 (3). Thus, it is of great significance to develop reliable water
treatment technologies to effectively inactivate pathogenic microorganisms for human
health and well-being (4).

UV irradiation can effectively inactivate various microorganisms in water and has
been widely applied as a disinfection step in water treatment (4, 5). UV disinfection has
numerous advantages, such as no disinfectant residuals, negligible formation of disin-
fection by-products (DBPs), no introduction of disinfectant resistance to bacteria, and
facilitation for retrofitting into existing processes compared to conventional chemical
treatments (6-9); thus, it has been recommended as a substitute for chemical additives
to control pathogenic microorganisms in water (4, 10).

Among the features of UV technology, an attractive one is that it is possible to select
a preferred wavelength which could be effectively applied to control a target pathogen
as well as other specialized applications, because various monochromatic wavelengths
can be produced according to UV source. Some typical UV sources capable of produc-
ing various wavelengths include UV light-emitting diodes (UV-LEDs) and discharge
(DBD)-driven excimer lamps (excilamps). UV-LEDs are a source of UV radiation that can
emit radiation from 210 nm to visible light depending on the semiconductor’s bandgap
(4,11), and dielectric barrier excilamps can emit radiation from 74 to 354 nm depending
on the type of rare gas and halogen used (12, 13). By using this feature, a hurdle
technology can be applied that combines wavelengths exhibiting a synergistic effect
on microbial inactivation due to different mechanisms involved in it (14). Consequently,
through combination treatment representing the synergistic effect, it is possible to
reduce the input energy by decreasing the treatment intensity required for reducing
the pathogen to a desired level and also to ensure safety against pathogens by the
increased inactivation effect (15, 16).

For this reason, many studies have been carried out on the synergistic effect of
microbial inactivation by a combination of wavelengths (17-21). Among them, the
inactivation effects of the wavelength combination treatments of 254/365 nm, 254/
405 nm, and 280/365 nm using UV-LEDs (21), 254/365 nm using UV-LED and low-
pressure (LP) Hg lamps (20), and 222/254 nm using an excilamp and an LP Hg lamp (17)
were significantly higher than the sum of the inactivation effect of the individual
treatments of each wavelength, proving that a synergistic effect occurs. On the other
hand, the combination treatments of 265/280 nm, 265/310 nm, 280/310 nm, 265/280/
310 nm (19), and 260/280 nm (18) using UV-LEDs and the combination treatment of
172/222 nm using an excilamp and an LP Hg lamp (17) did not show any synergistic
effect. Thus, it has been demonstrated that both LED-UV and excilamps can generate
a synergistic effect if combined appropriately. Meanwhile, most studies have focused
on UV-LED combinations, and there is only one combination study involving excilamps.
To date, in fact, most commercially available UV-C-LEDs produce an extremely low
radiant output of less than 3 mW (22), and UV-LEDs with a range of 220 to 230 nm are
not at a practical stage of development for application (18). However, the 222-nm
wavelength excilamp has a greater bactericidal effect than the 254-nm LP Hg lamp, and
excilamps have a sufficiently high output (23, 24). Therefore, a study involving a
combined treatment system using KrCl excilamps, which have a high radiant power and
a wavelength of 222 nm, is needed because it is likely to be applied in practice and,
thus, enhance control of waterborne pathogens.

Although Ramsay et al. (17) demonstrated a synergistic effect with the combination
of a 222-nm KrCl excilamp and 254-nm LP Hg lamp, the specific inactivation mechanism
of this combination system has not yet been elucidated. Since understanding the
technology’s inactivation mechanisms not only helps to identify rate-limiting steps
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TABLE 1 Log reductions of E. coli O157:H7 in tap water subjected to individual 254-nm LP Hg lamp, 222-nm KrCl excilamp, and
simultaneous treatment

Log reduction [log,(Ny/N)1? by treatment type and selection medium

254-nm LP Hg lamp 222-nm KrCl excilamp Combined
Treatment time (s) SMAC SPRAB SMAC SPRAB SMAC SPRAB
0 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 £ 0.00 Aa 0.00 = 0.00 Aa
1 0.39 £0.32 Aa 0.37 £0.22 Aa 0.29 £0.25 Aa 0.46 £ 0.35 Aa 2.51 £ 0.26 Bb 2.26 £ 0.41 Bb
3 1.47 = 0.10 Ba 1.36 = 0.27 Ba 1.99 = 0.67 Ba 1.90 = 0.23 Ba 5.05 = 0.66 Cb 465 + 0.69 Cb
5 1.71 = 0.09 Ba 1.58 = 0.30 Ba 3.30 = 0.65 Cb 2.78 = 0.37 Cb 7.59 £ 0.04 Dc 6.74 = 0.26 Dd

aValues are means * standard deviations from three replications. Means with different uppercase letters within the same column indicate significant differences
(P < 0.05). Different lowercase letters within the same row indicate significant differences (P < 0.05). SMAC, sorbitol MacConkey agar; SPRAB, phenol red agar base
with 1% sorbitol; Ny, initial population; N, population after treatment.

during processing with the system but also can facilitate the development of more
effective inactivation strategies, the identification of the specific inactivation mecha-
nism of this wavelength-combining system is of great significance (25). For this reason,
we reaffirmed the synergistic effect of the 222-nm (KrCl excilamp) and 254-nm (LP Hg
lamp) combination against major pathogenic bacteria (Escherichia coli O157:H7, Sal-
monella enterica subsp. enterica serovar Typhimurium, and Listeria monocytogenes) and
identified the mechanism for this synergistic effect.

RESULTS AND DISCUSSION

Levels of E. coli O157:H7, S. Typhimurium, and L. monocytogenes in tap water after
individual or simultaneous treatment with the 222-nm KrCl excilamp and 254-nm LP Hg
lamp are presented in Tables 1, 2, and 3, respectively. For E. coli 0157:H7, a significant
difference (P < 0.05) in reduction levels between the two lamps occurred after 5-s
treatments at equal doses of 1.05 mJ/cm? for the KrCl excilamp and 1.1 mJ/cm? for the
LP Hg lamp. For S. Typhimurium and L. monocytogenes, the 222-nm KrCl excilamp
resulted in significantly (P < 0.05) higher reduction levels than the 254-nm LP Hg lamp
at all treatment times. Even though the radiation intensity of the 222-nm KrCl excilamp
was slightly lower than that of the 254-nm LP Hg lamp (KrCl excilamp, 0.21 mW/cm?;
LP Hg lamp, 0.22 mW cm?), higher reduction levels caused by the 222-nm KrCl excilamp
at the same treatment time indicate that the 222-nm wavelength exhibited a greater
bactericidal effect than the 254-nm wavelength. This is consistent with several previous
studies, including our previous study in which 222-nm KrCl excilamps revealed a
greater bactericidal effect than the 254-nm LP Hg lamp (11, 23, 26, 27). Based on our
previous study identifying the inactivation mechanisms of the 222-nm KrCl excilamp,
the results of the greater bactericidal effect of the 222-nm KrCl excilamp than the
254-nm LP Hg lamp are interpreted as follows. Since intracellular components such as
lipids and proteins absorb more light at 222 nm than at a wavelength of 254 nm
(whereas the 254-nm wavelength is absorbed more by DNA) and the 222-nm wave-
length also generates intracellular reactive oxygen species (ROS), the 222-nm wave-

TABLE 2 Log reductions of S. Typhimurium in tap water subjected to individual 254-nm LP Hg lamp, 222-nm KrCl excilamp, and
simultaneous treatment

AINN TVYNOILYN 1NO3S ¥e 020z ‘2T Areniga- uo /Bio wse wae//:dny woly papeojumoq

Log reduction [log,,(Ny/N)]? by treatment type and selection medium

254-nm LP Hg lamp 222-nm KrCl excilamp Combined
Treatment time (s) XLD OV-XLD XLD OV-XLD XLD OV-XLD
0 0.00 = 0.00 Aa 0.00 £ 0.00 Aa 0.00 £ 0.00 Aa 0.00 £ 0.00 Aa 0.00 £ 0.00 Aa 0.00 £ 0.00 Aa
7 1.44 = 0.57 Ba 1.18 £ 0.55 Ba 2.17 = 0.60 Bb 1.17 £0.02 Ba 3.95+0.78 Bc 3.33+0.19 Bc
10 1.64 = 0.33 Ba 1.76 £ 0.18 BCa 2.83 = 0.45 BCb 1.78 = 0.05 Ca 5.70 = 0.40 Cc 439+037Cd
13 1.93 £ 0.38 Ba 1.96 £0.11 Ca 346 +0.18 Cc 2.79 = 0.22 Db 6.42 £ 0.51 CDe 5.82 = 0.39 Dd
15 1.98 = 0.57 Ba 2.06 = 0.24 Ca 3.58 =0.24 Cb 3.02 = 0.45 Db 6.82 =+ 0.16 Dc 6.95 + 0.17 Ec

a\alues are means * standard deviations from three replications. Means with different uppercase letters within the same column indicate significant differences
(P < 0.05). Different lowercase letters within the same row indicate significant differences (P < 0.05). XLD, xylose lysine desoxycholate agar; OV-XLD, overlay XLD agar
on TSA; N, initial population; N, population after treatment.
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TABLE 3 Log reductions of L. monocytogenes in tap water subjected to individual 254-nm LP Hg lamp, 222-nm KrCl| excilamp, and

simultaneous treatment

Log reduction [log,(Ny/N)]1? by treatment type and selection medium

254-nm LP Hg lamp 222-nm KrCl excilamp Combined
Treatment time (s) OAB OV-OAB OAB OV-OAB OAB OV-OAB
0 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa 0.00 = 0.00 Aa
7 0.62 £ 0.35 Ba 0.62 £ 0.17 Ba 1.06 = 0.12 Bb 1.09 = 0.11 Bb 2.75 +0.20 Bc 2.73+0.12 Bc
10 0.78 = 0.21 Ba 1.07 = 0.10 Ca 1.70 = 0.09 Cb 1.80 = 0.35 Cb 418 = 0.34 Cc 4,03 =047 Cc
13 131 £0.27 Ca 1.65 = 0.30 Da 2.63 = 0.44 Db 2.52 £ 0.39 Db 5.79 = 0.06 Dc 5.54 + 0.32 Dc
15 2.07 = 0.06 Da 1.90 + 0.04 Db 2.78 = 0.40 Db 2.68 = 0.43 Db 6.90 * 0.23 Ec 6.58 + 0.26 Ec

aValues are means * standard deviations from three replications. Means with different uppercase letters within the same column indicate significant differences
(P < 0.05). Different lowercase letters within the same row indicate significant differences (P < 0.05). OAB, Oxford agar base with antimicrobial supplement; OV-OAB,

overlay OAB agar on TSA; N,, initial population; N, population after treatment.

length affects simultaneously the cell membrane, enzymes, and DNA necessary to
maintain cell viability, whereas the 254-nm wavelength affects only the DNA; thus, the
222-nm KrCl excilamp induces greater damage to pathogenic bacteria than the 254-nm
LP Hg lamp. Specifically, the 222-nm wavelength inactivated respiratory chain dehy-
drogenase in the cell and induced lipid peroxidation of the cell membrane, leading to
the formation of pores. Ha et al. (24) also confirmed that the 222-nm wavelength
inactivated intracellular esterase and induced formation of cell membrane pores.
Although the 222-nm wavelength induces destruction of DNA, it is not yet known what
form of DNA damage occurs. On the other hand, it has been widely reported that the
254-nm wavelength induces several forms of DNA damage, including production of
cyclobutane pyrimidine dimers (CPDs), pyrimidine(6 - 4)pyrimidine photoproducts, and
DNA double- or single-strand breakage (20, 28-31).

The occurrence of sublethally injured cells after UV-C treatment should be consid-
ered, because they can be resuscitated under conditions that facilitate recovery and
regain normal pathogenicity (32). As shown in Tables 1, 2, and 3, in the case of E. coli
0157:H7 and L. monocytogenes, no injured cells were produced in any treatment except
for simultaneous 5-s treatment of 222-nm KrCl excilamp and 254-nm LP Hg lamp at
equal doses of 1.10 mJ/cm? for the LP Hg lamp and 1.05 mJ/cm? for the KrCl excilamp,
whereas for S. Typhimurium, significant (P < 0.05) numbers of recovered cells occurred
with the individual 222-nm KrCl excilamp treatment with 7 to 13 s of treatment at equal
doses of 1.54 to 2.73 mJ/cm? and in the simultaneous 10 to 13 s of treatment with equal
doses of 2.20 to 2.86 mJ/cm? for the LP Hg lamp and 2.10 to 2.73 mJ/cm? for the KrCl
excilamp. This trend of cell recovery in S. Typhimurium following UV-C irradiation
treatment has been reported in several studies (24, 33-35).

Meanwhile, simultaneous treatment with the 222-nm KrCl excilamp and 254-nm LP
Hg lamp combination resulted in significantly greater (P < 0.05) reduction levels than
the sum of the reduction levels generated by the individual treatments, except for the
7-s treatment (1.54 mJ/cm? for LP Hg lamp and 1.47 mJ/cm? for KrCl excilamp) of S.
Typhimurium. This means that the combined treatment of the 222-nm KrCl excilamp
and 254-nm LP Hg lamp produced a synergistic inactivation effect on the pathogens in
tap water. Although this synergistic effect was already reported by Ramsay et al. (17),
the results of our study are meaningful because we demonstrated the synergistic
effects on major pathogenic bacteria that were not investigated by Ramsay et al. (17).
Moreover, the mechanism for this synergistic effect had not previously been elucidated.
Since it is necessary to identify the mechanism for effective practical application of this
system, we sought to identify the mechanism for synergistic effect through several
approaches.

The first step was to find the intracellular site where synergistic damage was induced
by simultaneous treatment, because that is an important key for investigating the
mechanism of the synergistic inactivation effect. Based on previous studies (23, 24) on
the inactivation mechanism of the 222-nm KrCl excilamp, we assumed that the cell
membrane, which exhibited remarkable damage following UV radiation treatment, is a
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TABLE 4 Pl uptake and lipid peroxidation values for cell membranes of E. coli O157:H7, S.
Typhimurium, and L. monocytogenes subjected to individual or simultaneous 254-nm LP
Hg lamp and 222-nm KrCl excilamp treatment?

Microorganism

Value® and treatment E. coli O157:H7 S. Typhimurium L. monocytogenes
Pl uptake
Untreated control 0.00 = 0.00 A 0.00 = 0.00 A 0.00 = 0.00 A
254-nm LP Hg lamp 1.06 = 1.20 A 1.12£097 A 018+ 0.17 A
222-nm KrCl excilamp 3.16 =0.19B 420+ 1388 266 =157 B
LP Hg lamp + KrCl excilamp 7.92*+1.24C 11.20 =137 C 12.49 =3.89 C
Lipid peroxidation of cell membrane
Untreated control 0.00 = 0.00 A 0.00 = 0.00 A 0.00 =0.00 A
254-nm LP Hg lamp 673 5518 436 *+758B 243 £1558B
222-nm KrCl excilamp 4413 =90.1 C 448.6 =33.0 C 302.6 £244 C
LP Hg lamp + KrCl excilamp 1,002.7 £2334D 8693*+1238D 601.6 *=96.2 D

a\/alues were obtained from Pl uptake and DPPP assays.

bValues are means * standard deviations from three replications. Means followed by different letters within
the same column for each value are significantly different (P < 0.05). The data were normalized by
subtracting fluorescence (ODgq0) Values obtained from untreated cells with the following formula:
(fluorescence value after treatment — fluorescence value of untreated control)/ODgq.

site where synergistic damage occurred; thus, we examined cell integrity by means of
the propidium iodide (PI) uptake assay. As shown in Table 4, the Pl uptake value after
simultaneous treatment with the 222-nm KrCl excilamp and 254-nm LP Hg lamp was
significantly (P < 0.05) greater than the sum of the individual treatments. The increase
in Pl uptake value means that the permeability of the cell membrane increased due to
the occurrence of physical damage, such as pore formation in the cell membrane, and
this physical damage made it difficult for the cells to maintain homeostasis and
eventually led to cell death (36, 37). Therefore, we deduce that the synergistic inacti-
vation effect of simultaneous treatment is caused by synergistic damage to the cell
membrane. Although we confirmed that the synergistic damage site was the cell
membrane and physical damage occurred in the form of increased permeability, it
remains questionable which component in the cell membrane underwent what form of
change that eventually induced damage in the form of pore formation, resulting in
increased permeability. For specific mechanism analysis, it was considered necessary to
identify the cause of physical damage occurring in the cell membrane. Fatty acids are
one of the most important building blocks of cellular components. They are mainly
found in the cell membrane as the acyl constituent of phospholipids in bacterial cells
(38). In particular, when peroxidation of lipids in the cell membrane occurs, cellular
damages such as loss of fluidity, decreasing cell membrane potential, and increasing
permeability occur and eventually lead to cell death (39). Based on this, we examined
lipid peroxidation of the cell membrane by diphenyl-1-pyrenylphosphine (DPPP) assay,
considering that the occurrence of lipid peroxidation in the cell membrane is the cause
of physical damage to this organelle. As shown in Table 4, lipid peroxidation values of
the cell membrane in cells subjected to simultaneous 222-nm KrCl excilamp and
254-nm LP Hg lamp treatment were significantly (P < 0.05) greater than the sum of
values obtained from individual treatments. That is, simultaneous treatment with the
222-nm KrCl excilamp and 254-nm LP Hg lamp synergistically induced lipid peroxida-
tion in the cell membrane, so it can be interpreted that physical membrane damage
caused by simultaneous treatment with the two lamps was attributed to the occurrence
of lipid peroxidation.

Since the site where the synergistic damage occurred in the cell and the cause of its
occurrence have been identified, it is necessary to know what caused the damage. It is
well established that UV radiation treatment causes ROS generation and, thus, oxidative
damage to the cell (40-43). This is due to the principle that when cellular constituents
such as chromophoric amino acids absorb UV irradiation, they generate excited-state
species and radicals as a result of photoionization through the photosensitization
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TABLE 5 Superoxide generation values within cells of E. coli O157:H7, S. Typhimurium,
and L. monocytogenes subjected to individual or simultaneous 254-nm LP Hg lamp and

222-nm KrCl excilamp treatment?

Value® and treatment

Microorganism

E. coli O157:H7

S. Typhimurium

L. monocytogenes

Generation of superoxide (0,7)
Untreated control
254 nm LP Hg lamp
222 nm KrCl excilamp
LP Hg lamp + KrCl excilamp

Generation of total ROS
Untreated control
254 nm LP Hg lamp
222 nm KrCl excilamp
LP Hg lamp + KrCl excilamp

0.00 £ 0.00 A
0.87 =184 A
6.57 = 1.39B
1534 +292C

0.00 = 0.00 A
333%£333A
46.68 = 3.33 B
120.00 + 29.05 C

0.00 £0.00 A
1.63 +2.01 A
10.99 = 2.64 B
2132x1.15C

0.00 +0.00 A
8.88 £5.09 A
46.67 = 1453 B
116.68 = 3.33 C

0.00 = 0.00 A
0.40 = 0.55 A
5.24 = 0.66 B
1355+ 047 C

0.00 = 0.00 A
7.77 =385 A
68.89 = 10.72 B
190.00 = 20.82 C

Applied and Environmental Microbiology

a\alues were obtained using an HDE or CM-H2DCFDA probe.

bValues are means * standard deviations from three replications. Means followed by different letters within
the same column are significantly different (P < 0.05). The data were normalized by subtracting
fluorescence (ODg,,) values obtained from untreated cells as follows: (fluorescence value after treatment —
fluorescence value of untreated control)/ODgq.

process (41, 44, 45). ROS are known to be one of the major causes of the activation of
lipid peroxidation in cell membranes, leading to cell death by increasing cell membrane
permeability (46-49). Thus, based on these facts, we hypothesized that the occurrence
of ROS is related to the cause of synergistic damage in the form of lipid peroxidation.
ROS are various forms of activated oxygen, including superoxide radicals, hydroxyl
radicals, hydrogen peroxide, peroxyl, and peroxynitrite. Among them, superoxide
(0,7), which is formed by adding one electron to an oxygen molecule, plays an
important role in forming other oxygen radicals that have the potential to react with
cell components and thereby induce damage (50-52). Thus, both the intracellular total
ROS and superoxide generation were measured after simultaneous or individual treat-
ment with the 222-nm KrCl excilamp and 254-nm LP Hg lamp. As shown in Table 5,
interestingly, the degree of generation of both total ROS and superoxide within the cell
after simultaneous treatment with the 222-nm KrCl excilamp and the 254-nm LP Hg
lamp was significantly (P < 0.05) greater than the sum of that generated after individual
treatment with the two lamps. Therefore, it can be interpreted that simultaneous
treatment with the 222-nm KrCl excilamp and 254-nm LP Hg lamp synergistically
generates ROS, which synergistically induces lipid peroxidation in the cell membrane,
causing physical damage in the form of increased permeability. Eventually, simultane-
ous treatment causes a synergistic bactericidal effect by this chain reaction. Unsatu-
rated fatty acids in particular are sensitive to the occurrence of peroxidation, because
double bonds in fatty acids facilitate the removal of hydrogen ions by weakening the
C-H bonds adjacent to the double bond; for this reason, unsaturated fatty acids in the
cell membrane are more vulnerable to damage caused by ROS than saturated fatty
acids (39, 53). Thus, it is postulated that the ROS generated in this study induced lipid
peroxidation mostly in the unsaturated fatty acids in the cell membrane, resulting in
damage. Although our study confirmed only lipid peroxidation of the cell membrane by
ROS, it is believed that the produced ROS caused damage to cell constituents other
than lipids, leading to a bactericidal effect, because ROS can cause oxidative damage
not only to lipids but also to constituents such as proteins and DNA in many other
microorganisms (54-57). Meanwhile, in order to complete the identification of the
mechanism of the synergistic bactericidal action resulting from simultaneous treatment
with both lamps, there still remains a question as to why ROS is synergistically
generated by simultaneous treatment.

Organisms with aerobic metabolism have been known to generate ROS in normal
metabolic processes as a by-product; thus, these organisms always face the risk of
oxidative damage by this ROS. To protect themselves from this risk, aerobic organisms
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TABLE 6 Values of SOD, CAT, and GPx inactivation for E. coli O157:H7, S. Typhimurium,
and L. monocytogenes subjected to individual or simultaneous 254-nm LP Hg lamp and
222-nm KrCl excilamp treatment?

Value® and treatment

Microorganism

E. coli O157:H7

S. Typhimurium

L. monocytogenes

Inactivation of SOD
Untreated control
254 nm LP Hg lamp
222 nm KrCl excilamp
LP Hg lamp + KrCl excilamp

Inactivation of CAT
Untreated control
254 nm LP Hg lamp
222 nm KrCl excilamp
LP Hg lamp + KrCl excilamp

Inactivation of GPx
Untreated control
254 nm LP Hg lamp
222 nm KrCl excilamp
LP Hg lamp + KrCl excilamp

0.00 = 0.00 A
0.02 +0.04 A
0.09 = 0.01 B
0.12+0.04 B

0.00 = 0.00 A
6.33 £5.86 A
3933 £3798B
47.00 = 6.24 B

0.00 = 0.00 A

11333 £26.76 B
491.67 = 98.28 C
623.00 = 27.07 D

0.00 £0.00 A
0.03 £0.03 A
0.11 £0.01 B
0.11£0.02B

0.00 £0.00 A

1267 = 11.59 A
110.00 =9.00 B
127.00 = 3.61 B

0.00 £0.00 A

106.00 = 11.79 B
610.67 = 71.62 C
709.67 £17.62 D

0.00 = 0.00 A
0.02+0.03 A
0.11 = 0.03 B
0.13+0.01 B

0.00 = 0.00 A
833 x4.04 A
2867 £6.11 B
39007218

0.00 = 0.00 A
86.00 = 10.58 B
494.67 = 36.07 C
635.67 =33.50 D

aValues were obtained from SOD assay.

bValues are means * standard deviations from three replications. Means followed by different letters within
the same column for each value are significantly different (P < 0.05). The data were normalized by
subtracting absorbance or fluorescence (ODg,) values obtained from untreated cells using the following
formulas: inactivation of SOD, (absorbance value after treatment — absorbance value of untreated control)/
ODgq0; inactivation of CAT, (fluorescent value after treatment - fluorescent value of untreated
control)/ODg,0; inactivation of GPx, (fluorescent value of untreated control - fluorescent value after
treatment)/ODgq.

have both enzymatic and nonenzymatic defense systems that can scavenge ROS. The
most well-known nonenzymatic defense system, glutathione (GSH), is oxidized by ROS
to oxidized glutathione (GSSG) and, thus, acts as a scavenger to protect cells from
oxidative damage (58). On the other hand, the major enzymatic ROS defense systems
include superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)
(59, 60). SOD is one of the most fundamental antioxidant enzymes and converts
superoxide into hydrogen peroxide, which has less biological oxidant potential, and
hydrogen peroxide is further decomposed by CAT to ground-state oxygen and water
(61, 62). GPx catalyzes the reduction of hydrogen peroxide as well as a wide range of
lipid hydroperoxides using GSH as a reductant (63). That is, several ROS defense
systems of the organism scavenge ROS, maintaining low levels of ROS within the cell
and protecting cells from oxidative cellular damage. Thus, the cells being exposed to
unfavorable stresses and these defense systems becoming damaged and less effective
can result in increased oxidative damage and eventually adversely affect the cell
(64-67). Meanwhile, in our previous study (23), we demonstrated that the 222-nm KrCl
excilamp inactivates the cellular enzyme respiratory chain dehydrogenase through
photoinduced damage. From this result, therefore, we postulate that the synergistic
increase in ROS generation by simultaneous 254-nm LP Hg lamp and 222-nm KrCl
excilamp treatment was related especially to the enzymatic ROS defense system in the
cell. Accordingly, the activities of SOD, CAT, and GPx, which are considered to be
primary antioxidant enzyme families, were examined after treatment. As shown in Table
6, for both SOD and CAT, inactivation values of these enzymes were not significantly
(P >0.05) different from those of the untreated control after 254-nm LP Hg lamp
treatment, but the values for 222-nm KrCl excilamp treatment and the combined
254-nm LP Hg lamp and 222-nm KrCl excilamp treatment were significantly (P < 0.05)
higher than for that of the untreated control. Moreover, there were no significant
(P > 0.05) differences between 222-nm KrCl excilamp treatment and the combination
treatment of the 222-nm KrCl excilamp and 254-nm LP Hg lamp. In other words, the
254-nm LP Hg lamp treatment cannot inactivate either enzyme (SOD and CAT), whereas
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222-nm KrCl excilamp treatment can inactivate both SOD and CAT, and simultaneous
treatment with the 222-nm KrCl excilamp and 254-nm LP Hg lamp shows the same
inactivation ability as individual treatment with the 222-nm KrCl excilamp for both SOD
and CAT. Meanwhile, in the case of GPx utilizing 254-nm LP Hg lamp as well as 222-nm
KrCl excilamp treatment, enzyme inactivation values were significantly (P < 0.05)
increased compared to those of untreated controls. In addition, inactivation values
were at the highest level of significance (P < 0.05) for the combination treatment,
followed by the 222-nm KrCl excilamp and lastly by the 254-nm LP Hg lamp single
treatments. This indicates that not only the 222-nm KrCl excilamp but also the 254-nm
LP Hg lamp has inactivating capability against GPx. Furthermore, in the case of SOD and
CAT, the degrees of enzyme inactivation were not significantly (P > 0.05) different
between 222-nm KrCl excilamp and combination treatment, whereas in the case of GPx,
the inactivation level of GPx after combination treatment was significantly (P < 0.05)
higher than that of single 222-nm KrCl excilamp treatment. This can be interpreted as
the result of additional effects, because the 254-nm LP Hg lamp has inactivation
capability against GPx. These results indicate that the 222-nm KrCl excilamp exhibits
inactivation ability against ROS defense enzymes, while the 254-nm LP Hg lamp did not
exhibit inactivation ability for ROS defense enzymes such as SOD and CAT, and even
though it showed inactivation ability for GPx, it was less effective than the 222-nm KrCl
excilamp. It has been well established that the 222-nm wavelength has greater inac-
tivation ability against enzymes in the solution as well as within cells than the 254-nm
wavelength (23, 68, 69). This difference in enzyme response between 254-nm and
222-nm wavelengths is due to the larger absorption of light by proteins at 222 nm than
at 254 nm. This occurs because the maximum wavelengths corresponding to absorp-
tion by major amino acids such as Tyr, Typ, Phe, His, and Cys are all under 240 nm (44,
70). That is, more absorption of 222-nm-wavelength light emitted by the KrCl excilamp
than of 254-nm wavelength emitted by the LP Hg lamp led to more photoinduced
reactions, resulting in greater photoinactivation damage.

In this study, total ROS and superoxide were not generated by 254-nm LP Hg lamp
but only by 222-nm KrCl excilamp treatment. However, it is generally known that any
wavelengths in the UV region can induce the generation of excited-state species and
radicals via photoionization, as these wavelengths are absorbed by chromophoric
amino acids present in the protein (41, 44). Therefore, it is possible that ROS can also
be generated by 254-nm LP Hg lamp as well as 222-nm KrCl excilamp treatment,
although the degree of ROS generation depends on the degree of UV absorption. In
this regard, in a study on the response of Chlorophyceae to UV-C light treatment (71),
it was reported that superoxide significantly increased in cells following 254-nm LP Hg
treatment. The reason why total ROS and superoxide were not produced by the 254-nm
LP Hg lamp treatment in our study but were generated in the study of Kovacik et al. (71)
is thought to be the much larger dose of UV radiation applied in their study. In other
words, it can be interpreted that total ROS and superoxide appeared not to be
generated by 254-nm LP Hg lamp treatment in our study because not enough UV dose
was applied to overcome the activity of ROS defense enzymes (SOD, CAT, and GPx);
thus, total ROS and superoxide generated by 254-nm-wavelength exposure were
scavenged by ROS defense enzymes. In the case of GPx, although 254-nm LP Hg lamp
treatment inactivated this enzyme and thereby decreased ROS scavenging ability, there
were no ROS occurrences. From this, it can be interpreted that the enzyme was
inactivated but ROS are not generated, because 254-nm LP Hg lamp irradiation energy
was insufficient to overcome the threshold necessary to inactivate enough enzyme to
generate ROS for GPx. Based on this principle, the results of our study, in which total
ROS and superoxide are synergistically generated, are interpreted as the following: with
254-nm LP Hg lamp and 222-nm KrCl excilamp simultaneous application, the 222-nm
wavelength inactivated SOD, CAT, and GPx, leaving ROS generated by the 254-nm
wavelength to remain unscavenged; thus, more ROS was generated than the sum of
that generated by individual treatments with the 254-nm LP Hg lamp and 222-nm KrCl
excilamp.
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To date, many researchers have studied the effect of microbial inactivation through
the combination of wavelengths using excilamps, UV-LEDs, and LP Hg lamps (17-21).
Among them, the wavelength combinations of 254/365 nm, 254/405 nm, 280/365 nm,
254/365 nm, and 222/254 nm showed synergistic effects of microbial inactivation, while
the wavelength combinations of 265/280 nm, 254/310 nm, 280/310 nm, 265/280/
310 nm, 260/280 nm, and 172/222 nm did not show the synergistic effect of microbial
inactivation. Oguma et al. (19) suggested that the difference in the absence or presence
of the synergistic effect of microbial inactivation according to wavelength combination
is due to the difference in emission wavelengths. In other words, when two wave-
lengths with different microbial inactivation mechanisms are combined, one wave-
length will enhance the inactivation effect of the other wavelength, producing syner-
gistic effects. Indeed, in the study of Nakahashi et al. (20), it was demonstrated that the
combination of UV-C/UV-A (254/365 nm) wavelengths showed a synergistic bactericidal
effect, and its mechanism is that UV-A (365 nm) attenuates the DNA repair pathway,
such as SOS response, inducing an increase of the bactericidal effect of UV-C (254 nm)
and resulting in a synergistic effect. Our results showing synergistic bactericidal effects
by promoting ROS generation at the 254-nm wavelength by inactivating ROS defense
enzymes at the 222-nm wavelength are also in line with the previous interpretation.
Therefore, when developing a microbial control system through a combination of
wavelengths, it is important to consider trying a combination of wavelengths with
different inactivation mechanisms.

In conclusion, this study demonstrates that simultaneous treatment with the
254-nm LP Hg lamp and 222-nm KrCl excilamp exhibits a synergistic bactericidal effect
on pathogenic bacteria present in tap water. This means that simultaneous treatment
with both types of lamps can control bacteria more effectively by inputting the same
energy as individual treatments with both wavelengths. Therefore, it is suggested that
simultaneous 254-nm LP Hg lamp and 222-nm KrCl excilamp treatment has the
potential to ensure greater water potability by applying this hurdle technology to the
water disinfection process and improving the disinfection effect. The mechanism of this
synergistic bactericidal action of the combination of these two wavelengths has been
identified by several investigations. When the 254-nm LP Hg lamp and 222-nm KrCl
excilamp are simultaneously applied, the ROS defense enzymes are inactivated by the
222-nm wavelength, resulting in additional ROS generation due to the 254-nm wave-
length. This synergistic generation of ROS leads to the synergistic occurrence of lipid
peroxidation of the cell membrane, resulting in synergistic physical damage in the form
of pore formation in the cell membrane. Consequently, it has been shown that this
synergistic bactericidal effect is produced by a series of chain reactions from inactiva-
tion of ROS enzymes to synergistic cell membrane damage. This finding will be an
important basis for further development of disinfection systems combining the 254-nm
LP Hg lamp and 222-nm KrCl excilamp and subsequent practical application by
industry. This study also suggests further investigations into the application of combi-
nation treatments of the 222-nm KrCl excilamp with various oxidative agents, such as
ozone, chlorine dioxide, hydrogen peroxide, and other similar compounds, because
synergistic antimicrobial effect with oxidative agents can be anticipated based on the
inactivation ability of the 222-nm KrCl excilamp against ROS defense enzymes revealed
through this study.

MATERIALS AND METHODS

Bacterial strains and inoculum conditions. Three strains each of E. coli 0157:H7 (ATCC 35150, ATCC
43889, and ATCC 43890), S. Typhimurium (ATCC 19585, ATCC 43971, DT 104), and L. monocytogenes
(ATCC 19111, ATCC 19115, and ATCC 15313) were obtained from the bacterial culture collection of Seoul
National University (Seoul, South Korea). Stock cultures were prepared by growing strains in 5ml of
tryptic soy broth (TSB; Difco, BD) at 37°C for 24 h, combining 0.7 ml with 0.3 ml of sterile 50% glycerol,
and then storing at —80°C. Working cultures were streaked onto tryptic soy agar (TSA; Difco, BD),
incubated at 37°C for 24 h, and stored at 4°C for less than 1 week.

Culture preparation and inoculation. Each strain of E. coli O157:H7, S. Typhimurium, and L.
monocytogenes was cultured in 5ml TSB at 37°C for 24 h, and then cell pellets were harvested by
centrifugation at 4,000 X g for 20 min at 4°C and washed three times with sterile 0.2% peptone water
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FIG 1 Schematic diagram of the combined 222-nm krypton-chlorine (KrCl) excilamp and 254-nm
low-pressure mercury (LP Hg) lamp water treatment system used in this study.

(PW; Bacto, Sparks, MD). The final pellets were resuspended in 10 ml sterile tap water, corresponding to
approximately 108 to 10° CFU/ml. The resuspended pellets of each strain of all pathogen taxa were
combined to constitute a mixed culture cocktail because the simultaneous inoculation of several strains
or pathogens becomes more similar to the realistic conditions (72).

To prepare water samples for treatment in the batch type water treatment system, 1 ml of mixed-
culture cocktail was inoculated into 50 ml sterile tap water at room temperature, and then 5 ml of the
inoculated tap water was transferred to a petri dish (60 mm by 15 mm).

Experimental setup and treatment. A DBD excilamp (20 W; 29 by 9 by 8 cm; UNILAM, Ulsan, South
Korea) filled with a KrCl gas mixture and a conventional LP Hg lamp (16 W; G10T5/4P; 357 mm; Sankyo,
Japan) were used as 222- and 254-nm UV irradiation sources, respectively. The DBD excilamp and LP Hg
lamp were placed in a metal case with an aluminum reflector with an UV exit window of 60-cm2 (10 cm
by 6 cm) area. The two lamps were mounted side by side onto a stainless steel holder so that the sample
was placed vertically in the middle of both lamps, and the distance from the middle point between the
two emitters to the sample was 13 cm. With the two lamps configured in this way, radiation intensities
were measured with an UV fiber optic spectrometer (AvaSpec-ULS2048; Avantes, Eerbeek, Netherlands)
calibrated to a range of 200 to 400 nm within the UV-C spectrum at the location where the sample was
placed. At this time, in order to adjust the radiation intensities of the two lamps to similar levels, an LP
Hg lamp having higher radiation intensity was covered with 6 sheets of polypropylene (PP) film
(thickness, 0.05 mm), and radiation intensities of the KrCl excilamp and LP Hg lamp were 0.21 and 0.22
mW/cm?, respectively. The UV intensity was measured each day before performing experiments to
confirm that constant intensity values were obtained. As a result, these intensity values showed an error
range within £0.005 mW/cm?, indicating a constant value.

For UV-C treatment, a petri dish (60 by 15 mm?) containing 5 ml of the inoculated water sample
described previously was placed on a magnetic stirrer (TM-17R; Jeio Tech, Daejeon, South Korea) and
continuously mixed at 250 rpm for even irradiation. Prior to treatment, the UV lamps were turned on for
about 15 min to stabilize. The samples were treated with the 222-nm KrCl excilamp or 254-nm LP Hg
lamp or their combination for 1 to 15 s at equal doses of 0.21 to 3.15 mJ/cm? for the KrCl excilamp and
0.22 to 3.30 mJ/cm? for the LP Hg lamp at room temperature (22 = 2°C) in a dark chamber. UV doses
were calculated by multiplying values of light intensity by the irradiation times. A schematic diagram of
the combined system of the 222-nm KrCl excilamp and 254-nm LP Hg lamp used in this experiment is
shown in Fig. 1.

Bacterial enumeration. Following treatment, 1-ml aliquots of treated samples were 10-fold serially
diluted in 9 ml of sterile 0.2% buffered peptone water, and 0.1-ml aliquots of samples or diluents were
spread plated onto selective media. Xylose lysine desoxycholate agar (XLD; Difco), sorbitol MacConkey
agar (SMAG; Difco), and Oxford agar base with Bacto Oxford antimicrobial supplement (MOX; Difco) were
used as selective media for the enumeration of S. Typhimurium, E. coli 0157:H7, and L. monocytogenes,
respectively. Where low numbers of surviving cells were anticipated, 250 ul of undiluted sample was
plated onto each of four plates. All plates were incubated at 37°C for 24 to 48 h before counting, and
colonies were enumerated and calculated as log,, CFU/ml.

Enumeration of sublethally injured cells. To enumerate injured cells of S. Typhimurium and L.
monocytogenes, the overlay method was used (73). One-tenth-milliliter aliquots of appropriate dilutions
were spread plated onto TSA (a nonselective medium) to facilitate repair of injured cells, and the plates
were incubated at 37°C for 2 h to enable injured cells to recover. The resuscitation medium plates were
then overlaid with 7 ml of the selective medium XLD or OAB for S. Typhimurium or L. monocytogenes,
respectively. After the overlay was solidified, plates were incubated at 37°C for an additional 22 h, and
then typical black colonies characteristic for each pathogen were counted.
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In the case of injured E. coli 0157:H7, phenol red agar base (Difco) with 1% sorbitol (SPRAB) was used
(74). One-tenth-milliliter aliquots of appropriate dilutions were spread plated onto SPRAB, and the plates
were incubated at 37°C for 24 h. After incubation, white colonies characteristic of E. coli O157:H7 were
enumerated, and simultaneously, serological confirmation (RIM; E. coli 0157:H7 latex agglutination test;
Remel, Lenexa, KS, USA) was conducted on randomly selected presumptive E. coli O157:H7 colonies.

Analysis of synergistic inactivation mechanisms. For the mechanism analysis experiments, S.
Typhimurium, L. monocytogenes, and E. coli O157:H7 cells were adjusted to an optical density at 600 nm
(ODgq0) Of 0.3 in sterile tap water and treated with 222-nm KrCl excilamp, 254-nm LP Hg lamp, or their
combination for 5s at equal doses of 1.10 mJ/cm? for the LP Hg lamp and 1.05 mJ/cm? for the KrCl
excilamp for E. coli 0157:H7 and 15 s at equal doses of 3.30 mJ/cm? for the LP Hg lamp and 3.15 mJ/cm?
for S. Typhimurium and L. monocytogenes under the same conditions as those described above.

(i) Investigation of cell membrane damage. To identify cell membrane damage following treat-
ment, the fluorescent dye propidium iodine (PI; Sigma-Aldrich, USA) or diphenyl-1-pyrenylphosphine
(DPPP; Sigma-Aldrich, USA) was used to quantitatively assess the change of cell membrane permeability
or the incidence of peroxidation, respectively. Pl, which binds to nucleic acids (DNA and RNA) and emits
fluorescence, does not pass through the intact cell membrane (75). Thus, the degree of pore formation
in the cell membrane can be evaluated by fluorescent value generated by Pl binding with nucleic acids
through the Pl uptake assay (24). DPPP is nonfluorescent and selectively reacts with lipid hydroperoxide
within the cell membrane due to its high lipophilic characteristic and is oxidized to fluorescent DPPP
oxide (DPPP=O0) (76). Thus, the extent of incidence of lipid peroxidation within the cell membrane can
be determined from the fluorescent value produced by oxidation of DPPP (77, 78).

Following treatments, treated samples were incubated with Pl or DPPP solution at a final concen-
tration of 2.9 or 50 uM for 10 or 20 min at 37°C, respectively. After incubation, cells were collected by
centrifugation at 10,000 X g for 10 min and washed twice with phosphate-buffered saline (PBS), and
fluorescence was measured with a spectrofluorophotometer (Spectramax M2e; Molecular Devices, CA,
USA) at excitation/emission wavelengths of 493/630 nm for Pl uptake assay or 351/380 nm for DPPP
assay.

(ii) Detection of total ROS and superoxide (0,~) generation. CM-H,DCFD, a cellular probe, was
used to measure intracellular ROS. This probe can easily penetrate the cell membrane, be hydrolyzed to
form the dichlorofluorescin (DCFH) carboxylate anion in the cell, and then be converted to highly
fluorescent 2',7'-dichlorofluorescein (DCF) upon oxidation by ROS (79-81). Thus, the degree of generation
of intracellular ROS was determined from increasing fluorescence values of DCF.

Intracellular superoxide was detected using hydroethidine (HDE) oxidized to produce ethidium
bromide by reacting with superoxide within the cells. Since this oxidative product becomes fluorescent
when it intercalates into DNA, it can quantitatively assess the extent of intracellular superoxide gener-
ation through measurement of fluorescence value (82-85).

Treated cells were immediately incubated with CM-H,DCFDA [5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate; Invitrogen] and HDE (Molecular Probes, ThermoFisher Scientific) at
a final concentration of 5 uM for 15 and 30 min at 37°C to assess the generation of intracellular total ROS
and superoxide, respectively. After incubation, cells were collected by centrifugation at 10,000 X g for
10 min and washed twice with PBS, and fluorescence was measured with a spectrofluorophotometer at
excitation/emission wavelengths of 495/520 nm for total ROS assay and 518/605 nm for superoxide
assay, respectively.

(iii) Measurement of inactivity of SOD, CAT, and GPx. After treatment, treated samples were
centrifuged at 10,000 X g for 10 min (4°C) and washed twice with PBS buffer. Cells resuspended in PBS
were disrupted in an ice bath six times (10s on and 10 s off) using a sonicator and centrifuged at
10,000 X g for 10 min (4°C) to obtain the supernatant used for SOD activity assay. SOD, CAT, and GPx
activity measurement was carried out using an SOD assay kit (WST; Sigma-Aldrich), Amplex Red CAT
assay kit (Invitrogen), and GPx assay kit (Abcam) according to the manufacturer’s instructions.

The principle of this assay is that the superoxide anion produced by the oxidation of xanthine by
xanthine oxidase reacts with WST-1 to produce yellow-colored WST-1 formazan, which absorbs light at
450 nm. On the other hand, this WST-1 formazan production reaction is competitively inhibited by SOD
degrading superoxide anion. Therefore, the inactivity of SOD can be measured indirectly by measuring
the degree of production of WST-1 formazan. In the case of the CAT assay, catalase first decomposes
H,0, into water and oxygen, and then the Amplex Red reagent reacts with a 1:1 stoichiometry with any
unreacted H,0, in the presence of horseradish peroxidase (HRP) to produce resorufin, a highly fluores-
cent oxidant. Since the resorufin increases with decreasing catalase activity, the inactivity of CAT can be
quantitated by an increased fluorescence signal. In the case of GPx, glutathione (GSH) is catalyzed to
oxidized glutathione (GSSG) by GPx, and then the resulting GSSG is recycled to GSH and again reduced
by glutathione reductase (GR) and NADPH. NADP+, generated as a result of the recycling of GSSG, can
be monitored using an NADP sensor that reacts with NADP+ to generate a fluorescent product.
Therefore, since the fluorescence signal is proportional to the GPx activity, inactivity of GPx can be
measured by the decreased fluorescence signal.

Statistical analysis. All experiments were replicated three times. All experiments for pathogen
inactivation were duplicate plated. All data were analyzed by the analysis of variance (ANOVA) procedure
of SAS (version 9.4; SAS Institute, Inc., Cary, NC, USA), and mean values of log reduction of pathogens or
fluorescence/absorbance values normalized for OD,,, were separated using the least significant differ-
ence t test. Significant differences between values were determined using a probability (P) level of <0.05.
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