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Abstract 
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As the United Nations Environment Program (UNEP) has signed the Minamata 

convention on Mercury, which aims to gradually eliminate the usage of mercury, 

which will enter into force in 2020, the application of a new ultraviolet (UV) 

system to replace conventional mercury-containing UV lamp has become 

necessary. Currently, dielectric barrier discharge (DBD)-driven excilamps are 

considered a potential alternative technology to mercury UV lamps in the future 

because of their characteristics of wavelength selectivity, long lifetime, fast warm-

up, high radiant intensity, and absence of mercury. In this thesis, the applicability 

of 222-nm krypton-chlorine (KrCl) excilamp among several excilamps as a 

technology to control foodborne pathogens in food was identified, and specific 

objective of this study were, (i) identification of inactivation mechanism of 222-

nm KrCl excilamp against foodborne pathogens, (ii) application of 222-nm KrCl 
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excilamp to control pathogens in juice product, and (iii) application of 222-nm 

KrCl excilamp to control pathogens on fresh produce surface. 

The bactericidal mechanism of the 222-nm KrCl excilamp was investigated by 

analyzing several cellular damage. It was found out that the 222-nm KrCl 

excilamp induced cell membrane damage as a form of depolarization. This cell 

membrane damage was attributed to inactivation of enzymes related to generation 

of membrane potential and occurrence of lipid peroxidation. Although less than 

the damage caused by 254-nm low-pressure (LP) mercury (Hg) lamp, 222-nm 

KrCl excilamp also caused damage to DNA. Direct absorption of UV radiation 

which led to photoreaction was one of the causes inducing cell damage. 

Additionally, generation of ROS by 222-nm and thus occurrence of secondary 

damage can be another cause. 

 After understanding the basic bactericidal principle of 222-nm KrCl excilamp, 

this technology was applied to the control of pathogens in food products. First, the 

inactivation effect of 222-nm KrCl excilamp on the pathogens in the juice product 

was evaluated. At this time, it was examined whether the low pH condition of the 

juice induces acid adaptation response to pathogens and cause a change in 

resistance to 222-nm KrCl excilamp treatment. Acid adapted- and non-acid 

adapted pathogens (E. coli O157:H7 and S. Typhimurium) were induced by 

growing the cells in TSB without dextrose (TSB w/o D) at pH 7.3 and TSB w/o 

D at pH 5.0 adjusted with HCl, respectively. For the KrCl excilamp treatment, 
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acid-adapted pathogens exhibited significantly (P < 0.05) higher D5d values, 

which indicate dosages required for achieving 5-log reduction, than non-acid 

adapted pathogens in commercially clarified apple juice. Through mechanism 

identification, it was found that the generation of lipid peroxidation in cell 

membrane, inducing cell membrane destruction, of acid adapted cells was 

significantly (P < 0.05) less than that of non-acid adapted cells for the same 

amount of reactive oxygen species (ROS) generated at the same dose because the 

ratio of unsaturated to saturated fatty acids (USFA/SFA) in the cell membrane was 

significantly (P < 0.05) decreased as a result of acid adaptation. Even though the 

acid adaptation increased the resistance of pathogens, the 222-nm KrCl excilamp 

achieved 5-log reduction without changing the quality of apple juice. 

 The combination technology was applied to 222-nm KrCl excilamp to make it 

more effectively utilized to control pathogen in juice industry. At this time, 222-

nm KrCl excilamp was combined with mild heating and its control effect on 

pathogens in apple juice was investigated. As a result, simultaneous treatment with 

222-nm KrCl excilamp and mild heating (EX-MH) at 45, 50 and 55oC showed 

synergistic bactericidal effects on acid adapted pathogens in apple juice. The 

elucidation of the synergistic bactericidal mechanism of EX-MH was performed 

through several assays and this mechanism was described as follows: (1) when 

222-nm KrCl excilamp (EX) and mild heating (MH) are applied simultaneously, 

MH reversibly inactivates the antioxidant enzyme superoxide dismutase (SOD), 
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thereby increasing accumulation of reactive oxygen species (ROS) generated by 

EX and thus inducing synergistic ROS generation, (2) synergistic generation of 

ROS induces synergistic occurrence of lipid peroxidation in the cell membrane, 

(3) synergistic occurrence of lipid peroxidation in the cell membrane induces 

synergistic destruction of cell membrane, resulting in synergistic cell death. 

Furthermore, after EX-MH treatment at 45, 50, or 55oC for time intervals shown 

to reduce acid adapted cells of E. coli O157:H7 (the pathogen most resistant to 

EX-MH) by 5-log, there were no significant (P > 0.05) changes in apple juice 

quality. 

 Secondly, the effect of 222-nm KrCl excilamp on inactivation of pathogens 

(Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria 

monocytogenes) on fresh produces [apple (Malus domestica Borkh.) and bell 

pepper (Capsicum annuum L.)] surfaces was investigated. Due to the low 

transmittance characteristic of UV, the inactivation effects of 222-nm KrCl 

excilamp on pathogens on the surface of solid food (apple and bell pepper) were 

less than 1.5 log reduction. To overcome this limitation, a washing system capable 

of decontaminating fresh produce by combining the Spindle, which detaches 

microorganisms on that sample surfaces, and a 222-nm KrCl excilamp (Sp-Ex) 

was developed, and their decontamination effect was investigated. Initial levels of 

the three pathogens were approximately 108 CFU/sample. Both E. coli O157:H7 

and S. Typhimurium were reduced to below the detection limit (= 2.0 log 
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CFU/sample) after 5 and 7 min treatment on apple and bell pepper surfaces, 

respectively. L. monocytogenes on apple and bell pepper surface were reduced by 

4.26 and 5.48 log, respectively, after 7 min treatment. The decontamination effect 

of the Sp-Ex was influenced by the hydrophobicity of the sample surface as well 

as the microbial cell surface, and the decontamination effect decreased as the two 

hydrophobicity values increased. To improve the decontamination effect of the 

Sp-Ex, TWEEN 20, a surfactant that weakens the hydrophobic interaction 

between the sample surface and pathogenic bacteria was incorporated into Sp-Ex 

processing. As a result, it was found that its decontamination effect was 

significantly (P < 0.05) increased by the addition of 0.1% TWEEN 20. 

Furthermore, Sp-Ex did not cause significant (P > 0.05) quality changes in apple 

or bell pepper surfaces during storage of 7 days following treatment. 

In conclusion, the results of this thesis suggest various application strategies for 

the 222-nm KrCl excilamp to be applied as a means for controlling foodborne 

pathogens in the food industry. In addition, it is expected that the analysis of the 

control principle can be effectively utilized as a baseline data for practical 

application in the food industry and for further related studies. 
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Inactivation mechanism of 222 nm krypton-

chlorine (KrCl) excilamp irradiation on gram-

positive and gram-negative foodborne 
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I-1. Introduction 

 

In recent years, consumers have shown increasing interest in health, resulting 

in increased intake of fresh or minimally processed foods (Fan et al., 2017; 

Mir et al., 2016). However, it is essential for the food industry to take 

appropriate measures to prevent incidence of foodborne infections due to 

foods contaminated with pathogens that cause foodborne disease outbreaks 

(Liao et al., 2017; Sivapalasingam et al., 2004; Ziuzina et al., 2014). Although 

heat treatment is the most commonly used sterilization technique to inactivate 

pathogens, conventional thermal sterilization may cause detrimental effects on 

sensory and nutritional characteristics of fresh food products (Berk, 2008; 

Gayán et al., 2015). In order to maintain nutritional and sensory quality and to 

ensure food safety from pathogenic bacteria, non-thermal sterilization 

techniques can be an alternative to overcome some of the disadvantages 

inherent in conventional heat sterilization technique. Ultraviolet (UV) 

irradiation is one of several non-heat sterilization techniques that can control 

foodborne pathogens and has been demonstrated to effectively inactivate 

foodborne pathogens contaminated on food surfaces (Mikš-Krajnik et al., 

2015). UV radiation has numerous advantages over conventional chemical 

treatment such as no disinfectant residuals, negligible formation of 
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disinfection by-products (DBPs), no introduction of disinfectant-resistance to 

bacteria, and facilitation of retrofitting into existing processes (Aoyagi et al., 

2011; Dotson et al., 2012; Lubello et al., 2004; Mori et al., 2007). UV 

disinfection systems commonly use either low-pressure (LP) or medium-

pressure (MP) mercury lamps (Beck et al., 2015; Chevremont et al., 2013a). 

LP lamps emit monochromatic light at 253.7 nm and lesions in nucleic acid 

(DNA and RNA) primarily occur due to their relative peak absorbance at 260 

nm. MP lamps emit polychromatic light across the electromagnetic spectrum 

and their broad wavelength causes not only nucleic acid damage, but also 

photochemical reactions in proteins and enzymes (Beck et al., 2015; Harm, 

1980). Even though these lamps are widely utilized in water treatment systems, 

there are still many concerns about their use. The major issue is that these 

lamps are constructed from fragile quartz material and contain toxic mercury 

which is hazardous to the environment and requires proper disposal 

(Chevremont et al., 2013b; Close et al., 2006). Moreover, these lamps have a 

short lifetime, a long warm-up time, and variability of radiation intensity 

according to temperature (Chatterley and Linden, 2010; Ha et al., 2017). 

 Dielectric barrier discharge (DBD)-driven excilamps (excimer or exciplex 

lamps) are regarded as an attractive alternative to conventional mercury lamps 

due to wavelength-selective applications, fast warm-up, absence of mercury, 
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geometric variability, and long lifetime (Matafonova and Batoev, 2012; 

Sosnin, 2007). Especially, since this lamp emits UV in the form of radiation 

and has a sufficiently high output power (Ha and Kang, 2018), it can be 

considered a suitable technology to be utilized to field where conventional LP 

Hg lamp is applied. This relatively new UV source is based on the transition 

of rare gas excited dimers, halogen excited dimers or rare gas halide excited 

complexes, and emit nearly monochromatic radiation at wavelengths ranging 

from 172 to 345 nm depending on the type of rare gas and halogen used 

(Matafonova and Batoev, 2012; Orlowska et al., 2015). Recently, several 

authors evaluated germicidal efficacy of excilamps and determined that 

various types (Xe2-, KrCl-, NeXe-, and XeBr-excilamp with maximum 

emission at 172, 222, 270, and 282 nm, respectively) were shown to be 

effective in the inactivation of pathogens (Caillier et al., 2015; Clauss et al., 

2009; Ha et al., 2017; Matafonova et al., 2008; Rahmani et al., 2010; Wang et 

al., 2010; Yin et al., 2015). Yin et al. (2015) found that inactivation of E. coli 

O157:H7 with irradiation at 222 nm (KrCl) was higher than that following 

irradiation at 254 nm (LP Hg) or 282 nm (XeBr) in apple juice. Wang et al. 

(2010) reported that inactivation of Bacillus subtilis spores following exposure 

at 222 nm (KrCl) was higher than that at 254 nm (LP Hg) while inactivation 

after exposure at 172 nm (Xe2) was much lower than after exposure at the 
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other two wavelengths. Meanwhile, according to Buonanno et al. (2017), 

unlike the 254-nm conventional mercury lamp, the 222-nm wavelength of the 

KrCl excilamp did not show cytotoxicity on mammalian skin and rarely 

produced pre-mutagenic DNA lesions associated with UV in a 3D human skin 

mode (Buonanno et al., 2017). This is due to the 222-nm wavelength 

characteristic of not being able to penetrate not only all tissues with a stratum 

corneum, but also mammalian cell cytoplasm (Buonanno et al., 2013; 

Buonanno et al., 2016). Thus, 222-nm KrCl excilamp technology can likely 

be utilized for food processing without causing harmful effects to the operator 

when exposed to UV light. Based on these previous studies, the KrCl excilamp 

(222 nm) potentially could an alternative to conventional mercury lamps for 

microorganism disinfection. However, most of the studies involving KrCl 

excilamps have focused on verification of disinfection efficacy. Although Ha 

et al. (2017) identified the inactivation mechanisms of KrCl excilamps that 

disrupt bacterial cell membranes and enzymatic activities, there is still need of 

a more quantitative, in-depth understanding of the primary pathway of 

disinfectant interaction with microorganisms to serve as a baseline for 

practical application of KrCl excilamp technology requiring further studies 

with KrCl excilamps. To address these issues, I compared the efficacy for 

inactivation of gram-positive (Staphylococcus aureus and L. monocytogenes) 



6 
 

and gram-negative (Salmonella Typhimurium and Escherichia coli O157:H7) 

foodborne pathogenic bacteria, and conducted an in-depth study to ascertain 

the differences in inactivation mechanisms between a KrCl excilamp and a 

conventional LP Hg lamp.  
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I-2. Materials and Methods 

 

Bacterial cultures and cell suspension. Four strains each of E. coli (ATCC 

35150, ATCC 43889 and ATCC 43890), L. monocytogenes (ATCC 19111, 

ATCC 19115, and ATCC 15313), S. aureus (ATCC 27649, ATCC 25923, and 

ATCC 27213), and S. Typhimurium (ATCC 19585, ATCC 43971, and DT 

104) were provided by the bacterial culture collection of the School of Food 

Science, Seoul National University (Seoul, South Korea), for this study. Stock 

cultures were prepared by growing strains in 5 ml 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 mo. Each strain of E. coli, L. monocytogenes, S. aureus, 

and S. Typhimurium was cultured in 10 ml TSB at 37°C for 24 h, harvested 

by centrifugation at 4,000 × g for 20 min at 4°C and washed three times with 

sterile 0.2 % peptone water (PW, Bacto, Sparks, MD). The final pellets were 

resuspended in 250 ml phosphate-buffered saline (PBS; 0.1M) to yield 

approximately 107 to 108 CFU/ml.  
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Experimental apparatus and treatment. A DBD excilamp (29 × 9 × 8 cm; 

UNILAM, Ulsan, South Korea) filled with a KrCl gas mixture with output 

power of 20 W was used for disinfection with 222 nm UV irradiation in a 

bench-scale experiment. The excilamp was of cylindrical geometry covered 

by a metal case having a UV exit window with an area of 60 cm2 (10 

cm × 6 cm).  A modulated electrical field was applied to a quartz glass body 

filled with KrCl gas. The quartz glass acted as a dielectric barrier and 

prevented the formation of plasma from short-circuiting the electrodes (inner-

outer). A conventional LP Hg lamp (G10T5/4P, 357 mm; Sankyo, Japan) with 

an output power of 16 W was used for a 254 nm UV irradiation bench-scale 

disinfection experiment. The LP Hg lamp was placed inside an aluminum 

reflector to focus the irradiation in one direction because LP Hg lamps radiate 

in all directions and the UV output window area was adjusted to fit that of the 

KrCl excilamp (10 cm × 6 cm). The two lamp systems were positioned 

vertically and directly above the samples and the vertical distance between the 

emitters and sample was 13 cm. Radiation intensities were measured with a 

UV fiber optic spectrometer (AvaSpec-ULS2048; Avantes, Eerbeek, 

Netherlands) calibrated to a range of 200- to 400 nm within the UV-C 

spectrum and the light intensities of the KrCl excilamp and LP Hg lamp were 

0.29 and 0.87 mW/cm2, respectively, at the sample location at that distance. 
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Treatment samples were prepared by transferring 5 ml of cell suspension 

(described previously) into petri dishes (60 mm × 15 mm) and then treated at 

room temperature (21 ± 1oC) with the 222 nm KrCl excilamp or 254 nm LP 

Hg lamp at equal dosages of 1, 2, 3, 4, 5, and 6 mJ/cm2; UV doses were 

calculated by multiplying irradiance values by the irradiation times.  

 

Bacterial enumeration. For enumeration of pathogens, 1 ml aliquots of 

treated samples were tenfold 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., Sorbitol MacConkey Agar (SMAC; Difco), Oxford agar 

base with Bacto Oxford antimicrobial supplement (MOX; Difco), Baird 

Parker Agar (BPA; MB cell), and Xylose lysine desoxycholate agar (XLD; 

Difco) were used as selective media for the enumeration of E. coli, L. 

monocytogenes, S. aureus, and S. Typhimurium, respectively. All plates were 

incubated at 37°C for 24 h before counting and colonies were enumerated and 

calculated as log10 CFU/ml. 

 

Enumeration of injured cells. The overlay method was used to count 

injured cells of S. aureus, L.monocytogenes and S. Typhimurium (Lee and 

Kang, 2001). TSA, a nonselective medium, was used to resuscitate injured 
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cells. One-tenth milliliter aliquots of appropriate dilutions were spread plated 

in duplicate, and the plates were incubated at 37°C for 2 h to enable injured 

cells to recover. The resuscitated media plates were then overlaid with 7 ml of 

the selective medium BPA, OAB and XLD for S. aureus, L. monocytogenes 

or S. Typhimurium, respectively. The solidified plates were incubated at 37°C 

for an additional 22 h. After incubation, typical black colonies of the 

pathogens were counted.  

 Enumeration of injured E. coli O157:H7 cells was accomplished with 

SPRAB (Rhee et al., 2003). After incubation at 37°C for 24 h, white colonies 

characteristic of E. coli O157:H7 were enumerated, and simultaneously, 

serological confirmation (RIM; E. coli O157:H7 latex agglutination test; 

Remel, Lenexa, KS, USA) was performed on randomly selected presumptive 

E. coli O157:H7 colonies. 

 

Analysis of inactivation mechanisms. Inactivation mechanisms were 

investigated by analyzing the DNA damage, degree of lipid peroxidation, 

change in cell membrane potential, intracellular enzyme activity, and 

generation of reactive oxygen species (ROS) during each disinfection process. 

For these analyses, E. coli O157:H7, Listeria monocytogenes, Salmonella 

Typhimurium, and Staphylococcus aureus cells were adjusted to an optical 
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density at 600 nm (OD600) of approximately 0.3 in PBS and then treated to the 

same level of inactivation (5 log reduction).  

 

(i) Modeling of survival curves. For adjusting each treatment to the same 

level of inactivation (5 log reduction), D5d, which indicates dosage necessary 

for achieving 5 log reduction, for each treatment was calculated using 

modeling equations.  

 Survival curves were fitted with the Weibull models by using GInaFiT 

(Geeraerd et al., 2005). The parameters of the Weibull model (δ and p) were 

calculated from the following equation (van Boekel, 2002) :  

log(𝑁)  =  log(𝑁0)  − (
𝑡

δ
)𝑝 

 where N (CFU/ml) is the population of the microorganisms, N0 is the initial 

population, t (minutes) is the treatment time, δ (minutes) is the time for the 

first decimal reduction, and p is the parameter related to shape of the line, such 

as a concave downward survival curve when p > 1 and a concave upward curve 

when p < 1. 

 

(ii) Membrane potential assay. Cell membrane potential was assessed with 

a membrane potential sensitive probe DiBAC4(3) (Kramer and Muranyi, 

2014). This fluorescent dye accumulates in depolarized cells, but is excluded 
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from the inner membrane when cells can maintain a transmembrane potential 

gradient. So, the degree of depolarization of cell membranes can be evaluated 

by the fluorescence value of the dye accumulated inside cells.  

 Suspensions of S. aureus and L. monocytogenes were incubated with 0.5 

μg/ml bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC4(3); 

Molecular Probes, Invitrogen, Thermo Fisher Scientific; Waltham, MA, USA] 

at room temperature for 2 min in the dark. Suspensions of E. coli O157:H7 

and S. Typhimurium were incubated with 2.5 μg/ml DiBAC4(3) with 4 mM 

ethylenediaminetetraacetic acid (EDTA) at 37oC for 15 min in the dark. After 

incubation, each dyed sample was centrifuged at 10,000 × g for 10 min and 

washed twice with PBS to remove excess dye. The cell pellet was resuspended 

in PBS, and fluorescence was measured with a Spectramax M2e at excitation 

and emission wavelengths of 488 and 525 nm, respectively. 

 

(iii) Detection of the end products of lipid peroxidation. Lipid peroxidation, 

a type of unstable oxidative stress in plant, animal and microbial cells, leads 

to decomposition resulting in the formation of quite complex and reactive 

compounds such as malon dialdehyde (MDA) and 4-hydroxynonenal (4-HNE). 

The occurrence of MDA was detected using thiobarbituric acid (TBA) which 

forms the MDA-TBA adduct and the degree of lipid peroxidation was 
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measured by the fluorescence intensity of the MDA-TBA adduct. The 

thiobarbituric acid reactive substance (TBARS) assay is a well-established 

assay for monitoring lipid peroxidation (Joshi et al., 2011). The quantity of 

malonaldehyde (MDA) was analyzed using the OxiSelect TBARS Assay Kit 

(Cell BioLabs, Inc., San Diego, CA), following the manufacturer's directions. 

One milliliter of treated sample was centrifuged at 10,000 × g for 10 min and 

the supernatant was discarded and the pellet resuspended in PBS containing 

1X Butylated hydroxytoluene (BHT). Each sample was mixed with 100 μl 

SDS lysis solution and incubated at room temperature for 5 min. Following 

incubation, each sample was reacted with 250 μl of TBA reagent at 95oC for 

1 h and thereafter cooled to room temperature in an ice bath for 5 min. Samples 

were centrifuged at 3,000 RPM for 15 min and then fluorescence of the 

supernatant was measured with a Spectramax M2e at excitation and emission 

wavelengths of 540 and 590 nm, respectively. 

 

(iv) Detection of Intracellular ROS. CM-H2DCFDA is a cellular assay probe 

used for the detection of intracellular ROS. This probe can freely penetrate the 

cell membrane and be hydrolyzed in the cell to form the dichlorofluorescin 

(DCFH) carboxylate anion and then converted to highly fluorescent 2',7'-

dichlorofluorescein (DCF) upon oxidation by ROS (Kalyanaraman et al., 2012; 
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Negre-Salvayre et al., 2002; Wojtala et al., 2014). Therefore, the extent of 

generation of intracellular ROS was determined from increasing fluorescence 

values of DCF.  

 Treated samples were incubated with CM-H2DCFDA [5-(and-6)-

chloromethyl-2' ,7' -dichlorodihydrofluorescein diacetate, Invitrogen] at a 

final concentration of 5 μM for 15 min at 37oC. After incubation, cells were 

collected by centrifugation at 10,000 × g for 10 min and washed twice with 

PBS and fluorescence measured with a spectrofluorophotometer at excitation 

and emission wavelengths of 495 and 520 nm, respectively. 

 

(v) DNA damage assay.  SYBR green I [2-[N-(3-dimethylaminopropyl)-N-

propylamino]-4-[2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl) 

methylidene]-1-phenylquinolinium] was used to examine DNA damage (Han 

et al., 2016). SYBR green I has an ability to dramatically (>1,000-fold) 

increase brightness upon interaction with double-strand DNA (dsDNA) and 

thus can be used to quantify nucleic acid (Dragan et al., 2012). Therefore, it 

was used an indicator of DNA damage because the fluorescence signal of 

SYBR green I would decrease in the event of DNA damage. 

 Following treatment, E. coli O157:H7 and Salmonella Typhimurium samples 

were incubated with 100 μg/ml lysozyme (which hydrolyzes the bacterial cell 
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wall by breaking 1-4 bonds between N-acetyl-β-D-glucosamine (NAG) and 

N-acetyl-β-D-muramic acid (NAM) in peptidoglycan) at 37oC for 4 h to 

release the intracellular DNA. L. monocytogenes and S.aureus samples were 

incubated with not only 100 μg/ml lysozyme but also 10 μg/ml lysostaphin, 

which is capable of cleaving the polyglycine cross-links in peptidoglycan, at 

37oC for 4h due to the different cell wall structure of Gram-positive bacteria.. 

After incubation, SYBR green I (1:10,000 dilution; Molecular Probes, Eugene, 

OR, USA) at a working concentration (1:1) was applied for 15 min at 37oC. A 

200 μl aliquot of each sample was transferred to a 96-well fluorescence 

microplate and fluorescence was measured with a spectrofluorophotometer 

(Spectramax M2e; Molecular Devices, CA, USA) at excitation and emission 

wavelengths of 485 and 525 nm, respectively. 

 

(vi) Enzymatic activity assay. The enzymatic activity of respiratory chain 

dehydrogenase was determined by conversion of colorless INT to water-

insoluble and dark red iodonitrotetrazolium formazan (INF) by the bacterial 

respiratory chain dehydrogenase (Li et al., 2010); thus the loss of respiratory 

chain enzymatic activity can be assessed by decreasing spectrophotometric 

value of INF.  
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 Following treatment, 0.9 ml of treated sample was mixed with 0.1 ml of 

0.5 % iodonitrotetrazolium chloride (INT) solution. After incubation at 37oC 

in the dark for 2 h, cells were collected by centrifugation and dissolved in 1 

ml of acetone-ethanol (1:1 ratio) mixture. Dehydrogenase activity was then 

assayed through formazan formation by measuring absorbance of INF at 490 

nm with a Spectramax M2e. 

 

The fluorescence or absorbance values obtained from each assay were 

normalized for OD600 to represent each of the following values: Depolarization 

value, The end products of lipid peroxidation value, Respiratory chain 

dehydrogenase activity value, Intracellular ROS generation value, and DNA 

integrity value. 

 

Statistical analysis. All experiments were replicated three times. All 

experiments for pathogen inactivation were duplicate-plated. All data were 

analyzed by the ANOVA procedure of SAS (Version 9.4. SAS Institute Inc., 

Cary, NC, USA) and mean values of log reduction of microorganism 

populations or D5d or fluorescence/absorbance values normalized for OD600 

were separated using the LSD t-test. A probability level of P < 0.05 was used 

to determine significant differences. 
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I-3. Results and discussion 

 

Fig. I-1 depicts surviving populations of S. aureus (A), L. monocytogenes (B), 

S. Typhimurium (C), and E. coli O157:H7 (D) resuspended in PBS after 

irradiation with the KrCl excilamp (222 nm) and LP Hg lamp (254 nm). From 

the results, the KrCl excilamp provided significantly (P < 0.05) stronger 

bactericidal effect of the cell suspensions in PBS compared to that of the LP 

Hg lamp, and S. aureus showed the highest resistance to UV irradiation for 

both lamp treatments followed by L. monocytogenes, S. Typhimurium, and E. 

coli O157:H7, respectively. The results from the study on the bactericidal 

effect is in accordance with previous studies conducting comparative research 

on the bactericidal effect between the KrCl excilamp and LP Hg lamp which 

revealed that the KrCl excilamp was superior to conventional Hg lamps (Ha 

et al., 2017; Wang et al., 2010; Yin et al., 2015). Therefore, the results from 

the present study support the potential utilization of KrCl excilamps as an UV 

alternative to conventional LP Hg lamps.   
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Fig. I-1. Log CFU/ml populations of Staphylococcus aureus (A), Listeria 

monocytogenes (B), Salmonella Typhimurium (C), and Escherichia coli 

O157:H7 (D) suspended in PBS treated with a KrCl excilamp (222 nm) 

and LP Hg lamp (254 nm). 

 

* Significant differences (P < 0.05) in microorganism populations (Log 

CFU/ml) occurred between the KrCl excilamp and LP Hg lamp at all treatment 

dosages except for 1 and 1 - 2 mJ/cm2 treatment of S. Typhimurium and E. 

coli O157:H7, respectively. 

  

D C 

A B 
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For effective practical application or further studies involving KrCl 

excilamps, however, there is need to elucidate the inactivation mechanisms of 

the KrCl excilamp. Prior to mechanisms analysis, modeling of survival curves 

was conducted to calculate the D5d value to analyze the inactivation 

mechanisms of the KrCl excilamp and LP Hg lamp at the same level of 

inactivation (5 log reduction). Among the various models, it was found that 

the Weibull model was well-fitted to the inactivation data because high R2 (≥ 

0.96) values were observed, which indicates that the regression line from the 

model fits well for inactivation of the pathogens. The parameters δ and S1 in 

the Weibull model represent the time needed in the early stage of inactivation 

and these parameters were used to calculate the D5d value (Table I-1). Then, I 

conducted multiple analysis of inactivation mechanisms of the KrCl excilamp 

alongside that of a LP Hg lamp.  
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Table I-1. Parameters of the Weibull model for inactivation Staphylococcus aureus, Listeria monocytogenes, 

Salmonella Typhimurium, and Escherichia coli O157:H7 treated with a LP Hg lamp and KrCl excilamp 

corresponding to irradiation dose (mJ/cm2) profiles and the calculated D5d values which indicate which dosages 

are necessary for achieving 5-log reductions using model equations 

Irradiated wavelength 
Weibull 

δ  p  R2 D5d 

Staphylococcus aureus  

LP Hg lamp (254 nm) 1.32 ± 0.30 1.18 ± 0.21 0.98 5.23 ± 0.12 A 

KrCl exilamp (222 nm) 0.74 ± 0.08 0.98 ± 0.04 0.97 3.83 ± 0.25 B 

Listeria monocytogenes  

LP Hg lamp (254 nm) 1.56 ± 0.60 1.39 ± 0.35 0.99 5.01 ± 0.38 A 

KrCl exilamp (222 nm) 0.79 ± 0.05 1.02 ± 0.04 0.99 3.84 ± 0.03 B 

Salmonella Typhimurium  

LP Hg lamp (254 nm) 0.94 ± 0.17 1.16 ± 0.16 0.98 3.78 ± 0.00 A 

KrCl exilamp (222 nm) 0.55 ± 0.09 0.97 ± 0.09 0.99 2.92 ± 0.08 B 

Escherichia coli O157:H7  

LP Hg lamp (254 nm) 0.02 ± 0.01 0.35 ± 0.05 0.99 1.57 ± 0.29 A 

KrCl exilamp (222 nm) 0.06 ± 0.03 0.48 ± 0.08 0.96 1.55 ± 0.22 A 

Values within each column for each pathogen followed by the same letter are not significantly different (P > 0.05).
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First, to examine cellular membrane damage, the degree of depolarization 

was measured. As shown in Table I-2, there were no significant (P > 0.05) 

increases in depolarization value compared to untreated controls for all 

pathogens for the LP Hg lamp; indicating that LP Hg lamps do not induce 

depolarization of cell membranes. However, depolarization values were 

significantly decreased after KrCl excilamp treatment. Therefore, KrCl 

excilamp treatment induces membrane depolarization while the LP Hg lamp 

does not. Membrane potential plays an important role in cell physiological 

processes by generating the proton motive force which is closely involved in 

ATP generation, substance transport, and bacterial chemotaxis (Sträuber and 

Müller, 2010). Therefore, membrane potential reflects the viability of cells as 

well as membrane integrity. 
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Table I-2. Depolarization values of Staphylococcus aureus, Listeria monocytogenes, Salmonella Typhimurium, and 

Escherichia coli O157:H7 from cell membrane potential assay by DiBAC4(3) 

Treatment 
Microorganism 

S. aureus S. Typhimurium E. coli O157:H7 L. monocytogenes 

Untreated control 562 ± 49 A 2844 ± 212 A 1603 ± 161 A 1240 ± 107 A 

LP Hg lamp (254 nm) 600 ± 66 A 3118 ± 160 A 1780 ± 206 A 1424 ± 147 A 

KrCl excilamp (222 nm) 765 ± 87 B 3984 ± 549 B 2237 ± 264 B 1956 ± 238 B 

* Values are means of three replications ± standard deviations. 

* Different letters within the same pathogen column indicate significant differences (P < 0.05).
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To ascertain the cause of loss of membrane potential, I verified the activity 

of respiratory chain dehydrogenase following UV treatment because this 

enzyme is closely involved in the electron transfer process from donor to 

acceptor and doing so can generate a trans-membraneous proton motive force 

(Anraku, 1988; Weiss et al., 1991). As shown in Table I-3, there were no 

significant (P > 0.05) decreases of respiratory chain dehydrogenase activity 

value compared to untreated controls for LP Hg lamp treatment; that is, LP Hg 

lamp does not lead to loss of enzymatic activity of respiratory chain 

dehydrogenase. However, the KrCl excilamp caused loss of enzymatic activity 

of respiratory chain dehydrogenase because there were significantly (P < 0.05) 

decreased respiratory chain dehydrogenase activity values compared to 

untreated controls for all pathogens. Therefore, it was demonstrated that 

enzymatic activity is decreased only by KrCl excilamp treatment. Through this 

enzymatic assay, it is inferred that inactivation of key enzymes related to 

membrane potential is one cause of loss of membrane potential. This loss of 

enzymatic activity by KrCl excilamp treatment is in agreement with results of 

another study (Ha et al., 2017); they confirmed the denaturation of another 

intracellular enzyme (esterase) after KrCl excilamp treatment. Therefore, it 

can be thought that KrCl excilamp treatment effectively reduces enzyme 

activity which is essential to maintaining viability.
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Table I-3. Respiratory chain dehydrogenase activity values of Staphylococcus aureus, Listeria monocytogenes, 

Salmonella Typhimurium, and Escherichia coli O157:H7 from enzymatic activity assay by INT 

Treatment 
Microorganism 

S. aureus S. Typhimurium E. coli O157:H7 L. monocytogenes 

Untreated control 2.06 ± 0.14 A 1.92 ± 0.09 A 4.96 ± 0.31 A 2.15 ± 0.21 A 

LP Hg lamp (254 nm) 2.04 ± 0.12 A 1.83 ± 0.07 A 4.87 ± 0.23 A 2.09 ± 0.25 A 

KrCl excilamp (222 nm) 1.44 ± 0.29 B 1.16 ± 0.33 B 4.34 ± 0.26 B 1.44 ± 0.24 B 

* Values are means of three replications ± standard deviations. 

* Different letters within the same pathogen column indicate significant differences (P < 0.05).
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 Additionally, membrane damage can also occur in the form of physical 

destruction; for example, Ha et al. (2017) revealed the destruction of cell 

membranes caused by KrCl excilamp treatment by means of PI uptake assay. 

Such a permanent loss of membrane integrity make it difficult for cells to 

maintain homeostasis, leading to cell death (Pagán and Mackey, 2000). 

Accordingly, it may be considered that not only respiratory enzyme 

inactivation but also destruction of cell membranes is linked to loss of 

membrane potential. To identify the cause of membrane destruction, I first 

assumed that cell membrane destruction may occur due to lipid peroxidation, 

a term that refers to the oxidative degradation of phospholipids, cholesterol, 

and other unsaturated lipids because lipid peroxidation also is linked to 

destruction of cell membranes (Girotti, 1990). Fig. I-2 demonstrates that there 

were no significant (P > 0.05) increases of lipid peroxidation value following 

LP Hg lamp treatment while increasing lipid peroxidation value occurred 

following KrCl excilamp treatment for all pathogens. Therefore, TBARS 

assay reveals that lipid peroxidation occurred following KrCl excilamp 

treatment.  
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Fig. I-2. The end products of lipid peroxidation values of Staphylococcus 

aureus, Listeria monocytogenes, Salmonella Typhimurium, and 

Escherichia coli O157:H7 from TBARS assay. Data represent an average of 

three independent experiments and the standard deviation shown by error bars. 

Different letters within the same pathogen cluster of treatments indicate 

significant differences (P < 0.05).  
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From these results, therefore, it is determined that the KrCl excilamp causes 

cell membrane damage by adversely affecting lipids and proteins. For a more 

an in-depth analysis of the results, however, there is a need to understand what 

initiates cell membrane damage and why the damage only occurs with KrCl 

excilamp treatment and not with the LP Hg lamp.  

Regarding the origins of membrane damage, two different mechanisms are 

involved. First, there is direct absorption of UV radiation by cellular 

components, most notably lipids and proteins in the cellular membrane that 

can lead to photo-induced reactions (Costanzo et al., 1995; Pattison and 

Davies, 2006). That is, there are direct photo-induced reactions of cell 

membranes and this is observed to disrupt cell membrane potential and 

permeability. Secondly, there is the possibility of photosensitized processes 

where direct absorbance by the cellular components (endogenous 

chromophores within the component) or exogenous photosensitization can 

produce an excited state or radicals as a result of photo-ionization (Gao et al., 

2008; Kramer and Muranyi, 2014; Pattison and Davies, 2006). It is well 

established that absorption of UV light by major chromophoric amino acids 

such as tryptophan (Typ), tyrosine (Tyr), phenylalanine (Phe), histidine (His) 

and cysteine (Cys) present in protein can lead to the generation of excited state 

species and radicals via photo-ionization (Bensasson et al., 2013; Pattison and 
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Davies, 2006). In other words, although direct photo-induced reactions are the 

initial event of UV-induced damage, they are not an end in themselves because 

UV absorption can also generate excited states or radicals as a result of photo-

ionization which can give rise to secondary damage. To identify this, I 

measured the generation of ROS following both UV treatments. As shown in 

Fig. I-3, intracellular ROS generation values of KrCl excilamp-treated cells 

increased significantly (P < 0.05) compared to untreated cells, while no 

significant (P > 0.05) increase of fluorescence values occurred after LP Hg 

treatment for all pathogens. In other words, there is generation of intracellular 

ROS caused by KrCl excilamp treatment but not by LP Hg treatment. 

Accordingly, it is inferred that UV light irradiated by the KrCl excilamp 

induces intracellular ROS generation and then adversely affects cell 

membrane integrity as a secondary form of damage.
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Fig. I-3. Intracellular ROS generation values of Staphylococcus aureus, 

Listeria monocytogenes, Salmonella Typhimurium, and Escherichia coli 

O157:H7 from the ROS detection assay by CM-H2DCFDA. Data represent 

an average of three independent experiments and the standard deviation shown 

by error bars. Different letters within the same pathogen cluster of treatments 

indicate significant differences (P < 0.05).  
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 With respect to damage induced only by KrCl excilamp (but not by LP Hg 

lamp) treatment, it can be understood due to the relative wavelength 

absorption property of materials. In the case of cellular membrane proteins, 

even though the absorption wavelength of amino acids varies depending on 

the type of amino acid, the maximum absorption wavelengths of major amino 

acids (Tyr, Typ, Phe, His, and Cys) are all under 240 nm (Bensasson et al., 

2013). Furthermore, all proteins have an additional higher absorption from 180 

to 230 nm because the absorption wavelength of the peptide backbone ranges 

from 180 to 230 nm (Clauss and Grotjohann, 2008; Kerwin and Remmele, 

2007). In the case of lipid components of cell membranes, the result of UV 

absorption spectra of diacetylenic phospholipid and saturated phospholipid 

(Spector et al., 1996) indicates increasing absorption from 250 nm to a peak 

centered at 198 and 209 nm, respectively, and the absorption scale of 

diacetylenic phospholipid is 50 times that of saturated phospholipid. The 

spectral characteristic of saturated phospholipid is from the ester chromophore 

in the glycerol backbone of the lipid head group and that of the diacetylenic 

phospholipid is from the conjugated diacetylenes showing intense high UV 

absorption. Taken together, the characteristics of proteins and lipids which are 

major cellular components, both manifest a higher absorption at 222 nm 

emitted by the KrCl excilamp than at 254 nm emitted by the LP Hg lamp. Due 
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to their higher absorption at 222 than at 254 nm, there are more occurrences 

of cell membrane damage due to direct photo-induced reactions as well as 

oxidative stress by ROS generated via photo-ionization in KrCl excilamp 

versus LP Hg lamp treatment. Even though UV irradiation (254 nm) emitted 

by the LP Hg lamp is absorbed less by proteins and lipids than that emitted by 

the KrCl excilamp, the LP Hg lamp also can affect lipids or proteins because 

its UV irradiation is absorbed as well. However, there was no occurrence of 

lipid or protein damage under the conditions of D5d LP Hg lamp treatment 

used in this study. Additionally, it is assumed that lipid damage may increase 

if the degree of unsaturated fatty acids increased due to high UV absorption of 

conjugated double- or triple-bonds. 

 Simultaneously, DNA is considered as one of the most significant biological 

targets of UV-induced damage in bacteria because UV can affect crucial 

cellular processes such as DNA replication and transcription and compromise 

cellular viability and functional integrity and thus ultimately leads to cell death 

(Britt, 2004; Lindahl, 1993; Rastogi et al., 2010). Consequently, the influence 

of UV treatment on DNA integrity was measured. As shown in Fig. I-4, there 

was a significant (P < 0.05) decrease of DNA integrity values following both 

KrCl excilamp and LP Hg lamp treatments compared to the untreated control. 

However, the extent of DNA integrity value induced by the LP Hg lamp was 
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significantly (P < 0.05) much lower than that of the KrCl excilamp. That is, 

there were occurrences of DNA damage resulting from both KrCl excilamp 

and LP Hg lamp treatment but DNA damage from the LP Hg lamp was higher 

than that of the KrCl excilamp. At this time, I confirmed DNA damage by 

measuring the degree of intact of double bond of DNA using SYBR Green I 

dye attached to DNA double bond and thus this method can detect the 

occurrence of DNA damage, but it is difficult to know what kind of damages 

occurred specifically in DNA. However, generally, direct UVC (100-280 nm) 

absorption of DNA leads to the formation of cyclobutane pyrimidine dimers 

and (6-4) photoproducts which are of importance for the cytotoxic, mutagenic 

effect of UVC radiation (Cadet et al., 1992; Evans et al., 1999; Kielbassa et 

al., 1997). Furthermore, it has been well established that ROS generated by 

excited photosensitizers also induce damage as a form of oxidative DNA 

modification indirectly (Evans et al., 1999; Kielbassa et al., 1997; Zhang et al., 

1997). Evans et al. (1999) demonstrates that ROS (1O2) are involved in the 

induction of oxidative DNA damage by UVC (254 nm) radiation treatment. In 

contrast with this study, however, there was no induction of ROS by UV 

radiation at 254 nm treatment in this study. It may be surmised that there was 

not enough input of energy to generate ROS because samples were exposed to 

254 nm UV radiation at a maximum dose of only 5.31 mJ/cm2, while samples 
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at this same wavelength were exposed to 100 mJ/cm2 in the study of Evans et 

al. (1999). Therefore, it is concluded that DNA damage is attributed solely to 

direct UV (254 nm) absorption by DNA during 5-log reduction in this study, 

and thus DNA damage by 254-nm LP Hg lamp can be interpreted as mainly 

occurring in the form of cyclobutane pyrimidine dimers or/and (6-4) 

photoproducts. Additionally, this result that DNA damage by LP Hg lamp 

(254 nm) was greater than that of KrCl excilamp treatment may be related to 

the degree of UV radiation absorption. The UV absorption spectrum for DNA 

shows an absorbance band increasing at about 220 nm and peaking at 260 nm 

(Pattison and Davies, 2006; Taylor, 1994); thus, UV absorption by DNA at 

254 nm is higher than that at 222 nm. Therefore, there was greater DNA 

damage following LP Hg lamp than KrCl excilamp treatment due to 

differences of UV absorption. Even though I observed less DNA damage by 

KrCl excilamp than by LP Hg lamp treatment, the 222 nm KrCl excilamp can 

cause DNA damage by inducing ROS generation and/or direct absorption 

affecting DNA integrity. Therefore, DNA damage by 222-nm KrCl excilamp 

can be interpreted as occurring in the form of oxidative damage as well as 

cyclobutane pyrimidine dimers and (6-4) photoproducts.  
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Fig. I-4. DNA integrity values of Staphylococcus aureus, Listeria 

monocytogenes, Salmonella Typhimurium, and Escherichia coli O157:H7 

from the DNA quantification assay by SYBR green I. Data represent an 

average of three independent experiments and the standard deviation shown 

by error bars. Different letters within the same pathogen cluster of treatments 

indicate significant differences (P < 0.05).
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 It is important to consider sublethally injured cells after UV-C treatment with 

regard to food safety, as they can recover and regain normal pathogenicity 

under suitable conditions (Wu, 2008). Whereas sublethally injured cells are 

unable to recover after direct plating on selective media, they can resuscitate 

and be identified using the OV method (or SPRAB agar in the case of E. coli 

O157:H7). As shown in Table I-4, overall, there were no significant (P > 0.05) 

differences between reduction levels determined by subjecting treated samples 

to cell recovery methods versus direct plating on selective media, but 

significant (P < 0.05) differences occurred at certain treatment doses, except 

for S. aureus, L. monocytogenes in the case of 254 nm LP lamp and KrCl 

exilamp. In other words, both treatments in general effectively controlled 

foodborne pathogens in PBS without causing sublethal injury, but sublethal 

injury occurred at some doses. When microorganisms undergo sublethal injury, 

many structural and functional cellular materials such as cell walls, 

cytoplasmic or inner membranes, ribosomes, DNA, RNA, and enzymes are 

affected and thus cellular changes occur (Ray, 1979, 1992). Therefore, based 

on this study’s results, it can be inferred that sublethal injury by 254 nm LP 

lamp treatment was mainly due to DNA damage, whereas sublethal injury 

following 222 nm KrCl excilamp treatment was due to membrane, enzyme, 

and DNA damage.  
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Table I-4. Log reductions of Staphylococcus aureus, Listeria monocytogenes, Salmonella Typhimurium, and 

Escherichia coli O157:H7 suspended in PBS after treatment with a 254 nm LP lamp (A) and 222 nm KrCl 

excilamp (B) 

(A) 

Treat 

ment 

dose 

(mJ/cm2) 

Log reduction [Log10 (N0/N)]a by treatment type and selection medium 

S. aureus L. monocytogenes S. Typhimurium E. coli O157:H7 

BPA OV-BPA OAB OV-OAB XLD OV-XLD SMAC SPRAB 

0 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 

1 0.26 ± 0.09Ba 0.21 ± 0.11Ba 0.46 ± 0.27Ba 0.52 ± 0.09Ba 1.66 ± 0.05Ba 1.21 ± 0.19Bb 4.26 ± 0.28Ba 3.87 ± 0.20Ba 

2 1.27 ± 0.16Ca 1.20 ± 0.18Ca 1.22 ± 0.38Ba 1.07 ± 0.37Ba 2.29 ± 0.43Ca 1.77 ± 0.51Ba 5.56 ± 0.62Ca 5.18 ± 0.32Ca 

3 2.47 ± 0.44Da 2.38 ± 0.28Da 2.50 ± 0.64Ca 2.35 ± 0.42Ca 3.53 ± 0.37Da 3.05 ± 0.49Ca 6.25 ± 0.36Da 5.60 ± 0.28Da 

4 3.85 ± 0.08Ea 3.84 ± 0.10Ea 3.81 ± 0.64Da 3.81 ± 0.32Da 5.68 ± 0.37Ea 4.95 ± 0.14Db 6.85 ± 0.10CDa 6.29 ± 0.04Eb 

5 4.64 ± 0.20Fa 4.65 ± 0.29Fa 4.74 ± 0.66Ea 4.50 ± 0.41Ea 7.00 ± 0.16Fa 6.15 ± 0.15Eb 7.46 ± 0.10Da 7.47 ± 0.07Fa 

6 5.47 ± 0.49Ga 5.60 ± 0.37Ga 6.24 ± 0.12Fa 5.76 ± 0.37Fa  7.16 ± 0.23F   

(B) 

Treat 

ment 

dose 

(mJ/cm2) 

Log reduction [Log10 (N0/N)]a by treatment type and selection medium 

S. aureus L. monocytogenes S. Typhimurium E. coli O157:H7 
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BPA OV-BPA OAB OV-OAB XLD OV-XLD SMAC SPRAB 

0 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 0.00 ± 0.00Aa 

1 0.66 ± 0.06Ba 0.74 ± 0.09Ba 1.08 ± 0.20Ba 1.13 ± 0.32Ba 2.06 ± 0.46Ba 2.05 ± 0.45Ba 4.38 ± 0.46Ba 3.91 ± 0.52Ba 

2 1.96 ± 0.01Ca 1.90 ± 0.14Ca 2.40 ± 0.09Ca 2.40 ± 0.19Ca 3.37 ± 0.28Ca 3.34 ± 0.37Ca 5.82 ± 1.06Ca 5.50 ± 0.62Ca 

3 4.16 ± 0.53Da 3.99 ± 0.33Da 3.83 ± 0.19Da 3.46 ± 0.13Db 5.11 ± 0.19Da 4.68 ± 0.14Db 6.86 ± 0.10Da 6.23 ± 0.21Db 

4 5.37 ± 0.41Ea 5.42 ± 0.45Ea 5.53 ± 0.20Ea 5.09 ± 0.20Ea 7.00 ± 0.12Ea 6.49 ± 0.18Ea 7.46 ± 0.10Ea 7.59 ± 0.08Eb 

5 6.43 ± 0.43Fa 6.39 ± 0.28Fa 6.24 ± 0.12Fa 6.50 ± 0.16Fa  7.22 ± 0.15F   

6 7.09 ± 0.42 Ga 
7.12 ± 0.13 

Ga 
      

The values are means ± standard deviations from three replications. 

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) for each pathogen. 

BPA, Baird-Parker Agar; OV-BPA, overlay BPA on TSA; OAB; Oxford agar base with antimicrobial supplement; OV-

OAB, overlay OAB agar on TSA; XLD, xylose lysine desoxycholate agar; OV-XLD, overlay XLD agar on TSA; SMAC, 

sorbitol MacConkey agar; SPRAB, phenol red agar base with 1% sorbitol.
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In conclusion, this research suggests that KrCl excilamps may be a potential 

substitute for LP Hg lamps due to their greater bactericidal effect against 

Gram-positive and Gram-negative pathogenic bacteria compared to LP Hg 

lamps. UV radiation can induce biological damage through two discrete ways: 

(i) direct absorption of UV radiation by cellular materials which can lead to 

photo-induced reactions, and (ii) secondary damage caused by oxidative 

products generated by photosensitized processes. The bactericidal mechanism 

of the KrCl excilamp is different from that of LP Hg lamps; this difference is 

related to the different cellular materials which absorb their emitting 

wavelengths. That is, the KrCl excilamp affects the cellular enzymes or 

membrane lipids because amino acids or phospholipids especially absorb UV 

radiation of 222 nm. Moreover, ubiquitous chromophores such as amino acids 

can generate ROS at this wavelength and thus even DNA, which does not 

absorb UV radiation at 222 nm very well, can be indirectly but significantly 

damaged by ROS. Therefore, it is considered that KrCl excilamp treatment 

simultaneously affects various cellular materials comprising multiple targets. 

In this study, gram-positive bacteria showed greater resistance to 222-nm 

KrCl excilamp than gram-negative bacteria, and this result can be explained 

by the difference in the cell wall type protecting the cell from the external 

stimulus between gram-positive and gram-negative bacteria. The cell wall of 
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the gram-positive bacteria consist of a peptidoglycan layer of about 40 nm 

thickness with a tight structure and strength, while the gram-negative bacteria 

have a thin cell wall consisting of a peptidoglycan layer with a thickness of 2 

nm and outer membrane of lipopolysaccharide (Han et al., 2016; Ma et al., 

2008). Meanwhile, since it was shown that 222-nm KrCl excilamp generates 

ROS to induce cell damage, it can be considered that ROS generated by 222-

nm KrCl excilamp treatment can react with peptidoglycan and 

lipopolysaccharide, damaging C-O, C-N, and C-C bonds and thus causing 

physical damage such as destruction of cell membrane integrity (Chung et al., 

2013; Yusupov et al., 2012). Therefore, it is interpreted that gram-positive 

bacteria have a thicker and more robust cell wall than gram-negative bacteria, 

and thus they are more resistance to 222-nm KrCl excilamp. Indeed, Han et al. 

(2016) reported that ROS from plasma treatment did not damage the cell 

membrane integrity of gram-positive bacteria, but did damage the cell 

membrane integrity of gram-negative bacteria. 

Meanwhile, 222-nm KrCl excilamps have been shown to be able to cause 

damage to lipids and proteins, which means that they can affect food as well 

as pathogenic microorganisms. In other words, 222-nm KrCl excilamps can 

affect lipid or protein in food, which can adversely affect food quality. 

Therefore, when applying 222-nm KrCl excilamp to food, it is very important 
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to examine the quality change of food and thus the 222-nm KrCl excilamp is 

considered to be a suitable technique for foods with relative low lipid or 

protein. 

A detailed understanding of the inactivation mechanisms of this novel 

technology is important not only to identify the rate-limiting step during the 

inactivation process, but also to make it easier to interpret the presence or 

absence of any synergistic effect in combination application with other 

technologies and consequently help develop more effective inactivation 

strategies (Cho et al., 2010). Therefore, I expect to present this mechanism 

analysis as base line data for practical application or further research 

investigations involving KrCl excilamps.  
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Chapter II. 

 

Application of 222-nm KrCl excilamp to control 

foodborne pathogens in juice product 
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II-1. Increased resistance of Salmonella Typhimurium 

and Escherichia coli O157:H7 to 222-nm krypton-

chlorine excilamp treatment by acid adaptation 
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II-1.1. Introduction 

 

Fruit juices are widely popular and consumed because of their characteristics 

of freshness, flavor, and health benefits, due to high vitamin, polyphenol and 

antioxidant content (Ait-Ouazzou et al., 2013; Chueca et al., 2016; Raybaudi-

Massilia et al., 2009). Apple juice is one of the most popular fruit juices and 

its consumption has risen over the past 30 years because of its taste, flavor and 

health benefits (AIJN, 2012; USDA, 2012). Increasing consumption of fruit 

juice has a positive impact on the economy, while it has a negative effect when 

problems occur such as foodborne disease outbreaks or spoilage (Lima Tribst 

et al., 2009). To date, outbreaks associated with unpasteurized commercial 

apple juice consumption continue to occur, mainly due to E. coli O157:H7 and 

Salmonella (Danyluk et al., 2012). In fact, a large outbreak of E. coli O157:H7 

consisting of 70 cases occurred in 1996, of which 25 people were hospitalized, 

14 experienced hemolytic uremic syndrome and one died (CDC, 1996; Cody 

et al., 1999). In response to the increasing outbreaks associated with fruit juice, 

the United State Food and Drug Administration (USFDA) introduced 

regulations for all fruit juice processes that require manufacturers to perform 

processing steps that can achieve a minimum 5-log reduction of the pertinent 

pathogenic bacteria in the finished juice (Basaran et al., 2004; USFDA, 2001b).  
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 The USFDA considers thermal processing to be an effective and proven way 

to ensure the safety of fruit juices from pathogenic microorganisms as well as 

prolonging the shelf life of refrigerated juices (USFDA, 2001b). Therefore, 

currently, thermal pasteurization is an industrial intervention that has been 

predominantly applied to ensure the microbial safety of juice (Gabriel and 

Nakano, 2009; Gouma, Á lvarez, et al., 2015; Gouma, Gayán, et al., 2015). 

However, the adverse effects of high temperatures on the organoleptic and 

nutritional properties of juices and increased consumer demand for minimal 

processing and fresh-tasting products encourage researchers to investigate 

alternative non-thermal food processing techniques (Aguilar-Rosas et al., 

2007; Gouma, Gayán, et al., 2015; Tahiri et al., 2006). Among them, UV 

technology is considered as one of the most promising alternatives to 

conventional thermal pasteurization process due to its numerous advantages 

such as no disinfectant residuals, inactivation effect on a wide range of 

pathogens, ease to fit into existing processes, and low energy consumption 

(Chen et al., 2017; Guerrero-Beltr· n and Barbosa-C· novas, 2004). In addition, 

the US-FDA has approved UVC radiation to be applied to fruit juice 

processing to control human pathogens and other microorganisms (USFDA, 

2001a). In the UV disinfection system, mercury vapor-filled lamps producing 

germicidal UV radiation are typically used, which are either low-pressure (LP) 
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emitting a monochromatic light at 254.7-nm or medium-pressure (MP) 

emitting polychromatic light across the electromagnetic spectrum (Beck et al., 

2017; Chevremont et al., 2013b). To date, many studies have demonstrated 

that conventional mercury UV lamps, which replace thermal treatment, can 

effectively reduce pathogenic microorganisms in apple juice (Caminiti et al., 

2012; Char et al., 2010; Gachovska et al., 2008; Keyser et al., 2008). However, 

the use of such UV radiation sources poses a potential risk of mercury release 

and resulting human health and environmental hazards due to their fragile 

quartz construction (Chevremont et al., 2013b; Close et al., 2006). In addition, 

as the United Nations Environment Program (UNEP) has signed to the 

Minamata Convention on Mercury, which aims to gradually phase out the 

usage of mercury present in numerous products and processes by 2020, the 

application of a novel UV system to replace mercury UV lamps is essential 

(Jenny et al., 2015; UNEP, 2013). 

 In that regard, UV-LEDs or dielectric barrier discharge (DBD)-driven 

excilamps (excimer or exciplex lamps) are a promising technology that could 

substitute for mercury lamps in the future. Particularly, excilamps are 

considered as an attractive UV source due to their characteristics such as 

wavelength selectivity, fast warm-up, long lifetime, and high radiant intensity 

as well as the absence of mercury (Ha and Kang, 2018; Matafonova and 
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Batoev, 2012; Sosnin, 2007). Excilamps can emit nearly monochromatic 

radiation with wavelengths ranging from 172 to 345 depending on the type of 

rare gas and halogen used (Matafonova and Batoev, 2012; Orlowska et al., 

2015). Recent studies, including ours, evaluating the germicidal effects of 

various forms of excilamps (Xe2-, KrCl-, and XeBr-excilamps with maximum 

emission at 172, 222, and 282 nm, respectively) and conventional mercury 

lamps emitting 254-nm revealed that the KrCl excilamp emitting a 222-nm 

wavelength resulted in the highest log reductions of pathogens compared to 

other excilamps as well as mercury lamps emitting 254-nm wavelength at the 

same incident dose, which means that the 222-nm KrCl excilamp has a greater 

inactivation effect than other excilamps or the mercury vapor lamp (Ha and 

Kang, 2018; Kang et al., 2018; Orlowska et al., 2015; Wang et al., 2010). In 

particular, Yin et al.’s study (2015) comparing the inactivation effect at the 

same energy level that is imposed entirely on cells, excluding the matrix effect 

of the medium, by using the actual dose imparted to apple juice which was 

calculated taking into account the absorption coefficient of the apple juice 

sample to be treated, reported that 222-nm KrCl excilamp reduced E. coli 

O157:H7 in apple juice by almost 1-log more than the 282-nm XeBr excilamp 

or 254-nm mercury lamp. For these reasons, the 222-nm KrCl excilamp has 

great potential as an alternative to mercury lamps in the apple juice industry.  
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 Bacteria can be exposed to various stresses in all areas of the farm-to-table 

food chain, especially in fruit juice processing, where low pH is a major source 

of stress (Patil, Bourke, Kelly, et al., 2009). Under such low pH conditions, 

bacteria are induced to increase resistance to acidic environments which has 

been termed the acid adaptation response, increasing their survival and 

consequently causing fruit juice to become more easily contaminated (Cheng 

et al., 2003). Indeed, several studies have demonstrated that E. coli and S. 

Typhimurium adapted to acidic conditions can survive longer in acidic 

environments (Foster, 1991; Garren et al., 1997; Goodson and Rowbury, 1989; 

Lin et al., 1996). In addition, it has been reported that the acid adaptation 

response also leads to increased resistance of E. coli O157:H7 and S. 

Typhimurium in fruit juices to inactivation by other stresses in food processing, 

such as heat treatments (Mazzotta, 2001; Ryu and Beuchat, 1998; Sharma et 

al., 2005; Usaga et al., 2014), ozone (Patil et al., 2010), and ultrasound 

treatment (Gabriel, 2012). Another crucial concern is that acid adapted 

pathogens may have lower infectious doses, leading to increased pathogenicity 

because it is inferred that the greater the resistance to the acidity of the 

gastrointestinal environment, the more likely they are to overcome the human 

gastric barrier after ingestion (Ferreira et al., 2003; Gorden and Small, 1993). 

Therefore, the acid adaptation response must be considered as a real possibility 
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which can have great influence on the development of processing protocols by 

the fruit juice industry. Although a recent study reported that the 222-nm KrCl 

excilamp achieved 2.81 log reduction of E. coli O157:H7 in apple juice 

following treatment at 75 mJ/cm2 (Yin et al., 2015), and yielded a D-value of 

28.48 mJ/cm2 in another study (Orlowska et al., 2015) using a batch-type UV 

treatment system, to the best of my knowledge, no published research has been 

carried out to investigate the bactericidal effect of this intervention on acid 

adapted pathogens. 

 Consequently, in my study, the change in response of E. coli O157:H7 and 

S. Typhimurium, which are mainly associated with apple juice outbreaks, to 

222-nm KrCl excilamp treatment after acid adaptation was investigated and 

its mechanism was elucidated. Also, apple juice qualities such as color, total 

phenols and DPPH free radical scavenging activity were observed under 

conditions in which pathogenic bacteria with higher resistance decreased by 

5-log or more in order to propose a practical pathogen inactivation protocol 

for apple juice without over-estimating the sterilization effect of 222-nm KrCl 

excilamps.   
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II-1-2. Materials and Methods 

 

Bacterial strains. Three strains each of E. coli O157:H7 (ATCC 35150, 

ATCC 43889, ATCC 43890) and S. Typhimurium (ATCC 19585, ATCC 

43971, DT 104) obtained from from the bacteria culture collection of Seoul 

National University (Seoul, Korea) were used in this study. Stock cultures 

were prepared by incubating strains in 5 ml of tryptic soy broth (TSB; Difco, 

BD) at 37°C for 24 h, then mixing 0.7 ml with 0.3 ml of sterile 50 % glycerol 

and then storing at -80°C. To prepare working cultures, bacterial strains were 

streaked onto Tryptic Soy Agar (TSA; Difco, BD) and incubated at 37°C for 

24 h, and then stored at 4°C and used within one week.  

 

Preparation of non-acid- and acid adapted bacterial culture and 

inoculum. All strains of E. coli O157:H7 and S. Typhimurium were separately 

cultured in 5 ml of TSB overnight at 37°C, and then 200 μl of the overnight 

grown cultures were transferred into 20 ml of TSB without dextrose (TSB w/o 

D; pH 7.3; Difco, BD) and TSB w/o D at pH 5.0 adjusted with 6N HCl to 

develop the non-acid- and acid adaptation response, respectively (Ngadi et al., 

2003; Patil, Bourke, Kelly, et al., 2009; Singh and Jiang, 2012), and incubated 

for 18 h at 37oC. This incubation time of 18 h was the time required for the 
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cells to grow to early stationary phase in TSB w/o D, pH 7.3 or 5.0, which was 

determined from growth curves plotting the mean value of OD600 versus the 

incubation time of each strain (data not shown) and the reason why this 

incubation time was applied is that it is commonly known that bacteria in 

stationary phase exhibit increased UV-resistance (Bucheli‐Witschel et al., 

2010; Child et al., 2002). Furthermore, in this study, TSB w/o D instead of the 

usual TSB formulation (containing 0.25% dextrose) was used to prevent the 

acid adaptation response of the pathogens to be induced into non-acid adapted 

cells by acids produced as a result of dextrose fermentation (Buchanan and 

Edelson, 1996; Singh and Jiang, 2012). After incubation, all three strains of 

each pathogen were combined, and the cell pellet was harvested by 

centrifugation at 4,000 × g for 20 min at 4°C and washed twice with 

phosphate-buffered saline (PBS; 0.1M). To prepare inoculum, the final 

pelleted cells were re-suspended in PBS corresponding to approximately 1010-

1011 CFU/ml. 

 

UV treatment. In this study, a DBD excilamp (29 × 9 × 8 cm; UNILAM, 

Ulsan, South Korea) with 20 W output power filled with a KrCl gas mixture 

was used as a UV radiation source and detailed specifications of this apparatus 

were described in my previous study (Kang et al., 2018). A batch-type 
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processing system was used in this study and constructed as follows: a 222-

nm KrCl excilamp was placed vertically at a 12.8 cm distance from the center 

of the sample surface to allow the sample to vertically face the UV radiation 

(Fig. II-1). In this experimental setup, a light intensity of 0.28 mW/cm2 at the 

center of the sample surface (incidence intensity) was measured using a UV 

fiber optic spectrometer (AvaSpec-ULS2048; Avantes, Eerbeek, Netherlands). 

Commercially clarified apple juice (Woongjin Foods Co., Seoul, South Korea) 

purchased from a local grocery market and PBS were used as samples. 

Samples were kept in a refrigerator at 4°C until use. Before inoculation, 

samples were taken out of the refrigerator for more than 1 h to equilibrate to 

room temperature (22 ± 1°C). Five ml of each sample were dispensed into 

petri dishes (60 × 15 mm2), inoculated with 0.1 ml of inoculum and then gently 

mixed by hand for approximately 5 s to allow for even distribution. At this 

time, the sample depth was 2 mm. Immediately after inoculation and mixing, 

apple juice and PBS samples were treated with a 222-nm KrCl excilamp at 

dosage of 0.97 - 8.69 mJ/cm2 and 197 - 1773 mJ/cm2, respectively, while being 

mixed with a magnetic stirrer (1.5 cm × 0.1 cm, TM-17R, Jeio Tech; South 

Korea) at 300 rpm to allow for even irradiation at room temperature (22 ± 1°C) 

in a dark chamber. UV doses were calculated by multiplying the incident 

intensity of UV light by the irradiation times. The value of the UV dose in my 
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study implies the energy delivered to the sample surface where the change in 

energy due to the sample matrix is not taken into consideration because it is 

expressed as the energy value for the intensity of the UV light reaching the 

sample surface. In order to make the results of this study comparable to other 

relevant studies, the characteristics of apple juice used in this study such as 

pH, sugar concentration (oBrix), turbidity (NTU) and UV absorption 

coefficient (α) were investigated. The pH, sugar concentration and turbidity of 

apple juice samples were measured with a pH meter (Mettler Toledo, 

Switzerland), a digital refractometer (Atago co., Ltd., Japan), and a turbidity 

meter (Lutron Electronic Enterprise Co., Ltd., Taiwan), and their values were 

pH 2.95, 12.6 oBrix and 0 NTU, respectively. To obtain the absorption 

coefficient (α) of apple juice samples at 222-nm, absorbance values for various 

dilutions (1:10, 1:25, 1:50, 1:100, 1:250, 1:500 [v:v]) of apple juice sample 

were measured at 222-nm using a quartz cuvette with a 1 cm path length in a 

spectrophotometer (Spectramax M2e; Molecular Devices, CA, USA), and 

then the absorption coefficient was estimated from the slope of the absorbance 

value versus sample concentration plot; the absorption coefficient of the apple 

juice sample was 20.8 cm-1. 

 For investigation of destruction and lipid peroxidation of the cell membrane 

and ROS generation, non-acid- or acid adapted E. coli O157:H7 and S. 
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Typhimurium were adjusted to an optical density at 600 nm (OD600) of 

approximately 0.3 in PBS and then treated with 222-nm KrCl excilamp 

treatment of 8.69 mJ/cm2.  
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Fig. II-1. Schematic diagram of the batch-type 222-nm KrCl excilamp 

treatment system used in this study.  
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Bacterial enumeration. For microbial enumeration after treatment, 1 ml 

aliquots of treated samples were ten-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 each selective media. Where low populations of surviving cells 

were anticipated, 1-ml aliquots of the undiluted original samples were equally 

divided between four plates of each medium and spread-plated. Xylose lysine 

desoxycholate agar (XLD; Difco) and Sorbitol MacConkey Agar (SMAC; 

Difco) were used as selective media for the enumeration of S. Typhimurium 

and E. coli O157:H7, respectively. All plates were incubated at 37°C for 24 h 

and typical colonies were enumerated and calculated as log10 CFU/ml 

(Detection limit, 0.70 log CFU/ml).  

 

Enumerations of sub-lethally injured cells. To identify the occurrences of 

sub-lethally injured cells of S. Typhimurium in apple juice after treatment, the 

overlay (OV) method was used (Lee and Kang, 2001). A nonselective medium, 

tryptic soy agar (TSA; Difco), was used to resuscitate injured cells. The 

aliquots of appropriate dilutions or the undiluted original samples were 

duplicate spread-plated onto TSA and the plates were incubated at 37°C for 2 

h to facilitate injured cell recovery. Following incubation, the plates were 

overlaid with 7 ml of the selective medium XLD. After solidification, the 
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plates were incubated for an additional 22 h at 37°C and then typical black 

colonies were counted.  

 In the case of enumeration of injured E. coli O157:H7 cells, phenol red agar 

base with 1% sorbitol (SPRAB; Difco) was used (Ha and Kang, 2018). After 

incubation at 37°C for 24 h, typical white colonies characteristic of E. coli 

O157:H7 were enumerated, and simultaneously, serological confirmation 

(RIM; E. coli O157:H7 latex agglutination test; Remel, Lenexa, KS, USA) 

was performed on randomly selected presumptive E. coli O157:H7 colonies 

because SPRAB is not generally used as selective medium for 

enumerating E. coli O157:H7. 

 

Modeling of survival curves and calculation of D5d. In order to 

quantitatively compare my inactivation results, D5d, which indicates the UV 

dosage necessary for achieving 5-log reduction by 222-nm KrCl excilamp 

treatment, was calculated using predictive modeling equations. To identify the 

appropriate model to apply to my results among the various models, the 

goodness of fit of each model for each data set was evaluated using R2 and 

root mean square error (RMSE) values which mean that the closer to 1 and the 

lower the value, respectively, the better the model fit the data. When survival 

curves were fitted with several model equations using GInaFiT (Geeraerd et 
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al., 2005), it was shown that the Weibull model and the Weibull with tail 

model were well-fitted to the all inactivation data except for acid-adapted E. 

coli O157:H7 in PBS and the inactivation data only for acid-adapted E. coli 

O157:H7 in PBS, respectively, because these models represented high (≥ 0.97) 

R2 and low (< 0.50) RMSE values. Thus, these two models were applied in 

this study. The related model equations are as follows: 

The Weibull model equation is described as (van Boekel, 2002): 

log(𝑁)  =  log(𝑁0)  −  (
𝑑

δ
)𝑝 

 where N (CFU/ml) is the surviving population of the microorganisms, N0 is 

the initial population, d (mJ/cm2) is the treatment dosage, δ (mJ/cm2) is the 

dosage for the first decimal reduction, and p is the parameter related to shape 

of the line, such as a concave upward curve when p < 1 and a concave 

downward survival curve when p > 1. 

 The Weibull with tail equation is a modification of Weibull model and 

described as (Albert and Mafart, 2005): 

log(𝑁)  =  log [(𝑁0 − 𝑁𝑟𝑒𝑠) × 10−(
𝑑
𝛿

)
𝑝

+ 𝑁𝑟𝑒𝑠] 

 where N (CFU/ml) is the surviving population of the microorganisms, N0 is 

the initial population, d (mJ/cm2) is the treatment dosage, δ (mJ/cm2) is the 

dosage for the first decimal reduction, Nres is the residual population density. 
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p is the parameter describing the shape of the line; there is no point of 

inflection when 0 < p < 1, but the line has an inflection point when p > 1.  

After the model parameters for each model (the Weibull or the Weibull with 

tail) were obtained by fitting survival curves with model equations using 

GInaFiT, D5d was derived using Microsoft Excel 2010; describing the 

appropriate equations for independent variables followed by calculating the 

dose value for a particular log reduction was performed using the ‘Goal seek’ 

function. 

 

Measurement of incidence of cell membrane damage and generation of 

intracellular ROS. Treated samples were incubated with PI (Sigma-Aldrich), 

DPPP (Sigma-Aldrich) or CM-H2DCFDA (Molecular Probes, ThermoFisher 

Scientific) at final concentration of 2.9, 50 or 5 μM for 10, 20 or 15 min at 

37oC to assess pore formation in the cell membrane, incidence of lipid 

peroxidation of the cell membrane or generation of intracellular ROS, 

respectively. After incubation, cells were collected by centrifugation at 10,000 

× g for 10 min and washed twice with PBS and fluorescence measured with a 

spectrofluorophotometer (Spectramax M2e; Molecular Devices, CA, USA) at 

excitation/emission wavelengths of 493/630 nm for PI uptake, 351/380 nm for 

DPPP assay or 495/520 nm for CM-H2DCFDA assay, respectively. For 
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quantitative comparison of the values, the obtained fluorescence signal was 

divided by the optical density of the cells at 600 nm (OD600). Because this 

study was intended to quantitatively compare only the extent of damage to the 

cell membrane and generation of ROS, quantitative comparisons were 

performed using average values at the population level rather than comparing 

values at individual cell level using a tool such as flow cytometry.  

 

Analysis of fatty acid composition of cell membrane. Cells grown under 

non-acidic or acidic conditions were collected by centrifugation at 4,000 × g 

for 20 min at 4°C and then obtained pellets were subjected to fatty acid 

extraction following protocols described in MIDI Technical note no.101 

(Sasser, 1990). The fatty acid methyl esters (FAMEs) extracted with mixtures 

of hexane and methyl tert-butyl ether were analyzed with an Agilent gas 

chromatograph (model 7890A, Agilent Technologies, Santa Clara, CA, USA) 

equipped with a split-capillary injector and a flame ionization detector (Garcés 

and Mancha, 1993). A DB-23 column (60 mm x 0.25 mm I. d., 0.25 um, 

Agilent Technologies) was used to separate fatty acids. The injection and 

detector temperature were set at 250 and 280oC, respectively. The initial 

column oven was maintained at 50oC for 1 min, and then increased to 130oC 

at a rate of 15oC/min, 170oC at a rate of 8oC/min, and 215oC at a rate of 
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2oC/min, which was held for 10 min. The carrier gases were hydrogen, air, and 

helium with flow rates of 35, 350, and 35 ml/min, respectively. The fatty acid 

compositions were analyzed using a Supelco 37 component FAME mix 

(Supelco, Inc., PA, USA). The relative contents (%) of the fatty acid 

compositions were expressed as percentages by peak area normalization. 

 

Quality measurement. To analyze changes of apple juice quality after 

treatment, color, total phenols and DPPH free radical scavenging activity of 

apple juice were investigated. Apple juice was treated with the 222-nm KrCl 

excilamp at doses of 197 - 1773 mJ/cm2 and untreated apple juice was used as 

a control. Color values of apple juice were measured with a Minolta 

colorimeter (CR400; Minolta Co., Osaka, Japan) and expressed as values of 

L*, a*, and b*, indicating color lightness, redness, and yellowness, 

respectively (Chen et al., 2010). 

Total phenols was determined by the Folin–Ciocalteu assay (Singleton and 

Rossi, 1965; Song, Shin, et al., 2015). Briefly, 1 ml of apple juice sample 

diluted tenfold in distilled water was reacted with 5 ml of 0.2 N Folin-

Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO) for 3 min at room 

temperature (22 ± 1°C). Then, this mixture was mixed with 4 ml of 7.5 % 

sodium carbonate (Samchun Pure Chemicals Co., Ltd., Pyeongtaek, South 
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Korea) solution. After maintaining at room temperature (22 ± 1°C) for 2 h in 

the dark with shaking, absorbance was measured at 765 nm against a blank 

sample using a spectrophotometer. The blank sample was prepared using 

distilled water instead of apple juice. Gallic acid (Sigma-Aldrich) was used as 

a standard solution to construct the calibration curve and the results were 

expressed as gallic acid equivalents (mg GAE/L). 

 DPPH free radical scavenging activity was measured according to the 

method described by Abid et al. (Abid et al., 2013) with some modification. 

Two ml of 0.2 mM DPPH solution dissolved in methanol was added to 2 ml 

of apple juice sample. This mixture was reacted for 30 min at room 

temperature (22 ± 1°C) in the dark. After the reaction, absorbance was 

measured at 517 nm using a spectrophotometer (Spectramax M2e; Molecular 

Devices, Sunnyvale, CA). A control was prepared with methanol instead of 

apple juice and absorbance of the control was measured with the same 

procedure. DPPH radical scavenging activity was calculated by the following 

equation: 

DPPH free radical scavenging activity (%) = (1- Absorbance of 

sample/Absorbance of control) x 100 
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Statistical analysis. All experiments were duplicate-plated and replicated 

three times. All data were analyzed by the ANOVA procedure of SAS 

(Version 9.4. SAS Institute Inc., Cary, NC, USA) and the LSD t-test to 

determine whether there were significant differences in mean values of log 

reduction, fluorescent signal normalized with OD600, fatty acid composition, 

color, DPPH free radical scavenging activity and total phenols at a probability 

level of P < 0.05.  
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II-1.3. Results 

 

Comparative resistance of acid adapted- and non-acid adapted cells of 

S. Typhimurium and E. coli O157:H7 to 222-nm KrCl excilamp treatment. 

Fig. II-2 shows surviving populations of non-acid- and acid adapted S. 

Typhimurium and E. coli O157:H7 suspended in PBS (Fig. II-2, A and B) or 

apple juice (Fig. II-2, C and D) during treatment with the 222-nm KrCl 

excilamp. In both PBS and apple juice, surviving populations of non-acid- and 

acid adapted S. Typhimurium and E. coli O157:H7 significantly (P < 0.05) 

decreased as the treatment dosage increased.   
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Fig. II-2. Surviving populations of non-acid- or acid adapted Salmonella 

Typhimurium suspended in (A) PBS and (C) apple juice and Escherichia 

coli O157:H7 suspended in (B) PBS and (D) apple juice treated with a 

222-nm KrCl excilamp. Each point and error bar represent the mean value of 

three replications and standard deviation, respectively.  
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To quantitatively compare the inactivation effect of the 222-nm KrCl 

excilamp to the suspending matrix (PBS or apple juice) or cell conditions 

(non-acid or acid adaptation), survival curves were fitted to the suitable model 

equation to derive the D5d value, which is the dosage required to achieve 5-log 

reduction. The parameters of the models and the D5d values derived from them 

are shown in Table II-1. For both S. Typhimurium and E. coli O157:H7, when 

cells were adapted to acid, D5d values were significantly (P < 0.05) increased 

compared to cells that were not acid adapted. This trend was the same when 

cells were treated in PBS as well as in apple juice. Specifically, non-acid 

adapted cells of S. Typhimurium and E. coli O157:H7 treated in PBS yielded 

D5d values of 6.32 and 2.42 mJ/cm2, respectively, while cells of S. 

Typhimurium and E. coli adapted to acid treated in PBS were 9.83 and 3.07 

mJ/cm2, respectively. In the case of pathogens treated in apple juice, cells of 

S. Typhimurium and E. coli O157:H7 that were not adapted to acid showed 

D5d values of 927.71 and 1023.72 mJ/cm2, respectively, while acid adapted 

cells of S. Typhimurium and E. coli were 1887.09 and 1807.29 mJ/cm2, 

respectively. Also, this result revealed that regardless of cell condition (non-

acid or acid adaptation), when cells were treated in apple juice, D5d value was 

significantly (P < 0.05) higher than when treated in PBS.  
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Table II-1. Parameters of the Weibull or Weibull with tail modela for inactivation of Salmonella Typhimurium 

and Escherichia coli O157:H7 treated with a 222-nm KrCl excilamp corresponding to irradiation dose (mJ/cm2) 

profiles and the calculated D5d values which indicate dosages necessary for achieving 5-log reductions using model 

equations 

Pathogen 
Treatment 

condition 
Cell condition 

 Parameterb 
D5d (mJ/cm2)c δ p Log10(Nres) RMSE R2 

S. 

Typhimurium 

PBS 
Non-adaptation 0.69 ± 0.20 0.72 ± 0.08 - 0.34 0.97 6.32 ± 0.54 A 

Adaptation 1.58 ± 0.26 0.89 ± 0.11 - 0.17 0.99 9.83 ± 0.72 B 

Apple 

juice 

Non-adaptation 9.59 ± 9.49 0.33 ± 0.08 - 0.27 0.98 927.74 ± 184.27 C 

Adaptation 156.27 ± 40.97 0.64 ± 0.06 - 0.31 0.97 1887.09 D 

E. coli 

O157:H7 

PBS 
Non-adaptation 0.15 ± 0.03 0.58 ± 0.03 - 0.42 0.98 2.42 ± 0.15 A 

Adaptation 1.07 ± 0.26 1.55 ± 0.30 3.00 ± 0.10 0.29 0.99 3.07 ± 0.11 B 

Apple 

juice 

Non-adaptation 34.11 ± 37.45 0.44 ± 0.12 - 0.35 0.97 1023.72 ± 271.854 C 

Adaptation 95.94 ± 61.46 0.54 ± 0.13 - 0.31 0.97 1807.29 ± 103.58 D 
aThe Weibull with tail model is applied only to the inactivation data of acid adapted E. coli O157:H7 in PBS.  
bThe values are means ± standard deviations from three replications. Mean values with different uppercase letters within 

the same column for each pathogen are significantly different (P < 0.05). δ: time for first decimal reduction; p: shape 

parameter; Log10(Nres): residual population density; RMSE: root mean square error. 
cD5d: dosage necessary for achieving 5-log reduction.
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 When injured-cell recovery methods were compared with those of samples 

directly plated on selective media, there were no significant (P > 0.05) 

differences between either plating method at all treatment doses (197 - 1773 

mJ/cm2) (Table II-2). That is, 222-nm KrCl excilamp treatment did not 

produce injured cells of either acid adapted- or non-acid-adapted S. 

Typhimurium and E. coli O157:H7.  
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Table II-2. Reduction levels of non-acid- or acid adapted (A) Salmonella Typhimurium and (B) Escherichia coli 

O157:H7 in apple juice treated with 222-nm KrCl excilamp at a dose of 197 – 1773 mJ/cm2 

(A) 

 Log reductiona [Log10 (N0/N)] by treatment type and selection medium 

Treatment 

Dose (mJ/cm2) 
Non-acid adaptation Acid adaptation 

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 

197 3.65 ± 0.39 Bb 3.65 ± 0.29 Bb 2.01 ± 0.19 Ba 2.12 ± 0.03 Ba 

591 4.40 ± 0.29 Cb 4.31 ± 0.39 Cb 2.83 ± 0.20 Ca 2.92 ± 0.33 Ca 

985 5.36 ± 0.19 Db 5.17 ± 0.52 Db 4.14 ± 0.20 Da 4.23 ± 0.17 Da 

1379 5.76 ± 0.09 Db 5.40 ± 0.26 Db 4.56 ± 0.17 Ea 4.45 ± 0.06 Da 

1773 6.65 ± 0. 17 Eb 6.34 ± 0.14 Eb 5.29 ± 0.05 Fa 5.33 ± 0.43 Ea 

(B) 

 Log reductiona [Log10 (N0/N)] by treatment type and selection medium 

Treatment 

Dose (mJ/cm2) 
Non-acid adaptation Acid adaptation 

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 

197 3.11 ± 0.29 Bb 3.00 ± 0.02 Bb 2.20 ± 0.11 Ba 2.28 ± 0.10 Ba 

591 4.21 ± 0.34 Cb 4.19 ± 0.32 Cb 3.06 ± 0.24 Ca 3.22 ± 0.21 Ca 

985 5.12 ± 0.35 Db 4.84 ± 0.36 Db 3.55 ± 0.36 Ca 3.64 ± 0.19 Da 

1379 5.53 ± 0.31 Db 5.43 ± 0.26 Eb 4.48 ± 0.22 Da 4.60 ± 0.17 Ea 

1773 6.84 ± 0.10 Eb 6.69 ± 0.10 Fb 5.51 ± 0.33 Ea 5.55 ± 0.17 Fa 
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aThe values are means ± standard deviations from three replications. Mean values with the same uppercase letter within 

the same column are not significantly different (P > 0.05). Mean values with the same lowercase letter within the same 

row are not significantly different (P > 0.05). XLD, xylose lysine desoxycholate agar; OV-XLD, overlay XLD agar on 

TSA; SMAC, sorbitol MacConkey agar; SPRAB, phenol red agar base with 1% sorbitol. N0, initial population (initial 

populations of S. Typhimurium and E. coli O157:H7 were approximately 9.0 – 9.5 log CFU/ml, respectively); N, 

population after treatment.
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Incidence of the cell membrane damage and intracellular ROS 

generation during 222-nm KrCl excilamp treatment. Propidium iodine (PI) 

is a fluorescent dye that cannot pass through a structurally intact cell 

membrane because of its size and charge, but when pores form in the cell 

membrane, it can enter the cell and bind with nucleic acids (DNA or RNA) 

and emit fluorescence when exposed to an excitation wavelength of 493 nm 

(Breeuwer and Abee, 2000; Hewitt and Nebe-Von-Caron, 2004). Thus, the 

degree of pore formation in the cell membrane can be assessed by the 

increased fluorescence signal generated from PI binding with nucleic acids 

within the cell (Park and Kang, 2013). As shown in Fig. II-3, PI uptake values 

significantly (P < 0.05) increased with increasing treatment dose in both 

pathogens. Moreover, for all treatments, PI uptake values from acid adapted 

cells were significantly (P < 0.05) less than those from non-acid adapted cells. 

Therefore, treatment with the 222-nm KrCl excilamp caused membrane 

damage in the form of pore formation, and less membrane damage occurred 

to acid adapted cells for the same UV treatment.  
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Fig. II-3. Destruction of cell membrane of non-acid- or acid adapted (A) 

Salmonella Typhimurium and (B) Escherichia. coli O157:H7 obtained 

from the PI uptake assay. Data represent an average for three independent 

experiments and error bars indicate standard deviation. The data were 

normalized by subtracting fluorescence values obtained from untreated cells 

and against OD600 as follows: (fluorescent value after treatment – fluorescent 

value of untreated control)/OD600. Different uppercase letters within cells 

grown in the same matrix indicate significant differences (P < 0.05). Different 

lowercase letters within the same treatment dose indicate significant 

differences (P < 0.05).  
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To measure the degree of lipid peroxidation of the cell membrane, diphenyl-

1-pyrenylphosphine (DPPP), a fluorescent dye, was used in this study. Non-

fluorescent DPPP reacts with the lipid hydroperoxide in the cell membrane 

and is converted to fluorescent diphenyl-1-pyrenylphosphine oxide (DPPP=O) 

(Okimoto et al., 2000). Therefore, the generation of fluorescence resulting 

from formation of DPPP=O represents the degree of lipid peroxidation of the 

cell membrane. Fig. II-4 shows that lipid peroxide values of both non-acid- 

and acid adapted- cells increased significantly (P < 0.05) as treatment dose 

increased (0.97 - 8.69 mJ/cm2) for both pathogens. However, when comparing 

non-acid- and acid adapted cells, the lipid peroxidation value of non-acid 

adapted cells was significantly (P < 0.05) higher in all treatments at the same 

treatment dose for both pathogens. Therefore, when S. Typhimurium and E. 

coli O157:H7 were adapted to acid, they exhibited a lower level of lipid 

peroxidation in the cell membrane in response to 222-nm KrCl excilamp 

treatment.   
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Fig. II-4. Lipid peroxidation of cell membrane values of non-acid- or acid 

adapted (A) Salmonella Typhimurium and (B) Escherichia coli O157:H7 

obtained from the DPPP assay. Data represent an average for three 

independent experiments and error bars indicate standard deviation. The data 

were normalized by subtracting fluorescence values obtained from untreated 

cells and against OD600 as follows: (fluorescent value after treatment – 

fluorescent value of untreated control)/OD600. Different uppercase letters 

within cells grown in the same matrix indicate significant differences (P < 

0.05). Different lowercase letters within the same treatment dose indicate 

significant differences (P < 0.05).  



 

74 
 

 Intracellular ROS was measured using 5-(and-6)-chloromethyl-2' ,7' -

dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Invitrogen) which is a 

cellular assay probe. This probe can readily penetrate the cell membrane and 

be hydrolyzed into the dichlorofluorescin (DCFH) carboxylate anion in the 

cell and then converted to 2',7'-dichlorofluorescein (DCF), which is highly 

fluorescent, upon oxidation by ROS (Kalyanaraman et al., 2012; Negre-

Salvayre et al., 2002; Wojtala et al., 2014). Therefore, the degree of 

fluorescence value of DCF reflects the degree of generation of intracellular 

ROS. As shown in Fig. II-5, ROS generation values significantly (P < 0.05) 

increased with increasing treatment dose in both non-acid- and acid adapted 

cells of both pathogens, while there were no significant differences (P > 0.05) 

in ROS generation values between non-acid- and acid adapted cells at each 

treatment dose for both pathogens. That is, 222-nm KrCl excilamp treatment 

generated the same amount of ROS, whether or not S. Typhimurium and E. 

coli O157:H7 were adapted to acid.  
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Fig. II-5. Intracellular ROS generation values of non-acid- or acid 

adapted (A) Salmonella Typhimurium and (B) Escherichia coli O157:H7 

obtained from the ROS detection assay using CM-H2DCFD. Data 

represent an average for three independent experiments and error bars indicate 

standard deviation. The data were normalized by subtracting fluorescence 

values obtained from untreated cells and against OD600 as follows: (fluorescent 

value after treatment – fluorescent value of untreated control)/OD600. Different 

uppercase letters within cells grown in the same matrix indicate significant 

differences (P < 0.05). Different lowercase letters within the same treatment 

dose indicate significant differences (P < 0.05). 
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Changes in fatty acid composition of the cell membrane. Changes in the 

membrane fatty acid composition including individual major fatty acids, total 

minor fatty aicd (MFA), and the ratio of unsaturated to saturated fatty acids 

(USFA/SFA) of S. Typhimurium and E. coli O157:H7 relative to acid 

adaptation are shown in Table II-3. Overall, for both pathogens, saturated fatty 

acid content increased and that of unsaturated fatty acids decreased as a result 

of acid adaptation. Specifically, in the case of S. Typhimurium, the content of 

C16:0 increased significantly (P < 0.05) from 53.51 to 66.78, while the content 

of C16:1 and C18:1 decreased significantly (P < 0.05) from 13.30 to 4.74 and 

from 6.64 to not detected (ND), respectively. Also, in the case of E. coli 

O157:H7, C14:0 and C15:0 content increased significantly (P < 0.05) from 

12.26 to 20.46 and from 5.18 to 9.16, respectively, while the contents of C16:1 

and C18:1 decreased significantly (P < 0.05) from 10.70 to 0.77 and from 1.78 

to ND, respectively. Furthermore, I derived the value of USFA divided by 

SFA because the calculated USFA/SFA ratio can be used as an indirect 

indicator of membrane fluidity (Yang et al., 2014). Accordingly, significantly 

(P < 0.05) decreased USFA/SFA ratio values were observed following acid 

adaptation in both S. Typhimurium and E. coli O157:H7. In other words, S. 

Typhimurium and E. coli O157:H7 showed reduced fluidity of the cell 

membrane when grown under acidic conditions.  
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Table II-3. Membrane fatty acid compositions of non-acid- or acid adapted Salmonella Typhimurium and 

Escherichia coli O157:H7 

Fatty acid 

composition (%)a 

Pathogen 

S. Typhimurium E. coli O157:H7 

Non-acid adaptation Acid adaptation Non-acid adaptation Acid adaptation 

C12:0 10.23 ± 3.80 A 9.20 ± 1.53 A 12.26 ± 2.19 A 20.46 ± 2.39 B 

C14:0 13.85 ± 1.06 A 12.80 ± 1.28 A 14.26 ± 1.73 A 16.01 ± 1.52 A 

C15:0 2.13 ± 2.18 A 4.20 ± 0.73 A 5.18 ± 1.82 A 9.16 ± 0.95 B 

C16:0 53.51 ± 6.68 A 66.78 ± 3.64 B 52.58 ± 3.25 A 52.44 ± 2.84 B 

C16:1 13.30 ± 1.38 A 4.74 ± 4.13 B 10.70 ± 2.63 A 0.77 ± 1.33 B 

C18:1 6.64 ± 6.51 ND 1.78 ± 1.61 ND 

MFA 0.15 ± 0.27 A 2.28 ± 4.74 A 3.24 ± 4.08 A 1.15 ± 0.25 A 

USFA/SFA 0.25 ± 0.09 A 0.05 ± 0.04 B 0.15 ± 0.05 A 0.01 ± 0.01 B 

aThe values are means ± standard deviations from three replications. MFA: total minor fatty acid. USFA: total 

unsaturated fatty acid. SFA: total saturated fatty acid. ND: not detected (absent or below detection limit). Mean values 

with the same uppercase letter within the same row for each pathogen are not significantly different (P > 0.05).
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Observation of apple juice quality during 222-nm KrCl excilamp 

treatment. Color (L*, a*, and b*), total phenols, and DPPH free radical 

scavenging activity values were chosen as quality indicators because these 

values are commonly investigated when comparing quality changes in studies 

involving apple juice disinfection (Abid et al., 2013; Islam et al., 2016; Liao 

et al., 2018; Song, Sung, et al., 2015; Zhao et al., 2014) and thus measured 

after 222-nm KrCl excilamp treatment. During treatment at 197 to 1773 

mJ/cm2, there were no significantly (P > 0.05) different changes compared to 

untreated control samples for all three values (Table II-4). This means that 

222-nm KrCl excilamps can reduce the number of cells of S. Typhimurium 

and E. coli O157:H7 that are not acid adapted, as well as those of S. 

Typhimurium and E. coli O157:H7, adapted to acid, by more than 5-log 

without inducing quality deterioration of apple juice.  
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Table II-4. Changes of color, DPPH free radical scavenging activity (%), and total phenols (mg GAE/L) in apple juice 

during 222-nm KrCl excilamp treatment 

Treatment 

dose 

(mJ/cm2) 

Quality valuesa 

Color values 
DPPH 

free radical 

scavenging 

activity (%) 

Total phenols 

(mg GAE/L) 
L* a* b* 

0 24.52 ± 0.63 0.41 ± 0.05 4.76 ± 0.10 84.12 ± 0.52 42.39 ± 0.63 

197 24.44 ± 0.61 0.43 ± 0.01 4.75 ± 0.08 84.44 ± 0.16 42.20 ± 0.36 

591 24.69 ± 0.85 0.42 ± 0.03 4.78 ± 0.10 84.48 ± 0.44 42.58 ± 0.51 

985 24.35 ± 0.67 0.43 ± 0.06 4.79 ± 0.23 84.76 ± 0.50 42.44 ± 0.60 

1379 24.43 ± 0.43 0.42 ± 0.06 4.82 ± 0.13 84.26 ± 0.60 42.29 ± 0.55 

1773 24.00 ± 0.92 0.43 ± 0.08 4.86 ± 0.09 84.58 ± 0.18 42.63 ± 0.36 

aMeans ± standard deviations from three replications. 

* All quality values showed no significant (P > 0.05) difference compared to untreated controls during treatment of 197 

to 1773 mJ/cm2. 
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II-1-4. Discussion 

 

My results showed that in both PBS and apple juice, both acid adapted S. 

Typhimurium and E. coli O157:H7 exhibited increased resistance to the 222-

nm KrCl excilamp compared to cells not adapted to acid (Fig. II-2 and Table 

II-1). Acid-exposed cells exhibit cross protection against many other 

environmental challenges such as heat, oxidative stress, high osmolarity, and 

DNA damage, which may be related to the activation of various global 

regulators due to changes in internal and external pH (Audia et al., 2001). This 

means that stress from the acidic environment led to increased resistance of S. 

Typhimurium and E. coli O157:H7 to 222-nm KrCl excilamp treatment by 

inducing the acid adaptation response. Indeed, this increase in pathogen 

resistance due to acid adaptation is consistent with other studies showing 

increased resistance when acid adapted cells are subjected to fruit juice 

processing interventions such as heating, ultrasound, and ozone treatment 

(Gabriel, 2012; Mazzotta, 2001; Patil et al., 2010; Ryu and Beuchat, 1998; 

Sharma et al., 2005; Usaga et al., 2014). Therefore, it is important to consider 

the acid adaptation response because there is a possibility of over-estimating 

the bactericidal effect of 222-nm KrCl excilamp on pathogenic bacteria in 

apple juice if these bacteria are adapted to acid and exhibit increased resistance.  
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Regardless of cell condition, more UV energy was needed to inactivate 

pathogens in apple juice than in PBS at the sample matrix level. This tendency 

is consistent with the results of Gabriel and Hakano’s study (2009) in which 

pathogens in apple juice exhibited greater D-values when exposed to UV 

radiation treatment than those in PBS. Ngadi et al. (2003) reported that the pH 

of the suspending food matrix did not affect UV inactivation of E. coli 

O157:H7 as pathogens in apple juice and liquid egg white (pH 3.5 and 9.1, 

respectively) showed similar inactivation rates for UV radiation treatment. 

Therefore, it can be considered that PBS and apple juice exhibit different D5d 

values not due to the pH of the medium. Instead, this phenomenon can be 

explained by the transmission characteristics of UV radiation in the 

suspending media. Because of the presence of organic solutes, colored 

compounds, or suspended matter, fresh juice products allow only relatively 

little UV light transmission, and this low UV light transmission in fresh juice 

affects the effectiveness of the UV pasteurization process (Koutchma et al., 

2007). In fact, it has been widely reported that the inactivation effect of UV 

light decreases as the absorbance or amount of suspended particles in the 

suspension medium increases (Murakami et al., 2006; Oteiza et al., 2005). 

Specifically, Murakami’s study (2006) showed that the turbidity and 

absorption coefficient of apple juice reduce the UV inactivation capacity as 

their levels increase. They interpreted that as the turbidity of apple juice 
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increased, the UV light shielding effect of the particles increased, which would 

have negative impact on the UV inactivation effect. Also, they explained the 

effect of the absorption coefficient of apple juice on the UV inactivation effect 

by using Beer-Lambert-Bouger's law (Willard et al., 1988), in which the 

amount of light transmitted through the solution decreases as the absorption 

coefficient of the solution increases. Since the apple juice used in this study 

had a turbidity of 0 nephelometric turbidity unit (NTU) and an absorption 

coefficient of 20.8 cm-1, the results of this study indicate that pathogens in 

apple juice show larger D5d values than pathogens in PBS which can be 

explained by the absorption coefficient of apple juice. That is, unlike PBS, in 

which 222-nm UV light is transmitted completely (data not shown), in apple 

juice with an absorption coefficient of 20.8 cm-1 for the 222-nm wavelength, 

222-nm UV light penetrates as its light intensity decreases in proportion to the 

absorption coefficient value of apple juice according to Beer-Lambert-

Bouger’s law, so that the actual UV dose imparted in apple juice is less than 

the UV dose imparted in PBS, which ultimately results in a lower UV 

inactivation effect on the pathogens in apple juice than in PBS. Expanding on 

this, it can be expected that juice samples with different turbidity or absorption 

coefficients for the same UV treatment can produce different inactivation 

results. Moreover, the decreased capability of UV radiation to penetrate a food 

medium of high turbidity or absorption coefficient characteristics can create 
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limitations in the practical application of UV light by the juice industry. In 

response, various strategies have been proposed to optimize the efficacy of 

UV radiation. In one of them, new UV reactors have been devised to guarantee 

turbulent flow patterns to ensure that all portions of the liquid sample are 

exposed to UV (Franz et al., 2009; Geveke, 2008; Koutchma et al., 2007). 

Another strategy is to incorporate UV light and other novel processing 

techniques or milder conventional conservation methods, called hurdle 

technology, which can achieve acceptable inactivation of pathogens (Leistner, 

1992). In particular, a study by Yin et al. (2015) reported that the absorption 

coefficient increased from 16.15 to 30.25 cm-1 as the wavelength decreased 

from 282- to 222-nm, indicating that the shorter the UV wavelength, the 

smaller the penetration depth of UV photons. Therefore, for practical 

application of 222-nm KrCl excilamps by the apple juice industry, it is 

necessary to consider the transmittance of the UV light and to establish an 

appropriate strategy for optimizing treatment. 

 Since elucidation of the mechanism of increased resistance can be provide as 

an important baseline data for future related research or industrial applications, 

I sought to determine the mechanism by which resistance of pathogens to 222-

nm KrCl excilamp inactivation increases as they become adapted to acid. My 

previous studies that identified the inactivation mechanism of the 222-nm 

KrCl excilamp suggested that it mainly induces lipid peroxidation of the cell 
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membrane, resulting in physical damage with increased permeability, and 

eventually leading to cell death (Ha et al., 2017; Kang et al., 2018). Thus, I 

hypothesized that the cause of differential resistance to 222-nm KrCl excilamp 

treatment between non-acid and acid adapted cells is related to occurrence of 

cell membrane damage. From the results shown in Fig. II-3, it can be seen that 

when pathogens are adapted to acid, less physical membrane damage such as 

pore formation occurs compared to pathogens not adapted to acid when 

exposed to the same UV treatment dose. This physical damage in the cell 

membrane induces events such as increased permeability of the cell membrane, 

changes in the membrane potential and the internal pH, and a decrease in the 

concentration of the cellular ATP, which can make it difficult for cells to 

maintain homeostasis, eventually leading to cell death (Pagán and Mackey, 

2000; Park and Kang, 2013). Thus, the results for cell membrane damage can 

be linked to results which show that acid adapted cells tend to survive more 

against 222-nm KrCl excilamp treatment than non-acid adapted cells. In other 

words, for 222-nm KrCl excilamp treatment, acid adapted cells show greater 

resistance because less membrane damage occurs than for cells that are not 

acid adapted. For a specific mechanism analysis, it is necessary to identify the 

cause of membrane damage by investigating what form of changes are caused 

by 222-nm KrCl excilamp treatment, resulting in generation of physical 

damage such as pore formation. Particularly, this cause of cell membrane 
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damage must exhibit a difference in the degree of occurrence between acid 

adapted and non-acid adapted cells. As mentioned above, it is known that 222-

nm KrCl excilamps induce lipid peroxidation, resulting in cell membrane 

damage. Thus, I measured the extent of lipid peroxidation of the cell 

membrane during 222-nm KrCl excilamp treatment through DPPP assay. As 

can be seen in Fig. II-4, it was confirmed that 222-nm KrCl excilamp treatment 

induced lipid peroxidation of the cell membrane for both pathogens, and at the 

same 222-nm KrCl excilamp treatment dose, the generation of lipid 

peroxidation of the cell membrane was less in acid- than in non-acid adapted 

cells. If lipid peroxidation occurs in the cell membrane, it will cause damage 

such as loss of fluidity, decreasing cell membrane potential, and increasing 

permeability, leading to cell death (Gutteridge, 1995). Therefore, 222-nm 

KrCl excilamp treatment induces lipid peroxidation in the cell membrane, 

resulting in physical damage such as pore formation, leading to cell death, and 

when cells become acid adapted, less lipid peroxidation occurs in the cell 

membrane than in cells that are not acid adapted, resulting in increased 

resistance to 222-nm KrCl excilamp treatment.  

In order to fully analyze the mechanism, there was still the question about 

how different amounts of lipid peroxidation occurred with the same treatment 

dose. In general, it is known that when intracellular constituents such as 

chromophoric amino acids absorb UV light, excited state species or radicals 
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are generated as a result of photo-ionization through the photosensitization 

process (Bensasson et al., 2013; Kramer and Muranyi, 2014; Pattison and 

Davies, 2006). Based on this principle, it has been widely reported that UV-

induced ROS causes oxidative damage to cells (Matsuda et al., 2000; Pattison 

and Davies, 2006; Zeeshan and Prasad, 2009; Zhang et al., 1997). In particular, 

based on several studies, it is well demonstrated that ROS are one of the major 

causes that induce lipid peroxidation in cell membranes resulting in cell death 

(Joshi et al., 2011; Lovrić et al., 2005; von Moos and Slaveykova, 2014; 

Wickens, 2001). Indeed, my previous study (Kang et al., 2018) found that the 

222-nm KrCl excilamp produced lipid peroxidation in the cell membrane as a 

result of ROS generation. Therefore, I assumed that a different amount of ROS 

was produced with the same treatment dose, resulting in a difference in the 

occurrence of lipid peroxidation, and thus I measured intracellular ROS of 

cells that were adapted as well as those that were not adapted to acid and 

subjected to treatment. However, unlike my hypothesis, during 222-nm KrCl 

excilamp treatment, the same amount of ROS was generated in both non-acid 

and acid adapted cells at the same dose for both pathogens. In other words, 

different levels of lipid peroxidation of cell membranes occur between non-

acid and acid adapted cells for the same amount of intracellular ROS. 

Additionally, it is known that an acid stress environment causes various 

physiological changes to bacteria, including a decrease in cytoplasmic pH 
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(Sánchez et al., 2007), an increase in activity and production of F1F0-ATPase 

that excretes protons out of the cell (Kuhnert et al., 2004), and alteration in 

fatty acid composition in the cell membrane (Fozo and Quivey, 2004). Based 

on these facts, along with results of this study showing that levels of lipid 

peroxidation in fatty acids of the cell membrane between non-acid- and acid 

adapted cells were different, I hypothesized that this different level of lipid 

peroxidation might be related to a change in fatty acid composition in the cell 

membrane among several physiological changes induced by the acid 

adaptation response, and thus I examined the change of fatty acid composition 

in the cell membrane after acid adaptation. As a result, the content of saturated 

fatty acid increased, that of unsaturated fatty acid decreased, and thus the value 

of the USFA/SFA ratio, which can indicate fluidity of the cell membrane, 

decreased remarkably when adapted to acid (Table II-3). Other studies 

investigating the fatty acid composition of bacteria adapted to acidic 

conditions have also reported a decrease in cell membrane fluidity (increased 

USFA, decreased SFA) as a result of acid adaptation (Á lvarez-Ordóñez et al., 

2008; Chang and Cronan, 1999; Di Pasqua et al., 2006; Fozo and Quivey, 

2004). Therefore, my results are consistent with the results of several other 

studies. Furthermore, it has been demonstrated that resistance of E. coli 

O157:H7 to acids increased due to reduced proton penetration through cell 

membranes in acidic environments when adapted to acid (Jordan et al., 1999). 
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Thus, if bacteria become adapted to acid, they improve their ability to maintain 

intracellular pH, thereby increasing survival under acidic conditions. Linking 

this to my results, the reason for the increase in USFA and the decrease in SFA 

in the cell membrane as a result of acid adaptation is interpreted in that 

pathogens reduce their membrane fluidity by altering fatty acid composition 

as a way of decreasing their permeability to protons in order to maintain their 

internal pH, consequently increasing their resistance to acids under acidic 

conditions. Meanwhile, it is well-known that the presence of the double bond 

in fatty acids weakens the C-H bonds adjacent to the double bond to facilitate 

the removal of the hydrogen ion, so that the unsaturated fatty acid is 

particularly sensitive to the induction of peroxidation, and thus the unsaturated 

fatty acid in the cell membrane is extremely vulnerable to damage caused by 

ROS rather than saturated fatty acids (Bielski et al., 1983; Gutteridge, 1995). 

Based on this principle, therefore, my findings can be interpreted as follows: 

fluidity of the cell membrane is reduced by decreasing USFA and increasing 

SFA levels which increase resistance to acidic conditions as a result of acid 

adaptation, thus, damage caused by ROS in the cell membrane is reduced, 

resulting in an increase in the resistance of pathogens to 222-nm KrCl 

excilamp treatment. 

 In conclusion, S. Typhimurium and E. coli O157:H7, which are the 

predominant pathogens implicated in apple juice-related outbreaks, were 
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resistant to 222-nm KrCl excilamps when adapted to acid. Therefore, acid 

adaptation of pathogens must be considered in order to avoid over-estimation 

of the bactericidal effect in application of 222-nm KrCl excilamps in the apple 

juice pasteurization process. Conventional 254-nm mercury lamp treatment 

has been reported to effectively reduce the microbial load in fruit juice while 

minimizing quality changes (Caminiti et al., 2012; Pala and Toklucu, 2011, 

2013a, b). In this study, the 222-nm KrCl excilamp reduced levels of acid 

adapted pathogens by more than 5-log without adversely affecting apple juice 

quality indicators such as color, total phenols, and DPPH free radical 

scavenging activity. This result supports the possibility that the 222-nm KrCl 

excilamp could be a promising technology for apple juice disinfection 

processing by replacing existing mercury UV lamps. However, this study 

shows only the laboratory-level disinfection effect of 222-nm KrCl excilamp 

and the limited quality analysis results. For practical application of 222-nm 

KrCl excilamp, it is considered that further study on commercial-scale 

application, changes in nutritional or organoleptic properties, sensory 

evaluation using panels, consumer acceptance tests, and cytotoxicity tests after 

treatment are necessary. Nevertheless, since this study, which confirmed the 

disinfection effect of the 222-nm KrCl excilamp in apple juice and identified 

the increased resistance of pathogens to the 222-nm KrCl excilamp as a result 

of acid adaptation, is valuable as baseline data for practical industry 
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application, it can be expected to be utilized in further studies to help facilitate 

222-nm KrCl excilamp treatment by the juice industry in the near future. 
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II-2. Synergistic effect of 222-nm krypton-chlorine 

excilamp and mild heating combined treatment on 

inactivation of Escherichia coli O157:H7 and 

Salmonella Typhimurium in apple juice  
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II-2-1. Introduction 

 

Fruit juices are widely consumed not only for their flavor and taste but also 

for their nutritional benefit (Bub et al., 2003; Song, Shin, et al., 2015). Apple 

juice is one of the most popular fruit juices, and its consumption has steadily 

increased over the past 30 years due to its taste, flavor and nutritional value 

(AIJN, 2012; USDA, 2012). In the past, acidic foods such as fruit juice were 

considered to be safe due to their low likelihood of being contaminated with 

foodborne pathogens owing to their low pH (< 4.6) (Park et al., 2017). 

However, several foodborne disease outbreaks related to acidic foods have 

occurred, making acidic foods such as fruit juice a novel substrate in which 

foodborne pathogens can survive and maintain their virulence (CDC, 2017). 

Indeed, the Centers for Disease Control and Prevention (CDC) reported that 

18 incidents related to fruit juice occurred from 2000 to 2016, and the major 

pathogens implicated in these outbreaks were Escherichia coli O157:H7 and 

Salmonella Typhimurium. Especially, these two pathogens in apple juice have 

caused severe foodborne outbreaks, even involving death, in other countries 

as well as the United States (Danyluk et al., 2011). As a countermeasure 

against outbreaks caused by fruit juice, the United State Food and Drug 

Administration (USFDA) introduced regulations for all fruit juice processes 
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that require manufacturers to apply an appropriate processing step that can 

reduce pathogens in the final product by more than 5-log (USFDA, 2004). 

In the food processing environment, pathogens can be exposed to various 

environmental stresses such as acid, salt, temperature or osmotic pressure (Lou 

and Yousef, 1996). In order to remain alive under harsh conditions, most 

microorganisms exhibit an adaptive response which assists them to survive 

(Beales, 2004; TOSUN and GÖ NÜ L, 2003). Especially in juice processing, 

low pH is a major type of stress, and exposure to this condition increases the 

possibility that fruit juice will become contaminated by inducing 

microorganisms to have greater resistance or longer survival times under 

acidic conditions (Cheng et al., 2003). In fact, several studies have shown that 

survival of E. coli O157:H7 and S. Typhimurium can be enhanced in acidic 

food products when they become adapted to acidic conditions (Hsin-Yi and 

Chou, 2001; Leyer and Johnson, 1992; Leyer et al., 1995; Tsai and Ingham, 

1997). Furthermore, acid adaptation leads to improved resistance of these 

foodborne pathogens to sterilization processing such as thermal treatment 

(Cheng et al., 2002; Ryu and Beuchat, 1998; Sharma et al., 2005), ultrasound 

(Gabriel, 2012), food antimicrobials (Davidson and Harrison, 2002), and 

ozone treatment (Patil, Bourke, Frias, et al., 2009). Therefore, concerns about 

acid adapted pathogens should be considered when including an intervention 

step to obtain biological safety in fruit juice processing. 
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In the apple juice industry, thermal pasteurization is one of the major 

interventions utilized to secure biological safety. In general, apple juice is 

processed for 30 s at temperature over 90oC or for a few seconds at a 

temperature of 110℃ to 135oC (EIROA et al., 1999; Park and Kang, 2013). 

However, thermal processing inevitably has a negative effect on food quality 

due to destruction of nutrients and deterioration of organoleptic properties 

(Kiskó and Roller, 2005; Sung et al., 2014). Furthermore, today’s customers 

increasingly demand less processed fresh to ensure higher nutritional and 

organoleptic quality (Kim and Rhee, 2015). According to USFDA stipulation, 

juice processing is not limited only to conventional thermal treatment if an 

alternative method meets the safety requirement (FDA, 2001b). In this respect, 

non-thermal processing can be a promising alternative to conventional thermal 

treatment of apple juice so as to ensure product safety with less quality 

deterioration.  

Among various non-thermal technologies, ultra-violet (UV) light is a 

promising candidate for apple juice processing because it has numerous 

benefits such as high energy efficiency, inactivation effect on a wide range of 

pathogens, no disinfectant residual and ease of application to existing 

processing (Chen et al., 2017; Guerrero-Beltr· n and Barbosa-C· novas, 2004). 

Although many studies have shown that UV technology effectively kills 

pathogens in food, there are still limitations in industrial applications due to 
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the limited penetration depth characteristics of UV (Bintsis et al., 2000; Gayán 

et al., 2012). Relatively little UV light can penetrate into fruit juice due to the 

presence of organic substances, suspended material or colored compounds, 

resulting in poor performance of UV pasteurization processing (Koutchma et 

al., 2007). Indeed, it was reported that a rise in the amount of suspended 

material and increased absorbance of the juice medium resulted in decreasing 

UV inactivation effect (Murakami et al., 2006; Oteiza et al., 2005). 

Accordingly, several strategies have been suggested so as to overcome these 

limitations.  

One of them is to design a turbulent flow reactor to ensure the entire liquid 

is evenly exposed to UV light. Several studies have reported that turbulent 

flow pattern can improve UV treatment effectiveness even in cloudy food 

samples (Franz et al., 2009; Geveke, 2008; Koutchma et al., 2007). Another 

favorable strategy to surmount this limitation is so-called hurdle technology 

in which one method is combined with other technology (Leistner, 1992). 

Among possible candidates, mild heating could be the most promising 

technology to combine with UV treatment for juice processing because not 

only do milder treatments have greater potential to maintain nutritional value 

and organoleptic properties of foods (Kim and Rhee, 2015) but it is also easy 

to apply mild heating to existing juice processing lines which already utilize 

conventional heating. Furthermore, several research studies have reported that 
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more effective pathogen inactivation can be achieved by combining mild 

heating with UV light (Gayán et al., 2012; Geveke, 2008; Ukuku and Geveke, 

2010). Therefore, I aimed to develop a process system for apple juice that 

effectively controls pathogens while preserving quality by combining mild 

heating with UV technology. 

The most commonly used sources for current UV disinfection are low-

pressure (LP) and medium-pressure (MP) mercury-containing lamps 

(Chevremont et al., 2013a; Li et al., 2017). However, these UV lamps are 

constructed of fragile quartz and contain mercury, and thus there always exists 

the risk of mercury leakage which causes negative health effects on human 

beings as well as polluting the natural environment (Chevremont et al., 2013b; 

Close et al., 2006). In this regard, the United Nations Environment Program 

(UNEP) signed the Minamata convention on Mercury, which aims to 

gradually eliminate the use of mercury in numerous processes and products by 

2020, and this active international movement calls for research on UV 

technology which can replace mercury lamps (Jenny et al., 2015; UNEP, 

2013). In the last decade, several researchers have introduced the dielectric 

barrier discharge (DBD)-driven excimer lamp, excilamp, as a new UV source 

(Ha et al., 2017; Kang et al., 2018; Matafonova and Batoev, 2012; Matafonova 

et al., 2008). Excilamps have several advantages over mercury-based lamps 

such as long-lifetime, constant intensity over a wide range of temperature, 
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high intensity, wavelength selectivity, freedom of lamp geometry, and absence 

of mercury (Ha et al., 2017; Kang et al., 2018; Matafonova and Batoev, 2012; 

Sosnin, 2007; Sosnin et al., 2006). Excilamps produce nearly monochromatic 

radiation with wavelengths ranging from 172 to 345 nm depending on the 

composition of rare gas and halogen used (Matafonova and Batoev, 2012; 

Orlowska et al., 2015). Numerous studies evaluating the inactivation effect of 

various type of excilamps such as Xe2-, KrCl-, and XeBr-excilamps with peak 

emissions of 172, 222, and 282, respectively, and the conventional LP Hg 

lamp with a peak emission of 254-nm have reported that the 222-nm KrCl 

excilamp exhibited the most effective inactivation rate (Ha and Kang, 2018; 

Kang et al., 2018; Orlowska et al., 2015; Wang et al., 2010; Yin et al., 2015). 

Especially, it was also reported that the 222-nm KrCl excilamp showed a 

greater inactivation effect on pathogenic and non-pathogenic E. coli strains in 

apple juice than the 282-nm XeBr excilamp or 254-nm LP Hg lamp. Therefore, 

I considered that the 222-nm KrCl excilamp was suitable for combining with 

mild heating treatment instead of the conventional mercury lamp. 

In this study, I investigated the inactivation effect of the combination of 222-

nm KrCl excilamp and mild heating on non-acid adapted- and acid adapted 

cells of E. coli O157:H7 and S. Typhimurium in apple juice. Furthermore, 

inactivation mechanisms of this combination technology were identified 

through several analytical approaches such as measuring the PI uptake and 



 

98 

 

DPPP value, total reactive oxygen species (ROS) and superoxide contents, and 

SOD activity. Finally, to confirm the effect of the combination treatment on 

apple juice quality, representative quality indicators including color (L*, a*, 

and b*), total phenolics, and DPPH free radical scavenging activity were 

measured after treatment.  
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II-2-2. Materials and Methods 

 

Bacterial strains and culture preparation. Three strains of E. coli 

O157:H7 (ATCC 35150, ATCC 43889, ATCC 43890) and S. Typhimurium 

(ATCC 19585, ATCC 19115, DT 104) were obtained from the bacterial cell 

culture collection of Seoul National University (Seoul, Republic of Korea) for 

this study. Stock cultures of each strain were stored frozen at -80oC in mixture 

of 0.3 ml of sterile 50 % (v/v) glycerol and 0.7 ml of tryptic soy broth (TSB; 

Difco, BD). Cultures for this study were streaked for isolation onto tryptic soy 

agar (TSA; Difco, BD), incubated at 37oC for 24 h, and then stored at 4oC. A 

single colony of each strain was transferred to 5 ml of TSB and incubated in 

shaking incubator at 250 rpm overnight at 37oC. Then, 500 μl of the overnight 

culture of each strain was transferred to 50 ml TSB without dextrose (TSB w/o 

D; pH 7.3; Difco, BD) and TSB w/o D at pH 5.0 adjusted with 6N-HCl to 

develop the non-acid adapted and acid adapted cells, respectively. The reason 

for using TSB w/o D instead of the usual TSB formulation (containing 0.25% 

dextrose) was to prevent the acid adaptation response caused by acid produced 

as a result of dextrose fermentation (Buchanan and Edelson, 1996; Singh and 

Jiang, 2012). After incubation at 250 rpm for 18 h at 37oC (stationary phase), 

all three strains of each pathogen were collected, and then the pelleted cells 
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were harvested by centrifugation at 4,000 × g for 20 min at 4oC and washed 

twice with phosphate-buffered saline (PBS; 0.1M). The final pelleted cells 

were re-suspended in 5 ml of PBS to be used as inoculum. The recovered 

populations of E. coli O157:H7 and S. Typhimurium were approximately 1010 

- 1011 CFU/ml. 

 

EX, MH, or EX-MH Treatment. Commercially processed apple juice 

concentrate (72 oBrix) was purchased from a local grocery store (Seoul, 

Republic of Korea) and stored at room temperature (22 ± 1oC). For 

experiments, apple juice was adjusted to 18 oBrix by adding DW to apple 

concentrate for use as samples. This sample had pH 2.24 ± 0.01 and 17.6 ± 

1.04 NTU. Fifty ml samples were aseptically placed in sterile 250 ml Pyrex 

beakers. 

A dielectric barrier discharge (DBD)-driven excilamp (24 × 10 × 10 cm3; 

UNILAM, Ulsan, South Korea) filled with a KrCl gas mixture with 110 W 

output power was utilized as a UV radiation source. The cylindrical excilamp 

was covered with a rectangular metal case having a 10 × 4 cm2 window which 

allowed radiation emission, and quartz glass on the inside acted as a dielectric 

barrier in which plasma formation was inhibited from short-circuiting the 

electrode. The lamp was located vertically above the sample with a vertical 

distance of 20 cm between the sample surface and UV emitter, and in this case, 
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light intensity at the sample surface was 0.17 mW/cm2, measured with a UV 

fiber optic spectrometer (AvaSpec-ULS2048; Avantes, Eerbeek, Netherlands) 

calibrated to a range of 200- to 400-nm. 

Samples were placed into a shaking water bath (SHWB-30; Lab house, Seoul, 

South Korea) at 100 rev/min. For mild heating treatment, when the sample 

reached and maintained the target temperature of 45, 50, or 55oC, 0.1 ml of 

mixed culture cocktail was inoculated into the sample and heat treatments 

were performed for 660, 420, or 300 s, respectively. For combined mild 

heating and 222-nm KrCl excilamp simultaneous treatment, the same 

experimental conditions of temperature, time and inoculation were applied. 

Conversely, in the case of single 222-nm KrCl excilamp treatment, the sample 

was placed in a shaking water bath not containing water and agitated at 100 

rev/min to reach and maintain room temperature (22 ± 2oC), and then the 

sample was treated with 222-nm KrCl excilamp for 660 s after inoculating 

with the mixed culture cocktail.  

 

Bacterial cell enumeration. After each treatment, 0.1 ml of treated sample 

was immediately transferred to 9 ml of 4oC 0.2% peptone water (Difco) to 

cool the sample and stop the thermal effect, followed by ten-fold serial 

dilutions. Then, 0.1 ml aliquots of appropriate dilutions were spread-plated 

onto Xylose Lysine Deoxycholate agar (XLD; Difco) and Sorbitol 
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MacConkey Agar (SMAC, Difco) for enumeration of S. Typhimurium and E. 

coli O157:H7, respectively. All plates were incubated at 37°C for 24 h and 

typical colonies were enumerated and calculated as log10 CFU/ml (Detection 

limit, 1.00 log CFU/ml). 

For enumeration of sub-lethally injured cells, phenol red agar base with 1% 

sorbitol medium (SPRAB; Difco) was utilized for E. coli O157:H7 (Rocelle 

et al., 1995) and the XLD-overlay method was conducted for S. Typhimurium 

(Lee and Kang, 2001). For the overlay method, TSA was selected as a non-

selective nutrititive agar to resuscitate injured cells. One-tenth ml aliquots of 

appropriate dilutions were spread-plated onto TSA and incubated for 2 h at 

37oC, followed by overlaying with 10 ml of boiled XLD tempered to 48°C. 

After solidification of XLD, the plates were further incubated for 22 h at 37oC 

and then typical black colonies were enumerated.  

 

Modeling of survival curve and calculation of T5d. When survival curves 

were fitted with several models by using GInaFiT (Geeraerd et al., 2005), the 

Weibull model was well-fitted to the reduction results, thus this model was 

applied to calculate T5d value. The goodness of fit of each model for reduction 

data set was evaluated using R2 and root mean square error (RMSE) values. 

Weibull model equations are as follows: 
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log(𝑁)  =  log(𝑁0)  −  (
𝑑

δ
)𝑝 

 where N (CFU/ml) is the surviving population of the microorganisms, N0 is 

the initial population, d (mJ/cm2) is the treatment dosage, δ (mJ/cm2) is the 

dosage for the first decimal reduction, and p is the parameter related to shape 

of the line, such as a concave upward curve when p < 1 and a concave 

downward survival curve when p > 1. 

 

Analysis of mechanism of synergistic bactericidal effect. I conducted an 

experiment to investigate how combined treatment resulted in the synergistic 

inactivation effect. Cells of E. coli O157:H7 and S. Typhimurium were 

adjusted to an optical density at 600 nm (OD600) of approximately 0.3 in PBS. 

For making a cell suspension with similar properties to that of apple juice, the 

pH of PBS was adjusted to 2.24 with malic acid. Treatments at 45 and 55oC 

were performed for 300 and 100 s, respectively.  

 

(i) Investigation of cell membrane damage. Following treatments, change 

of permeability and incidence of lipid peroxidation in the cell membrane were 

measured with the fluorescent dye propidium iodine (PI; Sigma-Aldrich, USA) 

and diphenyl-1-pyrenylphosphine (DPPP; Sigma-Aldrich, USA), respectively. 

PI is unable to pass through the intact cell membrane due to its size and charge 
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characteristics, but when structural damage such as pore formation occurs in 

the cell membrane, it can enter the cell and bind with nucleic acids (DNA and 

RNA), generating fluorescence when exposed to an excitation wavelength of 

493 nm (Breeuwer and Abee, 2000; Hewitt and Nebe-Von-Caron, 2004). Thus, 

increased permeability of the cell membrane can be measured by increased 

fluorescence signal (Pagán and Mackey, 2000; Park and Kang, 2013).  

Non-fluorescent DPPP having a high lipophilic characteristic can selectively 

react with lipid hydroperoxide in the cell membrane and is then oxidized to 

fluorescent DPPP oxide (DPPP=O) (Okimoto et al., 2000). Thus the degree 

of incidence of lipid oxidation within the cell membrane can be measured by 

the fluorescent signal generated from formation of DPPP=O (Rocelle et al., 

1995; Tanaka et al., 2013).  

For measurement of those fluorescent values, PI or DPPP was added to 

treated cell suspension giving a final concentration of 2.9 or 50 μM and 

incubated at 37oC for 10 or 20 min, respectively. After incubation, cells were 

collected by centrifugation at 10,000 × g for 10 min followed by washing 

twice with PBS. Fluorescence was measured with a spectrophotometer 

(Spectramax M2e; Molecular Devices, CA, USA) at excitation/emission 

wavelengths of 493/630 nm or 351/380 nm for PI or DPPP assay, 

respectively.  
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(ii) Measurement of total reactive oxygen species (ROS) and Superoxide 

(O2
-) generation. Intracellular ROS was measured using CM-H2DCFDA [5-

(and-6)-chloromethyl-2' ,7' -dichlorodihydrofluorescein diacetate] which is a 

cellular probe that can pass through the cell membrane and then be hydrolyzed 

to form the dichlorofluorescin (DCFH) carboxylate anion within the cell 

which is converted into fluorescent 2’,7’-dichlorofluorescein (DCF) when 

oxidized by ROS (Kalyanaraman et al., 2012; Negre-Salvayre et al., 2002; 

Wojtala et al., 2014)Thus, increased fluorescent signal generated from the 

formation of DCF indicates increased generation of intracellular ROS.  

Intracellular superoxide was measured using hydroethidine (HDE) which 

oxidizes into ethidium bromide when reacting with superoxide. The oxidized 

product, ethidium bromide, becomes fluorescence after intercalating into 

DNA, indicating that the degree of generation of intracellular superoxide can 

be estimated from the increased fluorescent signal (Gomes et al., 2005; Hassan 

and Fridovich, 1979; Marcén et al., 2017; Yoshihisa et al., 2010).  

For fluorescent measurement of intracellular ROS or superoxide, CM-

H2DCFDA (Invitrogen) or HDE (Molecular Probes, ThermoFisher Scientific) 

was added to treated cell suspension at a concentration of 5 μM immediately 

after each treatment, and incubated at 37oC for 15 or 30 min, respectively. 

After incubation, cells were collected by centrifugation at 10,000 × g for 10 

min and washed twice with PBS. Fluorescence was measured with a 
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spectrophotometer at excitation/emission wavelengths of 495/520 nm or 

518/605 nm for ROS or superoxide assay, respectively.  

 

(iii) Measurement of SOD activity. SOD activity was measured using a SOD 

assaying KIT-WST (Sigma-Aldrich) which is an indirect method for 

estimating SOD activity. When superoxide anion generated by xanthine 

oxidase reacts with WST-1, a yellow colored compound, WST-1 formazan 

which absorbs light at 450 nm, is produced. Simultaneously, this reaction to 

produce WST-1 formazan can be competitively inhibited by SOD which can 

degrade the superoxide anion. Therefore, the degree of SOD activity is 

indirectly estimated by the degree of decreasing WST-1 formazan production.  

For SOD activity measurement, treated cell suspension was centrifuged at 

10,000 × g for 10 min at 4oC and washed twice with PBS. After re-suspension 

in PBS, sonication (10 s on and 10 s off, six cycles) was used disrupt bacterial 

cells in an ice bath. Then, the suspension was centrifuged at 10,000 × g for 10 

min at 4oC to obtain supernatant containing SOD. Finally, the SOD assaying 

kit was utilized following manufacturer’s instructions. In the current study, 

SOD activity during mild heating treatment and remaining SOD activity after 

mild heating treatment were observed. SOD activity during mild heating 

treatment was measured in the standard reaction mixture held at a temperature 

of 45 or 55oC using a water bath. SOD activity measured at 22°C was used as 
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control. For remaining SOD activity measurement after mild heating treatment, 

the sample was incubated at a temperature of 45 or 55oC for 300 or 100 s, 

respectively, and immediately cooled on ice, and then SOD activity was 

measured following the standard protocol. Untreated sample was used as a 

control. 

 

Measurement of quality indicators. Color, total phenols and DPPH free 

radical scavenging activity have commonly been measured in several studies 

involving apple juice processing to quantify quality changes (Abid et al., 2013; 

Islam et al., 2016; Liao et al., 2018; Song, Sung, et al., 2015; Zhao et al., 2014); 

I measured these same quality indicators after MH-EX treatment in my study. 

Apple juice samples were treated with 45, 50, or 55oC EX-MH for 11.34, 7.64, 

or 0.19 min, respectively, which were the time intervals required to achieve 5-

log reduction of acid adapted E. coli O157:H7 enumerated on SPRAB, which 

exhibited the greatest resistance to this treatment.  

For measurement of color values, a Minolta colorimeter (CR400; Minolta 

Co., Osaka, Japan) was utilized. Color values were expressed as L*, a* and b* 

which indicates lightness, redness and yellowness, respectively.  

For total phenolics measurement, the Folin-Ciocalteu assay was conducted 

(Singleton and Rossi, 1965; Song, Shin, et al., 2015). After apple juice was 

ten-fold diluted with sterile distilled water, one ml of diluted sample was 
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mixed with 5 ml of 0.2-N Folin-Coicalteu reagent (Sigma-Aldrich, St. Louis, 

MO). The mixture was maintained at room temperature (22 ± 2°C) for 3 min, 

followed by addition of 4 ml of 7.5 % sodium carbonate solution (Samchun 

Pure Chemical Co., Ltd., Pyeongtaek, Korea) with shaking. Then, the mixture 

was stored for 2 h at room temperature in the dark and its absorbance was 

measured at 756 nm using a spectrophotometer. Gallic acid (Sigma-Aldrich) 

was used as a standard solution to construct the calibration curve and the 

results were expressed as gallic acid equivalents (mg GAE/L).   

Also, I measured DPPH free radical scavenging activity using the method 

adopted by Abid et al. (2013) with some modification. Two ml of apple juice 

sample was mixed with 2 ml of 0.2 mM DPPH solution dissolved in methanol. 

This mixture was placed in the dark and incubated at room temperature (22 ± 

2°C) for 30 min. After the incubation, a spectrophotometer was used to 

measure the absorbance of the mixture at 517 nm. Pure methanol was used as 

a control in place of apple juice and absorbance was measured following the 

same procedure. DPPH radical scavenging activity was calculated by 

following equation:  

DPPH free radical scavenging activity (%) = (1- Absorbance of 

sample/Absorbance of control) × 100 

Statistical analysis. All experiments were repeated at three times with 

independently prepared samples. Data were analyzed by analysis of variance 
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(ANOVA) and t-test (LSD) using the Statistical Analysis System (SAS 

Institute, Cary, NC, USA). A P value of < 0.05 was used to indicate significant 

difference.  
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II-2-3. Results and Discussion 

 

Bactericidal effect of 222-nm KrCl excilamp, mild heating, or 

combination treatment on pathogens in apple juice. In this study, the 

effects of 222-nm KrCl excilamp (EX), mild heating (MH), and simultaneous 

treatment of these two techniques (EX-MH) on inactivation of pathogens in 

apple juice were investigated. Differences in the response of non-acid- and 

acid adapted cells to these treatments and the occurrence of injured cells by 

resuscitating the treated cells on non-selective media were examined. Apple 

juice generally has a total sugar concentration of 9 to 18 oBrix (Serpen, 2012; 

Valois et al., 2006). In some studies, it was demonstrated that the oBrix level 

of apple juice does not affect the inactivation rate of UV light on pathogens in 

apple juice, but an increase in the absorption coefficient and turbidity of apple 

juice leads to decreased inactivation efficacy of UV light (Koutchma et al., 

2004; Murakami et al., 2006). Increasing the concentration of apple juice 

concentrate increases the soluble solids content (oBrix), as well as the 

absorption coefficient and turbidity due to substances in the juice such as 

suspended solids (data not shown). Therefore, in this study, 18 oBrix apple 

juice prepared by diluting apple juice concentrate (72 oBrix) with distilled 

water (DW) was used in experiments replicating harsh conditions because in 
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apple juice, pathogens exhibited the highest resistance to UV light at 18 oBrix 

among a sugar concentration range of 9 - 18 oBrix. The survival populations 

of S. Typhimurium and E. coli O157:H7 following treatments are shown in 

Fig. II-6 and II-7.   
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(B) - Acid adaptation
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(C) - Non-acid adaptation
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(D) - Acid adaptation
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(E) - Non-acid adaptation
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(F) - Acid adaptation
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Fig. II-6. Surviving populations of non-acid- or acid adapted cells of 

Escherichia coli O157:H7 treated with the 222-nm KrCl excilamp, mild 

heating, or their combination [(A) and (B) - 45oC; (C) and (D) – 50oC; (E) 

and (F) – 55oC]. E. coli O157:H7 was enumerated on both sorbitol 

MacConkey agar (SMAC) and phenol red agar base with 1% sorbitol 

(SPRAB) for detecting the occurrence of injured cells. ● SMAC (222-nm 

KrCl excilamp); ○ SPRAB (222-nm KrCl excilamp); ▼ SMAC (mild 

heating); ∆ SPRAB (mild heating); ■ SMAC (combination); □ SPRAB 

(combination). Each point and error bar indicate the mean value from three 

replications and standard deviation, respectively.  
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(B) - Acid adaptation
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(C) - Non-acid adaptation
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(D) - Acid adaptation
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(E) - Non-acid adaptation
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(F) - Acid adaptation
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Fig. II-7. Surviving populations of non-acid- or acid adapted cells of 

Salmonella Typhimurium treated with the 222-nm KrCl excilamp, mild 

heating, or their combination [(A) and (B) - 45oC; (C) and (D) – 50oC; (E) 

and (F) – 55oC]. S. Typhimurium was enumerated on both xylose lysine 

desoxycholate agar (XLD) and overlay XLD agar on tryptic soy (TSA) 

agar (OV-XLD) for detecting the occurrence of injured cells. ● XLD (222-

nm KrCl excilamp); ○ OV-XLD (222-nm KrCl excilamp); ▼ XLD (mild 

heating); ∆ OV-XLD (mild heating); ■ XLD (combination); □ OV-XLD 

(combination). Each point and error bar indicate the mean value from three 

replications and standard deviation, respectively. 
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Even though Fig. II-6 and II-7 include all of the results of inactivation 

obtained under to the above conditions, it is difficult to interpret the results 

because there are many factors revealed by these data to be compared. For this 

reason, I considered it necessary to quantitatively compare each survival curve 

to facilitate interpretation of the results. Accordingly, I decided to obtain T5d, 

which indicates the processing time required for 5-log reduction, by fitting 

each survival curve to the appropriate mathematical model equation. My study 

revealed that all of the survival curves fit well into the Weibull model equation 

because all of them yielded high R2 values (≥ 0.95). Thus, the Weibull model 

equation was applied and the parameters (δ and p) of this model for each 

survival curve were derived (data not shown). Then, the T5d values for each 

survival curve were calculated using the derived parameters and are shown in 

Table II-5.  

For both E. coli O157:H7 and S. Typhimurium, regardless of cell growth 

conditions (non-acid or acid adaptated) or cell enumeration methods (SMAC, 

SPRAB, XLD, or OV-XLD), T5d values of the MH and EX-MH treatments 

significantly (P < 0.05) decreased as treatment temperature increased from 45 

to 55oC. That is, with mild heating or combination treatment, the time taken 

to inactivate pathogen populations by 5-log was reduced with increasing 

temperature.   
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Comparing cell enumeration methods, the T5d values of both MH and EX-

MH treatments for cells enumerated using SPRAB or OV-XLD were 

significantly (P < 0.05) higher than those of cells enumerated using SMAC or 

XLD, respectively, for the same treatment. This trend was the same regardless 

of cell growth conditions. Some microorganisms may be completely killed 

(i.e., dead cells) after various antimicrobial treatments, but incomplete 

inactivation may occur due to insufficient treatment, which generates what are 

commonly referred to as injured cells (Ray, 1979; Wesche et al., 2009; Wu, 

2008). These injured cells are potentially as dangerous as their normal 

counterparts because they can regenerate normal pathogenicity through 

resuscitation under favorable conditions (Wu, 2008). Injured cells are 

indistinguishable from dead cells on selective media because they cannot be 

cultured on these substrates due to their high sensitivity to some selective 

ingredients, whereas they can be separated from dead cells by culturing on a 

non-selective medium because they can be resuscitated and regenerated under 

appropriate conditions (Wesche et al., 2009; Yuste et al., 2004). Based on 

these features, many studies have developed and applied various recovery 

methods to identify the extent of occurrence of injured cells by resuscitating 

them (Kang and Fung, 1999, 2000; Kang and Siragusa, 1999; Ray and Speck, 

1973; Rhee et al., 2003; Speck et al., 1975; Wu and Fung, 2006). In my study, 

injured cells of E. coli O157:H7 and S. Typhimurium were enumerated using 
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the SPRAB and OV-XLD methods and comparing results with cells 

enumerated using the selective media SMAC and XLD, respectively. 

Therefore, the obtained results, which showed that T5d values of cells 

enumerated using the recovery method were significantly (P < 0.05) higher 

than of those enumerated on selective media, means that MH or EX-MH 

treatment does not completely kill pathogens and thus produces injured cells. 

In fact, when the log10N (N = survival population after treatment) was 

subtracted from the log10N0 (N0 = initial population) and converted to the 

reduction level [log10 (N0/N)] from the data presented in Fig. II-8 and II-9, in 

both E. coli O157:H7 and S Typhimurium, reduction levels of cells 

enumerated on selective media were significantly (P < 0.05) higher than those 

enumerated by recovery methods for all treatments regardless of cell 

conditions (data not shown). Therefore, not considering the occurrence of 

injured cells can cause problems after MH or EX-MH treatment due to their 

recovery and growth. Meanwhile, in the case of individual EX treatment, there 

were no significant differences (P > 0.05) in T5d values between the cell 

enumeration methods regardless of cell growth conditions. This indicates that 

EX does not produce injured cells, and this tendency is consistent with the 

results of my previous study in which EX treatment did not produce injured 

cells (Ha et al., 2017; Kang and Kang, 2019a; Kang et al., 2018). 
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When comparing the T5d values according to cell growth conditions, the 

following results were obtained: T5d values of all treatment types (EX, MH, 

and EX-MH) for acid adapted cells were significantly (P < 0.05) higher than 

those for non-acid adapted cells in both E. coli O157:H7 and S. Typhimurium, 

except for only the 55oC EX-MH treatment. This means that acid adaptation 

of pathogens leads to cross protection against the EX, MH, and EX-MH. My 

previous study also showed the same tendency revealed in this study in that 

both E. coli O157:H7 and S. Typhimurium increased resistance to EX as a 

result of acid adaptation (Kang and Kang, 2019a). Furthermore, many 

researchers have reported that thermal resistance of S. Typhimurium or E. coli 

O157:H7 increased due to the acid adaptation response following exposure to 

acidic environments (Buchanan and Edelson, 1999; Duffy et al., 2000; Leyer 

and Johnson, 1993; Mazzotta, 2001; Rowe and Kirk, 1999; Ryu and Beuchat, 

1999; Ryu and Beuchat, 1998; TOSUN and GÖ NÜ L, 2003). Several studies 

have shown that acidic conditions induced changes in fatty acid composition 

of the cell membrane of pathogens in the form of decreased unsaturated fatty 

acids (USFA) and increased saturated fatty acids (SFA), and that changes in 

the fatty acid composition were associated with enhanced resistance to thermal 

treatment (Alvarez-Ordonez et al., 2009; Á lvarez-Ordóñez et al., 2008; 

Annous et al., 1999). Also, my previous study (Kang and Kang, 2019a) 

identified that change in the fatty acid composition of the cell membrane with 
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decreasing UFA and increasing SFA in response to acid adaptation when 

applying the same bacterial strains and growth conditions as this study 

contributed to increased resistance to EX. Therefore, it can be assumed that 

changes in the fatty acid composition of the cell membrane following acid 

adaptation induced increased resistance of pathogens to EX, MH, and EX-MH 

treatments. This cross protection response following acid adaptation can have 

a significant impact on juice disinfection processes using MH or EX-MH 

because of increased resistance to the treatments. 

Since MH or EX-MH treatment generates injured cells of pathogens in apple 

juice and pathogens show enhanced resistance to each treatment in response 

to acid adaptation, there is a risk of overestimating the inactivation effect of 

each process without considering these factors. Therefore, when establishing 

a juice disinfection strategy incorporating MH or EX-MH, acid-adapted 

pathogens should be targeted for 5-log reduction, and at this time, microbial 

reduction should be based on cells enumerated by recovery methods after 

treatment. Keeping the inactivation effect of each treatment with this criterion 

in mind, in the case of E. coli O157:H7, 45, 50, and 55oC MH showed T5d 

values of 92.62, 61.78 and 14.40 min, respectively, and 45, 50, and 55oC EX-

MH showed T5d values of 11.34, 7.64, and 4.36 min, respectively, for acid 

adapted cells enumerated with SPRAB. In case of S. Typhimurium, 45, 50, 

and 55oC MH showed T5d values of 34.58, 10.27 and 0.90 min, respectively, 
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and 45, 50, and 55oC EX-MH showed T5d values of 7.32, 2.79, and 0.68 min, 

respectively, for acid adapted cells enumerated by OV-XLD. From these 

results, it was found that the T5d value of E. coli O157:H7 was significantly (P 

< 0.05) larger than that of S. Typhimurium at all treatment conditions. This 

means that E. coli O157:H7 is more resistant to MH or EX-MH treatment than 

S. Typhimurium. Meanwhile, when comparing MH and EX-MH, the T5d value 

of EX-MH was significantly (P < 0.05) smaller than that of MH for both E. 

coli O157:H7 and S. Typhimurium at the same treatment temperature. From 

reduction levels [log10 (N0/N)] calculated using data presented in Fig. II-8 and 

II-9 (data not shown), for E. coli O157:H7, reduction by 45, 50, and 55oC EX-

MH treatment was significantly (P < 0.05) larger than the sum of reduction of 

individual EX and MH treatments after 420, 420, 120 s, respectively, and in 

the case of S. Typhimurium, after 300, 60, 30 s, respectively. This indicates 

that EX-MH treatment at 45, 50, or 55oC exhibits a synergistic bactericidal 

effect on pathogens in apple juice. Therefore, it is apparent that the synergistic 

bactericidal effect, which occurs when EX is simultaneously applied with MH, 

induces a dramatic decrease in processing time required to achieve 5-log 

reduction of pathogens in apple juice compared to MH alone.  
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Table II-5. Calculated T5d valuesa (min) using the Weibull model equation of (A) Escherichia coli O157:H7b and 

(B) Salmonella Typhimuriumc following treatment with the 222-nm KrCl excilamp, mild heating, or simultaneous 

combination treatment  

(A) 

Treatment 

temperature 

(oC) 

Treatment type 

SMAC SPRAB 

Non-adaptationd Adaptatione Non-adaptation Adaptation 

- EXf 10.31 ± 0.45 a 22.80 ± 2.28 b 11.70 ± 0.77 a 27.29 ± 4.26 b 

45oC 
MHg 8.49 ± 0.61 Aax 47.1 ± 17.7 Abx 37.4 ± 1.68 Abx 92.62 ± 15.6 Acx 

EX-MHh 2.11 ± 0.13 Bax 4.72 ± 0.60 Bbx 7.41 ± 0.89 Bcx 11.34 ± 0.56 Bdx 

50oC 
MH 1.48 ± 0.27 Aay 2.87 ± 0.20 Aay 27.9 ± 6.97 Aby 61.78 ± 18.4 Acy 

EX-MH 0.48 ± 0.06 Bay 1.36 ± 0.29 Bbz 5.55 ± 0.13 Bcy 7.64 ± 0.48 Bdy 

55oC 
MH 0.12 ± 0.00 Aaz 0.44 ± 0.16 Aby 5.47 ± 0.42 Acz 14.40 ± 7.67 Adz 

EX-MH 0.12 ± 0.00 Aaz 0.19 ± 0.13 Aaz 3.53 ± 0.30 Bbz 4.36 ± 0.18 Bcz 

(B) 

Treatment 

temperature 

(oC) 

Treatment type 

XLD OV-XLD 

Non-adaptation Adaptation Non-adaptation Adaptation 

- EX 17.70 ± 3.26 a 38.48 ± 12.0 b 22.70 ± 8.56 a 39.22 ± 12.6 b 

45oC MH 8.87 ± 1.01 Aax 32.63 ± 4.45 Abx 13.1 ± 2.91 Aax 34.58 ± 5.53 Abx 



 

121 

 

EX-MH 1.99 ± 0.10 Bax 4.72 ± 0.56 Bbx 4.21 ± 0.25 Bbx 7.32 ± 0.37 Bcx 

50oC 
MH 0.72 ± 0.04 Aay 3.05 ± 0.34 Aby 3.31 ± 0.20 Aby 10.27 ± 1.86 Acy 

EX-MH 0.55 ± 0.04 Bay 1.55 ± 0.43 Bby 2.02 ± 0.15 Bby 2.79 ± 0.15 Bcy 

55oC 
MH 0.17 ± 0.07 Aay 0.38 ± 0.06 Abz 0.68 ± 0.06 Acz 0.90 ± 0.05 Adz 

EX-MH 0.12 ± 0.00 Aaz 0.26 ± 0.01 Baz 0.47 ± 0.20 Abz 0.68 ± 0.03 Bcz 
aT5d indicates the treatment time (min) required for 5-log reduction. Values are means ± standard deviations from three 

replications. Mean values with different uppercase letters within the same column at each treatment temperature are 

significantly different (P < 0.05). Mean values with different lowercase letters within same row are significantly different 

(P < 0.05). Mean values with different superscripts of xyz for the same treatment type within the same column are 

significantly different (P < 0.05). 
bE. coli O157:H7 was enumerated on sorbitol MacConkey agar (SMAC) and phenol red agar base with 1% sorbitol 

(SPRAB) following treatment. 
cS. Typhimurium was enumerated on xylose lysine desoxycholate agar (XLD) and overlay XLD agar on tryptic soy 

(TSA) agar (OV-XLD) following treatment. 
dCells of E. coli O157:H7 or S. Typhimurium grown in tryptic soy broth without dextrose (TSB w/o D) with pH 7.3. 
eCells of E. coli O157:H7 or S. Typhimurium grown in TSB w/o D adjusted to pH 5 wdhith HCl. 
fThe intensity value of the 222-nm KrCl excilamp at the sample surface was 0.17 mW/cm2. 
gMild heating treatment alone. 
hSimultaneous 222-nm KrCl excilamp and mild heating treatment.
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Identification of mechanisms of synergistic bactericidal effect of EX-MH 

treatment. A detailed understanding of the inactivation mechanism of a 

technology can help to identify the rate-limiting step during the disinfection 

process as well as establish a more effective inactivation strategy (Cho et al., 

2010). Therefore, I considered that identification of the synergistic 

bactericidal effect of EX-MH, which was demonstrated by my results, is of 

great importance for practical industrial applications and for future studies. In 

addition, identification of this mechanism would allow us to interpret why 

acid-adapted cells show greater resistance to EX-MH than non-acid adapted 

cells. Accordingly, I tried to identify the mechanism for synergistic 

bactericidal effect of EX-MH through several approaches. Since I postulated 

that if EX-MH treatments with minimum temperatures of 45oC and 55oC 

exhibited the same mechanism, then EX-MH at an intermediate temperature, 

50oC, would also exhibit the same mechanism. Therefore, mechanisms were 

investigated only for 45oC and 55oC EX-MH. 

 

(i) Cell membrane damage. The first step to identifying the mechanism of 

the synergistic bactericidal effect of EX-MH was to find the intracellular site 

where synergistic damage occurred. Uyttendaele et al. (2008) reported that 

60°C MH induced extensive cell membrane destruction when applied to L. 

monocytogenes (Uyttendaele et al., 2008). Also, previous studies (Ha et al., 
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2017; Kang et al., 2018) found that cell membrane destruction occurred in 

cells of E. coli O157:H7, S. Typhimurium, and L. monocytogenes treated with 

EX. Based on these characteristics of MH and EX, I considered that the 

intracellular site where synergistic damage occurred by EX-MH was likely the 

cell membrane, and thus examined the integrity of the cell membrane after 

MH, EX, and EX-MH treatment by means of PI uptake assay (Table II-6). 

Results from this assay showed that the PI uptake value obtained after EX-

MH was significantly (P < 0.05) larger than the sum of PI uptake values 

obtained after EX and MH in both E. coli O157:H7 and S. Typhimurium. This 

tendency was the same regardless of cell condition (non-acid or acid 

adaptation). The increase in PI uptake value, which is an indicator of cell 

membrane permeability, means that the degree of cell membrane destruction 

is increased, and it is known that this form of cell membrane damage makes it 

difficult for cells to maintain homeostasis, leading to cell death (Pagán and 

Mackey, 2000; Park and Kang, 2013). Therefore, it is possible to interpret that 

the synergistic bactericidal effect produced by EX-MH is attributed to 

synergistic damage to the cell membrane which is directly related to cell death. 

Meanwhile, the PI uptake values of acid-adapted cells were significantly (P < 

0.05) smaller than those of non-acid adapted cells for all EX, MH, or EX-MH 

treatments. This result is related to the above in that acid adapted cells showed 

greater resistance to EX, MH, or EX-MH treatment than non-acid adapted 
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cells. That is, it is interpreted that pathogens showed increased resistance to 

each treatment as they became adapted to acid because less cell membrane 

damage occurred with acid-adapted than with non-acid adapted cells for the 

same treatment.  
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Table II-6. Levels of cell membrane destruction of non-acid or acid adapted cells of E. coli O157:H7 and S. 

Typhimurium subjected to 222-nm KrCl excilamp, mild heating, or simultaneous combination treatment 

inferred from PI uptake assay 

Treatment 

temperature, 

time 

Treatment 

type 

PI uptake valuea 

E. coli O157:H7 S. Typhimurium 

Non-adaptationb Adaptationc Non-adaptation Adaptation 

45oC, 300 s 

EXd 9.72 ± 6.12 Ab 2.69 ± 0.28 Aa 15.73 ± 6.05 Ab 5.43 ± 2.67 Aa 

MHe 33.78 ± 10.82 Bb 10.71 ± 5.21 Ba 36.32 ± 9.60 Bb 20.24 ± 5.94 Ba 

EX-MHf 73.72 ± 1.87 Cb 47.91 ± 13.05 Ca 84.81 ± 21.53 Cb 56.53 ± 9.30 Ca 

55oC, 100 s 

EX 4.86 ± 2.00 Aa 1.87 ± 1.53 Aa 7.03 ± 1.04 Ab 4.00 ± 1.16 Aa 

MH 81.64 ± 2.49 Bb 48.24 ± 12.14 Ba 142.10 ± 8.90 Bb 101.36 ± 13.35 Ba 

EX-MH 137.29 ± 17.39 Cb 85.36 ± 9.74 Ca 229.73 ± 47.87 Cb 144.86 ± 5.86 Ca 

aValues are means ± standard deviations from three replications. Means followed by different uppercase letters within 

the same column for each treatment temperature are significantly different (P < 0.05). Means followed by different 

lowercase letters within the same row are significantly different (P < 0.05). The data were normalized by subtracting 

fluorescence (OD600) values obtained from untreated cells as follows: (fluorescence value after treatment − fluorescence 

value of untreated control)/OD600. 
bCells of E. coli O157:H7 or S. Typhimurium grown in tryptic soy broth without dextrose (TSB w/o D) with pH 7.3. 
cCells of E. coli O157:H7 or S. Typhimurium grown in TSB w/o D adjusted to pH 5 with HCl. 
dSingle 222-nm KrCl excilamp treatment at room temperature (22 ± 2oC). The intensity value at the sample surface was 

placed was 0.17 mW/cm2. 
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eMild heating treatment alone. 
fSimultaneous 222-nm KrCl excilamp and mild heating treatment.
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Even though I found that the cell membrane is a synergistic damage site 

generated by EX-MH and this damage was manifested in the form of increased 

permeability due to membrane destruction, I judged it necessary to elucidate 

the form of this cell membrane damage in more detail in order to identify the 

specific mechanism responsible for the synergistic bactericidal effect of EX-

MH. Accordingly, I tried to identify what type of change occurred in the cell 

membrane which eventually developed into cell membrane destruction.  

It is generally known that the occurrence of lipid peroxidation in cell 

membranes leads to decreased fluidity and potential of cell membranes, and 

increased permeability (Gutteridge, 1995). Thus, I considered that synergistic 

damage of cell membranes by EX-MH might be related to the occurrence of 

lipid peroxidation in the cell membrane and thus examined the occurrence of 

lipid peroxidation in cell membranes by utilizing DPPP assay. The results of 

DPPP assay, Table II-7, show that lipid peroxidation values in the cell 

membrane induced by EX-MH treatment were significantly (P < 0.05) larger 

than the sum of the lipid peroxidation values in the cell membrane induced by 

individual EX and MH treatments. This means that EX-MH induces 

synergistic lipid peroxidation in the cell membrane. Since synergistic 

occurrence of lipid peroxidation in the cell membrane following EX-MH was 

confirmed, it is deduced that lipid peroxidation of the cell membrane is related 

to cell membrane destruction. Consequently, it can be interpreted that EX-MH 
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causes synergistic lipid peroxidation in the cell membrane, inducing 

synergistic damage to the cell membrane in form of destruction, eventually 

leading to the synergistic inactivation effect.  
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Table II-7. Levels of lipid peroxidation of cell membranes of non-acid or acid adapted cells of E. coli O157:H7 

and S. Typhimurium subjected to 222-nm KrCl excilamp, mild heating, or simultaneous combination treatment 

confirmed using DPPP probe 

Treatment 

temperature, time 

Treatment 

type 

Lipid peroxidation valuea 

E. coli O157:H7 S. Typhimurium 

Non-adaptationb Adaptationc Non-adaptation Adaptation 

45oC, 300 s 

EXd 775 ± 142 Aa 494 ± 113 Aa 1553 ± 318 Ab 752.2 ± 74 Aa 

MHe 1914 ± 345 Bb 824 ± 82 Ba 1652 ± 291 Ab 553 ± 232 Aa 

EX-MHf 5998 ± 740 Cb 3838 ± 82 Ca 5428 ± 656 Bb 3665 ± 669 Ba 

55oC, 100 s 

EX 770 ± 185 Ab 378 ± 156 Aa 842 ± 216 Ab 456 ± 132 Aa 

MH 2291 ± 314 Bb 1334 ± 434 Ba  2628 ± 297 Bb 1584 ± 306 Ba 

EX-MH 5632 ± 618 Cb 3685 ± 742 Ca 4635 ± 625 Cb 3057 ± 327 Ca 

aValues are means ± standard deviations from three replications. Means followed by different uppercase letters within 

the same column for each treatment temperature are significantly different (P < 0.05). Means followed by different 

lowercase letters within the same row are significantly different (P < 0.05). The data were normalized by subtracting 

fluorescence (OD600) values obtained from untreated cells as follows: (fluorescence value after treatment − fluorescence 

value of untreated control)/OD600. 
bCells of E. coli O157:H7 or S. Typhimurium grown in tryptic soy broth without dextrose (TSB w/o D) with pH 7.3. 
cCells of E. coli O157:H7 or S. Typhimurium grown in TSB w/o D adjusted to pH 5 with HCl. 
dSingle 222-nm KrCl excilamp treatment at room temperature (22 ± 2oC). The intensity value at the sample surface was 

placed was 0.17 mW/cm2. 



 

130 

 

eMild heating treatment alone. 
fSimultaneous treatment of 222-nm KrCl excilamp and mild heating.
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(ii) Occurrence of intracellular ROS and O2
-. After locating the site where 

the synergistic damage occurred (the cell membrane), the next step was to 

determine what induced synergistic damage to the cell membrane. ROS is 

known to be one of the primary causes of cell death by activating lipid 

peroxidation in the cell membrane, leading to its destruction (Joshi et al., 2011). 

UV radiation can induce ROS generation through the principle of producing 

excited state species and radicals as a result of photo-ionization as UV light is 

absorbed into intracellular materials such as chromophoric amino acids, which 

act as photosensitizers (Bensasson et al., 2013). Indeed, my previous studies 

found that EX generated ROS, inducing lipid peroxidation in the cell 

membranes of pathogens (Kang and Kang, 2019a; Kang et al., 2018). 

Meanwhile, some studies have reported that heat treatment also produces ROS 

by inducing the activation of dissolved oxygen (Bruskov, Masalimov, et al., 

2002; Bruskov, Malakhova, et al., 2002). Based on these facts, I thought that 

the occurrence of ROS is likely to be related to the synergistic induction of 

lipid peroxidation in the cell membrane, and thus tried to examine the degree 

of ROS generation following EX, MH, and EX-MH treatments. Since ROS 

includes several forms of reactive oxygen species such as superoxide, 

hydrogen peroxide, hydroxyl radical, and peroxyl, for a more specific 

mechanism analysis, it was considered necessary to investigate specific 

species among several types of ROS. Superoxide, which is one species of ROS 
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formed by the addition of an electron to an oxygen molecule, is known to play 

an important role in the formation of other oxygen radicals that can react with 

cellular constituents and cause oxidative damage (Gülçin, 2006; Pietta, 2000; 

Turrens, 2003). Therefore, total ROS as well as superoxide generation were 

also measured in this study. As shown in Table II-8, for both E. coli O157:H7 

and S. Typhimurium, the generation of both intracellular total ROS and 

superoxide following EX-MH was significantly larger (P < 0.05) than their 

sum generated following EX and MH single treatments. This means that EX-

MH synergistically generates ROS. Therefore, it is concluded that synergistic 

generation of ROS by EX-MH is the cause of synergistic lipid peroxidation of 

the cell membrane, leading to synergistic cell membrane destruction. 

Meanwhile, in both E. coli O157:H7 and S. Typhimurium, levels of both 

intracellular total ROS and superoxide produced by EX-MH were not 

significantly (P > 0.05) different between acid adapted and non-acid adapted 

cells. This suggests that EX-MH produces the same amount of intracellular 

ROS regardless of cell growth conditions (non-acid or acid adaptation). The 

results of the lipid peroxidation assay in the first mechanism identification step 

show that the level of lipid peroxidation in the cell membrane of acid adapted 

cells is significantly (P < 0.05) higher than that of non-acid adapted cells after 

EX-EH. This means that EX-MH induces greater lipid peroxidation in the cell 

membranes of non-acid adapted cells than in those of acid-adapted cells. 



 

133 

 

Taken together, it can be interpreted that for the same amount of ROS 

produced by EX-MH, acid adapted cells undergo less lipid peroxidation in the 

cell membrane than non-acid adapted cells. My previous study (Kang and 

Kang, 2019a) demonstrated that when cells of E. coli O157:H7 and S. 

Typhimurium were adapted to acid, the ratio of SFA increased and the ratio 

of USFA decreased in the cell membrane, resulting in the generation of less 

lipid peroxidation following EX treatment. It is known that USFAs are 

particularly vulnerable to the occurrence of peroxidation because double 

bonds present in fatty acids facilitate the removal of hydrogen ions by 

weakening the C-H bonds adjacent to them, and thus USFA side chains of the 

cell membrane are extremely sensitive to peroxidation (Bielski et al., 1983; 

Gutteridge, 1995). Based on these facts, it is postulated that the occurrence of 

peroxidation induced by ROS decreases as the content of USFA side chains in 

the cell membrane decrease as pathogens adapt to acid, leading to a decrease 

in the occurrence of cell membrane destruction. Therefore, it is concluded that 

pathogens can exhibit increased resistance to EX-MH as they adapt to acid 

because EX-MH produces the bactericidal effect by generating ROS.   
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Table II-8. Levels of (A) total ROS and (B) superoxide generation of non-acid or acid adapted cells of E. coli 

O157:H7 and S. Typhimurium subjected to 222-nm KrCl excilamp, mild heating, or simultaneous combination 

using CM-H2DCFDA or HDE probe 

Valuea 

Treatment 

temperature, 

time 

Treatment 

type 

E. coli O157:H7 S. Typhimurium 

Non-adaptationb Adaptationc Non-adaptation Adaptation 

Total ROS 

45oC, 300 s 

EXd 775 ± 142 Aa 494 ± 113 Aa 1553 ± 318 Ab 752.2 ± 74 Aa 

MHe 1914 ± 345 Bb 824 ± 82 Ba 1652 ± 291 Ab 553 ± 232 Aa 

EX-MHf 5998 ± 740 Cb 3838 ± 82 Ca 5428 ± 656 Bb 3665 ± 669 Ba 

55oC, 100 s 

EX 770 ± 185 Ab 378 ± 156 Aa 842 ± 216 Ab 456 ± 132 Aa 

MH 2291 ± 314 Bb 1334 ± 434 Ba 2628 ± 297 Bb 1584 ± 306 Ba 

EX-MH 5632 ± 618 Cb 3685 ± 742 Ca 4635 ± 625 Cb 3057 ± 327 Ca 

Superoxide 

45oC, 300 s 

EX 43.33 ± 5.77 Aa 35.56 ± 6.94 Aa 28.89 ± 5.09 Aa 34.44 ± 1.92 Aa 

MH 48.83 ± 10.68 Aa 60.00 ± 3.33 Ba 81.11 ± 23.65 Ba 77.78 ± 15.40 Ba 

EX-MH 174.44 ± 17.11 Ba 180.00 ± 11.55 Ca 165.56 ± 28.35 Ca 174.44 ± 31.51 Ca 

55oC, 100 s 

EX 27.78 ± 7.70 Aa 26.67 ± 5.77 Aa 20.00 ± 3.33 Aa 20.00 ± 15.28 Aa 

MH 56.67 ± 18.56 Ba 58.89 ± 13.88 Ba 72.22 ± 15.03 Ba 81.11 ± 25.24 Ba 

EX-MH 252.22 ± 15.40 Ca 246.67 ± 24.04 Ca 240.00 ± 40.96 Ca 217.78 ± 36.57 Ca 

aValues are means ± standard deviations from three replications. Means followed by different uppercase letters within 

the same column for each treatment temperature are significantly different (P < 0.05). Means followed by different 
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lowercase letters within the same row are significantly different (P < 0.05). The data were normalized by subtracting 

fluorescence (OD600) values obtained from untreated cells as follows: (fluorescence value after treatment − fluorescence 

value of untreated control)/OD600. 
bCells of E. coli O157:H7 or S. Typhimurium grown in tryptic soy broth without dextrose (TSB w/o D) with pH 7.3. 
cCells of E. coli O157:H7 or S. Typhimurium grown in TSB w/o D adjusted to pH 5 with HCl. 
dIndividual 222-nm KrCl excilamp treatment at room temperature (22 ± 2oC). The intensity value at the sample surface 

was placed was 0.17 mW/cm2. 
eMild heating treatment. 
fSimultaneous treatment of 222-nm KrCl excilamp and mild heating. 
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(iii) Activity of superoxide dismutase (SOD). To fully elucidate the 

mechanism of the synergistic bactericidal effect of EX-MH, I had to solve the 

question of why ROS were synergistically increased by simultaneous 

treatment of EX and MH. Protection from the cellular damage caused by ROS 

in organisms is achieved through activation of antioxidant enzymes such as 

SOD, catalase, and glutathione peroxidase, which scavenge ROS (Augusto et 

al., 2007). Several studies have reported that decreasing the activity of 

antioxidant enzymes leads to an increase in the accumulation of ROS, 

resulting in oxidative damage to the cell (Kwon et al., 2000; Sun et al., 2014; 

Xia et al., 2013). Therefore, I assumed that antioxidant enzyme activity may 

be related to the synergistic development of ROS by EX-MH, and thus tried 

to determine the activity of antioxidant enzymes. Accordingly, I choose SOD, 

which converts the superoxide anion (O2
-) into hydrogen peroxide via 

dismutase activity, as the antioxidant enzyme to be measured among the 

various antioxidant enzymes because it is considered to play a primary role in 

protection against oxidative stress due to its characteristic of being present in 

all organisms with aerobic metabolism and in most subcellular locations where 

activated oxygen is generated (El-Beltagi and Mohamed, 2013; Scandalios, 

1993), and additionally, because, in this study, synergistic generation of 

superoxide was confirmed as representative of several species of ROS. 

Meanwhile, SOD has a characteristic of being inactivated by thermal stress, 
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and its activity decreases gradually with increasing temperature (Correa‑

Llantén et al., 2014; Indrayati et al., 2014; Nonaka et al., 2014; Wang et al., 

2014). Based on this feature, therefore, I hypothesized that, when EX-MH was 

applied to pathogens, MH could inactivate SOD, reducing the ability of cells 

to scavenge ROS generated by EX, leading to the synergistic generation of 

ROS. Accordingly, SOD activity during MH and remaining SOD activity after 

termination of MH were measured. As shown in Fig. II-8 (A), SOD activities 

of non-acid and acid adapted cells of E. coli O157:H7 under 45℃ MH were 

71.2 and 71.1 %, respectively, of SOD activity at room temperature (control), 

and also, those of S. Typhimurium under 55℃ MH of were 65.6 and 63.1 %, 

respectively, of the control. On the other hand, Fig. II-8 (B) shows that residual 

SOD activities of non-acid and acid adapted cells of E. coli O157:H7 after 

cessation of 45oC MH were 99.4 and 100 %, respectively, and also, those of 

S. Typhimurium after 55oC MH were 100 and 99.6 %, respectively. In 

summary, comparison of Fig. II-8 (A) and (B) showed that activity of SOD 

dropped to 60 - 70% during 45 °C MH but returned to its original activity 

(100 %) when 45°C MH stopped, in particular, SOD activity, which fell below 

5 % during 55oC MH, was restored to 90 % of the control after termination of 

55oC MH. These results mean that SOD activity is reduced during MH 

application and the degree of reduction increases with increasing temperature, 



 

138 

 

but when MH is removed after treatment, SOD activity is restored again. 

Therefore, 45 – 55oC MH reversibly inactivates the activity of bacterial SOD, 

and thus when EX-MH is applied, reduced SOD activity during the application 

of MH leads to an increase in the accumulation of ROS produced by EX 

simultaneously, leading to the synergistic generation of ROS. Importantly, my  

previous study (Kang and Kang, 2019b) demonstrated that EX also inactivates 

antioxidant enzymes. Thus, similar to the above principle in which MH 

promotes ROS generation by EX, it can be deduced that EX will also induce 

increased generation of ROS by MH by reducing the activity of antioxidant 

enzymes. Therefore, when EX-MH is applied, the interaction of EX and MH, 

where EX promotes ROS generation of MH while MH promotes ROS 

generation of EX, is believed to amplify synergistic ROS generation.  
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Fig. II-8. Effect of mild heating (45 or 55oC) on SOD activity. (A) SOD 

activity measured during mild heating treatment. SOD activity measured 

at room temperature (22 ± 2oC) was used as the control (100 %). (B) 

Remaining SOD activity measured after completion of mild heating 

treatment. Untreated SOD activity was used as control (100 %). Data 

represent an average from three independent experiments and the standard 

deviation is shown by error bars.
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Comparing color, TPC, DPPH free radical scavenging activity of apple 

juice after EX-MH. Values of color, TPC, and DPPH free radical scavenging 

activity were chosen as quality indicators of apple juice for EX-MH. In this 

study, treatment times of 45, 50 and 55oC EX-MH applied to apple juice were 

11.34, 7.64, and 0.19 min, respectively, and these intervals correspond to the 

time required for EX-MH treatment at each temperature to reduce acid adapted 

cells of E. coli O157:H7 enumerated on SPRAB, which exhibit the greatest 

resistance to EX-MH, by 5-log. As shown in Table II-9, none of the quality 

values obtained after EX-MH treatment at each temperature were significantly 

(P < 0.05) different from those of untreated controls. Therefore, this means 

that EX-MH can achieve 5-log reduction of pathogens in apple juice without 

changing quality values such as color, TPC, and DPPH free radical scavenging 

activity of apple juice.  



 

141 

 

Table II-9. Changes of color, DPPH free radical scavenging activity (%), and total phenolics (mg GAE/L) in apple 

juice after simultaneous treatment of 222-nm KrCl excilampa and mild heating (45, 50, or 55oC)  

Treatment 

(temperature, 

timec) 

Quality valuesb 

Color DPPH  

free radical scavenging 

activity (%) 

Total 

phenolics (mg 

GAE/L) L* a* b* 

Untreated 

control 
22.97 ± 0.17 A 0.42 ± 0.33 A 4.09 ± 0.14 A 76.35 ± 0.86 A 

144.48 ± 1.44 

A 

45oC, 11.34 min 22.86 ± 0.09 A 0.43 ± 0.33 A 3.98 ± 0.10 A 77.06 ± 1.63 A 
143.03 ± 4.34 

A 

50oC, 7.64 min 22.69 ± 0.14 A 0.44 ± 0.02 A 4.12 ± 0.05 A 77.51 ± 1.60 A 
142.56 ± 2.21 

A 

55oC, 0.19 min 22.86 ± 0.26 A 0.44 ± 0.08 A 4.20 ± 0.14 A 75.35 ± 2.22 A 
143.52 ± 2.21 

A 
a The intensity value of the 222-nm KrCl excilamp at the sample location was 0.17 mW/cm2. 
bMeans ± standard deviations from three replications. Means with the same uppercase letters within the same column 

are not significantly different (P < 0.05). 
cThe time required for simultaneous 222-nm KrCl excilamp and mild heating treatment at each temperature to reduce 

the number of acid adapted cells of E. coli O157:H7 enumerated on SPRAB by 5-log. 
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Conclusion. This study found that simultaneous EX and MH treatment 

showed a synergistic bactericidal effect on pathogenic bacteria in apple juice 

without changing apple juice qualities such as color, TPC, and DPPH free 

radical scavenging activity. Furthermore, it was demonstrated that when EX-

MH is applied, MH reversibly inactivates antioxidant enzymes such as SOD, 

thereby enhancing the accumulation of ROS produced by EX, resulting in 

synergistic induction of ROS, which induces lipid peroxidation in the cell 

membrane, leading to synergistic cell membrane destruction and eventually to 

synergistic cell death. Meanwhile, when EX-MH was applied, injured cells 

were generated and moreover, pathogens exhibited increased resistance as 

they became adapted to acid. Thus, it is important to confirm the presence of 

acid-adapted pathogens by the recovery method when applying EX-MH to 

avoid over-estimating the inactivation effect. Since the current major 

industrial intervention applied to ensure the microbial safety of juice is thermal 

pasteurization (Gouma, Á lvarez, et al., 2015) and UV technology is easy to 

retrofit into the existing process (Paidalwar and Khedikar, 2016), there is a 

high possibility that 222-nm KrCl excilamp treatment can be utilized by the 

juice industry. Therefore, it is expected that when EX-MH, which exhibits the 

synergistic effect, is applied to juice processing, it could potentially reduce the 

processing time, thereby reducing energy usage and cost as well as improving 

productivity and quality, and also, ensuring safety against pathogens due to its 
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enhanced inactivation effect (Khan et al., 2017; Leistner, 2000). Consequently, 

my research presents a new disinfection system with high potential that can be 

effectively applied to the juice disinfection process, and additionally, 

identifies the synergistic bactericidal mechanism of EX-MH in this study 

which is expected to be useful baseline data for developing an effective 

application strategy.  
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Chapter III. 

 

Decontamination effect of the Spindle and 222-

nm krypton-chlorine excilamp combination 

against pathogens on fresh produce surface 

 

 

 

A part of this chapter was published in 

Applied and Environmental Microbiology (2019) 85:12 e00006-19.  
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III-1. Introduction 

 

While the health benefits of fresh produce have led consumers to increase 

their intake of these foods for more than 20 years, a number of illness 

outbreaks have also occurred every year that have been attributed to fresh 

produce (Goodburn and Wallace, 2013; Olaimat and Holley, 2012; Warriner 

et al., 2009). In order to reduce the risk of foodborne illness caused by 

consumption of fresh produce, proper measures must be taken to decrease the 

initial microbial counts to prevent microorganisms from reaching undesirable 

levels in fresh produce (Akbas and Ö lmez, 2007). Pre-harvest strategies such 

as the application of Good Agricultural Practices (GAPs) in cultivation and 

harvesting contribute to reducing the risk of contamination, but there is still 

heavy reliance on decontamination strategies applied during processing of 

produce (Goodburn and Wallace, 2013). Thus, application of appropriate 

disinfection procedures during processing is an important step to ensure the 

safety of fresh produce (Abadias et al., 2006). 

 The current utilization of sanitizers in fresh produce processing is 

predominantly based on washing with water and sanitizers to detach soil, 
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debris and reduce microbes that have the potential to cause outbreaks from 

fresh produce surfaces (Gil et al., 2009). Currently, many different types of 

chemical sanitizers are available for the surface treatment of fresh produce 

(Parish et al., 2003). These primarily consist of chlorine compounds, peracetic 

acid, hydrogen peroxide, Quanternary Ammonium Compounds (QACs), and 

aqueous ozone (Pyrgiotakis et al., 2015). However, some of these sanitizers 

leave chemical residues, some others lead to visible damage when not properly 

used, and chlorine compound-based materials react with organic matter to 

produce carcinogenic halogenated by-products (Olaimat and Holley, 2012; 

Pyrgiotakis et al., 2015; Wang et al., 2006). For this reason, the use of these 

chemicals has become more limited and is likely to be phased out in the near 

future (Karaca and Velioglu, 2007). 

In this regard, ultraviolet (UV) irradiation can be considered as an 

intervention which may supplant chemical treatment because of its 

characteristics of non-thermal treatment and advantages over conventional 

chemical treatment such as no disinfectant residuals, negligible formation of 

disinfection by-products (DBPs), and easy to retrofit into existing processes 

(Aoyagi et al., 2011; Dotson et al., 2012; Lubello et al., 2004; Mori et al., 

2007). Either low-pressure (LP) or medium-pressure (MP) mercury lamps are 

commonly used as a UV source in UV disinfection systems (Beck et al., 2015; 

Chevremont et al., 2013a). However, application of UV technology to fresh 
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produce surface treatment has the following major limitations: first, because 

of the characteristic shallow penetration depth of UV, not only are surface 

microorganisms not directly facing the UV lamp not treated with UV 

irradiation, but the UV inactivation effect is further reduced due to the 

shadowing effect if microorganisms are located in pores or other natural 

irregularities of the food surface (Liu, Huang, et al., 2015; Liu, Li, et al., 2015; 

Shama, 2000). Secondly, the commonly used mercury-containing UV lamps 

are constructed from fragile quartz, which implies the possibility of mercury 

release, and consequently, the risk of harming human health and the 

environment (Chevremont et al., 2013b; Close et al., 2006). Therefore, there 

has been a need to overcome the limitations inherent in UV and chemical 

sanitizers.  

Huang et al. developed a "water-assisted UV system” which is configured to 

process samples immersed in water with pulsed light (PL) while agitating 

them with a stirring bar (Huang and Chen, 2014, 2015). This system detaches 

and disperses microorganisms on the sample surface into the water through 

agitation, so that the microorganisms can easily be inactivated by UV while 

the sample is moved randomly to expose all surfaces to UV irradiation, 

resulting in an increased UV inactivation effect. This system exhibited an 

excellent disinfective effect on several kinds of fruit (blueberries, raspberries, 

and strawberries). Since this system uses mercury-free PL technology as the 
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UV source and disinfects the sample with only water without using a chemical 

sanitizer, it has potential as a new fresh produce disinfection technique that 

can overcome the limitations of conventional mercury-containing UV 

technology and chemical sanitizers. However, I considered that there is still a 

need for this novel decontamination intervention to be systematized by 

incorporating an effective agitating technology to faciltate practical 

application by the fresh produce industry. 

The Spindle apparatus was developed in my laboratory to effectively detach 

microorganisms while keeping food samples intact in order to analyze levels 

of microorganisms on the food surface. This apparatus operates on the 

principle of the container holding the sample and solution being subjected to 

whirlpool movement generated by the motor, thereby effectively detaching 

microorganisms on the sample surface, and its detachment ability has been 

verified (Kim et al., 2012). Consequently, I have devised a systemized fresh 

produce decontamination technique through combining the detachment 

technique (the Spindle) with UV technology. In this case, a relatively new 222-

nm krypton chloride excimer lamp (KrCl excilamp), which could replace 

mercury lamps, was used as a UV source due to its long lifetime, nearly 

instantaneous warm-up, high radiation intensity, and absence of mercury (Ha 

and Kang, 2018; Matafonova and Batoev, 2012; Sosnin, 2007).  

 The aim of this study was to evaluate the decontamination effect of a newly 
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designed combination system consisting of the Spindle and 222-nm KrCl 

excilamp (Sp-Ex) against pathogens on fresh produce [apple (Malus 

domestica Borkh.) and bell pepper (Capsicum annuum L.)] surfaces. In this 

case, Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria 

monocytogenes were used as target pathogens because they are a major 

concern in fresh produce (Sagong et al., 2011).  
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III-2. Materials and Methods 

 

Bacterial strains and inoculum preparation. Three strains each 

of E. coli O157:H7 (ATCC 35150, ATCC 43889, ATCC 43890), S. 

Typhimurium (ATCC 19585, ATCC 43971, DT 104), and 

L. monocytogenes (ATCC 19111, ATCC 19114, ATCC 19115) obtained from 

from the bacteria culture collection of Seoul National University (Seoul, South 

Korea) were used. Stock and working cultures were prepared according to a 

previously described method (Kang et al., 2018). A single colony of each 

strain of E. coli O157:H7, S. Typhimurium, and L. monocytogenes cultured 

from stocks on tryptic soy agar (TSA; Difco, Becton, Dickinson, Sparks, MD), 

were inoculated individually into 15 ml tryptic soy broth (TSB; Difco) and 

incubated at 37°C for 24 h, and then collected by centrifugation at 4,000 × g 

for 20 min at 4oC. After three washes with with 0.2% peptone water (PW; 

Bacto, Becton, Dickinson, Sparks, MD), suspended pellets of the three 

pathogens were combined to constitute a mixed pathogen species culture 

cocktail, corresponding to approximately 108 - 109 CFU/ml. 

 

Sample preparation and inoculation. Bell peppers and unwaxed apples 

were purchased from a local market (Seoul, South Korea), stored under 
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refrigeration (4 ± 2oC), and used within a week. Since the reduction effect of 

each treatment should be compared using the same sample surface area to 

examine the decontamination effect on pathogens on sample surfaces, intact 

portions of sample surfaces were cut into 2 cm by 5 cm (= 10 cm2) pieces. A 

spot-inoculation method was used to inoculate pathogens onto the prepared 

samples (Mahmoud et al., 2008). Briefly, Sample pieces were placed on sterile 

aluminium foil in a laminar flow hood, and inoculated with 0.1 ml of 

previously described culture cocktail by depositing small droplets with a 

micropipet at 10 to 15 locations. The inoculated samples were dried for 1 h in 

the laminar flow biosafety hood at room temperature (22 ± 2oC) to allow 

sufficient attachment of bacteria, and subjected to treatment. 

 

Experimetal setup. The Spindle appratus used in this experiment consisted 

of an electric motor, a time controller and a container to contain samples and 

solutions. The drive motor vibrated the container connected to the motor very 

quickly and vigorously. The body (20 × 21 × 16 cm3) consisted of the motor 

and container (13 × 13 × 13 cm3) connected vertically. A dielectric barrier 

discharge (DBD)-driven excilamp (20 × 10 × 10 cm3; UNILAM, Ulsan, South 

Korea) filled with a KrCl gas mixture was used for UV irradiation treatment 

in this study. The cylindrical geometry excilamp connected to the power 

supply (110 W) was covered by a metal case having a UV exit window with 
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an area of 60 cm2 (10 cm × 6 cm2). The Spindle and excilamp combination 

decontamination system was constructed by vertically and directly placing a 

222-nm KrCl excilamp above the Spindle using a stainless steel holder. The 

distance between the 222-nm KrCl excilamp and the surface of 250 ml of 

sterile tap water inside the container attached to the Spindle was 17 cm and 

the radiation intensity at the surface of the sterile tap water was 0.43 mW/cm2 

measured with a UV fiber optic spectrometer (AvaSpec-ULS2048; Avantes, 

Eerbeek, Netherlands) calibrated to a range of 200- to 400 nm within the UV-

C spectrum. The schematic of this experimental setup is depicted in Fig. III-1. 

Meanwhile, for single 222-nm KrCl excilamp treatment, the excilamp was 

placed vertically at a position 17 cm away from the sample surface using a 

stainless steel holder.  
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Fig. III-1. Schematic diagram of the decontamination system composed 

of the Spindle and 222-nm KrCl excilamp used in this study.  
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Treatment. For treatment with the Sp-Ex, inoculated samples were 

immersed in 250 ml of sterile tap water in the container, and the Spindle and 

222-nm KrCl excilamp were operated simultaneously at room temperature (22 

± 2oC) for 0.5, 1, 2, 3, 5, or 7 min. For convenience, the container was lined 

with polyethylene (PE) film before the sample and solution were added to the 

container and the lining changed with every treatment run because if not, the 

container would have to be disinfected before every treatment. The speed of 

the Spindle’s motor was 7000 × g. Moreover, the single Spindle or Sp-Ex 

treatment with surfactant was performed based on the procedure described 

above, either with or without operation of the 222-nm KrCl excilamp or use 

of Tween 20 (Sigma, St. Louis, MO, USA) diluted to 0.1 % in sterile tap water. 

For single UV treatment, the inoculated samples were placed on sterile 

aluminum foil and treated with the 222-nm KrCl excilamp at room 

temperature (22 ± 2oC) for 0.5, 1, 2, 3, 5, or 7 min.  

 

Bacterial enumeration. Following treatment, samples were immediately 

transferred into sterile stomacher bags (Labplas Inc., Sainte-Julie, Quebec, 

Canada) containing 100 ml of PW and homogenized with a stomacher (EASY 

MIX, AES Chemunex, Rennes, France) for 2 min. Simultaneously, aliquots of 

the tap water in which samples were immersed were sampled to enumerate 

surviving bacteria suspended in the tap water after treatment. After 
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homogenization or sampling, 1 ml aliquots of stomached samples or tap water 

suspensions were ten-fold serially diluted in 9 ml of PW and 0.1 ml aliquots 

of samples or diluents were spread-plated onto selective media. Sorbitol 

MacConkey Agar (SMAC; Difco), Xylose lysine desoxycholate agar (XLD; 

Difco), and Oxford agar base with Bacto Oxford antimicrobial supplement 

(MOX; Difco) were used as selective media for the enumeration of E. coli 

O157:H7, S. Typhimurium, and L. monocytogenes, respectively. Where low 

bacterial numbers were anticipated, 250 μl of undiluted sample were plated 

onto 4 plates of each respective medium. After incubation at 37oC for 24 h, 

colonies were counted and calculated as log10 CFU/sample or log10 CFU/250 

ml for treated sample or tap water, respectively. In this case, the detection 

limits for treated sample or tap water were 2.00 log10 CFU/sample or 2.40 log10 

CFU/250 ml, respectively, because the sample was homogenized in 100 ml of 

PW and then 1 ml of homogenized PW was collected to count the survival 

population, and in the case of tap water, 1 ml of 250 ml tap water was collected 

to confirm the survival population. 

 Meanwhile, if homogenized solution of apples or bell peppers has an 

antimicrobial effect because of antimicrobial substances that may be present, 

it may cause an over-estimated result in this study. To examine this effect, 

culture cocktail was inoculated into homogenized solutions of uninoculated 

apples or bell peppers and then inoculated solutions were spread-plated onto 
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each selective medium after 1 h incubation time to enumerate survival 

bacterial populations. In this case, the control was the survival population of 

culture cocktail inoculated into tap water. Results showed there was no 

significant (P > 0.05) difference between the bacterial populations in tap water 

and the homogenized sample solutions (data not shown). Since this suggests 

that the above method is an appropriate procedure that did not adversely affect 

the results, this study did not perform any further steps to neutralize the 

reactivity of homogenized solution that could affect bacterial survival. 

 

Cell surface hydrophobicity of pathogens. Cell surface hydrophobicity 

was measured by microbial adhesion to n-hexadecane (MATH assay) as 

described previously (Sidira et al., 2015). Briefly, cocktails composed of the 

three strains of a single pathogen species were suspended in phosphate-

buffered saline (PBS; 0.1M) to obtain an optical density at 600 nm (OD600) of 

~ 0.8. This bacterial suspension was mixed with an equal volume of n-

hexadecane by vortexing for 1 min and then left for 20 min to allow for 

complete phase separation. After phase separation, the hydrophobicity of the 

pathogen was quantified to the extent that the cells migrated to nonpolar 

solvent (n-hexadecane) and calculated as follows: 

Hydrophobicity (%) = (1 −
𝐴1

𝐴0
) × 100, 
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where A0: initial aqueous phase absorbance, and A1: aqueous phase absorbance 

mixed with n-hexadecane after 20 min of incubation. 

 

Surface characteristic analysis. Contact angle and roughness of surface 

were measured to compare the surface characteristics of apples and bell 

peppers. The static contact angles of water droplets on sample surfaces were 

measured with a contact angle goniometer (Theta Lite, Attension, Finland) at 

room temperature (22 ± 2oC). A sample specimen was fixed onto a glass slide 

using adhesive tape and 4 μl drops of deionized water (DI) were placed on five 

different points of the sample surface. Immediately after applying a drop, the 

contact angle was measured within one second and an average of five different 

measurements obtained at the five different points was used for the analysis. 

White light scanning interferometry (WLSI) was used to quantify roughness 

of the sample contact surface. A sample specimen was placed on the stage of 

a noncontact three-dimensional (3D) surface profiler (NanoView-E1000, 

NanoSystem, Daejeon, South Korea) with a 50 × objective lens. The surface 

roughness values were measured using a software package (NanoMap version 

2.5.17.0, Nanosystem, Daejeon, Korea) and an average of five different 

measurements was acquired from five randomly selected scan areas (125 × 95 

μm) on the sample surface. 
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Color and texture measurement. Samples were treated with the Sp-Ex with 

or without surfactant. After treatment, treated and untreated (control) samples 

were stored at 4oC for 7 days to investigate color and texture changes of 

samples during storage. Color values of sample surfaces were measured using 

a Minolta colorimeter (model CR400; Minolta Co., Osaka, Japan) at 3 

different locations on the same surface and expressed as L*, a*, and b* values. 

L*, a*, and b* values represent color lightness, redness, and yellowness of the 

sample, respectively (Chen et al., 2010). The averaged values measured from 

3 different locations were used for the analysis. Sample texture was evaluated 

with a texture analyzer (TA-CT3; Brookfield Engineering Laboratory, Inc., 

Middleboro, MA, USA) with a cylinder set probe with a 35 mm diameter. A 

sample was placed onto the press holder, and a cylinder probe was moved to 

the sample at 2 mm/s (path length 10 mm). Hardness was used as an indicator 

of texture change because apples and bell peppers are solid samples and was 

quantified by measuring maximum force value (g) of a deformation curve 

recorded using Texturepro CT software (Brookfield Engineering Laboratory, 

Inc.). The averaged values measured from three independently prepared 

samples per treatment were used for the analysis. 

 

Statistical analysis. All experiments were repeated three times. All data 

were analyzed by ANOVA using the Statistical Analysis System (SAS Inst., 
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Cary, N.C., U.S.A.) and mean values were separated using the LSD t-test. A 

probability level of P < 0.05 was used to determine significant differences 

between values.  
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III-3. Results and Discussion 

 

The effect of individual 222-nm KrCl excilamp and Spindle treatment on 

pathogen inactivation on sample surfaces. Table III-1 shows the 

inactivation effect of the 222-nm KrCl excilamp against E. coli O157:H7, S. 

Typhimurium, and L. monocytogenes on apple and bell pepper surfaces. 222-

nm KrCl excilamp treatment for 7 min resulted in 1.10, 1.32, and 1.17 log 

reductions of E. coli O157:H7, S. Typhimurium, and L. monocytogenes on 

apple surfaces, respectively. In the case of bell pepper surfaces, 1.35, 1.36, and 

1.24 log reductions of E. coli O157:H7, S. Typhimurium, and L. 

monocytogenes, respectively, occurred for the same treatment time. However, 

beyond 7 minutes treatment (up to 30 min), there were no significant (P > 0.05) 

further reductions for any pathogen on both apple and bell pepper surfaces 

(data not shown), and thus in this study, individual 222-nm KrCl excilamp 

treatment was performed for up to 7 min. These results, therefore, indicate that 

individual 222-nm KrCl excilamp treatment is insufficient to meet the 

recommended 5-log reduction guidelines proposed by the National Advisory 

Committee on Microbiological Criteria for Foods (NACMCF) when applied 

to the disinfection of apple and bell pepper surfaces (FDA, 2001a). Unlike 

these results, my previous study (Kang et al., 2018) revealed that 222-nm KrCl 
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exclamps resulted in a 5-log reduction of pathogenic bacteria under ideal 

conditions (PBS buffer) with doses of 1.6 - 3.8 mJ/cm2 (In the present study, 

7 min treatment produced a dose of 180.6 mJ/cm2). Woodling and Moraru 

(Woodling and Moraru, 2005) indicated that the ineffectiveness of UV 

treatment for decontaminating pathogens on surfaces is attributed to several 

factors such as roughness, hydrophobicity and reflectivity. Specifically, a high 

degree of surface roughness hides microorganisms inside surface crevices and 

prevents them from being exposed to UV light. Also, on surfaces with high 

hydrophobicity, cells accumulate into thick aggregations which reduce the 

direct effect of UV light. In addition, surfaces of high reflectivity decrease the 

absorption of UV light by microorganisms, thereby reducing the effectiveness 

of UV light. Thus, such features make it difficult for UV to inactivate 

pathogens on surfaces.   
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Table III-1. Survival populationsa (Log CFU/sample) of Escherichia coli O157:H7, Salmonella Typhimurium, and 

Listeria monocytogenes on sample surfaces after 222-nm KrCl excilamp treatment 

Treatment 

sample 

Treatment time 

(min) 

Pathogen 

E. coli O157:H7 S. Typhimurium L. monocytogenes 

Apples 

0 8.33 ± 0.03 Aa 8.40 ± 0.19 Aa 8.33 ± 0.12 Aa 

0.5 7.83 ± 0.20 Ba 7.84 ± 0.12 Ba 7.65 ± 0.05 Ba 

1 7.82 ± 0.22 BCa 7.77 ± 0.15 BCa 7.52 ± 0.05 Ba 

2 7.61 ± 0.03 BCDa 7.62 ± 0.12 BCDab 7.47 ± 0.03 Bb 

3 7.58 ± 0.06 CDa 7.47 ± 0.07 CDa 7.52 ± 0.08 Ba 

5 7.46 ± 0.17 DEa 7.34 ± 0.20 DEa 7.42 ± 0.26 BCa 

7 7.23 ± 0.06 Ea 7.08 ± 0.27 Ea 7.16 ± 0.27 Ca 

Bell peppers 

0 8.21 ± 0.11 Aa 8.29 ± 0.04 Aa 8.38 ± 0.37 Aa 

0.5 7.75 ± 0.15 Ba 7.72 ± 0.03 a 7.84 ± 0.14 Ba 

1 7.70 ± 0.15 BCa 7.62 ± 0.07 BCa 7.84 ± 0.14 Ba 

2 7.45 ± 0.06 Da 7.47 ± 0.13 CDa 7.41 ± 0.08 Ca 

3 7.48 ± 0.13CDa 7.30 ± 0.17 DEa 7.31 ± 0.05 Ca 

5 7.05 ± 0.21 Ea 7.27 ± 0.06 Ea 7.35 ± 0.09 Ca 

7 6.86 ± 0.07 Fa 6.93 ± 0.11 Fab 7.14 ± 0.16 Cb 
aSurvival populations are expressed as means ± standard deviations from three replications. Mean values with different 

uppercase letters within the same column for each sample are significantly different (P < 0.05). Mean values with 

different lowercase letters within the same row are significantly different (P < 0.05).
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Meanwhile, this study assumes that Spindle technology solely provides a 

detachment effect and that pathogens can only be inactivated by 222-nm KrCl 

excilamp treatment after being released into tap water from sample surfaces 

by means of Spindle technology. However, if the Spindle also exhibits an 

intrinsic inactivation effect on pathogens, the actual decontamination principle 

of the Spindle and 222-nm KrCl excilamp (Sp-Ex) combined system should 

be considered different from what is assumed in this study. Therefore, in order 

to identify the actual decontamination principle of Sp-Ex, the decontamination 

effect of the Spindle was examined using apples and bell peppers as model 

foods. As shown in Table III-2, Spindle treatment for 0.5 min resulted in 1.59, 

1.64, and 1.71 log reductions of E. coli O157:H7, S. Typhimurium, and L. 

monocytogenes on apple surfaces, respectively. In the case of bell peppers, 

Spindle treatment for 0.5 min resulted in 1.68, 1.83, and 1.69 log reductions 

of E. coli O157:H7, S. Typhimurium, and L. monocytogenes, respectively. For 

both model foods, however, Spindle treatment did not achieve significant (P 

> 0.05) further pathogen reductions despite treatment exceeding 0.5 min. For 

both apples and bell peppers, levels of pathogens released into tap water during 

Spindle treatment were not significantly (P > 0.05) different from initial 

sample pathogen levels. From this result that pathogens in tap water were not 

inactivated, it can be inferred that recontamination of the samples occurred 

due to a high concentration of dispersed pathogens in tap water following 
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spindle treatment. This caused pathogen populations on sample surfaces to not 

decrease even with increasing treatment time. That is, it can be considered that 

Sp-Ex operates according to the principle assumed in my study because the 

Spindle has been shown to be a technology for detaching pathogens on 

surfaces without exhibiting any inactivation effect. Failure to effectively 

reduce pathogens on samples is a typical limitation when washing with water 

only, and pathogens surviving in tap water can cause more serious problems 

throughout fresh produce processing lines by means of cross-contamination 

(Selma et al., 2008). Therefore, effective control of pathogens released into 

the washing solution during fresh produce washing is of great importance in 

preventing cross-contamination as well as reducing pathogens on the sample 

surface (FDA, 2007).  
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Table III-2. Survival populationsa [Log CFU/(sample or 250 ml)] of Escherichia coli O157:H7, Salmonella 

Typhimurium, and Listeria monocytogenes on sample surfaces and in tap water after Spindle treatment 

Treatment 

sample 

Treatment 

time (min) 

Pathogen 

E. coli O157:H7 S. Typhimurium L. monocytogenes 

Sampleb Tap waterc Sample Tap water Sample Tap water 

Apples 

0 8.16 ± 0.08 Aa - 8.24 ± 0.18 Aa - 8.20 ± 0.14 Aa - 

0.5 6.57 ± 0.20 Ba 7.88 ± 0.14 Aa 6.60 ± 0.15 Ba 7.91 ± 0.17 Aa 6.49 ± 0.25 Ba 7.99 ± 0.13 Aa 

1 6.60 ± 0.18 Ba 7.90 ± 0.16 Aa 6.51 ± 0.11 Ba 7.95 ± 0.17 Aa 6.61 ± 0.12 Ba 7.93 ± 0.19 Aa 

2 6.57 ± 0.17 Ba 7.91 ± 0.21 Aa 6.50 ± 0.16 Ba 7.95 ± 0.13 Aa 6.50 ± 0.12 Ba 8.03 ± 0.13 Aa 

3 6.49 ± 0.14 Ba 7.96 ± 0.14 Aa 6.44 ± 0.16 Ba 8.10 ± 0.15 Aa 6.44 ± 0.13 Ba 8.06 ± 0.13 Aa 

5 6.45 ± 0.16 Ba 7.99 ± 0.14 Aa 6.41 ± 0.17 Ba 8.10 ± 0.15 Aa 6.44 ± 0.15 Ba 8.15 ± 0.07 Aa 

7 6.48 ± 0.15 Ba 8.04 ± 0.19 Aa 6.45 ± 0.12 Ba 8.12 ± 0.15 Aa 6.37 ± 0.26 Ba 8.14 ± 0.12 Aa 

Bell 

peppers 

0 8.12 ± 0.11 Aa - 8.32 ± 0.09 Aa - 8.24 ± 0.16 Aa - 

0.5 6.44 ± 0.13 Ba 7.95 ± 0.15 Aa 6.49 ± 0.15 Ba 7.98 ± 0.21 Aa 6.55 ± 0.15 Ba 8.04 ± 0.13 Aa 

1 6.41 ± 0.19 Ba 7.87 ± 0.41 Aa 6.32 ± 0.20 Ba 7.97 ± 0.20 Aa 6.48 ± 0.15 Ba 8.04 ± 0.26 Aa 

2 6.42 ± 0.09 Ba 7.97 ± 0.29 Aa 6.43 ± 0.07 Ba 8.00 ± 0.22 Aa 6.48 ± 0.16 Ba 8.01 ± 0.14 Aa 

3 6.44 ± 0.17 Ba 7.93 ± 0.40 Aa 6.33 ± 0.12 Ba 8.06 ± 0.19 Aa 6.44 ± 0.17 Ba 8.09 ± 0.15 Aa 

5 6.42 ± 0.18 Ba 7.96 ± 0.29 Aa 6.42 ± 0.10 Ba 8.04 ± 0.16 Aa 6.41 ± 0.10 Ba 8.01 ± 0.15 Aa 

7 6.41 ± 0.26 Ba 8.04 ± 0.26 Aa 6.38 ± 0.13 Ba 8.08 ± 0.19 Aa 6.51 ± 0.12 Ba 8.05 ± 0.20 Aa 
aSurvival populations are expressed as means ± standard deviations from three replications. Mean values with different 

uppercase letters within the same column for each sample are significantly different (P < 0.05). Mean values with 

different lowercase letters within the same row for sample or tap water are significantly different (P < 0.05). 
bLog surviving population of pathogen on sample surface (Log CFU/sample). 
cLog surviving population of pathogen in tap water (Log CFU/250 ml).
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The decontamination effect of Sp-Ex treatment. To address the 

aforementioned issues, despite inadequate pathogen inactivation of apple and 

bell pepper surfaces using single 222-nm KrCl excilamp or Spindle treatment, 

I attempted to control the pathogens on the model foods by combining the 222-

nm KrCl excilamp, which effectively inactivated pathogens in solution, and 

the Spindle, which is a technology to detach microorganisms from sample 

surfaces. Fig. III-2 depicts surviving populations of E. coli O157:H7, S. 

Typhimurium, and L. monocytogenes on sample surfaces or in the washing 

solution during treatment with the Sp-Ex. Initial populations of E. coli 

O157:H7, S. Typhimurium, and L. monocytogenes on samples were 

approximately 108 CFU/sample and there were no significant (P > 0.05) 

differences in initial population regardless of pathogen species or samples, and 

the limit of detection was 2.0 log CFU/sample. The Sp-Ex treatment showed 

a decontamination effect against pathogens on both apple and bell pepper 

surfaces, and cell levels were significantly (P < 0.05) decreased with 

increasing treatment time. In case of apples, specifically, counts of E. coli 

O157:H7 and S. Typhiumurium were reduced to below the detection limit and 

that of L. monocytogenes was reduced by 4.20 log CFU/sample at 5 min Sp-

Ex treatment. In case of bell peppers, counts of E. coli O157:H7 and S. 

Typhiumurium were reduced to below the detection limit and that of L. 

monocytogenes by 4.26 log CFU/sample at 2 min treatment.  
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 Individual Spindle treatment detached and dispersed high levels of 

pathogenic cells into the washing solution which were substantially reduced 

by the Sp-Ex treatment component. This is because pathogens released into 

the washing solution by the Spindle were inactivated by UV treatment. In the 

case of apples, specifically, surviving cells of E. coli O157:H7 and S. 

Typhimurium in washing solution were not detected (detection limit = 2.40 

log CFU/250 ml) at 0.5 min Sp-Ex treatment and those of L. monocytogenes 

after 2 min. In the case of bell peppers, surviving cells of E. coli O157:H7 and 

S. Typhimurium in the washing solution were not detected at 0.5 min Sp-Ex 

treatment and those of L. monocytogenes were not detected after 1 min. 

Therefore, the Sp-Ex showed the decontamination effect by the principle that 

Spindle treatment detaches pathogens from sample surfaces and disperses 

them into the washing solution where they are inactivated by simultaneous 

222-nm KrCl excilamp treatment.  
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Fig. III-2. Survival populations [Log CFU/(sample or 250 ml)] of 

Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria 

monocytogenes on sample surface or in washing solution (Tap water; TW) 

treated with the Spindle in combination with a 222-nm KrCl excilamp. 

Target samples are (A) apples and (B) bell peppers, respectively. The error 

bars indicate standard deviations calculated from triplicates.  
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Factors affecting decontamination effect of the Sp-Ex. From my results of 

investigating the decontamination effect of the Sp-Ex, it was found that its 

efficacy depended on certain factors. Firstly, the decontamination effect of the 

Sp-Ex varied depending on the type of pathogen. As shown in Fig. III-2, for 

both apple and bell pepper surfaces, there was no significant (P > 0.05) 

difference in the numbers of surviving cells between E. coli O157:H7 and S. 

Typhimurium but L. monocytogenes survivors were significantly more 

numerous (P < 0.05) than the others at the same treatment time. In other words, 

L. monocytogenes showed higher resistance than E. coli O157:H7 and S. 

Typhimurium, and E. coli O157:H7 and S. Typhimurium showed similar 

resistance to the Sp-Ex. Based on my previous study (2018) that found that 

gram-positive bacteria have a thicker cell wall than gram-negative bacteria and 

thus are more resistance to 222-nm KrCl excilamp, it can be suggested that L. 

monocytogenes has the greatest resistance to Sp-Ex because the gram-positive 

L. monocytogenes are most resistance to 222-nm KrCl excilamp. Indeed, S. 

Typhimurium and E. coli O157:H7 were not detected in tap water during Sp-

Ex treatment, whereas L. monocytogenes was detected in tap water until 1 min 

treatment (Fig III-2), and thus it can be considered that the decontamination 

effect of Sp-Ex was the lowest for the L. monocytogenes because the surviving 

L. monocytogenes is cross-contaminated with the sample. However, since the 

cell concentration of the detached L. monocytogenes was much less than the 
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cell concentration on the sample (> 3-log), the cross-contamination caused by 

the difference in resistance to 222-nm KrCl excilamp is not the cause of 

resistance difference between pathogenic bacteria against Sp-Ex. Instead, I 

hypothesized that differences in the adhesion force of microbes on fresh 

produce surfaces depending on the species of pathogen caused differences of 

resistance to Sp-Ex treatment because this system operates on the principle 

that pathogens can be inactivated mainly when they are detached from the 

sample surface, thus detaching ability is directly related to the 

decontamination effect. Attachment characteristics of microorganisms to 

surfaces are affected by various factors such as flagella and fimbriae, 

extracellular polysaccharides as well as bacterial hydrophobicity and surface 

charge (Frank, 2001; Huang and Nitin, 2017; Ukuku and Fett, 2002). 

Especially, several studies have reported that cell surface hydrophobicity has 

a major effect on microbial attachment to solid-liquids (Gibbons and Etherden, 

1983; Huang and Nitin, 2017). Therefore, I postulated that the degree of 

microorganism attachment to food surfaces during water immersion under the 

treatment conditions of this system would be mainly affected by cell 

hydrophobicity because the Sp-Ex has the ability to detach microorganisms 

from surfaces of samples suspended in tap water. Generally, hydrophobic cells 

exhibit stronger surface adhesion properties than hydrophilic cells due to 

hydrophobic interaction (Ong et al., 1999; Van Loosdrecht et al., 1987; Van 
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Oss et al., 1986). Okuku and Fett (Ukuku and Fett, 2002) demonstrated that 

bacterial cell hydrophobicity was highly correlated with the ability of bacteria 

to resist washing off canteloupe surfaces with water. As shown in Table III-3, 

cell surface hydrophobicities (%) of E. coli O157:H7, S. Typhimurium, and L. 

monocytogenes were 7.39, 6.15, and 21.14, respectively. The hydrophobicity 

level of L. monocytogenes was significantly (P < 0.05) the highest, and those 

of E. coli O157:H7 and S. Typhimurium were not significantly (P > 0.05) 

different. This result is consistent with the tendency of pathogen reduction 

using the Sp-Ex. In other words, the higher the cell surface hydrophobicity of 

the pathogen, the greater the resistance to Sp-Ex detrachment. Therefore, it 

can be interpreted that pathogens which exhibit higher cell surface 

hydrophobicity show greater resistance to Sp-Ex treatment because they are 

more strongly attached to fresh produce surfaces and thus less detached by 

spindle treatment, resulting in fewer cells undergoing UV treatment in tap 

water.  
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Table III-3. Cell surface hydrophobicity (%) of Escherichia coli O157:H7, 

Salmonella Typhimurium, and Listeria monocytogenes from MATH assay 

Pathogens E.coli O157:H7 S. Typhimurium L. monocytogenes 

Hydrophobicity 

(%)a 
7.39 ± 1.17 A 6.15 ± 0.73 A 21.14 ± 4.87 B 

Values are means ± standard deviations from three replications. Mean values 

with different uppercase letters are significantly different (P < 0.05).  
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Secondly, the decontamination effect of the Sp-Ex varies depends on the type 

of food as well as pathogen. Overall, the Sp-Ex showed a significantly (P < 

0.05) greater reduction effect on cells attached to bell pepper surfaces than to 

those on apple surfaces for the same type of pathogen and treatment time. 

Surface attachment of microorganisms is affected not only by microorganism 

properties but also by the physicochemical characteristics of the sample 

surface (Tang et al., 2009). Among them, surface hydrophobicity and surface 

roughness are the main factors mediating microbial adhesion (Quirynen and 

Bollen, 1995). Wang et al. (2009) found that the surface roughness and 

attachment rate of E. coli O157:H7 showed a positive linear correlation when 

washing E. coli O157:H7 on four types of fruit surfaces exhibiting different 

roughness (Wang et al., 2009). In addition, several studies have reported that 

bacterial adhesion increases with increasing surface hydrophobicity (Grivet et 

al., 2000; Sinde and Carballo, 2000; Teixeira and Oliveira, 1999). Thus, based 

on these factors, I quantified and compared the surface roughness and surface 

hydrophobicity between apples and bell peppers. The two-dimensional 

parameter, surface roughness, is quantified as Ra value, which is the 

arithmetical mean deviation of the height profile. Surface hydrophobicity was 

also quantified by the contact angle formed between a water droplet and the 

surface of the sample. When comparing surface roughness, there was no 

significant (P > 0.05) difference in the Ra value between apples and bell 
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peppers (data not shown). This means that surface roughness does not cause a 

difference in the decontamination effect of the Sp-Ex because these two 

samples have similar surface roughness characteristics. Meanwhile, when the 

hydrophobicity of each surface was quantified by the contact angle, apple and 

bell pepper surfaces had 92.82o and 70.01o values, respectively, and the 

contact angle value of the apple surface was significantly (P < 0.05) larger 

than that of the bell pepper surface (Fig. III-3). The degree of contact angle is 

positively proportional to the degree of hydrophobicity of the surface. 

Therefore, it can be interpreted that the decontamination effect of the Sp-Ex 

for apple surfaces is lower than that for bell pepper surfaces because the 

attachment strength of pathogens on apple surfaces is greater due to the higher 

hydrophobic interaction of pathogens with apple surfaces. From these findings, 

I expected that a strategy to reduce the attachment strength of pathogens could 

enhance the decontamination effect of this combination system. In particular, 

establishing this strategy is crucial because it can eventually reduce processing 

time and ensure greater food safety.  
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(A) 

 
(B) 

 
Fig. III-3. Photograph of a water droplet and its contact angle on (A) 

apple and (B) bell pepper surfaces.  

Contact angle values are means ± standard deviations from three replications. 

There was a significant difference (P < 0.05) in contact angle values between 

apple and bell pepper surfaces.  

Contact angle = 92.82 ± 4.90o 

Contact angle = 70.01 ± 1.34o 
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Enhanced decontamination effect of the Sp-Ex by adding surfactant. 

Since surfactants have both a hydrophobic and a hydrophilic group, altering 

the surface properties of liquids at the liquid-solid interface, surfactants can 

reduce the interfacial tension between a liquid and a solid (Banat et al., 2000; 

Mukherjee and Das, 2010). Thus, water containing surfactants has a lower 

interfacial tension and is spread more easily to solid surfaces (Predmore and 

Li, 2011). In particular, Paul and Jeffrey (Paul and Jeffrey, 1985a, b) reported 

that surfactants led to decreasing hydrophobic interaction associated with 

bacterial attachment based on properties of surfactants. In many studies, based 

on this principle, surfactants have been applied to various decontamination 

techniques such as chlorine (Bastos et al., 2005; Keskinen and Annous, 2011; 

Predmore and Li, 2011; Xiao et al., 2011), ozone (And and Yousef, 2001), 

organic acid (Fransisca and Feng, 2012; Kang and Song, 2015; Sapers et al., 

1999), hydrogen peroxide (Sapers et al., 1999), and ultrasound (Sagong et al., 

2013) washing to enhance the decontamination effect by promoting the 

detachment of pathogens on fresh produce surfaces. In this study, I found that 

the degree of attachment through the hydrophobic interaction between 

pathogens and the sample surface is a primary factor affecting the 

decontamination effect of the Sp-Ex. Thus, I expected that the application of 

surfactant to Sp-Ex combination treatment will improve the detachment effect 

on pathogens on sample surfaces so that the decontamination effect will be 
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enhanced by increasing the number of suspended pathogenic cells to be treated 

with UV in tap water. Accordingly, I tried to confirm this hypothesis. 

Polysorbates such as TWEEN 20, 40, 60, 80, and 85, which are nonionic 

surfactants and generally recongnized as safe (GRAS) (Predmore and Li, 2011) 

are in common use, and among those, 0.1 % TWEEN 20 was selected and 

used in this study because it facilitated the greatest pathogen reductions when 

combined with ultrasound in the study of Sagong et al. (2013). As shown in 

Fig. III-4, Sp-Ex treatment containing 0.1% TWEEN 20 significantly (P < 

0.05) reduced pathogens remaining on apple and bell pepper surfaces 

compared with Sp-Ex treatment without incorporation of TWEEN 20 (FIG. 2). 

Specifically, Sp-Ex treatment containing TWEEN 20 reduced E. coli O157:H7 

and S. Typhimurium on apple surfaces to below the detection limit with 2 min 

treatment and reduced L. monocytogenes to below the detection limit with 7 

min treatment, whereas, at the same treatment times (2 min for E. coli 

O157:H7 and S. Typhimurium, and 7 min for L monocytogenes), Sp-Ex 

treatment without TWEEN 20 left 3.60, 3.80, and 3.78 log of E. coli O157:H7, 

S. Typhimurium, and L. monocytogenes, respectively, remaining on apple 

surfaces. In the case of bell peppers, Sp-Ex treatment containing TWEEN 20 

reduced E. coli O157:H7 and S. Typhimurium to below the detection limit 

after 1 min treatment and reduced L. monocytogenes to below the detection 

limit following 7 min treatment, whereas, at the same treatment times (1 min 
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for E. coli O157:H7 and S. Typhimurium and 7 min for L monocytogenes), 

Sp-Ex treatment without TWEEN 20 left 3.24, 3.04, and 2.72 log of E. coli 

O157:H7, S. Typhimurium, and L. monocytogenes, respectively, remaining. 

In accord with my expectation, therefore, application of a surfactant to Sp-Ex 

treatment can lead to an improvement in its decontamination effect based on 

the principle that surfactants weaken adhesion between pathogens and fresh 

produce surfaces through hydrophobic interaction, thus increasing the 

detachment effect of the Spindle, resulting in an enhanced decontamination 

effect due to increased numbers of pathogen cells in aqueous suspension 

subject to UV inactivation in tap water.  
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Fig III-4. Survival populations [Log CFU/(sample or 250 ml)] of 

Escherichia coli O157:H7, Salmlonella Typhimurium, and Listeria 

monocytogenes on sample surfaces or in washing solution (Tap water; TW, 

+ 0.1 % TWEEN 20) treated with the Spindle in combination with a 222-

nm KrCl excilamp. Target samples were (A) apples and (B) bell peppers, 

respectively. The error bars indicate standard deviations calculated from 

triplicates. 
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Effect of the Sp-Ex on apple and bell pepper quality. It is necessary to 

assess changes in quality during storage before commercial application of the 

Sp-Ex can occur. UV irradiation from a 222-nm KrCl excilamp applied to the 

sample surface potentially could cause visible damage, and the Spindle could 

possibly affect sample texture because it acts mechanically on the sample to 

detach pathogens from the sample surface. Thus, I measured color and texture 

changes of samples surfaces to examine the effect of combination system 

treatment on apple and bell pepper quality. For color and texture change 

analysis of the sample, Sp-Ex treatment with or without 0.1 % TWEEN 20 

was applied for the time interval in which L. monocytogenes, the pathogen of 

greatest resistance, was reduced to below the detection limit and then Hunter’s 

color values (L*, a*, b*) and maximum load value (g) which represents 

hardness of the sample were compared between untreated controls and 

samples treated with the Sp-Ex during storage at 4oC for 7 days. Results 

demonstrated that there were no significant (P > 0.05) differences in either 

color or maximum load values between the controls and treated samples 

within those 7 days (data not shown). Therefore, these results indicate that the 

Sp-Ex effectively reduces pathogens without generating visible or texture 

damage to apples and bell peppers. 

 

CONCLUSION 
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The findings obtained from this study suggest that the combination system 

consisting of the Spindle and 222-nm KrCl excilamp is a method that 

effectively reduces pathogens on apple and bell pepper surfaces by the 

principle that pathogens on sample surfaces are detached by the Spindle and 

simultaneously inactivated by the 222-nm KrCl excilamp. Therefore, this 

result supports the possibility that the Sp-Ex can be applied to apple or bell 

pepper processing to effectively control pathogens instead of conventional 

washing with sanitizers. Furthermore, since addition of a surfactant to weaken 

the hydrophobic interaction between pathogens and sample surfaces helps to 

improve the decontamination effect of the Sp-Ex, if a surfactant is 

incorporated into Sp-Ex processing, it is expected that not only an 

improvement in productivity by reducing the processing time but also an 

enhancement in safety by increasing the decontamination effect of the Sp-Ex 

can be achieved.  

As shown in Fig. III-1, the Sp-Ex used in this study was a small-sized 

experimental device, and its effect was verified at the laboratory-scale for 

samples with an area of 10 cm2. However, for practical application, a scaled-

up or pilot-scale system should be developed and the decontamination effect 

on samples, such as whole fresh produce, processed under commercial 

conditions should be investigated. In this case, since the system capacity, the 

volume of the solution, the power of the motor, the number and size of the 
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sample may affect the decontamination effect, for effective application, 

optimization studies should be performed considering these factors. In 

addition, since the contaminants of the sample are detached into tap water by 

the Spindle treatment and the tap water can become turbid, and thus the control 

effect of UV decreased as the turbidity increase, the decontamination effect of 

Sp-Ex can be influenced by the turbidity of the tap water changed by the 

Spindle treatment. Indeed, the water-assisted UV processing with a similar 

concept to Sp-Ex also showed that the decontamination effect decreases with 

increasing water turbidity (Liu, Li, et al., 2015). Therefore, further studies that 

exmaine the decontamination effect of Sp-Ex on tap water turbidity are need 

to be performed. Meanwhile, in this study, apples and bell peppers, which are 

vulnerable to contamination by pathogenic bacteria and thus implicated in 

numerous foodborne disease outbreaks (Alwi and Ali, 2014; Baskaran et al., 

2013; Buchanan et al., 1999; Burnett and Beuchat, 2001; Gunes and Hotchkiss, 

2002; León-Félix et al., 2010), were selected as representative target foods, 

and the decontamination effects on these samples were verified. In order for 

the Sp-Ex to be widely applied to fresh produce processing, however, it is also 

necessary to identify its applicability with various other kinds of fresh produce 

besides apples and bell peppers such as sprouts or leafy vegetables frequently 

involved in foodborne disease outbreaks (Dechet et al., 2014; Herman et al., 

2015).  
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Consequently, in order for the Sp-Ex system developed in this study to be 

effectively applied by industry, it is essential to develop a scaled-up system 

that can be applied in practice and to optimize this system by studying the 

deconmtaination effect considering various factors and sample types through 

further research.  
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국문 초록 

 

유엔 환경 계획 (the United Nations Environment Program, 

UNEP)이 수은의 사용을 점차적으로 없애기 위해 2020 년부터 

발효되는 미나마타 협약을 체결함에 따라, 기존의 수은을 함유하는 

자외선 (Ultraviolet, UV) 램프를 대체하기 위한 새로운 자외선 

조사 시스템의 적용이 필요한 실정이다. 현재, 유전체 장벽 방전 

(Dielectric barrier discharge, DBD) 구동 엑시머 램프는 파장 

선택성, 긴 수명, 빠른 예열, 높은 방사 세기 및 수은 부재의 

특징으로 향후 수은 램프를 대체할 잠재적인 대안 기술로 

여겨지고 있다. 본 논문에서는, 식중독균을 제어하는 기술로써 

222-nm 크립톤-염소 (KrCl) 엑시머 램프의 적용 가능성을 

확인하였으며, 구체적인 목표는 (i) 식중독균에 대한 222-nm 

KrCl 엑시머 램프의 저감화 메커니즘 규명, (ii) 주스 내 식중독균 

제어를 위한 222-nm KrCl 엑시머 램프 적용, (iii) 농산물 표면 

위 식중독균 제어를 위한 222-nm KrCl 엑시머 램프 적용이다. 
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222-nm KrCl 엑시머 램프의 저감화 기작은 몇가지 세포 

손상을 분석함으로써 조사되었다. 222-nm KrCl 엑시머램프는 

세포막 손상을 탈분극의 형태로 유도하는 것으로 나타났다. 이 

형태의 세포막 손상은 세포막 전위 발생과 관련이 있는 효소의 

불활성화 및 세포막의 지질과산화에 의해 유도되었다. 비록 254-

nm 수은 자외선 램프에 의한 데미지 보다는 적었지만, 222-nm 

KrCl 엑시머 램프는 DNA 에도 데미지를 발생시켰다. 광반응을 

일으키는 자외선의 직접적인 흡수는 세포 손상을 유도하는 원인 

중 하나 될 수 있다. 더하여, 222-nm 의 활성산소 (reactive 

oxygen species, ROS)의 생성과 이에 따른 2 차적 손상의 발생 

또한 세포 손상을 유도하는 또 다른 원인이 될 수 있다. 

222-nm KrCl 엑시머램프의 기본적인 저감화 원리를 이해하고 

난 후, 이 기술을 식품 내 식중독균 제어를 위해 적용하여 보았다.  

우선, 주스 내 병원성균에 대한 222-nm KrCl 엑시머램프의 

저감화 효과를 평가하였다. 이 때, 주스의 낮은 pH 조건이 

식중독균에 산 적응 반응 (acid adaptation response)을 유도하여 

222-nm KrCl 엑시머램프 처리에 대한 저항성 변화를 일으키는지 

여부를 조사하였다. 산에 적응된 식중독균과 산에 적응되지 않은 
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식중독균 (Escherichia coli O157:H7, Salmonella 

Typhimurium)은 염산 (HCl)으로 pH 가 5.0 으로 조절된 

덱스트로스가 없는 트립톤 소이 배지 (Tryptone soy broth 

without dextrose, TSB w/o D)와 pH 7.3 의 TSB w/o D 에 각각 

성장시켜 유도하였다. 사과주스 내의 산에 적응된 식중독균에 대한 

222-nm KrCl 엑시머램프의 D5d값 [5-log 감소를 달성하기 위해 

필요한 에너지 투입량 (mJ/cm2)]은 산에 적응되지 않은 

식중독균에 대한 D5d 값보다 유의적으로 (P < 0.05) 더 큰 값을 

나타내었다. 기작 규명을 통해서, 세포막의 포화지방산에 대한 

불포화지방산의 비율 (불포화지방산/포화지방산)이 산 적응의 

결과로 유의적 (P < 0.05)으로 감소하였기 때문에, 산성 적응 

식중독균의 세포막에서 222-nm KrCl 엑시머램프 처리에 의한 

세포막 파괴를 유도하는 지질 과산화의 생성이 산에 적응되지 

않은 식중독균의 세포막에서보다 유의적으로 (P < 0.05) 더 적게 

발생한 것을 확인하였다. 산 적응으로 식중독균의 저항성이 

증가하였지만, 222-nm KrCl 엑시머램프는 사과주스의 품질 변화 

없이 산 적응 식중독균을 5-log 감소 시켰다. 
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주스 산업에서 222-nm KrCl 엑시머 램프가 더욱 효과적으로 

활용될 수 있게 하기 위해서, 조합 기술을 222-nm KrCl 엑시머 

램프에 적용하여 보았다. 이 때, 222-nm KrCl 엑시머 램프는 온열 

(mild heating) 처리와 조합되었으며, 식중독균에 대한 이 조합 

처리의 제어 효과를 조사하였다. 45, 50, 또는 55oC 의 온열 처리와 

222-nm KrCl 엑시머 램프의 동시 처리는 사과 주스 내의 산 

적응 식중독균에 대해서 상승적 (synergistic) 저감화 효과를 

나타내었다. 이 조합 처리의 상승적 저감화 기작은 몇가지 분석을 

통해 규명되었으며, 다음과 같이 설명될 수 있다. (1) 222-nm 

KrCl 엑시머 램프와 온열이 동시에 처리될 때, 온열 처리는 

슈퍼옥사이드 디스뮤테이즈 (superoxide dismutase, SOD)를 

가역적으로 불활성화 시켜 222-nm KrCl 엑시머 램프가 생성하는 

ROS 의 축적을 증가시켜 상승적 ROS 발생을 유도한다. (2) 

ROS 의 상승적 생성은 세포막에서 지질 과산화의 상승적 발생을 

일으킨다. (3) 세포막의 지질 과산화의 상승적 발생은 세포막의 

상승적 파괴로 이어져 결국 세포의 상승적 사멸을 유도한다. 45, 

50, 또는 55oC 의 온열 처리와 222-nm KrCl 엑시머 램프의 조합 
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처리가 산에 적응된 식중독균을 5-log 감소시키는 동안 

사과주스의 유의적인 (P > 0.05) 품질 변화는 나타나지 않았다. 

두번째로, 222-nm KrCl 엑시머 램프의 신선농산물 (사과 및 

파프리카) 표면의 식중독균에 대한 제어 효과를 조사하였다. 

자외선의 투과율이 낮아 사과 및 파프리카 표면의 병원성균에 

대한 222-nm KrCl 엑시머 램프의 저감화 효과는 1.5 log 

미만이었다. 이러한 한계를 극복하기 위해, 샘플 표면의 미생물을 

탈리하는 Spindle 과 222-nm KrCl 엑시머 램프를 결합하여 신선 

농산물을 세척하는 시스템 (Sp-Ex)을 개발하였으며, 이것의 

식중독균 제어 효과를 조사하였다. 식중독균 (E. coli O157:H7, S. 

Typhimurium, L. monocytogenes)의 초기 농도는 108 

CFU/sample 이었다. E. coli O157:H7 및 S. Typhimurium은 모두 

사과 및 파프리카 표면에서 각각 5 분 및 7 분 처리 후 검출 한계 

(= 2.0 log CFU/sample) 이하로 검출되었다.  사과 및 파프리카 

표면의 L. monocytogenes 는 7 분 처리 후에 각각 4.26 및 5.48 

log 감소하였다. Sp-Ex 의 식중독균 제어효과는 세포 표면의 

소수성뿐 아니라 샘플 표면의 소수성에 영향을 받으며, 이 

소수성이 증가할수록 Sp-Ex 의 제어 효과가 감소하였다. Sp-
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Ex 의 제어 효과를 향상시키기 위해서, 소수성 상호작용을 

약화시키는 계면활성제인 TWEEN 20 을 Sp-Ex 처리에 

적용하였다. 그 결과, 0.1 % TWEEN 20 의 첨가로 Sp-Ex 의 

식중독균 제어 효과가 유의적 (P < 0.05)으로 증가하는 것으로 

나타났다. 게다가, Sp-Ex 처리는 사과 및 파프리카를 7 일간 

보관하는 동안 유의적인 (P > 0.05) 품질 변화는 발생시키지 

않았다.  

결론적으로, 이 연구의 결과는 222-nm KrCl 엑시머 램프가 

식품 산업에서 식중독균을 제어하기 위한 수단으로 적용될 수 

있는 다양한 적용 전략을 제시한다. 또한, 제어 원리의 분석 

결과는 식품 산업 및 관련된 추후 연구에 유용한 기초 자료로 

활용될 수 있을 것으로 기대된다.  
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주제어: 자외선, 수은, 미나마타 협약, 222-nm KrCl 엑시머 램프, 

식중독균, 저감화 기작, 조합 기술, 신선 농산물, 주스, 산 적응, 

상승적 저감화 효과.  
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