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ABSTRACT

Although the low hydrogen ion concentration (pH) and water activity
(Ay) have a significant adverse effect on the survival of bacteria, there have
been several reports of foodborne outbreak caused such conditions. To
inactivate these foodborne pathogens, in this experiment, I investigated
inactivation efficacy using reactive oxygen species (ROS) using UVA-LED
as a light source and riboflavin under change of pH and A,,.

The wavelength of UVA-LED was 398 nm, and the riboflavin was
dissolved in an aqueous solution of 0.33 g/LL and the concentration of in
sample was diluted to 50 pmol/L for each experiment. The amount of light
was treated as 10 J/cmz, 20 J/cmz, 30 J/cm®. As a result of PBS sample,
combination treatment of UVA and riboflavin showed further inactivation
than UVA treatment in both E. coli O157:H7 and S. Typhimurium. As a
result of variation of riboflavin concentration test, E. coli O157:H7 was
confirmed to show an increased inactivation between 0.005 pmol/L and 0.05

umol/L, S. Typhimurium was confirmed to show an increased inactivation
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efficacy between 0.5 pmol/L and 5 pmol/L. It was confirmed that E. coli

O157:H7 is more sensitive to the increase of reactive oxygen species than S.

Typhimurium. And, I investigated the inactivation under changes of intrinsic

factor of food, pH, and A,,. When pH lowered, UVA treatment did not show

any further inactivation, but the further inactivation was confirmed in the

UVA-riboflavin combination treatment. In the case of Ay test, the

inactivation of UV A treatment was shown to increase as the Ay, lowered, and

the inactivation of UV A-riboflavin treatment was confirmed to decrease as

the Ay, lowered. In the apple juice, In E. coli O157:H7, the inactivation of

UVA treatment was confirmed to increase, and the inactivation of UVA-

riboflavin treatment was shown to decrease compared to the PBS treatment.

For S. Typhimurium, there was no difference from treatment in PBS. As a

result of measuring cell membrane damage, free radical species, and redox

potential using PI, DCFH-DiOxyQ, and ORP, the results showed same

tendency as inactivation result. In this study, it was found that all UVA-

riboflavin treatments had a further inactivation than UV A treatment.
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I. INTRODUCTION

The major bacterial causes of foodborne outbreaks are generally known to
be E. coli O157:H7, S. Typhimurium. The low acidity food has been
recognized to be an inhibitor against survival and growth of foodborne
pathogens, as well as the low A,, food. However, there were numerous
outbreaks related to low pH and low A, food (1, 4, 7, 24, 33), E. coli
O157:H7 has been shown to survive for several days in fresh juice (25). For
S. Typhimurium, not only survived, but also grew on chopped tomatoes even
though its relative low pH (4.0-4.5) (36). It has also been shown the ability
of E. coli O157:H7 and S. Typhimurium to grow on temperature-abused
fresh-cut mangoes (pH 4.2) (31). By April 2009, 714 persons infected with
the outbreak associated occurred in peanut butter associated with strain of
Salmonella Typhimurium have been reported from 46 states (10) Outbreaks
of salmonellosis occurred in low A,, food, such as snack, peanut butter, dried
coconut have been reported too (9).

To inactivate these pathogens, fruit juice is typically pasteurized by heating
juice to 92 °C to 105 °C for 15 to 30 s. But even heat treatment is effective
method to ensure the microbiological safety of fruit juices, it is
unrecommended because of thermal damage to sensory quality, long

processing times, high energy consumption, and low heating efficiency (25).
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To overcome these disadvantages, novel way to inactivate pathogens is
needed, as an alternative method.

Ultraviolet (UV), which consists of electromagnetic spectrum from 100 to
400 nm, is classified as UVA (315 to 400 nm), UVB (280 to 315 nm), and
UVC (100 to 280 nm) (34). Especially, some studies have investigated the
germicidal effects of UVA against bacteria (3, 8, 14). It has been reported
that UVA light inactivates the bacteria by creating reactive oxygen species
(e.g. HyO,, OH, O;) via the photosensitization of endogenous
photosensitizer (flavin, porphyrin, NAD/NADP"), resulting in oxidative
damage to DNA, whereas UVC directly causes DNA damage (3, 8, 14, 16,
30). UVA is generally thought to be a less bactericidal than UVC (16).
However, this limitation can be overcome through the reaction with
riboflavin.

Riboflavin, vitamin B,, is a yellowish compound present in most living
systems and granted as GRAS by FDA (32). Riboflavin can be easily
reduced and oxidized by accepting and donating hydrogen or an electron by
certain wavelength of light. When irradiated with visible or UVA light,
riboflavin can produce reactive oxygen species such as superoxide anion
radicals, singlet oxygen, hydroxy radical, and hydrogen peroxide in the

presence of atmospheric oxygen (11, 28). The objective of this study is

12



identifying the combination effect of UVA with riboflavin under various

conditions, using UVA-LED as a light-emitting source.
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II. MATERIALS AND METHODS

2.1. UVA-LED system

Four UVA-LED modules (LG Innotek Co., Seoul, Republic of Korea)
were connected to an electronic printed circuit board (PCB) to get a constant
electric current of 0.5 A from a DC power supply (TPM series; Toyotech,
Incheon, Republic of Korea). Four LED modules were arranged at center as
a distance of 2.1 cm from each other and placed at 4.5 cm distance between
the LEDs and a petri dish. This setting showed equal intensity throughout the
whole petri dish (55 mm diameter). The petri dish was located directly below
the LEDs to receive maximum UV exposure. The average peak wavelength

of the spectrum was 398 nm.

2.1.1 Irradiance measurement

Radiation intensities were measured by a spectrometer (AvaSpec-
ULS2048-USB2-UA-50; Avantes, Apeldoorn, Netherlands) calibrated for a
200 to 1100 nm range within the UV spectrum. To identify the irradiance at
the same distance between LEDs and the sample, an optical probe was
placed 4.5 cm above the LED and the peak irradiance, peak wavelength of

the spectrum was read. The petri factor which indicates the area of even
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distribution of irradiated light on a petri dish, was higher than 0.9, means a
nearly uniform exposure of the whole petri dish to UV treatment (5). To
calculate the petri factor, the probe scanned the surface of the petri dish
every 10 mm. The intensity of each point was divided by the maximum
intensity, and the petri factor was calculated as the average ratio of the
intensity. The maximum intensity value was multiplied by the petri factor to
obtain the corrected irradiance, which indicates the average fluence (UV

dose) rate

2.2. Bacterial suspension

Three strain of S. Typhimurium (DT 104, ATCC 19585, and ATCC 43971)
and E. coli O157:H7 (ATCC 35150, ATCC 43889, and ATCC 43890) were
obtained from Seoul National University (Seoul, South Korea). Stock
cultures were grown in tryptic soy broth (TSB; Difco, Becton, Dickinson and
Company, Sparks, MD, USA) and stored at -80 C in 70 ml TSB and 0.3 ml
of 50 % glycerol. Working cultures were gained by streaking bacteria in
stock into tryptic soy agar (TSA) and incubated at 37 C for 24 h and stored
at 4C. Each strain of S. Typhimurium and E. coli O157:H7 was cultivated in
5 ml of TSB at 37°C for 24 h in the shaking incubator. The pellet of bacteria

was collected by centrifugation (4000 X g at 4C for 20 min) and then

15



resuspended by 9 ml of 0.2 % peptone water (PW; Bacto, Becton, Dickinson
and Company, Sparks, MD, USA). Resuspended pellets were used in the
form of cocktail mixed culture of two pathogen, and the final concentration
of each strain of E. coli O157:H7 and S. Typhimurium was approximately

10" CFU/ml and 10® CFU/ml.

2.3. Sample preparation and inoculation

For control and UVA treatment in PBS, mixed-cultured cocktail (0.1 ml)
was inoculated into 4.9 ml of PBS. For riboflavin treatment and UVA-
riboflavin treatment in PBS, mixed-cultured cocktail (0.1 ml) was inoculated
into the mixture of 4.618 ml of PBS, and riboflavin solution(Vitamin B,;
SIGMA-ALDRICH, USA) was prepared by dissolving riboflavin in D.W. at
a concentration of 0.33 g/L (20), and 0.282 ml of riboflavin solution was
added to 4.718 ml of sample to adjust final concentration of riboflavin at 50
umol/L. To identify the effect of concentration of riboflavin, after
inoculating mixed-cultured cocktail (0.1 ml) into 4.618 ml of PBS, I diluted
0.282 ml of the riboflavin solution dissolved at a concentration of 0.33 g/L
by one tenth, adjusted the concentrations of 50 pumol/L, 5 umol/L, 0.5
umol/L, 0.05 pmol/L, 0.005 pmol/L and inoculated into the solution. For pH
test, I adjusted pH (pH 3 - 6) using pH meter (Seven multi 8603, Mettler

Toledo, Greifensee, Switzerland) by adding 6N-hydrochloric acid solution
16



(HCl; Samchun Chemical Co., Pyeongtaek-si, South Korea). And mixed-
cultured cocktail (0.1 ml) was inoculated into 4.9 ml of PBS at different pH
for control and UVA treatment, and mixed-cultured cocktail (0.1 ml) and
0.282 ml of riboflavin solution (0.33 g/L) was inoculated into the mixture of
4.618 ml of PBS at different pH for UVA-riboflavin and riboflavin treatment.
The concentration of riboflavin added to each sample was 50 umol/L. For Ay,
test, I adjusted Ay, (0.975, 0.950, 0.942) of D.W. by adding sucrose (MB Cell,
Seoul, Republic of Korea) (13) using A,, meter (AQUA Lab 4TE, Decagon
Inc., Pullman, WA). And a mixed-cultured cocktail (0.1 ml) was inoculated
into 4.9 ml of PBS at different Ay, for control and UVA treatment, and a
mixed-cultured cocktail (0.1 ml) and 0.282 ml of riboflavin solution (0.33
g/L) was inoculated into the mixture of 4.618 ml of PBS at different A, for
UVA-riboflavin treatment and riboflavin treatment. The concentration of
riboflavin added to each sample was 50 pumol/L. For apple juice test, apple
juice was purchased from a local grocery store. Mixed-cultured cocktail (0.1
ml) was inoculated into 4.9 ml of apple juice for control and UVA treatment,
and mixed-cultured cocktail (0.1 ml) and 0.282 ml or riboflavin solution
(0.33 g/L) was inoculated into the mixture of 4.618 ml of apple juice for
UVA-riboflavin treatment and riboflavin treatment. The concentration of

riboflavin added to each sample was 50 umol/L.
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2.4. UV treatment

Inoculated samples were treated with 398 nm UVA-LEDs at 0, 10, 20, 30
dosage at room temperature, 4.5 cm below the UVA-LEDs. The sample was
mixed continuously with a magnetic stirrer (HY-HS11; Hanyang Science,
Seoul, Republic of Korea). UVA-LED dosage were -calculated by

multiplying UVA-LED intensity by the irradiation time.

2.5. Bacterial cell enumeration

For bacterial enumeration, 1 ml of treated sample was obtained each
dosage. After then, 1 ml of sample were 10-fold serially diluted in 9 ml of
0.2% PW and 0.1 ml of sample or diluents were spread-plated onto selective
media. Sorbitol MacConkey agar (SMAC) (Difco) and Xylose lysine
deoxycholate (XLD) agar (Difco) were used as selective media for E. coli
O157:H7, S. Typhimurium, respectively. All plates were incubated at 37 C

for 24 h before counting the number of colonies.

2.6. Analyzing inactivation mechanism

2.6.1. Reactive oxygen species (ROS) measurement

18



To measure amount of ROS following treatment, DCFH-DiOxyQ
(dichlorodihydrofluorescein) fluorogenic probe which is a specific
ROS/RNS probe that is based on similar chemistry to the popular 2°, 7°-
dichlorodihydrofluorescein diacetate, of OxiSelect™ In Vitro ROS/RNS
Assay Kit (Green Fluorescence) was used. The DCFH-DiOxyQ probe is first
primed with a quench removal reagent, and subsequently stabilized in the
highly reactive DCFH form. In this reactive state, ROS and RNS species can
react with DCFH, which is rapidly oxidized to the highly fluorescent 2°, 7°-
dichlorodihydrofluorescein (DCF). Fluorescence intensity is proportional to
the total ROS/RNS levels within the sample.

After treatment, 50 pL of treated sample solution was transferred to 96-well
plate and add 50 pL of catalyst of the assay kit to each well. Incubate 5
minutes at room temperature, add 100 pL of DCFH solution to each well.
Cover the plate wells to protect them from light and incubate at room
temperature for 15-45 minutes. After that, read the fluorescence with a

spectrophotometer at 480 nm excitation and 530 nm emission.

2.6.2. PI uptake
To identify cell membrane damage, the fluorescent dye propidium iodine (PI;

Sigma-Aldrich, USA) was used to identify the viability of cell after treatment.
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PI, which can bind to nucleic acids (DNA and RNA) and emits fluorescence,
does not pass through the undamaged cell membrane. Using this, the degree
of viability loss can be identified by fluorescent value generated by PI
binding with nucleic acids through the PI uptake assay. Following treatments,
treated samples were incubated with PI solution at a final concentration of
2.9 uM for 15 min at 37 °C. After incubation, cells were collected by
centrifugation at 10,000 g for 10 min and washed twice with PBS, and
fluorescence was measured with a spectrofluorophotometer (Spectramax
M2e; Molecular Devices, CA, USA) at excitation/emission wavelengths of

535/617 nm for PI uptake assay.

2.6.3. Measurement of redox potential (ORP)

To identify the degree of oxidation, 5 ml of PBS was treated at 30 J/em?,
for control and UVA treatment. And the mixture of 4.718 ml of PBS and
0.282 ml of riboflavin was treated at 30 J/cm® for UVA-riboflavin treatment
and riboflavin treatment. The sample was transferred to 15 ml falcon tube
following treatment, and the ORP was measured by using pH meter (Seven
multi 8603, Mettler Toledo, Greifensee, Switzerland). The temperature was

constantly kept at room temperature because ORP is affected by temperature.
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2.6.4. Transmission electron microscopy

To identifying the morphological differences in E. coli O157:H7 between
each treatment, transmission electron microscopy (TEM) analysis was
performed. BPW containing E. coli O157:H7 was treated with UVA only
treatment, riboflavin treatment, and UVA and riboflavin combination
treatment and then centrifuged at 10,000 x g for 10 min. The cells were fixed
at 4 °C for 2 to 4 h in modified Karnovsky’s fixative containing 2 %
paraformaldehyde and 2 % glutaraldehyde in 0.05 M sodium cacodylate
buffer (pH 7.2). After primary fixation, each sample was centrifuged and
rinsed three times with 0.05 M sodium cacodylate buffer (pH 7.2) at 4 °C for
5 min. Cells were then fixed with 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer (pH 7.2) at 4 °C for 2 h, briefly washed three times with
distilled water at room temperature, and then stained overnight with 0.5%
uranyl acetate at 4 °C. After staining, each sample was rinsed three times
with distilled water. Samples were dehydrated at room temperature through a
graded ethanol series (10 min each) of 30%, 50%, 70%, 80%, and 90% and
three times at 100%. The transition was performed two times with 100%
propylene oxide at room temperature for 15 min. Then first, the cells were
infiltrated for 1 h with a 1:1 solution of propylene oxide and Spurr’s resin.

And cells were infiltrated for 1 h with a 1:2 solution of propylene oxide and
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Spurr’s resin. Following this, samples were placed into Spurr’s resin
overnight. The cells were then immersed in Spurt’s resin for 3 h as a final
step of infiltration and were polymerized at 70 °C for overnight.
Observations were carried out by using a transmission electron microscope

(Libra 120; Carl Zeiss, Oberkochen, Germany).

2.7. Statistical analysis

All experiments were replicated three times. The data were analyzed by
the analysis of variance (ANOVA) procedure of the Statistical Analysis
System (version 9.4, SAS Institute, Cary, NC), and mean values were
separated using Duncan’s multiple-range test. Significant differences were

determined at a significance level of p = 0.05.
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III. RESULTS

3.1. Emission spectrum of UVA-LED
All UVA-LED used in this study yielded similar voltage at each rated
current for 6.5 V. Spectral intensity of the UVA-LEDs on PCBs was

measured with a spectrometer; actual peak wavelengths was 398 nm.

3.2. Inactivation of foodborne pathogen in various conditions
3.2.1. Effect of inactivation in phosphate buffer solution (PBS)

The survival of E. coli O157:H7, S. Typhimurium in PBS following dose
of 10, 20, 30 J/em?® of UVA, riboflavin, and UVA - riboflavin combination
treatment is shown in Fig. 1. In the case of E. coli O157:H7, it was reduced
by 1.22 log CFU/ml following 30 J/cm” of UVA treatment, 0.36 log CFU/ml
following 30 J/cm? of riboflavin treatment, 6.36 log CFU/ml following 30
J/em?® of combination treatment, respectively. For S. Typhimurium, it was
reduced by 2.52 log CFU/ml following 30 J/cm?®of UVA treatment, 0.97 log
CFU/ml following 30 J/cm® of riboflavin treatment, 4.45 log CFU/ml
following 30 J/cm” of UVA - riboflavin treatment, respectively. There was

further inactivation with UVA-riboflavin treatment compared to UVA
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treatment, about 5 log CFU/ml and 2 log CFU/ml for E. coli O157:H7 and S.
Typhimurium, respectively. These results indicate that the higher UV dosage
increase the inactivation effect of UVA treatment and UVA-riboflavin

treatment significantly (p>0.05), but not significantly (p<0.05) increasing

with riboflavin treatment.
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Fig. 1. Survivals of (a) E. coli O157:H7 (b) S. Typhimurium in PBS,

after treatment with riboflavin and UVA irradiation, combination of UVA

and riboflavin with dosages of 10, 20, and 30 J/em?. The error bars indicate

standard deviations.
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3.2.2. Comparison of effect of inactivation between different concentration

of riboflavin

The inactivation efficacy of different initial concentration of riboflavin in
PBS when treated with UV A is shown in Figure 2. In the case of E. coli
O157:H7, the inactivation was significantly (p>0.05) increased from
between 0.005 umol/L and 0.05 umol/L of riboflavin, from 0.79 log CFU/ml
to 1.68 log CFU/ml. For S. Typhimurium, the inactivation was not increased
until 0.5 pmol/L, but increased significantly (p>0.05) from between 5
umol/L and 50 umol/L of riboflavin, from 2.49 log CFU/ml to 4.34 log
CFU/ml. This result indicates that the further inactivation of inactivation at E.
coli O157:H7 was observed from the between 0.005 pmol/L and 0.05
umol/L. but the further inactivation of inactivation at S. Typhimurium was

not observed until 5 umol/L.
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riboflavin and UVA irradiation with dosages of 30 J/cm?. The error bars

indicate standard deviations.
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3.2.3. Comparison of effect of inactivation between different pH

The effect of different initial pH of PBS is shown in Table 1. In the case
of E. coli O157:H7, there was no inactivation observed in riboflavin
treatment at all pH. And no significant (p < 0.05) additional inactivation
observed in UVA treatment between all pH. However, at the UVA-riboflavin
treatment, there was further inactivation according to pH. E. coli O157:H7
was reduced from 5.49 log CFU/ml (pH 6) to 7.01 log CFU/ml (pH 3) at 30
J/em® treatment. For S. Typhimurium, there was no inactivation in riboflavin
treatment at all pH. And no significant (p < 0.05) additional inactivation
observed in UVA treatment. And same as E. coli O157:H7, there was further
inactivation in UV A-riboflavin treatment, from 3.95 log CFU/ml (pH 6) to
5.28 log CFU/ml (pH 5). However, there was no increased inactivation since
pH 5. This result indicates that the range of pH 3-6 was not a factor causing
additional inactivation. But the inactivation tendency increased depending on

decreased pH in UV A-riboflavin treatment.
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Table 1. The log reduction of E. coli O157:H7, S. Typhimurium in PBS
at pH 3, 4, 5, 6 after treatment with UVA — LED, riboflavin, and
combination treatment. “ Data represent means + standard deviations from
three replications. Values followed by same uppercase letters within columns
per each dose and lowercase within rows per each pH are not significantly

different.
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3.2.4. Comparison of effect of inactivation between different water activity

(4,)

The effect of different initial Ay, in D.W. is shown Table 2. In the case of
E. coli O157:H7, there was no inactivation observed in riboflavin treatment
at all Ay,.. In UVA treatment, there was no additional inactivation according
to A,. However, the effect of inactivation decreased depends on Ay, from
7.51 log CFU/ml (Ay, = 0.975) to 3.22 log CFU/ml (A, = 0.942) at 30 J/em?
treatment in UV A-riboflavin treatment. For S. Typhimurium, there was no
inactivation in riboflavin treatment at all Ay,. In UVA treatment, inactivation
efficacy was not significantly increased (p < 0.05) at all A,,. And same as E.
coli O157:H7, the effect of inactivation decreased depending on decreased
Ay, from 4.93 log CFU/ml (Ay, = 0.975) to 3.43 log CFU/ml (A, = 0.942) at

30 J/cm? treatment in UVA — riboflavin treatment.
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Table 2. The log reduction of (a) E. coli O157:H7 (b) S. Typhimurium in
PBS at A, =0.942, 0.95, 0.975 after treatment with UVA-LED, Riboflavin,
and combination treatment. * Data represent means =+ standard deviations
from three replications. Values followed by same uppercase letters within
columns per each dose and lowercase within rows per each pH are not

significantly different.
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3.3. Inactivation of foodborne pathogens in apple juice

To identify the inactivation in actual food sample, the apple juice was
selected as sample and the results are shown in Fig 3. For E. coli O157:H7,
the inactivation was not estimated in riboflavin treatment. But the
inactivation in UVA treatment was 1.95 log CFU/ml at 30 J/cm?, and the
inactivation of UVA-riboflavin treatment was 3.40 log CFU/ml at 30 J/cm®.
For S. Typhimurium, there was no inactivation in riboflavin treatment, the
inactivation in UVA treatment was 2.65 log CFU/ml, and the inactivation in
UVA-riboflavin treatment was 4.12 log CFU/ml. This result shows that there
was further inactivation at apple juice. For E. coli O157:H7, the inactivation
in UVA treatment was increased in apple juice compared to PBS, but the
difference was less than 1 log CFU/ml. however the inactivation of UVA-
riboflavin treatment was decreased compared to PBS, almost 3 log CFU/ml.
For S. Typhimurium, there were no differences of inactivation in UVA

treatment and UV A-riboflavin treatment between PBS and apple juice

sample.
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3.4. Measurement of inactivation mechanism in various conditions
3.4.1. ROS measurement

Since the ROS is the main mechanism of the UV A-riboflavin
combination treatment, the amount of ROS in the treated sample was
measured by using DCFH-DiOxyQ, which can detect the ROS in the sample.
The normalizing data of measured ROS is shown in Fig 4. Fig 4a shows the
ROS production at the PBS sample. It shows that the amount of ROS
increased in UV A-riboflavin compared to other treatment. Fig 4b shows the
result of measured ROS by concentration of riboflavin. The results indicate
that ROS generation was not significantly (p>0.05) different until 0.5 umol/L.
But from the 5 umol/L, the amount of ROS increased by almost twice
compared to amount of 0.5 pmol/L. Fig 4c shows the ROS production
according to pH. The tendency of ROS generation in UVA treatment and
riboflavin treatment was not proportioned to change of pH. For UVA -
riboflavin treatment, however, the ROS generation increased accordance of
decreasing pH, which is consistent with the result of inactivation of E. coli
O157:H7 and S. Typhimurium in Table 1. Fig 4d shows the ROS production
by the change of Ay,. The normalized amount of ROS at the A,, = 0.950 and

Ay, = 0.975 is about 24 % higher than at A, = 0.942. And these difference
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amount of ROS support the result that bacterial inactivation was lower at the

A,, = 0.942 than A, = 0.950 and A, = 0.975
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3.4.2. Pl uptake assessment

The PI uptake value depending on the change of pH and A, is shown in
Fig 5. Fig 5a shows the result at PBS that the cell membrane was intact at the
riboflavin treatment, but membrane was damaged at UVA and UVA-
riboflavin treatment. However, the PI uptake value was higher at the UVA-
riboflavin treatment. Fig 5b shows the result accordance of pH. There was no
difference in membrane damage by change of pH, and also no additional cell
membrane damage in UVA treatment and riboflavin treatment. But in UVA-
riboflavin treatment, the cell membrane was damaged and depends on
decreasing of pH. This is consistent with the result that inactivation increased
when pH is lower in UV A-riboflavin treatment. Fig 5S¢ shows the result at
change of A,,. Cell membrane damage was not shown in the riboflavin
treatment but observed in the UVA treatment and UV A-riboflavin treatment.
However, the cell membrane damage accordance of A,, was observed in
UVA-riboflavin treatment. This is consistent with the result that bacterial

inactivation increased when A, is higher in UVA-riboflavin treatment.
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3.4.3. ORP measurement

The oxidative-inactivation potential (ORP) is shown in Fig 10. The
ORP is defined as the ratio between oxidant and reductant. When oxidizing
agent, e.g., ROS; increases, the ORP value increases and as the reducing
agent, e.g., scavenger; increases, the ORP value decreases (18). The ORP
value is shown in Fig 6. The ORP value of UVA single treatment was
significantly (p > 0.05) increased by 45 mv, and the value of riboflavin
treatment was slightly (p > 0.05) increased by 11 mv. For UVA-riboflavin
combination treatment, the value of ORP was significantly (p > 0.05)
increased by 83 mv, more than UVA treatment. This result indicated that
sample treated with UVA and UV A-riboflavin generated ROS and increase

the ORP value.
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3.5. Transmission electron microscopy analysis

UVA and UVA - Riboflavin induced morphological cell damage was
characterized by using TEM (micrographs are shown in Fig. 7). The
appearance of control is shown in Fig. 7a. The appearance of riboflavin
treated E. coli O157:H7 is shown in Fig. 7b. and the morphological
differences between UVA treatment and UV A-riboflavin treatment cells are
shown in the Fig. 7c, and Fig. 7d, respectively. The image of control and
riboflavin treated sample shows that cell was undamaged and intact. Images
of UVA treated cells shows a slight decomposition of cytoplasm, near the
cell wall. In the case of UVA-riboflavin combination treatment, it is
observed more clearly that the destruction of internal cellular substances,

more than UV A single treatment.

43



Fig 7. TEM Image analysis E. coli O157:H7, Show different
morphological characteristics for (a) Control (b) Riboflavin (¢) UVA (d)

UVA + Riboflavin treatment
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IV. DISCUSSION

Ultraviolet (UV) has long been used as an effective treatment to disinfect
water and inactivate foodborne pathogens on many fresh foods and vegetable.
Ultraviolet-A (UVA), which is a part of the UV, has a wavelength of 315 nm
~ 400 nm. Many studies have clarified the germicidal effect of UVA. It has
been known that UV A inactivates the bacteria by generating ROS (e.g. H,O»,
OH’, Oy) inside the cell, by photosensitizing endogenous photosensitizer like
flavin, e.g., FAM and FAD, porphyrin, NAD/NADP". Generated ROS
inactivates the intracellular enzyme, damage membrane lipids and cellular
proteins, and damage DNA by oxidative damage (3, 8, 14, 16).

Riboflavin, vitamin B2, is a yellowish compound present in most living
systems and widely existed in many foods. And Riboflavin act as a
photosensitizer, riboflavin can make ROS with presence of oxygen when it
absorbed the specific wavelength of light e.g., maximum absorption at 225,
275, 370, and 450 nm (11, 19). Absorption of light by riboflavin results in
the excitation of molecules from the ground state to the excited singlet state,
and through the intersystem crossing, it transfers to the triplet excited state.
After riboflavin reaches to the triplet excited state, riboflavin induces the

generation of ROS via type 1 and type 2 photooxidation (17, 22, 23).
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I evaluated the germicidal effect of UVA-LED, riboflavin, and UVA-
LED and riboflavin combination treatment under various conditions. And the
apple juice was selected to investigate the inactivation effect in food sample.

There was difference in effect of inactivation between UVA treatment
and UV A-riboflavin treatment in PBS. Firstly, for E. coli O157:H7 and S.
Typhimurium, there was additional inactivation when bacterial treated with
UVA-riboflavin treatment compared to UVA treatment, 5.12 log CFU/ml
and 1.93 log CFU/ml, respectively. It has been known that UVA radiation
mainly generate ROS inside cell through endogenous photosensitizer (3, 8,
14). However, UVA-riboflavin can generate ROS not only inside the cell but
also outside cell via inoculated exogenous riboflavin. As shown in Fig 4a
and Fig 5a, The main mechanisms of UVA and UV A-riboflavin combination
are both ROS, disturbing the ROS balance in cells, generating oxidative
stress, and membrane lipid peroxidation and membrane damage, the degree
of which is related to the unsaturation of membrane fatty acids (30). The
difference is, ROS is generated inside cell via endogenous photosensitizer,
but its amount is not sufficient to inactivate foodborne pathogens completely
in UVA treatment. However, when the photosensitizer riboflavin was
inoculated into sample, ROS is not only generated inside cell but also outside

cell by inoculated riboflavin. So as exogenous ROS is increased, the cell
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membrane damage and inactivation was increased at the UVA-riboflavin
treatment compared to UVA treatment. Normalized PI uptake value of UVA-
riboflavin treatment is 33% higher than that of UVA single treatment and
normalized amount of ROS of UVA-riboflavin is 258 % higher than that of
UVA treatment. So, it can be concluded that cell was damaged via both
intracellular ROS and extracellular ROS at UVA-riboflavin treatment,
compared to intracellular ROS only at UVA treatment. And secondly E. coli
O157:H7 had a greater inactivation effect than S. Typhimurium. It is
assumed that S. Typhimurium has more resistant to ROS than E. coli
O157:H7, due to higher density of its cell membrane with higher content of
phospholipid components such as phosphatidylethanolamine and
phosphatidylglycerol, compared to that of E. coli O157:H7 (2).

And the experiment accordance of concentration of riboflavin indicates
that inactivation increased as the concentration of riboflavin increased for
both pathogens, however, the concentration which the inactivation started to
increase is different between two pathogens. For E. coli O157:H7, the
inactivation started to increase between 0.005 pmol/L and 0.05 pmol/L. For
S. Typhimurium, the inactivation started to increase between 5 pmol/L and
50 umol/L. E. coli O157:H7 tended to have a higher inactivation in UVA-

riboflavin treatment at a relatively lower concentration of riboflavin than S.
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Typhimurium. In other words, E. coli O157:H7 is more susceptible to
concentration of riboflavin, amount of ROS, than S. Typhimurium. These
results support the results of the PBS experiment that S. Typhimurium is
more resistant to ROS than E. coli O157:H7 (2), due to higher density of S.
Typhimurium cell membrane, S. Typhimurium is more resistant to ROS than
E. coli O157:H7. Thereby, the inactivation at the S. Typhimurium was
increased at the higher concentration of riboflavin than E. coli O157:H7

pH and A, are intrinsic factors that have a significant impact on the
survival of foodborne pathogens. In pH test, there was no additional
inactivation in both pathogen when treated with UVA treatment as pH
decreased. For the combination treatment, it was observed that as pH
decreased, the inactivation increased. For E. coli O157:H7, the inactivation
increased 1.52 log CFU/ml between pH 3 and pH 6, and for S. Typhimurium,
the inactivation increased 1.02 log CFU/ml between pH 3 and pH 6.
However, there was no further inactivation lower than pH 5 for S.
Typhimurium. It is postulated that acidic pH is not sufficient to inactivate
pathogens effectively but gives further inactivation when treated with UVA-
riboflavin treatment. As a result of ROS assay and PI uptake value, the
normalized amount of ROS kept increasing as pH decreased. And pH 3 was

significantly higher than the amount of control compared to that of pH 6,
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about 253%. And the normalized PI uptake value, was higher at pH 3 than
pH 6 about 36%. It was confirmed that UV A-riboflavin treatment has higher
inactivation efficacy at lower pH. These results can be explained by the
results of (12, 33). According the results of (34), there is antioxidant enzyme
such as SOD (superoxide dismutase), catalase, glutathione peroxidase, and
glutathione reductase in living organisms. And each enzyme has all optimum
pH, e.g., catalase is pH 7(26), SOD is pH 7.5(35), glutathione peroxidase is
pH 9(15), glutathione reductase is pH 7.5(27). Lowering the pH of the
medium resulted in decreasing of enzyme activity and decreasing ROS
degradation in cell, so increase cell membrane damage. And according to
studies of (12), rate constants for the uncatalyzed dismutation of O,- depend
strongly on the pH of the solution. Rates for dismutation of O,- were 10% at
pH 11 and 5x10° M s ! at pH 7.0. It means that the formation of H,O, from
O,- is faster at lower pH. So, it can be concluded that inactivation and ROS
increased at the lower pH is because decreased antioxidant enzyme activity
and increasing dismutation of O,- at lower pH.

In Ay test, in the case of UVA treatment, there was no significant (p <
0.05) additional inactivation all Ay, for E. coli O157:H7 and S. Typhimurium.
For UVA-riboflavin treatment, it was shown that the inactivation at A,, =

0.942 was lower than that of A,, = 0.950 and Ay, = 0.975. According to (29)
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studies, radical adduct, such as ‘O, , H,0,, formation needed both the

presence of dissolved oxygen as well as the photosensitizer riboflavin in the
UVA irradiated sample. And following research of (6), as A, decreases, the
estimated critical dissolved oxygen concentrations decrease. Summarize it,
when A,, decreases, the dissolved oxygen concentrations decrease too, and
that result in decreasing formation of reactive radical in the sample, so the
cell membrane damage and amount of ROS decreased.

To confirm this result, PI uptake test and ROS assay was taken. The
normalized PI uptake value of the UVA-riboflavin treatment at the Ay, =
0.975 and Ay, = 0.950 had a value up to 30% and 20% greater than the value
of the Ay, = 0.942, respectively. And the normalized amount of ROS in
UVA-riboflavin treatment at the A, = 0.975 and A,, = 0.950 had a value up
to about 24% greater than the value of the Ay, = 0.942. This result indicates
the relation that ROS formation and A, are proportional.

In apple juice, for E. coli O157:H7, The UVA treatment increased about
1 log reduction compared to that of PBS. In the case of UVA-riboflavin
treatment, about 3 log reduction was reduced compared to that of PBS. For S.
Typhimurium, there was no further inactivation occurred in both the UVA
treatment and the UV A-riboflavin treatment. There can be several reasons

that inactivation decreases at the UVA treatment. According to the studies
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(21), first, the absorbance band of the apple juice color may overlap with the
UVA wavelength and thereby decrease the effective dose on the pathogens.
Second, the antioxidant compound inside apple juice like carotenoids can
quench ROS and block free radical-mediated reactions. Finally, the pigments
and other particles suspended in the juice may reflect and scatter the UVA
radiation. ORP value increases as it is oxidized by an oxidizing agent such as
ROS (18). After treatment of apple juice sample, ORP value measurement
was performed to measure the degree of oxidation caused by the generated
ROS. As a result of UVA treatment, the degree of oxidation increased by 45
mv due to the riboflavin contained in the apple juice, there was slight (p >
0.05) differences between riboflavin treatment and control, and the UVA-
riboflavin combination treatment was increased by 82 mv compared to the
control, and it was confirmed that the oxidation was higher than that of UVA
single treatment. Based on these results, it was confirmed that further
inactivation caused by the combination treatment was also observed in apple
juice.

Finally, the TEM showed the morphological differences between the
treatment, there was no membrane and intracellular damage in control and

riboflavin treated bacteria. And the outer cell membrane is slightly destroyed
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in single UVA treatment sample. For UVA-riboflavin combination treatment,
it was shown that most of the intracellular structure was damaged.

In this study, I demonstrated the UV A-riboflavin combination treatment
has synergistic germicidal effect compared to UVA single treatment. That is,
foodborne pathogens treated with UV A-riboflavin can be inactivated more
effectively than UVA treatment at same dose. Through ROS measurement
analysis, unlike UVA treatment that induce inactivation through ROS
generated inside the cell, it was proved that ROS was generated not only
inside the cell, but also outside the cell in case of UVA-riboflavin treatment,
thereby damaging the cells internally and externally, showing a synergistic
germicidal effect. I find that UVA-LED using riboflavin as safe
photosensitizer can inactivate bacteria effectively and can be used at liquid

food.
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