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The potential of X-ray irradiation as a new pasteurization technology for food
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Abstract

Ionizing radiation is one of the efficient non—
thermal pasteurization methods. The US Food
and Drug Administration (FDA) allows the use
of ionizing radiation to a dose up to 10 kGy for
controlling foodborne pathogens and extending the
self=life of foods. Recently X-rays, generated on
absorption of high energy electrons in an appropriate
metal target, have been used commercially for
sterilization purposes. X—rays have the advantages of
higher penetration power than E-beams and absence
of harmful radioactive sources, such as Cobalt—60
or Cesium—137 associated with gamma-rays. That
is why it has continued to receive attention as an
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attractive alternative to gamma-ray or E-beam
irradiation. In this article, the potential of X-ray
irradiation for controlling foodborne pathogens in
various food products and necessary pre-requisite
knowledge for the introduction of X-ray irradiation
to the Korean food industry will be provided.

Keywords: X-ray, food irradiation, pasteurization,
foodborne pathogens, food safety

Department of Food Science and Biotechnology, Hankyong National University, Anseong-si 17579, Korea

Tel: +82-31-670-5153
Fax: +82-31-670-5159
E-mail: hjw@hknu.ac.kr

Received July 30, 2020; revised August 27, 2020; accepted August 28, 2020

Agasta 4 995 (2020)



Global Sterilization Market
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Fig. 1. Global sterilization market volume shares, by sterilization
technology (Adapted from GIP Alliance and International
Irradiation Association, 2018)

318 5L WAASHIANA WA 5) 59 #AIF
o] WAE 9 (Kim 5, 2009), 3}5+2] AbFAof of
3k AH|RLe] AR 1Al o0 & Qlsf| thA| 7]<zof o
et Q7F F7bskar Slot. olof whet Za19f A7
(Considine %), AF2]41 ZAHKiIm %, 2020), v]E =
gt=0l(Han 5), 1A BA A7]A(Clemente ),
Z3 3 (Park} Ha, 2019)9} -2 H|7}E AR
gt A7 2his] = ar Qi

e WA AP a2 459 &Y, 3ty ¢
Ts2 B0 dFs A4 gon, AEe A%
g S} | AESA S FRE = Qe
"4 ¢l w7t AHolt(Cho®} Ha, 2019). &
A, v)= A SA AGAE (CDO)L} M Al 7]
(WHO)O A= A& HAd o2 HE AFREES B3
= Qe BRI 7|e R A AN A&
S AREE ZS EAshH (Mahmoud 5, 2009), 2]
Fe A7/ A LAE 75/ M A B A7) F-(FAO/
IAEA/WHO) 3-57d&7F AR=91d3]ollA] “10 kGy
7HA 9] aLAEF AR AE9] PAdS At 2
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Fig. 2, Dose and penetration depth profiles of e-beam, g—, and
X-rays. Note that the penetration depth is a function of both
distance and material density (Adapted from Qiu et al,, 2011)

sk o WaskGIe(WHO, 1981). E3H
199214 WHO/IOCU -5 1+ “LollAl= Ak
AL 2RO PR E AElseI T

AlE WA 2Ab]| o8B = Ao 2= ArbA,
AR 2 X-Ao] 9o, =2 Zupidut A4 o]
AlE AtE B o R wWol o]gH. AA= GIP
Alliance?} International Irradiation Association(2018)
of W= A|A Al AFAIA oF 40.5% kA
A}, 4.5% AR AL 50% AEs) o 2 l(7] A A
+H) 9 5% 7)ef At A4 HlES HTaL
Kt chFig. 1. X-A2 X-A3d Y 5= A
A (electron) & W2 =R 7HEAI7] ohS 2 P5H=
ZAA}e] 558 A A Ftarget) of| A AFFA|Z ff ofj |
28] HghS doA WAL= o] 23} WS R,
o m, WA A 9 SARE Aol Ee| AFSE L
Q)tk(Jang 5, 2011).

X-A ZA= AEA A At B4 08 52
e Qe Hubd R AR 2AF tiH] o
I 2 AEo] ok 5 MeV 2 7 MeVe| 1%
¢ XA Aupdat AR 0] B S B
roEHN, AR FHA R A HE L Q= W2 F
& HSF 4= 9tHQiu 5, 2011)(Fig. 2). E3T,
X-A-& Z7]of ol HAY = 2R Co-60 Y Cs—137

B} 22 PAHFAALES ALGIHE gubalo]
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Hlaf HlaA] w2 QhiAg 9 2R =S 71
ok FT AAAA D AAk2 A E o R gt
WA FHEae 7M. 2 gkl A
v]g-o] S7he A JA X-A 2AP|E0] 7IE 4
oA B AR 2A ]SS tigte = SRk
3 58 5kal Q)tt(Jung 5, 2015). A, AAA A
O2 509 Ff=gollA 26052 Aol s XA
ETRE 9] 3F9] Aol sl ARgo] 37tE o] A
F0) wAE Alo] = P S flef 28y
3 QIeH(Kim, 20105 Kim %, 2011). BFH o A]
= WA 2AM Y e & b o AR 67 e
o] X-A& AlFxAMY e s &8 4 glalon,
20199 7Y AF AN PAKIEOR X-4S X
ot A9 712 9 4 dEAE Al QDo) 3
Aoflar Hof FHEAURE 5 AFAG A = X
A 2A7159] 28 9 =l tigt =97t Al
Aoz Al Th(A]F o oFE2t4 4, 2019).

2 oA e detE HAOE TRt Aol A
| XA 2APE9] 24l A &2 AAIsk
T AU AFAR] Y] X-A 2AV]E EolS $i%t
71REA A& Alg-8taLAt gict.

i

O

ric
rhu

L Choset MEZOIMe] X-M XAl ot upyE
Hlof 3

S T d, obed, wlE B, Sof A

fosk o AoEn SRl Q1
s} 2HEE W) Bt A A4S
Z7}9} Q1L Z7}of| upeba] Z71star Q) tHGodfray
5, 2018). 1Y SR =5 oy v,
5 pEe) w4 Eulo] ZAjek vzl o8] 4
A e&EE 4 o, HZIVA| = Escherichia coli
22 Salmonella <, Listeria monocytogenes 52| A
F5 ol ofat AR} ASHos naET

st 4hg] 993 (2020)

Qlth w|= CDC(2019)= E. coli 1030] A=
2 E48(ground beef)S HF|5te] 2097 0] 4]
Eof Aol Azlo] WAEkeTkT B usgich
Sk, 20109 dluf=o| A= S Typhimuriumo| 7F
5 AES A5 2089] 29 Al 3
o, o] F 50%+ 104 o|5}e] ofdo|riar &
TETHCho®}t Ha, 2019). S5 9 11 7}
S HESHHA EA5ts U e B
Aoz Aojalr] Ak Aol X&EHoR A
TE glom, XA A I HHA nAlES
Alolet 4= Sl A2 BI7FE At o =M AA
= g ook 2, XA ZAAEE T 4, =
A, H T R S5 H L 7RsEllA Aes Al
& AH O R AoJgt ofy A7t HilE At
(Table 1). Song 5(2016)-& 4 B0l HZEH E.
coli O157:H7, S. Typhimurium, L. monocytogenes 3
Staphylococcus aureus®]| T2t Z1ubA, 10 MeV #
A 9 7.5 MeV X-419] 2] D, gH(decimal
reduction dose)2 =4It 1 Ay} A% Y
wtoll thek 37)2f Ae] AR S D, ghollAl 744
Ao 7k IAbE|A] 9FQFaL X-Ao] kAl 9 HARA
i} o] S5 At o] WA AMIY o R &
2= 4= Q)L 8 310]5}el Tl Mahmoud S(2015)2]
A+A ol = 2.0 kGy X-Al A2 o H7}
LA filleto]] 2 S enterica= AE3HA njRtS
2 74431921, Calenberg 5-(1999)2] o170 A=
1.5 kGy X-A RAFE o] H7H54A J5E %
T, Staphylococcus <5, “12) 11 Pseudomonas 452
AETHA mlite 2 ARl As 2RIsHIH ©f
o, X-A FAMAE= &efolA 3 s J
2% E. coli O157:H7, S. Typhimurium, 1231 L.
monocytogenes= 5 log cycle ©|A4; ZHAA|F-S Mt
of2H(Cho®} Ha, 2019), AHAZ ttejof] JEH S.
senftenberg™e. AA 072 AVHA|IZ] A7) Rl
¢ tH(Teotia®} Miller, 1976).
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Table 1, Efficacy of X—ray irradiation on inactivation of foodborne pathogens in meats, sea foods, and dairy products

Applied
Food Target bacteria ppie Result? Ref.
X—ray doses
Meat
E. coli O157:H7, S. Typhimuri D, -value®: 0.22-0.42
Ground beef coli O157:H7, 5. Typhimurium, 7.5 MeV - value?: 0.2270 Song et al., 2016
S. aureus, and L. monocytogenes kGy
E. coli O157:H7, S. Typhimuri
Sliced ham coli OIST-HT, 5. Typhimurium, - '\ "0 ¢ 4Gy 5.7-721og CFU/g  Cho and Ha, 2019
and L. monocytogenes
Skin—on chicken breast fillet S. enterica up to 2.0 kGy 7.50 log CFU/g Mahmz(z)ulds ctal,
. . . Calenberg et al.,
Minced chicken breast meat Microflora up to 1.5 kGy  2.25-4.68 log CFU/g 1999
. Teotia and Miller,
Turkey drumsticks S. senfienberg 08kGy  5.70-5.90 log CFU/ml @ ;‘;‘75 e
Sea food
Mahm t al.,
Smoked catfish fillets L. monocytogenes wto2.0kGy  3.90 log CFU/g 2‘2)“1‘126 ?
Smoked salmon fillets L. monocytogenes up to 2.0 kGy 3.70 log CFU/g Mahmoud, 2012
Robertson et al.,
Smoked Mullet L. monocytogenes up to 2.0 kGy 4.00 log CFU/g ove 2?(;166 a
Raw tuna fillets S. enterica up to 0.6 kGy 7.60 log CFU/g Mahmoud, 2016
Oysters(Crassostrea virginica) V. vulnificus up to 3.0 kGy 7.00 log CFU/g Mahmoud, 2009¢
. E. coli O157:H7, S. Typhimurium,
Shirmp con’! PRI, 0 4.0 kGy  7.60-8.10 log CFU/g ~ Mahmoud, 2009a
S. flexneri, and V. parahaemolyticus
Dairy product
. E. coli O157:H7, S. Typhimurium,
Sliced cheese con ypimuriim up to 0.8 kGy  4.47-5.45 log CFU/g  Park and Ha, 2019
and L. monocytogenes
Skim milk, low—fat milk
m e, fowat mi E. sakazakii up t0 6.0 kGy  7.40-8.90 log CFU/ml  Mahmoud, 2009b

and whole—fat milk

“Log reduction of pathogens by X-ray irradiation.
®Dose required for 1-log reduction in cell count.

AdE o3 T2 FGLaE Fol Fstar Qo] 4l
73, A7 QIX| ]| =23 =, Al E 3 A kY]
Aol = £9-& = 7107 e QltH(Elbashir
5. 2018). FAOO| W= HAAZF SR $=4d &
o} FAHE2] 2H]7} 2718 ©LHFAO, 2016), dijAk
2ol o5t AlF 5 Al T1of] Yo} X|&EH 0"
HhAgskar Qlot. ul= 22} shAllE (2009)of w2
1998 EE] 2007E7H4] Hi1E 728979 AlEE
AHE & 83872 alibEat o] Qdithar Hiar
stttk o]of SjAMEN A Salmonella <, Vibrio <,

18] 31 Listeria monocytogenes 52| R A&5%= 4
< aHor AMEAIZ 4= Q= B ARt
22X X-A AR ol gt dtEo] 3= AL Q)
CHTable 1). Robertson 5(2006)o]] wt=H 2.0 kGy
XA ZAHE 1) AF 2 EA olo] 45
L. monocytogenes7} 4.0 log CFU/gRtE 714 5| Qich
11 B354 21, Mahmoud $(2016)& S. enterica
of E x| filleto]] 0.6 kGy X-A1 ZAFHS ] S.
enterica®| 7t HETA RO 2 ZASkGlrkal

B8t TS L monocytogenes7t dEE A
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Table 2, Efficacy of X—ray irradiation on inactivation of foodborne pathogens in vegetables, fruits, and others

Applied

Food Target bacteria Result? Ref
X—ray doses
Vegetables
E. coli O157:H7, S. enterica D -value® 0.96-1.20 Mahmoud et al.
Spanich 1 ’ ’ to 2.0 kG 10 ’
Patcll “eaves L. monocytogenes, and S. flexneri o ¥ kGy 2010

Lettuce E. coli O157:H7

up to 0.25 kGy

D, ~value: 0.04-0.08

kGy

Jeong et al., 2010

E. coli O157:H7, S. enterica,

D, ~value: 0.39-0.98

Roma tomat to 1.5 kG Mahmoud, 2010
oma fomatoes L. monocytogenes, and S. flexneri b to Y kGy Amous,
E. coli O157:H7, S. enterica,
Parsley Leaves ot PO e 0 15kGy  6.8-8.8 log CFU/g  Mahmoud, 2012b
L. monocytogenes, and S. flexneri
Furits
E. coli O157:H7, S. /
Cantalope coli O1STHT, S. enterica, 5 0kGy ~ 6.6-89 log CFU/g  Mahmoud, 2012a
L. monocytogenes, and S. flexneri
E. coli O157:H7, S. enterica Mahmoud et al.
M ' ' to 1.5 kG 5 log CFU '
ANgoes L. monocytogenes, and S. flexneri P 1o v ) 3 log /e 2016
Others
E. coli O157°H7 and
Edible bird's nest coni> T an upto 0.4kGy  5.84-6.35 log CFU/g  Zhang et al., 2020
S. Typhimurium
Mahmoud et al.,
Shell eggs S. enterica up to 2.0 kGy 8.1 log CFU/egg 4 20 (;1156 a
S. Enteritidis PT30 and D, —value: 0.23-0.43
10
Almond S Tennessee up to 2.28 kGy KGy Jeong et al., 2012
S. Enteritidis PT30 and D, —value: 0.47-0.93
10
Walnut S Tennessee up to 4.32 kGy KGy Jeong et al., 2012

* Log reduction of pathogens by X-ray irradiation
® Dose required for 1-log reduction in cell count

o] & H7] filletso]] 2.0 kGy X-4 AA 2 &
S5ColA 557 AAAES Ay} L monocytogenes
o) ot 7 AETA vvte 2 A 9 {AH Ao
2 vehygtkMahmoud, 2012; Mahmoud = 2012).
olgfgt Aib= X-A o= A P& Al sfiE
o A listeriosis®] 912 A SHA TAA7IH 5T

SNH AR Bt A Aol 9 wslel A 4
B QEAE e HolErh O]ﬂoﬂE X-
A ZAR= 2ol JEE Vibrio vulnificus® 5 7.0

log CFU/g{tE ZF A 2-S #ut ol 2}, ready—to—
eat shrimpo]] AZ% E. coli O157: H7, S. enterica,
Shigella flexneri L V. parahaemolyticus 2] 5 A
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SHA 714(7.6-8.1 log reduction)A]Z tHMahmoud,
2009a; Mahmoud, 2009¢).

1.3 %7 % fHS

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

2 Cronobacter sakazakii=
A= Aoz He]Ear
u|=to| A L. monocytogenes®l| 2 %!

A Fast

9 FA45

& Akl
Qith 20161
So= g

sto] 2vgo] EE ] 19o] APgsh= 455 AR
o] BRI THCDC, 2016). E3}, u]= CDC(2010)
Y E coli O15THTZ Q¥ 2R A2E 7t

oA HF%

3} 1550] YR, Y 8%



Z35 7 (Hemolytic uremic syndrome) $H2}7} 17 Ht
Aysgiehn Bashich oligt 96 2 AAE
A 8 AFE AES Aclel] 98] X-41 24
b 488 A5o] tha Tt ol B31E 9tk Table
D, A AR 19 2%) 9 2w &
FAREE 3.5%)0 HEE C. sakazakii®] X-4
Abdt f3te] gjgh A= Mahmoud(2009b)o] 23]
HyEglon, 6.0 kGy X-A A ZFS w C
sakazakii®] 55 7.0 log o) ZAIX A& 2Helst
%Act. Parky}t Ha(2019)2] +tofl 4= 0.8 kGy2] X-
M 2ARR Setol s A)2e] EAof FeE 74 o
1 AEE E coli O157:H7, S. Typhimurium, 12
3L L. monocytogenes=S = T o)5t= TAAF
o}1l H sl

| 4 D

A} 4= FAEE LS HIRT
F714 59 Ay 583 EXES F
+3 &3l Ao Fast g aso|rh
TAHWCRF) A= 7119] A543
A} AR AL, G L= AQe 2D
Sh X4 400 g o AHT AL dA st 9l
(Lee &, 2018). 181} ¥y} A= F2 YAl
2 AHE7] g 455 W] Yjlog &
21 BA7F A7 = 2L QlcHJeond} Ha, 2020). LRT
oz Ay} A4 oPHAS BEs] $8)
A2 A wol ARgSHATL o= f7]EE
vro3te] =2 abyl(chloramine) 2! Eg|dr=u|ek
(trihalomethane) ¥} -2 {33t =433 A4
3k 4= 9lthi(Mahmoud, 2010). wHeka] 41324k o) 4]
= 7 9 YAE vYETHE S FHE
Aot 2L Atr]eS Ha 2 5k vj7kd X-A
A= gags Aol gt gt oiek 5 sk
24 o8] A7} B E QTHTable 2).

Jeong 5-(2010)0]] W= E. coli 0157:H7-& A
(dip) = Z(spot) ZE3t FAFE(iceberg lettuce)
of X-4l ARt A3} D, kol 0.04-0.08 kGy7} At
SH ot Buglon, o] Aik= o] Hilg

i)
o
=)

N,

o

jgzﬁ

oltfc;
o Tt K& o

)
N
N,

ool M E. coli O15T:HTo] gt 7hobil 2
Ake] D, %4(0.14 kGy) Bt} rof X-A 2APE 91 A
ol AR AR Alofa 4 gl maH)
tjeko] & 4= Q18-S K ojZt}h Mahmoud(2012b)
+ E. coli O157: H7, S. enterica, L. monocytogenes
9 Shigella fleneris %3 T2 oo X-AS
2 A A3} 1.0 kGy AollA] 4709) 155 Eo|
5.0 log A4St A S &2 YEF O W, 1.5 kGY Ao
A 0] o B HETDA ofshE Zraskylrkar
H stk E3t E coli O157:H7, S. enterica, L.
monocytogenes X S. flexnerio] 2 A% Ev}lE(Roma
tomato), Al%], W& 2 wiiof Zkz} 1.5, 2.0, 2.0
2 1.5 kGy X-A 2AF Ao s AgE o 474
o AgEgo] BT PEWA v FHa
tH(Mahmoud, 2010; Mahmoud %, 2012; Mahmoud,
2012a; Mahmoud <, 2016).

1.5 7|t

T2 AR 9ol AR, ARt A4, A
Aol 8 AFE AlatS XA A elste] avpzo
2 AAAZ ATEE BEQt) Zhang 5(2020)
£ 0.4 kGy X-A A} 2] 3 Au]H(Edible bird's
nest)o]| HZE% E. coli O157:H72} S. Typhimurium
o] Z+z} 5.849} 6.35 log ZFA~5Fchal R alslgch
Jeong 5-(2012)& o}l o X-A 08 FA}
g o el I A EaL HEH
Salmonella <2 Z|t)] 5 log ZF4E A|Fthal ® 18}
AL, Salmonella <0l Tt X-A A 2]8] D, 4=
ZARE A1} S50} ol = ZF7)F 0.474-0.930 kGy
o} 0.226-0.431 kGy©] ZHS Lrebich

2. X=X ZAPH2[O] oJet IS Hof I[xf A7

He) AR 2AP|42 DNAS] 4240 pu-
rinex} pyrimidine 5 %1719] #5h2] WEHE fws)
of DNAS| §HeIAl: 52 o]Fhi 2GRS o}
HSAG, 2ol BEAZTE ANE 8
HALFROS)O) A, ) 72 5 wjste] 1]

d
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Table 3. Membrane damage of X—ray treated cells inferred from leakage of UV—absorbing substances? (Adapted from Cho

and Ha, 2019)

Target Absorbance
dose S. Typhimurium E. coliO157:H7 L. monocytogenes
(kGy) 260nm 280nm 260nm 280nm 260nm 280nm
0 0.693+0.043 A 0.411+£0.0254 0.487+0.0204 0.274+0.0104 0.500+0.0234 0.302+0.0204
0.4 0.715+0.068 * 0.417+0.028 0.52740.0214 0.286+0.0104 0.504+0.0274 0.299+0.0154
0.8 0.734+0.058 4 0.415+0.035% 0.533+0.0214 0.291£0.0104 0.524+0.038* 0.298+0.022 4

* Mean values + standard deviations from three replicates. Values in the same column followed by the same capital letter are not

significantly different (P ) 0.05).

A= APE Em QW] & sk, &=
A 2 oEA o] Wl SpstefA] AAdE 7=
afFoll = 22 aIE 2=kl B s glrHKader,
1986; ¥ 5, 2000). 7upAda} Ea] X-A ZAfe] 9
o s 224 HAYSS] gt AEA o
7t vl o, X X-A 2AR 29 At A
(HzZa}, SAAARZE, 54, DNA)O| waE
A3tso] B vf 9ItHChoot Ha, 2019; Parkat}
Ha, 2019).

Cho?} Ha(2019)+= X-Al ZAFA 2ol 23t E. coli
O157:H7, S. Typhimurium 2 L. monocytogenes2]
Alzzal &4 AeE Al of $4HO0.D. 260nm)
7} T (0.D. 280nm) 9] FEEFS ST EH
B 7}ek et Table 30f LERH Hle} o], X-4lo
2 g% E. coli O157:H7, S. Typhimurium 2! L.

monocytogenes®] B &4F 2 2 2|54 b2 A
9] vk EAF =23 §23HP ) 0.05) ZfolE U
ERA] kdrhar Haskeict nAEe] Alau A
= v E2A3E ARA 0w tiHst
A= QAL Azzute] ghi=o] Ajszut &4 A
of Hgstr] wizoll Al stolA Fagt |3
2 ZgHHKim 5, 2017). Park®} Ha(2019)=
bis—(1,3—dibutylbarbituric acid) trimethine oxonol
(DIBAC,(3))& ARg-sto] X-A ZAbA ] 2]t 4]
F= Ao AT A AES HEHATH Table
4). DIBAC,(3)= Al2ut 2a=2] 23z Al
of ZHA ko] Alauke] M) HIkE FFHor 3
7¥8t 4= 9JtHRezaeinejad ¥} Ivanov, 2011). X-41 =]
2% S. Typhimurium} L. monocytogenes®| A|3E2f
Afle A=A &2 Ao} vlwd of 72142l

Table 4. Ratio of DIBAC,(3) accumulation values in treated bacteria to that in the positive control after X—ray treatment®

(Adapted from Park and Ha, 2019)

DiBAC,(3) percentage (%)

Treatment dose

Gram negative

Gram positive

(kGy) E. coli O157:H7 S. Typhimurium L. monocytogenes
0 0.00+0.004 0.00+0.00* 0.00+0.004
0.4 0.08+£0.084 0.24+0.178 0.22+0.06®
0.8 0.11+0.074 0.28+0.098 0.32+0.178

* Data represent mean + standard deviation from three replications. Different letters within the same bacteria column indicate significant differ-
ence (P < 0.05). Normalized data were obtained by subtracting fluorescence values of untreated cells from those of treated cells and dividing
by the positive control value and expressing this value as a percentage as follows: DiBAC,(3) percentage = (fluorescence value after treatment
— fluorescence value of non-treated) / (OD,, - fluorescence value of positive control).

Agasta 4 995 (2020)



Table 5. ROS generation values of E. coliO157:H7, S. Typhimurium, and L. monocytogenes inferred from the ROS detection
assay by using CM-H2DCFDA? (Adapted from Park and Ha, 2019)

Treatment Dose

Microorganism

(kGy) E. coliO157:H7 S. Typhimurium L. monocytogenes
0 461.04+40.58* 324.79+41.174 590.06+28.204

0.4 501.00+24.17A® 403.10+13.218 640.75+67.77 AP
0.8 563.69+33.28 8 404.40+35.998 678.79+9.728

* Data represent mean + standard deviation from three replications. Different letters within the same pathogen column indicate significant
difference (P < 0.05). Fluorescence values were normalized against the OD, of the cell suspensions.

Table 6. Levels of intracellular enzyme inactivation in X—ray irradiated bacterial cells inferred from INT conversion tests?

(Adapted from Cho and Ha, 2019)

Treatment dose Microorganism
(kGy) S. Typhimurium E. coliO157:H7 L. monocytogenes
0 11.03+0.714 12.23+1.904 2.42+0.384
0.4 8.06+1.97" 9.69+1.454 2.01+0.124
0.8 3.40+0.29¢ 5.93+1.498 1.95+0.674

* Mean values of three replicates + standard deviations. Different letters within the same pathogen column indicate significant differ-
ence (P € 0.05). The obtained absorbance data from untreated and treated samples were normalized for OD,,. INT conversion value =

absorbance value after treatment (OD 00

)/ 0D,

(P € 0.05) Z}o]= HoJFEQTh E. coli O157:H7=
Alzer 9] wiste] oJgt DIBAC,(3) F&&Fo] &
AR & F-OIFHP ) 0.05) Zfo]E H oG] gFgke
L, S7Fske 7 dke] HaE Ik

Parka}t Ha(2019)= X-A ZAP} ZupA 2 =}
Ak Zo) uYE A2z W S9418FROSE 5
7N ZIckal HasgeH(Table 5). @FIRZ o]
8% 5-(and-6)-chloromethyl-2",7'~dichlorodihydr
ofluorescein diacetate(CM—HzDCFDA)% cytosolo]|
A 7H=EEE]o] dichlorofluorescein (DCFH) car-
boxylate anion© 2 Z1%}+=]37, DCFH+= ROS9| <]
3l A18dsgo] 2,7 ~dichlorofluorescein(DCF) 2 At
ShEItH(Wojtala 5, 2014). X-4 2|3t A]2= A
w2 CM-H,DCFDAE ©|-&35}o] njg& Al W
ROS "M AH =5 F7iet A3}, X-4A A2l E. coli
O157:H7, S. Typhimurium % L. monocytogenes®]
H ke AHelsha ek AlESt vmatel felst
AP € 0.05) Z7}519ic}. Parkat Ha(2019)2} Cho

€} Ha(2019)of] A2y} w2 XAl AR 1A
= AEZ W 8aole FFs = AR Ue
o} ARSlRteIAER ARSEl= dA= (resazurin)
= AlEZ 7F AR gl Bofste 25 AR H
2~ A~ (respiratory chain dehydrogenase)ol| 2]l &
© Aol HzFZEA(resorufin) &2 Y% 31(Chen
Z 2015), iodonitrotetrazolium chloride(INT)= A
Z oA TF AR Eidaad] o) #ae]
iodonitrotetrazolium formazan(INF)2 2 3= =
2 o] & AxEHE 0|85t &5 A Eaa
a0 S H7HE 4= QtkLi 5, 2010). Cho
¢} Ha(2019)= INT HEAIEHT gabasl 4
HE& ARESHe] XA A & njdE Alx i o5
AR b gho] o] SoFoZ(P < 0.05)
Hashs 2S 2RIskTHTable 6371 Fig. 3). ¥b
™, 5(6)-carboxyfluorescein diacetate(cFDA)= A
RS A-FA Fakske], esteraseol| o3l =4
T2 YERYE carboxyfluorescein(cF) & #3tE| =

n
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Fig. 3. Respiratory chain enzyme activities of X—ray irradiated (a)
S. Typhimurium, (b) E. coli O157:H7, and (c) L.
monocytogenes, The time required to achieve maximum
fluorescence intensity indicates the relative level of
enzymatic activity of the bacterial cells (Adapted from Cho
and Ha, 2019)
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Fig. 4. Percent DNA damage of E, coliO157:H7, S, Typhimurium,
and L. monocytogenes following X-ray irradiation.
Measured Hoechst 33,258 uptake values were expressed
as a percentage to that of the positive control and the
calculated percentage was subtracted from 100% value to
quantify DNA damage (Adapted from Cho and Ha, 2019)

2 esterase A4 TS Hr1slr] Y8l AREEHTH
(Ha &, 2017). Parka} Ha(2019)= cFDAE o]835}
o} X-4A AR 2|7} v & Al W esterase2] 2
2 [ojF o z2(P (0.05) HAA 7tk H sk
(Table 7). 3}, Cho2} Ha(2019)= & Al(adenine 2!
thymine)¥} ZAglel= M A& <2l Hoechst 33,258
= ARgSte] DNA &4 =5 B7igion, 1 2
T X-A 2AR 2 7E FJ3EA(P € 0.05) ulAE Al
3 U] DNA &A1 %Ez‘zh:}j_ X 13l cHFig. 4).

919 S, X-A FARA 2= v
=] Al i‘%*z Lﬂrﬂ SHA = QAR A2} 7 $of]
oAl HaE sk, nllE Al W &84t
2R 578 Af0] = gol & #iZ(0,)7} sfo]=
ZEA Y Z(-OH) 2} 728 g AAZE(ROS)S $-2]
o7 WAAZS o 4= Q) E3E £35S "R
3F A S o] Tl FQ GAES] TS A
S8}, A A ES) DNAJE o4 &4 &
weholet. ol the 2] WA Agel Zubd 2
AAA 0] oju] AR Al 7|AFEF QX S}
AFS BIS o 5 JHBlackd} Jaczynski, 2008;
Chen %, 2010).

EE




Table 7. Levels of intracellular enzyme inactivation in X—ray treated cells inferred from cFDA conversion tests? (Adapted

from Park and Ha, 2019)

Microorganism

Treatment dose (kGy) E coli O157-H7

S. Typhimurium L. monocytogenes

0 0.00+£0.00* 0.00+0.004 0.00+0.004
0.4 75.17+26.29 48 566.86+272.37" 661.26+233.7"°
0.8 108.16+83.04 8 1461.56+105.99 ¢ 897.09+192.14®

* Data represent mean + standard deviation from three replications. Different letters within the same pathogen column indicate significant
difference (P < 0.05). The data were normalized by subtracting fluorescence values obtained from untreated cells and against OD,, as

follows: cFDA conversion value = | (fluorescence value after treatment — fluorescence value of non—treated)/OD
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