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Effects of Plasma-Treated Water and Plasma-Treated Citric Acid on Microbial Inactivation
and Quality Changes of Duck Skin
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ABSTRACT Duck meat has been consistently reported to be at risk of contamination by fecal microorganisms throughout

slaughter, processing, packaging, and distribution. The objective

of this study was to evaluate the effects of plasma-treated

water and plasma-treated citric acid on the inactivation of Escherichia coli O157:H7 and Salmonella enteritidis, as well as
on the quality of duck skin. Each duck skin sample was washed with water, citric acid, plasma-treated water, or plasma-treated
citric acid for 3 min. Among the washing solutions, plasma-treated citric acid showed the greatest reduction in the counts
of E. coli O157:H7 and S. enteritidis. After plasma-treated citric acid washing, both the pH and a* value of the duck skin
significantly decreased. Although the thiobarbituric acid reactive substance values of duck skin increased, the levels remained

below sensory detection thresholds. In addition, no significant changes were observed in L* and b*

values compared with

untreated duck skin. Consequently, plasma-treated citric acid exhibited the greatest inactivation against E. coli O157:H7 and
S. enteritidis on duck skin while causing minimal changes in quality parameters. These results indicate that plasma-treated
citric acid has potential as an effective washing solution for microbial control in the poultry industry.

(Key words: duck, plasma-treated water, citric acid, sterilization, quality)
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g 7FeAdol Slof AF bd SHoA 37 A= 2 Tk
(Lin et al., 2023). o]ol] w2} 5}8H4] 9lal/d glo] mlAd=3H4
RS FEE e uiA A s 7H“19] daXol
Z7ketaL ok ojelgt iAo HE 5 34 T A &

Al A 712K AL, oHIEAY, #A4t 5)& A&kt ot
= A5 v HaE 3 Jti(Seok et al., 2021; Lee et al.,
2023a). F7142H pH A|8HE Sl RIAE Alxet Fabde
7713, AlZ  tiAF mdks fEsho=a ] vjAy
Eo] A& JAlst= G 7IxItk(Sampath et al., 2024).
714 & 538 A AF 55 EEEA A0 =

o, 2R =40l digk f-ei7t Ao 24 AlHFRe 28 7
A0l AEHor HEE htiOsazuwa et al., 2024).
Gonzalez-Fandos et al.(2009)2 71559l 1~3% TA2HS A
g A%, AR T = 371 v»YEH Listeria mono-
cytogenes®] S210] AA|E-E Bt g nl= 2 Ee]
¢F=(U.S. Food and Drug Administration, FDA) & <% =7}
o] Al AAM = FALE E3He AF 5 A ¢
HbA © & QFH 3 &2 (Generally Recognized as Safe, GRAS)
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2 AFstA, =A A S AR AHE-S F8sta ik
(Jyung et al., 2023). L&} 0|23k F7|4F 7]8k A5 & dE

Ag Al AE AT E37) AR oy, AHAQ At &
T(log reduction)°] W3t A7} XA 1 QT

ghA, 2SS E3eE TRkt AEe] AR el A& 7t
e A 712 Zef2nF A el4(plasma-treated water)” |
T F5 It Tang et al., 2025). S2F2rh= 1A, A,
Z1Ae o] &4 o] AR, Z7IA7E - oAURE S5
of we} o], At H FA YA Tol FEShe AF R
gAstd el E 9ulgit) Plasma-treated watere= ©|23F &
2t2uks 2o A 8alo] A §How Fepzel i 2y
oA AAE Tt SAJTo] B wAbet dEAego = 7t
2¥sl=Ax(hydrogen peroxide, H,0,), 24 (nitrate, NO; ), ©}
Ak (nitrite, NO, ), F3A]Uo] E] ~AkKperoxynitrous acid,
ONOOH) 53 22 &4k F(reactive oxygen species, ROS)
2 XA F(reactive nitrogen species, RNS)S A3t}
(Hadinoto et al., 2023). ©]¢} BAl X2|42] pHe= 13451,
AQE ST 2PdskE 22 mE Alofdl] 71odste] Al
HpzAel ZAAQ] At a3 YRl o2 HusHy
$JtH(Hadinoto et al., 2023; Tang et al., 2025).
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xHe = AE AAE Hal 70% dEER xHE 13}

ARE @ F Aol 9 112 5 Y ol AAZ 9
o Wi FRFR 22 AASGT olF B Aol
2 74 9% We 5B UV A E2 A%
@ o8l 44 Mg WEe A8 HgE AXNA Lok
2. AT M o ME

B Aol AFE-3E E. coli O157:H7(NCCP 1771, National
Korea)2} S. enteritidis
National Culture Collection for Pathogens,

Culture Collection for Pathogens,
(NCCP 14771,
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Korea)= —80TA Bk 31 #F5 AM&SISIth 2F A&
= 25 mL9 tryptic soy broth(TSB, MB cell, Korea)<}
nutrient broth(NB, MB cell, Korea)oll 2z} % Z3to] 37Cel
A 48413 ERb w ekttt v e AT dalEelr]
(1580R; Labogene, Gyrozen Co., Ltd., Korea)E ©]-&38}] 4T,
3600xg 1o = 20%7F ARSI AdE He
0.85% At Addgel dgetd HEF oF 89 log
colony-forming unit(CFU)/mL2] Al &AErAS A 23549

Z}zkol Alat A At A8 e8] A= 100 pLA
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Zaj=o} x2| W MES Hz
B A e AR T2 4709 A= S (water, citric acid,
plasma-treated water, Z12] 1L plasma-treated citric acid)E |
zato] Aol ARSIt o] & Al A g A2 kst
7] f18l 28 A0 g)= 7t AMH4(300 mL)ell 33+ 7
7F H7VekAth Citric acide AlSolA 49 7 74t
(100%, RZBC Group Co., Ltd., China)S B ZFHFo) &
aste] HE B 3%wh)7F HEE Axedrh
Z2}=v} 2]+ DBD(dielectric barrier discharge) W4]2]
A2 Zgl=nt A ] (Plasmapp Co., Ltd., Korea)S A&
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sto] P stithFig. 1). Zetznt TS fla) daet 2k
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Zyze] A AA F, 28] A0 g& Bt AE
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stomacher(BagMixer®400, Interscience, France)E °]-8-3}<]
TRy, #2sle Al2= 247t eosin methylene blue
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agar(XLD, MB cell, Korea)ol] =23} E. coli O157:H72}
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Fig. 1. (A) Illustration of a dielectric barrier discharge plasma device; (B) schematic diagram of the full experimental device for

dielectric barrier discharge plasma treatment.
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= Az A% S Agation, 2 44 A8 pHE
A= 1 godl T7F 9 mLE 83 & #27|(T10 basic

ULTRA-TURRAX; IKA GmbH & Co., Germany)S ©]-&-3}
o] #AI Z U41E2]7](1580R; Labogene, Gyrozen Co.,
Ltd., Korea)Z ©] &3l 4T, 3,100xg A0 2 1087+ A4

PG F, AFAE ol ARE SPSAC

2) Mz

o2 Ad Alge] A 54 AAHA(CM-5; Konica
Minolta, Japan)Z ©]-&3lo] =38l on, =4 79L& 8 mm
2 AAste] Stk A=k W (lightness, L¥), 24
(redness, a*) ¥ B =(yellowness, b*)Z YERJAT}

3) X|2Atal = (thiobarbituric acid reactive sub-
stances, TBARs)

S|
53] MDA(malondialdehyde) F=% AT &
Yong et al.(2023)°] A|A|gF F3333 = (spectrophotometric
method) S 22 A2 AlFol WA AH F33ste] 2831
th Z47ke] 2 AA ME 5 ¢ 33 SFHF 15 mLE ¥
E313F & 7.2% butylated hydroxytoluene 8<% 50 pL 7}
3Tk o] F 9,000xg 7o & 3027 FAZ &, FAsE
A& 2 mLel| 20 mM thiobarbituric acid/15% trichloroacetic
acid &9 4 mLE F7Fetdth &3 Alse 90CllA 302
ZF HEgA1ZT) o] AR 10837 W3 5 47T, 2,300xg
o ® 1583 94 Bt ol F, AedE TR
S=A|(Varioskan Lux; Thermo Fisher Scientific, MA, USA)S
1-8-35t] 532 nmell Y FF=S AT MDA =+
1,1,3,3-tetracthoxypropane= ©]-&3te] 2Hdd HFE ZAlo|
Folo] AFZEsIlon) TBARs #& MDA F52 7|F0 2
mg MDA/kg ©$12 YeERITH

(<

Ao MAY AR BBYG 0 FA vRE 9P

A Aufz] BEAHEA(ANOVA)S o] &8ttt =&k = a7t
o] it 7+ HlwE Tukey? U5 A S Eoko] FoA A

2 (P<0.05)% AAEI Tk

1. o|d=std 24 2 MES pH

Table 12 water, citric acid, plasma-treated water, 12| 1L
plasma-treated citric acid& MAHFEA 28 AHAE 38370
MAF S Wl E. coli O157:H7 L S. enteritidis®] A4 ¥
3t5 UEbd Aot AlH A 22 A W E coli O157:H7
2} S. enteritidis®] 7] 5= 27t 5.80 & 6.34 log CFU/g
oAt} WaterZ A|lH % 22] AANME= E coli O157:H73}
S. enteritidis®] TF7F 242 045 2 0.48 log CFU/g 734
atod AlH A3} wlamel] o)<l s BTh(P<0.05). ©]
= AlE 2ol o8] A- x| FaE ndEe] &84
oz AA= Yeht A3tz FebE) Citric acid® A2 3k
22 AA W E. coli O157:H7 % S. enteritidis = A2 &
3} vlwske] 74z} 248 2 2.77 log CFU/gHHE ooz
ZA~8FHTHP<0.05). ¥, plasma-treated waterZ A2 $+ @
2] 44 W E. coli O157:H7 L 8. enteritidis = A& A3}
vl wate] 242t 0.93 2 0.92 log CFU/g 914 0.2 7HAaslo]
citric acid® A2 € 2] AHHTE folH oz e $70
AF = nAE 2443 893S JeERATHP<0.05). T5
g qhel & plasma-treated citric acid® A|2E 22 A&
W F #57t B AESA olstE daste] 7M=&
AE B89} 895 JERATHP<0.05).

2 AT AFER AR AN 2 olA pH A4 Y

—_

Table 1. The number of pathogens (Log CFU/g) of duck skin washed with water, citric acid, plasma-treated water, and plasma-treated

citric acid
Treatments
Microorganisms ~ ~
Control Water Citric acid Plasma-treated Pla?m.a trez.;lted SEM!
water citric acid
Escherichia coli O157:H7 5.80° 5.35° 3.32¢ 4.87° ND* 0.035
Salmonella enteritidis 6.34° 5.86° 3.57¢ 5.42° ND* 0.060

! Standard error of the means (n=15).

¢ Different letters within the column differ significantly (P<0.05).

Control: Unwashed.
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theFet shekge] dido] WA E ¢ Jlow, olefg ¥Mste
ngEe] BG4St 932 nA JhsAdel Uk whebA
= = % gttt Fig. 200 A|A1E u}
o} o], & AT ARHE MHFY] Ax AF pHe
water®] pH7} 7.172 7V =4 YERES | plasma-treated
water(2.87), citric acid(1.84) Z12] 3L plasma-treated citric acid
(1.76) To 2 fod oz ve 3hs HATHP<0.05). o]t
pH tole 2zt AlH o] v s E2dst vt Uit #
Hol e oz Akt
TANE o frIctemA, Sl galE A5 Al 7he
FI2E47](COOH)oN A G40l 2HN)e] TdAF R 2]
A & W ool st S7keka AR o & pHYL
Z2~3FCHMudunkotuwa and Grassian, 2010). ¥ -l water
o] F-AAE 3% 713 citric acide] pHE 7.17904] 1.84%
water9} ] walo] o] & o2 714E1 tHP<0.05). ©]&%t +
ALbol] o3k A4H citric acid®] pHE AET &4 2 AlE
W &4 24 Asiet 22 M ~EHAE st ndE
o APEE =& 4 Ati(Jin and Kirk, 2018). Mani-Lopez et
al.(2012)2 FAAH} 22 gt o A el o9
(outer membrane) TS F7HA7| 2L @|uto 2 KE] 2| AT}
I (lipopolysaccharide, LPS)S 2] /\]74 n =] AbEE
FEd & Aok Basiich gk {7k vlsigd e s
A e FhkE B8l AlxE Sasie] Axd=
n|AYEL] A WollA je]w]o] FAE AT EA AE
W pHE Z4A7) 21, 1 A3 catalase, superoxide dismutase,
glutathione & peroxidase®} 22 ROS #|A &40 EAES ?q
aisto] wlAEo] ROSO AHshA] F A TS H kel d = 3l

O o] ko3
u% )
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o FFAHoR nAYE] AES 58 4 UtH(Jyung et
al., 2023). Lee et al.(2023)2 FAAHS 0.5 2 1% H713F A
2] E o] &5t HA] Aol AelE v 7ALte] =

7} FoHd S o Y pHE YEPHH SAlo & E coli
O157:H7%} S. typhimurium®] B33} §35 YeRlitia B
3R Burel et al.(2021)2 FALke] Hr) Fol el
pH 74 A =7h GefA|w, o]¢} 22 HF pHe "= EF

gstel] Fagh J3E vk Bk v gick
Plasma-treated water®] 7-¢-, Zet=nt &g Fo] &84t
o AsAgste HgeA ABAEE H0, NOs, NO,,
ONOOHS®} 2-& &4} v pHol| oa n|AEe] 584
gte Aoz dddn) B Ao plasma-treated water=
citric acid 2 plasma-treated citric acid®} Bl w3le] 2] & o
292 E coli O157:H73 S. typhimurium 22733} &35
YERN A THP<0.05). ©]213t A= plasma-treated water”}
citric acid9} B] st S W] felHo® w2 pH(2.87)E |}
i, ket frlse] EAlste 28 AA iR
Qe B3t a7t AlghA o8 Yehd sl s AdEnh
o] = plasma-treated water U] EAjsH= thekst A FE0]
DR ohfe Fuel f7BRE 24HoR W
o =2M, A ‘3] e =dst= %"” o o] 2
1o whet BEst E80] AskE & ke 71E
Fol= LXK Back et al., 2020). ‘E?ﬂ A2 g
B3t A—]]jh_tﬂ 0 9)ukz} 1pS FRE= = g0 ME
S =2]-8e8 07 A|3lsle] plasma-treated water A& &
HE AR S 7Fe A wiAE o fiok 59, ek HE
Z o STl AR Hepznt Ao

0_>L[‘N
£rﬁ,Jrﬁ
n&i_ugzolo
T A T <)

il

Water Citric acid

Plasma-treated Plasma-treated
water citric acid

Treatments

Fig. 2. The pH values of water, citric acid, plasma-treated water, and plasma-treated citric acid. a4 Different letters among the

treatments differ significantly (P<0.05).
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plasma-treated water®] 73-%-ol= &4 <4 &I (physical
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T Aol SEATHE HoIN HolB M) o2l P B

—1 O
o= 8l 2% 54T o9 22 AEH S22 54
9IA| plasma-treated water2] #| e+ Q1 n|AYE 235t g3
o 713 4= S Aoz AP th(Mai-Prochnow et al.,
2021).

WHA, plasma-treated citric acid+= citric acidel] €13l 4%
&3 A 2733 Setznt A el AgE okt
o] BAeR Ag3tomM, F i B sl 7H
Z 5ol YA 2Ef 25 fg AR AdEr Lund
et al.(2020) -2 pH 27 ] plasma-treated water T ] 2]
Hoh g Mol Al W AsebA AlzEle] o 2 ~Ed
25 FEgital B 1819l o, Lee et al.(2023b) H=3) plasma-
treated citric acid”} S+ pH, &FdE 23}k A 9 (oxidation-
reduction potential), 18|11 Z71E AF =2 21&] plasma-
treated water T 2]2]¢} Hlwale] g mdE B85t &
= vEhdtha Bagh v Qlok BEgk oA Aggh uke} o],
F71AE A= 1gk o2t Fabd F7kek Al Ul ROS AlA &
4 B A7} plasma-treated water W] E/dFol 2]t 4kl
2EHAE YS FZAF, Ak plasma-treated water®] 2+
Azt g3 el BREdE B Eo w2 EEAs)
B UER A= AlsHTh

& AolM 2 AR AlA F e2] A& W E. coli O157:HT
2} 8. enteritidis2] B2793} FI= FARE S B0, ©]

N
et

v
)

2] 4] A vAE B3 9 FHd nAE 9F

© F oF B O ST EA AlE T B pH R E
AR o s Tt Mai-Prochnow et al.(2021)2
AlazEle] x| wet Sekzule] ofs) AHE T e
nAEe] B2 2t Defd S tkal Hasigich Suehr
al.(2020) E. coli®} Salmonella spp.2] 85 7Fssk pH W
Z}7; 449.03} 3.89.5%2 Husllon, F 7 E5F S
Sk pHETE 52 pH SHEOM = 4% AF AEE 5 e
& 7152 HArslar slo] frAkel pH WIR=E 7] aL leaL
| Slt} & ATellA ARSE MFH o] =8 ndE B
8912 v pHe} Zefzn) SFo R s, olzigh

F oo FARE AR 29} pH R AR 2

2] 44 B3t 595 JEhd A og Almdr
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Uehd Aotk AlH H(control) 28] AZE2] pHE 642501,
water A2 Fol= Q2] A9l pHE 6.422 A5 9] control
¥ vlwslS W oAl Afol 7k EREA] ST P>0.05).
WHA, citric acid, plasma-treated water 2 plasma-treated citric
acid Al2E 2] ZAAe] pHE 247} 4.27, 3.52 € 3.500.2 Al
2 A 22 AA vwsils W freldoR vhe ghs B3l
THP<0.05).

ATl A citric acid A3 § 28] A4 9] pHe 427,
AH A3 v skl s w oA o v e vEhidle
o], o]2]gt pHO| ae FAAte] Aol g™ A}
A€ H7F e8] 74 39 3 22 Y2 FAlE o], A Hd3}
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i
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=
< 4 A
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Control Water Citric acid Plasma-treated _ Plasma-treated
water citric acid
Treatments

Fig. 3. The pH values of duck skin washed with water, citric acid, plasma-treated water, and plasma-treated citric acid. * ¢ Different

letters among the treatments differ significantly (P<0.05).
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o] ste frmeta datdom 24 W H $4<
S7AZ1 9 71918k Ao g AdET] Lee et al.(2023a)2

2] gt A2}, pH7} 5.82
Atk Busigich B Al dEd
4272 A% d7RY o
o AN FETE 3%
ok, ool met o2 A
2 g J&FF2E = HY <ol F7Fetel7] witel o
E2 H7E 28] 244 W A5 Yehd 232 Algdth
A=

=
AN FHog B 2 pH A4S S5s3I thP<0.05). ©]
+ plasma-treated water®] pH¥RF o2} plasma- treated water
Uloll EAllehs vheket whed e8] B3 2R 7191
3l A3l2 FdET) plasma-treated waterol] S 2 XHnitric acid,
HNO;) 2 o} XKnitrous acid, HNO,)S &3 tiokar 4%
B0 A, o5& R FsAEshs Z A NO,
°} NO;™ = &llg=|™ H'E A48T % Uthleon et al., 2025).
o|¢} o] AgE H7E e8] Ad 24 =2 k-2 =wA,
AIF o7 T F FO| pH HAE fxsgh 2107 sjAHrt o]
9} fALEHA Yong et al.(2019) Ze}=n} 22| & s 117]
F3E(pork jerky) Ul ZHE NO,™ o] F7lsldom, old &
e HY 5% S71= Qe pH7F o4 o2 Aasisivtal B
3Tk

F58 AL plasma-treated citric acid2 A2 H 22| 4
9] pH7} citric acid= A HE 2] A& vl3)] folde
S YERE S LH(P<0.05), plasma-treated water = A2 H <
2] A3} vlwstsle W fol Al 2ol & HolA| et
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Fig. 4. Thiobarbituric acid reactive substances (TBARs) values (mg malondialdehyde/kg) of duck skin washed with water, citric acid,
plasma-treated water, and plasma-treated citric acid. * ¢ Different letters among the treatments differ significantly (P<0.05).
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Table 2. Surface color parameters of duck skin washed with water,

citric acid, plasma-treated water, and plasma-treated citric acid

Treatments
Color parameter Pl g Pl -
Control Water Citric acid asma-treated a.srr?a tre'flted SEM'
water citric acid
L* 70.69 70.07 71.27 71.30 70.69 0.283
a* 3.62a 3.82a 2.67b 1.84c¢ 1.78¢ 0.087
b* 16.83 18.00 18.11 18.13 18.01 0.231
! Standard error of the means (n = 15).
¢ Different letters within the same row differ significantly (P<0.05).
s F7ME 29 FF At 2o Aoz duEch plasma-treated citric acidE =% 342 AlxF2 &8sl
9% Bere 2AZ A iauq, G5 A £AZ o83 A

o

e
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