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Effects of the integrated treatment of plasma-activated water and
ultrasound on the microbial inactivation and quality of radish sprouts

Eun Joon Joe and Sea Cheol Min’

Department of Food Science and Technology, Seoul Women’s University, Seoul 01797, Korea

Abstract

This study evaluated the effects of ultrasound (US) treatment using plasma-activated water (PAW) as the medium (UP treatment)
and a sequential treatment consisting of US followed by PAW (US—PAW treatment) on the inactivation of indigenous mesophilic
aerobic bacteria and the color and antioxidant activity of radish sprouts. The PAW was generated by applying a surface dielectric
barrier discharge to 1 L distilled water for 60 min. The UP treatment involved immersing 5 g of radish sprouts in 500 mL of PAW
followed by ultrasound treatment (700 W, 19.8 kHz) for 10 min. In the US—PAW treatment, the sprouts were treated with ultrasound
and then immersed in PAW for 5, 10, 20, or 30 min. The pH, electrical conductivity, and oxidation-reduction potentials of the PAW
were 2.15+0.1, 2,653.3+223.1 pS/cm, and 578.4+25.0 mV, respectively. The UP treatment inactivated the indigenous microorganisms
in radish sprouts by 2.4+0.1 log CFU/g and the microbial reduction rates rose from 1.6 to 3.3 log CFU/g as the US—PAW treatment
duration increased from 5 to 30 min. The UP-treated radish sprouts had similar colors and antioxidant activity to those treated
with water (p>0.05). These results suggest that the UP treatment could potentially be used as an effective microbial decontamination
method while maintaining the quality of radish sprouts.
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INE= ti(Shomodder et al., 2022).
B, P T AL F2 371200 A1H 2 71 A
T2 A AQAEA oeet gejo] 83 4= qlo] HAAA 9lo] A2J=]7] mlEol(Gamba et al., 2021), TR A7HS oI5t A+
o7 Jg] AH|EE AA A4 F sholth(Yin et al, 2025). BE g 1M TA0] Z@4J0] 7R QK Yan et al,, 2022). B Al
T2 el RIS HIE C 59 A i TR A 4] Aol vlgo] HA a1 Akgo| Bolgt FaA| HIHA
SRSk QAcH(Francis et al., 2022). T2y T3k 22 A4 Q4 7} 22 ARETHLuo et al, 2018). TeUt UAA AHAI= 2= ¥
o £B ol-ah,]- okel XA EAJOoF 95 48 & EZ0| Hoj| =5t 4= 9jon, ErjdavEely} 72 Hopy E2]0] AAIS
HiEA AotEs ZAIE 7t mebd 8 Fole A Ao I 7RsAdel Qlof ABfRie] A% Hsfell it 9=t A=A
FAE MH R [AH sh= 7R71EY] 7ol 8= 9 UEHFan et al, 2021). T2pA, GaA AHAIE AR8Sk= AH 574
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& oA A2 A% 35 o] BastelChoi et al, 2019
A4 % 223N (ultrasound, US) #2|+= 353 A (cavitation)S -
ke, BEA] SJo S HekETt 21 Tz AjEo]
oqe uRe] AEY 72E A TlgES ARG
(Izadifar et al., 2017; Fan et al., 2021). ZL&|t} US A 2= GA4A
AIRAE AR AT fARE 429 n8E A 275 ¢
SAE = S AARE A7 870l 2 A A A
o] F4 540l A FFE vd o UTk(Beitia et al., 2023).
EdtRnt EAJSl4(plasma-activated water, PAW)= Z2}X0f
HIEA A] AAE= 9S4 A AZE(reactive nitrogen species, RNS)T}
W34 AbAZE(reactive oxygen species, ROS) 50| &% Folt}.,
PAWO{|+= hydroxyl radical (OH")Z} nitric oxide (NO*)2} -2 T
™ &AJS(short-lived species)T} nitrate (NO;”), hydrogen peroxide
(H0,), 1231 2FO0:) 22 457 D/dF(long-lived species)
o] xg=]o] QItHYoon et al., 2025). PAWY] T|RE 345} &
7= RNS} ROSE |3t TRt 24353} 14} 1 o] 2e] 2
o] 7118k Zhao et al., 2020; Yoon et al., 2025). PAWE- o]-&3t
A B AE AAA AFAZ A8 AL AHe] A a
O} SARE 4229] n|YE A3 EIE 7FAHA L (Rothwell et al.,
2023), F7HARL A 875HA] Yot AR HE 5 EE &
Qtk= S 7HA| AL It Zhao et al., 2020). 1Ho|E EF510L
A SRS A BAT, 718, FE A2 Ala 1] BT
oA T2 o] B/dFo] B A L5 IFIHA F5h
PAWS] B4 47} ah AR 4 Itk Wong ef al, 2023;
Yoon et al., 2025).

US2} PAW A5 H3loh= Ag)= US A7t A% &
2 OPES SR B RS AT Qe A He
350 PAW E4FE aapF o Ad U BEARA EAFC] u
B3N] vhg 7|31 Fol 1L, Ee PAW A2] 1 v gEo| AlEet
2 SAAA PAW 4B A ) UFE Bols A US
S} PAWS THE 02 ARG Helirt B 4] HTke P
Z 4> UTHSun et al,, 2023). WebA 2 AT FA2 1) USeE
PAWE o-§3t T 2], A& A2, 123 FA] AZ|(“UP A2
o W <o B2} 2714 ndE A5 aE Hlwsthal, 2) UP
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2 oM ARE 253 AT AAH|eE PAW AR GHl=
Yoon et al. (2025)0] AHAI5] 71&E|QUtE. PAW 4 HHl= YR
(14 Dol A<t 8 kvl 44| Zeo]E 27lE A4sto] E22nts
PSR /=] JloH, 2k S WA B4F ik 9
stof wo] AatE|of Qlth(Fig. 1(A)). PAWE W HiFo] Y2 &
T 555 1 LE 517 WollA] 1A17F B9t wdsto] AlxE]dck
A & E& wH7|(PC-420D, Corning Inc, Corning, NY, USAYS
o]-&3] 300 rpmOE WRIET}.

T AR 5.020.1 g2 500 mLY] PAW T Bt Z55x(distilled
water, DW)o]| FX|st & wHI7|E 0|3 100 rpm_QE 1027 wet

St} o]AS ZH2F PAW A 2|2 DW A ZZ o tHTable 1).

US A2 500 mLe] DWO] <4 A3t & -9-(hom) Pz
87} A=glo] Q)= %81} A2] AHH|(ULH-700N, Ulsso Hitech,
Chungju, Korea)S AR&5}0] 19.8 kHz, 700 W XA A 1087
FalAckFig. 1(B). A2 Folle F<= Al 2% F5S WAIst
71 98l ¥ AR (JSCR-13, JS Research Inc., Gongju, Korea)o]
AAE 2% ARG A3 WA wBNZ

UP A= US A2t 5Ugt 2704 DW 4l PAWE ARESH
oi| 35T Table 1). US—PAW $1& A& US A& 498t

T HIE PAW AFE A&HH 0= HAlSHo Ol—r‘ﬂﬁo‘ﬂ off
PAW A& AR 5, 10, 20, 1811 30802 AA59THTable 1).

PAWS| E|sletd £ 53

PAWY] pH: pH meter (FiveEasy™ Plus, Mettler Toledo, Schwer-
o}83lo] 2elolr, AL oxida-
tion-reduction potential, ORP)?} Z7]# =% (electrical conductivity,
EC)= multi meter (K5000-CP, iSTEK, Seoul, Korea)E 085} =
Aalolck

zenbach, Switzerland)E

IRERETE

HestA] gre B EL DW A2, US Ael, PAW X, UP
R, Ei US-PAW s A2 P48 U7 HE $8 4185
o] 1:10 (w/w) H|SZ stomacher bago] 21l mE4] #47]
(LS-400A, BNF Korea Co., Gimpo, Korea)S o]-&5}o] 3827+ 4
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Table 1. Nomenclature of different treatment

Cooling jacket

Ultrasound

power

Cooling water
circulation

(B)

Fig. 1. Images of the plasma-activated water (PAW) generating system
using dielectric-barrier discharge (A) and ultrasound treatment system (B)
used in the study.

SlotRltt. o] % Eat WE F&E ©A SAste] #E HHE|A|(plate
count agar, PCA; Difco™)o]] Bi E=83}19]1, 0] 37T o)A 484
Zr et 5, 348 A Aoto] S 2714 Alat E log
CFU/go & Yehfiich

Dao| MI} MBS 5

50| M2 UP A2otAY A2lsA] 2 T WA 1y
(Illuminate C, 2T standard observer) 9Jofl €% & ML Z|(Minolta
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Treatment Configuration

Ultrasound
(Us)
treatment

Distilled
water
ow)

treatment

Plasma-
activated
water
(PAW)
treatment

us-
assisted
PAW
(UP)
treatment

Sequential
treatment
with US

followed by

PAW @

(US—PAW
treatment) —)

Chroma Meter CR-400, Minolta Camera Co., Osaka, Japan)Z F-<=
9] ol F9IE 59 ¥ S4sto] CIE L*, a*, 123l b* gLO=
ERf A

A2 Lee et al. (2024)9] W& w2} DPPH 2hojd £74&
‘do= B7Islet. UP AefstAu AefshA] g2 Fod 5281%
slof FIBIt 7, o] 5 0.6 g2 2 4 mLO| 80%(viv) Mgk}
S35 &, 2§ 223} A2] AH]|(Powersonic 610, Hwashin Tech-
nology Company, Seoul, Korea)E ARg-5}0] 205-7H400 W, 60 Hz)
)59t o]% YAIEE]7](TC-Spinplus-6, Topscien Instrumentco.,
Ltd, Ningbo, China)& ¥4E2]510d(1,110xg, 22T) 5HS F
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PAWS} DWS] Eelglals BAS 25k ARE 23] HHEE90
], Ag] SFEE 3719 4 Alert A=A A Aol Hig]
o] SPSS (Ver. 24.0.0; SPSS Inc., New York, NY, USA)S] LHHiX]
BARHANOVA) 02 A% 32 24 7, Tukey's mul
tiple range testE ARE5to] AR HASIATHe=0.05).

A 2 X o

o _
Zo Y g
=0 Ext S7|d O1ME Aol st

DW, US, PAW, Z12]11 UP Ao o2 F4:0] EZF 57]4 ]
A& gt Aol &7HE v ot thFig. 2). DW Az, US A,
PAW A2] 128]3 UP A2|& 49 X 574 vgES 72
0.5+0.2, 0.8+0.1, 1.7+0.4, Z12] 11 2.4+0.1 log CFU/gUHE ASJAIA
1, o]& B9l UP A7t F<=0] B2} 37|14 nBES 7MY &3
Hog AAHS & 5 AU THp<0.05).
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Fig. 2. Effects of distilled water (DW), ultrasound (US), plasma-activated
water (PAW), and ultrasound-assisted PAW (UP) treatments on the
inactivation of indigenous aerobic bacteria in radish sprouts. Different
letters above the bars indicate significant differences in the inactivation
levels (££0.05) based on ANOVA followed by Tukey's multiple range test.

UP treatment
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2 AtollA AREE PAWS] EE|SFH E/dS DWeF H WSt
Z3}, PAWS} DWO] pHE 247t 2.15+0.17} 5.8120.2F PAWO(|A]
SOl 07 UQLom(p<0.05), ORP= ZHZ} 578 442501} 189.1+5.9
mV, 7181 EC= 247} 2,653.3+223.13} 11.7+0.5 pS/em = PAWO]
A =7 JERFTHp<0.05). PAWS] pH7} W2 0]9= Zah=u} uf
A 2= A= FAAHHNO;) T} oFAAHNO,) S0 28 e BAE H
ol HiEo® AA SlriJang & Min, 2025). ORP= -&2] 4t
3t B 2 58S UEle AEE, 2 ORP g2 PAWZL 7
3t AFSE 24902 QJu]$ttK Thirumdas et al., 2018). ECE= &9 U]
EAol= o]29] wE M7] Ar/dE Wgske AR, PAW Y
ol v AEQ] = UeEpdith(Jang & Min, 2025).
£ Aol T PAWS] DWO] Bg] g oz uk pH@r =
< ORP T+= ECERE E2t2nt A2 oA PAW Hjof ¥H-5-4
AtE 9 AAEo] FAESICH, PAWZL AL} S-S 7P11L
S-S HojETHYoon et al., 2025).
3HH, PAW A2 A] US A2|E B4l ®HASHFAUP A2)) US A

A HALE L
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Of

27} 4% Ho] QJ nES avtdo R Gy T, PAW U
T BT AU FAAIA PAW A9 4 vliE

Al 8115 &olgt 4= UKSun et al., 2023). ES o] FL- US AT
7t nEe] AlRuRe AT, &9 AR S5 PAW 24
Fol A A2 U2 B0l 4= Jleus FIQl vEE AJshE 7]
& 4= QITKSun et al,, 2023). Z18]31 USE PAWZ} Teo] LHo}7]
ol AE2] E% EH F9P/HA| PAWE oAl = JloEE
2T dE 719 AHES S7MIA PAW A2 ndE AS) &
s —‘;'—i‘—o‘ 4= QItH(Sun et al., 2023). |23t US 2|9 PAW 1|¥E
Asf 280l UM =g E3f UP At 7= B3 2714
ES 7P AR Asilee 49T & ke Aolth
US—PAW <1< #|2je} UP #2]9] nld= A8 E3E Fig. 301
VR 48 1057 US A3t 3, PAWO] 5, 10, 20, 1]
T 308 B AAT A, US—PAW A APt 7o) B2 5
714 uES ZH7F 1.6£0.1, 23402, 2.8+0.1 12|31 3320.1 log
CFU/g AsAl7]9 21231 iPOl% HtHp<0.05). wetA PAW
A ARYe] Aojdas Fe0] B2 2714 ndE A8 &bt
T7RIth= 2s & 5 %ain}. US2t PAW A2 242} 1024 1
3t US—PAW A& 22| 9] wBE A5 Ak UP AT (A2 Al
7t 108 Ao, US 2 PAW T AE|(Z 1082 A)) &
o] A {21 Ao)7E RATH(p>0.05). UP A2|7} Ewtol
A2 Ao &8Il o5 A2k fARE A AxtE yehd
olfr= oA A USe PAW 13t #|21e] ulgE Afsf 7140l
US—PAW @& H2|Hr} UP HEo4 o §&Z 02 o|Fo|H7]
HEos waEleh vgE Asl 23S B3 UP A7t HIE
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Fig. 3. Effects of UP treatment and a sequential treatment with ultrasound
(US) followed by PAW (US—PAW treatment) on the inactivation of indi—
genous aerobic bacteria in radish sprouts. Different letters above the bars
indicate significant differences in the inactivation levels (£{0.05) based on
ANOVA followed by Tukey's multiple range test.

US—PAW ¢id; Aj2j2} SAHE Bl As) wake Btk shl
ok B4 B S 940 AYE © 5 ol

29 100 ppmo] AotdAAoE SEZF NAWS U B
E& 2714 nAE0] 0.6 log CFU/g RHE ASH= AraL E-LQ_ s
9ItHAlloggia et al.,, 2025). o] AT 2 ¢i70] ATle} HTHS
W) UP Hel7t Aol Ante Ag3t AHHT 943 u4)2 A3)

BE Zrhe A2 & 4 AT T Q4 ARG A
oAl 7lezA 9 UP A7) 7S & = A

DW #{Zje} US Aol ARGEIE A&l et = A
$HAI(300 CFU/g) oPdolglo, PAW AZ]e}k UP Aol AR Al
Hno] 2T 45 AFIA0 CFUI wlolole). o] Ake
PAW F2iS} UP A2/} AIE-g ] RS o] offed o]
e AA ARt 22 Aviste, AlXsz olfd vliE
7] QA B2 PAW Helsh UP et AL B3t 530

< 4o 7ol W2 AR YS Holeth

UP XZ|0f ME F&2o| Mut eiit=ls0l et Je
UP A2] o] w2 §5-0] M W3S Table 20 LERAACE
UP A2lo] w2 ¥.4-0] CIE L*, a*, 181 b* 3 A2]s}A] ¢
T FoAR1 Aols EO]X 3ATH(p>0.05). 4150l 75HA]
USE A2 Al7to] dojd A9 x5y Foff 9 Al W 48
%2 %HPoP = 2,12‘31(Kutlu et al,, 2022), PAWS] ROSE F4=0
g2 ulysta] A1E0] ML HIMAZ 4= It Amorim et al.,
2023) 2 ATt AREE FoA] A8 USet PAW <0
Ao]| GRS m|X|A] A2 FIS 4= 9J9ic)

= a2

rlr rlo
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Table 2. Effects of UP treatment on color and DPPH scavenging activity
of radish sprouts

Quality properties

Samples Color DPPH" scavenging
CIE L* CIE a* CIE b* activity (%)

Untreated 42.34+1.8° -12.13+04° 2026+2.7°  484+4.7°

UP-treated 41.1142.1° -12.93+0.8° 20.90+14° 448455

'Data represent the means with standard deviations (n=6). Means followed by the
same lower-case letter within a column are not significantly different (0)0.05)
based on ANOVA followed by Tukey's multiple range test.

2 Aol 24 uP A7t 7 -4 DPPH 2tz 4750
2= &= Table 20] Q°F5I5IH. F<=2] Fikal &2 A7
_L]-X—] = gﬂ?@] = g]-ol—?@ Z]—'—_Loﬂ -’]OH ’l:ﬂg].o]— A O]Q-(Llu et
al., 2021). US A&z F5@/dol o3l /ditadS AAdsto] 4

F 429 A8l 9g2 F= & Q7] wieell A 27wt
AL AES Bafat 4= JrHOoi et al,, 2025). T3F PAWS HES
A 41% 0 A4S RISl L Al 717] dio] A
2] % A% ) S Sikgoly vk C} mlaiEo] %) 3
ASks0] 7448 4 Qlti(Abouelenein et al., 2022). SFR]RE & =L
oAM= UP 2] ojFof wj2t DPPH 2tz 47 49 {942l
Aoz HolA| QU (p>0.05). ol= & A7l ARE 2719 UP

Aol Tiee] Mt YAIBE SHL WAL P PAW B
M} B R 70 Whgol YolhA] e & 4 U
2 <%

UP A= 74&9 B2F 5714 uPES 2.440.1 log CFU/g Tt
F AsJAZIEA DW, US, 121 PAW A2 HTh 9453t n s
Al BE HAH A2 ARE 1029] UP #2)9] u]dE A3
Azl US AS 102 7+ 5393t 5 vl2 pPAWo] 1087F A=st
2] 9] Aaf] Yot T 1042712] US A 2|9} 1087H2] PAW i%ﬂ
o Al F=g AR A th=A] elot UP A7t 34 584 &

oA 9=t X%El e & 4 AU E2E UP A2 APQ—FJ%E*
HHa=0] 2 4 BALS B8] UP A7t AES B3t 1499
< o7 7]__/&40] 3o Agde olstk 4 919tk UP Agh
Tl ATfetA] ghe Fevt vlaghe vf MEet DPPH ehid
471 GAdo] a7t glglck & AFE 3 UP A7t 4ol o
39S HAaslhHEA BB ARE R Al A2 T
A o e 7%—*3—% Selgh 4= Sl & AT At

A 2~

2 ulgos, UP Helgl Pao] A% P94 sl Ss) 4%
5 o 4 9 2 vislel olo} ipE B4 Aok /1R et
L 34 A7k SgElolol T Ao= waEt:
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