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Effect of UV-C irradiation for bacterial disinfection of drinking water
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Abstract This study aimed to investigate bacterial disinfection in drinking water using a water purifier. Water artificially
inoculated with Escherichia coli and Listeria monocytogenes at various concentrations was irradiated using ultraviolet
(UV)-C at a rate of 3.4 L/min in a water purifier, and the disinfection effects of UV-C were evaluated. Both E. coli and
L. monocytogenes were disinfected up to 107 colony-forming units (CFU)/2.8 L by the UV-C irradiation. Additionally,
morphological study using fluorescence microscopy in conjunction with live/dead staining revealed that both the bacteria
species were disinfected by the UV-C irradiation. Therefore, UV-C in water purifiers can effectively kill high
concentrations of bacteria in distilled water. UV irradiation (UV-C: 254 nm wavelength, irradiation dose: 40 mJ/cm?) at a
flow rate of 3.4 L/min on drinking water has the potential to sterilize bacteria-contaminated drinking water, at least for
3.2x10” CFU/2.8 L of E. coli and 8.4x10” CFU/2.8 L of L. monocytogenes.
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A7), SR 2 A, o3 B o EAE T AZAH S Fa) vl
AERZHE QPAAS A7) IL UTHPizz, 2011). B17HE A g
718 & AUV, ultraviolet) ZAF At =AHEES A8t
A 3L L9HFE BEHOE Alojake & slon, ek <o
AR vAEA S Bl BARS = o] AL
AFE o]t & A7l tigk AT7F Eidro] o] Fofx|
ThJeon¥} Ha, 2018; Li %, 2017; Song %, 2016). AF£|A2
100-400 nm I L] ARPISkEA 3ol wEt UV-A (wave-
length; A=315-400 nm), UV-B (A=280-315nm), UV-C (2=100-280
nm), EUV (extreme UV, A=10-121 nm) ¥ & {3t} A
o] A @3 = F=2 200 nmellA 280 nm ARe]2] UV-C 5 <ol|A
WA SFTHEPA, 2003). UV-CE 2t (germicidal)Al o] 2t 3L 3w,
DNAS} @hildo] # Fste dPgo® 1 a3yt Hoijl 3%
2 2537mmeE 4HA AUTHLIu 5, 1995). A2AS wAY &
AP mAE] DNAE A3 337y DNAS F435h=
pyrimidine (cytosine, C; thymine, T)oll 283}, pyrimidine©] ¢
2%k DNA9] olguhdtz7t A= A3e pyrimidine?t 318}
| Aol wel pyrimidine dimerE A3te] o] APEEE A
o7 dHA AKGoto 5, 2015; Sizer2} Balasubramaniam,
1999; Yokoyama®} Mizutani, 2014). 2#Z o2 2pe)d ZAR= 1]
AE DNAS EF4, g8hd 12 548 JdsiA ved, 4%
< A% I B8-S AAIATIL DNAS S5 &M
sle] A= APHe |24 st} dRkH oz Eal AEe] ¥H 4
o< 93 UV-CE ARSIl 9lom, UV-AS} UV-BE 7% xH
abitel]l @xbdolt}, ggo] Fe UV-CE F oluA] =971 UV-
Be} UV-ART} Eof & Ee AA) 2F 4o Bol 283l
AtHFranz 5, 2009; Yun %, 2013; Oh 5, 2017).

2ol So] 7PgollM FEE o] §s A=

=z

az

o)
AN

O zZ2=0

n >~
R =



UV-C A 9 -85 A 254 219

& 9 "AES AAst] dFske A9 SR T §1A
gk Yang 5(1999)¢] B.o] ojaid A|gAE 2 A4S K4
A4 ?1 S YA Ao BasH W rAEe] S

stk 53] 4718 T3 A4E WAARAsH nAdEe] 10*-
10* CFU/mL, A9A4+= 10-10* CFU/mLS] HHAZ A% IOTH
B F7lslth 79 olFole gt BAsiivh wEkA &

7] HAe tshs o] MAEETEH TEHOE S B
ks & Qi w}a]r’ﬂ AFelM = UV-C 999 254nm o}
&S Eske UVE A7]dl A&ste] oy &4 At Esche-
richia coli®} 1% /3 HIEL Listeria monocytogenes®] % &%
o Wg wAE AS A adel sl AF-siAch
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olN 18 2472 E coli ATCC 8739, L1 YA
S L. monocytogenes KCTC 130645 ARE-31SIt). Zt ujAl&<] uj
&S Tryptic Soy Agar (TSA, Cat. No. 236950, BD)9} Brain
Heart Infusion Agar (BHI agar, Cat. No. 211065, BD)ol|A] 8j<F
st F, colonyE Tryptic Soy Broth (TSB, Cat. No. 211825,
BD) E= Brain Heart Infusion (BHI, Cat. No. 211059, BD) <}
AujA] SmLol| FEFshe] T 7] (shaking incubator, 37°C,
200 rpm)ellA 1216417+ BiFate] AR AR3I3ATh. Z12ke] uv-
S A #2 AEiAIE ARgSte] AAMIY] 37°ColA 24
AlZF w3t 9e™ E coli= MacConkey Agar (MB-M1028, MB
cell), L. monocytogenes= modified Oxford medium agar (Cat.
No. 222530, BD; Modified Oxford Antimicrobic supplement 3
7}, Cat. No. 211763, BD)E AH-3ISiTh

UV-C ZA} B ZX|
UV-C B A= s=asloléme] A47](eSpring, Amway Co.
L., Ada, MI, USAYE ARE-3tR o™, Wiel FEE AAsL
UVHZ 7|59 Ao ARl UV-CRZE 2 =22 1
b 254 nm, ZAMIEHS 40 ml/em® oW, AL 12mm, =°|7}t
195 mme2 27)9] o] AA=] Ut} AF#S UVHZE B
I3k #o 2 A 30mm, =°]7F 200 mmz UVHEZE Wi
o F-2AA *F&o}M_Uﬂ Q1] =#HFH 50 mm, =°] 200
mm)S UVHZ eFo] M|ste] olgjelr] $12 Eo] Fstd
R WEHES SISt AAR UV-C7F A= 992 =
HRlglaa A7]ek om, Eo] AL Eﬁo}t NEQ eSS
%Ol 2= BN UV-C7F A EE ST UV A5 4=
= 2.8L¢] &3] 9% Ui Uv%*ig FHoE AFslal,
73S AYsta gao] FEE Y. SRFE FYE=
(22R-3005, KOTEC, USA)E ©|&3}4] 34 L/min FH°] =S
fEgxdr|2 2433, UAY4EE247](FLM-3, HM Digital
Inc., Manhattan, CA, USA)Z &3 #42 s s
FU2 3-way valvel syringeE A3}l syringe pump (NE-300,
New Era Pump Systems Inc. NY, USA)Z ©]&3}] 9 mL/min
_-_E’_E Zo] ]_%\1;]_

UV-C Z=ALD] ME OME 4] &3

NA| vzl Al xﬂ&% ol AR RER &7 A4E
2(10,000xg, 5Smin)st] #AE X3 H, FT5AES AAA
o}, et Mo wix] RS AASH] 213k 1 mL phosphate
buffered saline (PBS) §-o2 233k 7, AAE2](10,000xg,

5min)stal AFHE AAske AHAR S 33 wkEsATh AF
3t Al A= PBS & thA] #3238} Skl UV-visible spec-
trophotometry (Optizen 2120UV, KLab Co., Ltd., Daejeon, South
Korea)ollAl O.D. g v 052 W= F, 10818 PBS &0 343}

Ak Zzte] # 10° 10°, 105, 107 CFUmLE 33} “& Cands
34L/mind] &0 8 2= Ao FYEAL. Z47) Xc}'x]
o] UVE &3k Al59F UV XJX]E T8 e diE2T AR
Z}z} 4LE WE Q] ZE(membrane disc filter, PES membrane,
pore size: 0.2 um diameter: 47 mm, Pall Co., New York, USA)
7} &= e o3| (Pall Co., New York, USA)l of3}A]
A AFS 23 39 th A7A1Z] membrane disc filterS ZHzH)
e8| x| (MacConkey Agar, modified Oxford medium agar) X%
of "EAIA 37°C wldrIolA 247 FE wie H, AgE
colony & AlAkste] uvell ok 7k Alete] A% A 588
gelskd

UV-C ZAfo]| [ME Mzel AtE ztah

UV-C ZAF Z ZR|ell 28 MH(E. coli, L. monocytogenes)
o] AlEE El 0}71 9)5te] &% w73 (NIB410-FL, Nexcope,
Ningbo, China)} LIVE/DEAD" BacLight™ Bacterial Viability
Kit (L-13152, Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA)E o|gsle] #Falgdth. UV-C 2AVEH 107 CFU/mLY) #<
AR ) xZstar, =% WEHQ dHE 5mLe] PBS
o] Eoid= 50mLe] conical tubeol] ¥ SE7F EFAIA
BeQl dEelM 453 st £8% ¥ LIVEDEAD®
BacLight™ Bacterial staining mixtureZ @43}e] FFPr|Ho=
Alde] AP sk EAS BEsIo™, IMT iSolution Lite
ZZ I AMT i-solution Inc., Burnarby, BC, Canadays S35l ©]
HAE FsAT
Zdutd nE
0D,y 2 CFUSIe| AT T3

WSt E coli®} L. monocytogenes= 841 =2 (10-fold serial
dilution)S ©]-&-3kd 1081% 4Jgk FH, TSA, MacConkey agar,
BHI agar, Oxford agar®l] ="23Fo] 7z} nj#]ol| A v Y== colony
o] & It 7z} AlFY O.D., gk CFU (colony forming
unitymLe] FHAAE ERIEIA. S EHH o= kst 7 +F
9] CFU Z3gel e} 0.D. 0 =052 Z-S E coli £92
TSA #ix]ol| A <F 2.5x10° CFU/mL (MacConkey Agar®] 74-%-,
oF 32x10° CFU/mL)i wdshs AL g2l e L monocy-
togenes?] 739 O.D., 500, =0-52 ZAS w], BHI BjA|o|A] <F

8.5x10° CFU/mL (Oxford Agar®] 7 °, ok 84x10° CFU/mL)Z
M E A Bl

UV-C Aol olgt Mol ds X
E. coli®} L. monocytogeness 2Vt &=
A¥eh 7, Zhzhe] MdeulR]o A wjF ’ﬂr""’éﬂ' A= Fig 1 &
Fig. 2, Table 161 YeRNATE 28 3442 E colis UV A}
A 2 thxTe A4S, d¥e] FE BE $EG2x10-
32x10" CFU/mL AZ)elA =5 ZH2Q] colonysS A3 Wk
(Fig. 1, Panel A; Table 1), UVE XA ZH-$-(3.2x10°-3.2x10’
CFU &)= colony’t A=A = A37F Uehd uvel st
E. coli¥] 737o] AsHAY AFEHE S AT F AU
(Fig. 1, Panel B; Table 1). Kim3} Park (2009)2] 30 We] UV7}
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Fig. 1. Culture images of filtered membranes on MacConkey agar from 4 liter of distilled water inoculated by various concentrations of
Escherichia coli ATCC 8739. Panel (A): Control water samples. Panel (B): UV-treated water samples using water purifier.
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Fig. 2. Culture images of filtered membranes on modified Oxford medium agar from 4 liter of distilled water inoculated by various
concentrations of Listeria monocytogenes KCTC 13064. Panel (A): Control water samples. Panel (B): UV-treated water samples using water

purifier.

10° CFU/LS] E. colis AMERTHRE A79F AR A4S el
Ark.

O% P44 L monocytogeness UV ZASHA] g8 W2+
o] A% Aol P RE FL(84x10-84x107 CFU AZ)d)
A BE el colonyEs FASISITHFig. 2, Panel A; Table 1).
HHE | UVE AR 73-9-(8.4x10°-8.4x107 CFU A1Z)9lA] colony
7} AR = A3E YElNe] Uvell 28k L. monocytogenes
o] o]l MaHAY A= e FUT F AThKFig. 2,
Panel B; Table 1). A4 o2 UV AF7]9] A4 582 F%
34L/min¥du] 32x10" CFUR8 L Fx° E coli®t 8.4x10
CFU2.8 L &%2] L monocytogenes 2t2+< A & = 5
Hol A= Ao E AlgHTh
SO0|dE 0|88t UV-C AL MZe| AlE &

UV A7]e] &gk 28-S dRlshr] flste] I5Ee] 1
g FAH 24 AlF(E coli 32x107 CFURS L; L. monocyto-
genes 84x10" CFUR.8 L)& UV ZAg F, LIVE/DEAD®
BacLight™ Bacterial Viability Kit2 413le] Alge] ASAPES
PFAnA S olgate] T Aoll= M SYTO9
& A Aok ofste] 2Fe] FFE vfERH APE g AlFE
= AMlEYo] &44E Md)S propidium iodide 33 G2 Akl
oJsle] wrkale] go] YERdt) E coli®t L. monocytogenes=

& AP 2 A, o] AMltEe] A&, Fig. 3
9] control)3t Ao =2 SIS HHH UVE AR A15ke] E
coli B L. monocylogeness ZAFIAE W tiF=te] Alds0] A
A Fig, 39] UV)E Aoz IR Uve #7184,
53] gtslrdd 2Hgste] {7180 =84 58k fx Hele
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Table 1. Injected bacterial concentration in water samples through the water purifier with/without UV-C irradiation condition and the
numbers of survived bacteria (CFU) on selective medium after water-purifier were counted

Inoculated bacteria (CFU)

Number of colony forming unit (CFU)

E. coli ATCC 8739

Filter membrane without UV irradiation

Filter membrane with UV irradiation

32x1073 Not grown
3.2x10° TNTC Not grown
3.2x10% TNTC Not grown
3.2x107 TNTC Not grown
L. monocytogenes KCTC 13064 Filter membrane without UV irradiation Filter membrane with UV irradiation

8.4x107 TNTC Not grown
8.4x10” TNTC Not grown
8.4x10° TNTC Not grown
8.4x107 TNTC Not grown

TNTC, Too numerous to count.

fra-gtial (NikogosyanZt Gorner, 1992) HI =g o mAYE9] o} dASHA e ol =¢| DNAZH

T8, 53] DNAE FA3I= cytosine’} thymineo] 283}
DNAY] o] UM 27t 4= thal(Chai, 2018; Goto 5, 2015)
BIEATh Goto 5(2015)2] Baol] wel 2 Aoz SAbE
AleFE©°] propidium iodided]] FAEo] wW7to] PP H= 7;12
2 ROt UVE ZAIEH A BoA AE3 AldSo] 24" A
EE] Mol UVZE ZAE] wEel] Altg ¢33 }%!
AIZIA] Fatal AEs| S0 et ZleR B 4 Qi) w4
5o 71 31 A vAE Al g A 7Y &3t
WA A+t B3 Al SERIRE UVERAL RIAES HE A
% AFKFig. 1, 2, Table ellMe wAE2] o] A 4
7t velsth @3 dv) #F At vAdE #HS S 49

rlo

Escherichia coli

Control

uv

= UV AR S8t w4
[}

3
s eeke AEe] ¥alHoldA grew Az el

F G Aol FAlE = Hr7g &é% V ZAL T ni2
HFAsle] HEHo] Bagx] ke RAow Algdth wEhA Fig
19} Fig. 2004 AFEE mAE 7A€ 1 o] E2 Zog B
UVEAL 93] DNAZF 74 9oL 2188 2o Axf Abdst
I JE AR Agdnh Al R wE uvel tigk
WAL duzloz g SAFRT AlZEHo] FES I A
o] =& Z(Chai, 2018)22 4#A Ut} B A9 3 dn
73 HE ARNME E colic ek APEEE W L monocyto-
genes®] 7S Ul oz Holgle o] Bo] YeEhKFig 3) 1
g o] Uvcell UAo] &2 Aoz 4T 4 Uitk

Listeria monocytogenes

Fig. 3. Fluorescence microscopic images with LIVE/DEAD staining of Escherichia coli ATCC 8739 and Listeria monocytogenes KCTC

13064.
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= = 2% 2497 FEHA E coliet L manocytogenes
E QIfIHCRE QHAT SE&FE e RE UV-C He719 A
+ 7 mAEY A A wE JEst EA4S XA
3I3ATE UV-CE o83t S8+ 4+t 582 1 343+ E coli
o} FAH L monocytogenes® AHEEHFE ILFZ(E  coli
32x10°-32x10" CFU/2.8 L; L. monocytogenes 8.4x10°-8.4x10’
CFUR8 L) Al 2% &S Aa)d 4+ de a7t Jebst
th w2k UVE ol &8 S8 A4S 75 34 L/minclA UV-
C I 254nm, AP F 40mliem’Z ZAFE A E coli
32x10" CFUR.8 LS} L. monocytogenes 8.4x10" CFUR.8 L ©]
3t FE] QHE S8 Ahto] 7hse 2o st 4
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