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Evaluation of Growth Inhibition for Microcystis aeruginosa
with Different Frequency of Ultrasonic Devices
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ABSTRACT: The growth inhibition effects of M. aeruginosa were verified using large volume (7.2 L) of algae samples and
ultrasonication (high frequency of 1.6 MHz vs. low frequency of 23 kHz) in lab-scale experiment. The chlorophyll-a (chl-a) and
cell number decreased gradually after 6 hr sonication with high frequency of 1.6 MHz whereas both decreased sharply after 6
hr sonication with low frequency of 23 kHz. Additionally, the first order degradation coefficient (4 values after sonication were
greater than those during sonication. These results indicate that relatively low sonication energy per volume may affect the
cell membrane and internal organs of M. aeruginosain a slow and retarded manner and resulted in gradual decrease of cell
numbers of M. aeruginosa. Based on the comparison of chl-aand cell number of M. aeruginosa after sonication, low frequency
of 23 kHz is superior for growth inhibition of M. aeruginosa, since low frequency of 23 kHz easily penetrates the cell membrane
and ruptures the internal organs including gas vesicles. As is evident in SEM and TEM images, ruptured cell membranes were
clearly observed for low frequency of 23 kHz. Finally, the microcystin-LR in water is not detected and considered to be
harmless in aquaculture systems.
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2 ok x3mbo| IR} (1.6 MHz), M3} (23 kKHz) ZAS Eal| Microcystis aeruginosa (M. aeruginosa) @) 8% AX| 1t
(growth inhibition effect)& CHEZF (7.2 L) XF AZE =6l AgAl 72 (Iabfscale) AlSIS E5l ZS3ISiCt 6A|ZF TRmt
XA E chl—a sE2F M aeruginosa IHM|e= BXRIEO! A ZS0| B=El 8iH A2 MFEODF ZA S chl—a =& 2 M
aeruginosa N7t DI} CHH| S26P1 dash=s A &R 6IIC, et =3t Jf [ZH 20 RASR 0129| YRfEalai
(A7t 2 A2 SRI=RIoH, 0[2i5t Zuk= JIE 01| Hioh H|u™ W2 HALOE =St ol|X|I7t 27 AlZRat LR
7120l 0IXl= Ffol XH=0 2 AR Ol HEAMRI 2R && X Fubt HEEE= A2 MRECE =20 TA £
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chi—a St M aeruginosa HAle Hal MEEN UXIEHES SECZ H|wet 21} XMFmoll 257 82 X a2t
P45t o2 SRILRICH, MMM M aeruginosa MERIC=Z OfHX| £t 20| 6l 7|4 & WE7 U o 2
T2 FEolV| 2R Aoz AlZElCh SEMIE TEM image #E52 SollME nFmt Bot KMol M aeruginosal
Mz 2 5 Mz=Erol 240] HEoh| H=EUCE OIXe 2 S0l 2|5t M aeruginosa®l 7|'d mh| 5! M|xZ3te| 7|
M2 Eoll 855k SH2EQ microcystin-LRS| £5 RES AESH| (0.1 ug L) D2t 5|0 SMERAOf OIXl=
wolled= D[0IGt Aoz BHHEICE
siMof: =5 7| MEAX| XMFIt Microcystis aeruginosa, Z=St
1. M 2 of 2B oS B2 © 2 ALgER= 2] 4 (physical)
Aol S BET 2RAWINE T shetr
2| 7] st thE 0] Ak Al W A (chemical) Ao}, 5 54 of] L3t FFHFoll et
TEER ARSI YA Y L 0 QB & A 71 U oAk B 27 AL AASEA
U= QR FHHEFA E2N), AP AW = =914 (biological) A|o] 2121l 2} 7] &) A= &9
7he EHAl 8910 ofl 2% 257 (algae) o ATk shof thofRl 2302 o]-gshe HH4] (complex) Al
Ao W2 =2 A} (algal bloom) T W=7} 5715} o] 7|\ o 2 B2t} (Dittmann and Wiegand 2006,

L ) (Kim et al. 2019, Lee et al. 2019, Lee et al.
2020, o]ejt S22 2lsjol A o] B 571,
o170 L, 57 o) BB 0%, S A I
59 FAE oF7| A A (Griffith and Gobler 2020,
Joo et al. 2020), =23AO] X429 ALS)A BA)| 7}
513 9lck QA S AALS S]] 54
4 & 971 = GlEZ % (Cyanobacterial
Harmful Algal Blooms, CyanoHABs) 5 4% (Micro-
cystis, Anabaena, Aphanizomenon, Oscillatoria)S 3
Yooz X gste] SHA cr Bejshal B =it
-8 Aol Al 9] 279 WS HU B HSt] 27
BEA, o A Fofl o8-kl EE Y HA| A H]
of| A B115}3l 1Tk (Ministry of Environment 2016).
E5| -3l g=7 (CyanoHABs)+ Microcystins, Ana-
toxin, Saxitoxins 2] SAE2-2- A A1 (Carmichael
1992, Lee et al. 2003, Codd et al. 2005), J=4AE A
Sh= Tl Al =] SrAet g0l WA Y] lEA
o] A 21l (geosmin) X} W H o] A 2|2 (2-MIB)
2 A%} (Song et al. 2007). o] 23t S EHAS T
W= GIH RS 5 Microcystis aeruginosa (M.
aeruginosa)7} 235t YolF o0 & AHAN o (Ma
et al. 2005, Paerl and Otten 2013), ©]& of|"i}5}17] 93l
M. aeruginosa®) /37 24| 9 A o] ¥lto| thgl theF
3l 7] & o] A& o] x| 1L )t} (Dittmann and Wiegand
2006, Byeon et al. 2016).
X7 e Ao weh s A A 2 27

Byeon et al. 2016). S}ARF T F2-0] AJofFH-2 A A|
2 B3k o|Uh 712 142 g wdo] 9
of 2|47l 27 24 ol @ o) elo] Wz
Aot
%JJ— (ultrasonic)E ©]-8-3+ &2 4
7} 259 713 (gas vesicles)= 1t
RN A 252 22 258 1
ket s, ol Qlstel 250)
5L S X]—‘:/_]—o]—@] 252 A A gk} (Jachlewski
etal. 2013, Park et al. 2013, Purcell et al. 2013, Kong
etal. 2019). 223} Z-8 7|98 slslopz o] =7 ] 3=
o glo] 27 A B RS AlskaL = A2zl
WA L 010 Qo BYBAY §E2 AT S
YA 2 ffal/d o] W 2h Xk Q1 ol w, 2=
5o] %34 (frequency), £ (watt), ZAFA|Z (irra-

& 2 At Q| Az A o

HU

diation time)

A7} 74531} (Table 1 &%), E3F 280 t%—s Uz
F7F Ak 5AAEE F 7P B4 o] 7%t micro-
cystin-LRS TF7]7bo]| ZoAIZIkaL e A4 31Tk (Song

et al. 2005, Hudder et al. 2007, Sivonen 2009, Ame et
al. 2010, Chen et al. 2020).

7|& 48] ¢17to] w2 H Zhang et al. (2006)-2 115
u}, &89 2297t M. aeruginosa®] A AE 71
sfohdl] 7H B30l 202 A AR Ea) B
31901, Wuet al. (2012)2 M. aeruginosa 2] /37 &
Aol &I} 0] Z-2u}o] Fup4= 20 kHZz>580 kHz>



S.Y. Jang et al. / Ecol. Resil. Infrastruct. (2021) 8(3): 143-153

145

Table 1. Summary of the ultrasonic sonication conditions and growth inhibition results from previous study for algal
growth inhibition

Initial cell L Reactor A
References Target species concentration Theglziny P Irragﬂatlon volume Growth _|nh|b|t|on
2 (kHz) (Watt) time efficiency
(cells mL™) (L)
Hao et al. (2004) |  Spirulina platensis NA' 20, 200, 40 5 min 08 |*200 kkz>1.7 MHz > 20
1700 kHz
. Melosira sp. 500, 1000. ’ « Proportional to ultrasonic
Sim et al. (2006) Syneda sp. 1700 28, 40 | 100 - 300 20 min 1 power and irradiation time
20, 80, . . .
Zhang et al. (2006)| Microcystis aeruginosa | 1.5x10° | 150, 410, |32, 48, 80| 5 min 0.2 |"Proportional to ultrasonic
power and frequency
690, 1320
Microcystis aeruginosa 2x10° A circinalis >
Rajasekhar et al. Anabaena circinalis 9.7x10° 20 9, 17, 28, 5 10, ] 0.2 M. aeruginosa >
(2012) 87, 64 15, 20 min Chorella s
Chorella sp. 2x10° .
* Microcystis wesenbergii >
Srisuksomwong et | Microcystis aeruginosa, NA 200 3 0,1, 2, 0.05 M. aeruginosa
al. (2012) Microcystis wesenbergii o 4, 10 min : « Ultrasonic irradiation time
: 2-10 min
20 8.06
Wu et al. (2012) | Microcystis aeruginosa| — 6x10° 580 0.82 30 min 02 i&:“z > 560 kHz > 1,146
1146 0.36
20, 40, . Onfi - .
Fan et al. (2013) | Chiorella pyrencidosa 107 80, 100, 80 5 min 0 | Optimal conditions : 80
kHz, 80 W, 5 minutes
120, 150
" 5 i 7 45, 50, * Optimal conditions : 50
Park et al. (2013) | Microcystis aeruginosa NA. 70, 90 1.2 5 hr 20 and 70 kHz
Microcystis aeruginosa
* Optimal conditions : high
Aphanizomenonfios - 20 600 frequencies
aquae 5 — 500 sec
Purcell et al. (2013) 4 - 6x10° (Add 1 hr at 1.5
Scenedesmus 862 kHz) . "
subspicatus 582, 862, 200 + Optimal conditions : low
1144 frequencies
Melosira
+ Sedimentation rate : 50%
Rodriguez-Molares " . i 5 . within 24 hours
et al. (2014) Microcystis aeruginosa 13.3x10 215 8.24 10 min 0.6 . Sedimentation continued
for the next 7 days
Ch/amydompnas * C. concordia : 20 < 580
Yamamoto et al. concordia 1x107 20, 580, | ~3, ~20, 30 min 0.4 < 864 < 1146 kHz
(2015) 864, 1146 ~60 : * D, salina : 20 < 580 = 864
Dunaliella salina < 1146 kHz
8 - 25x10° 0, 20, 40, 80, * Microcystis sp. removal
Lee et al. (2018) Microcystis sp. 4’ 20 150 100, 150, 200,/ 0.3 efficiency at the high initial
4 - 8x10 !
400, 600 sec concentration was greater
’N.A.:: Not Available
1146 kHz O & Fulpr 22 252 A oA a8 4= Q)i (Dehgham 2016, Park et al. 2017). 718
o] 94atthis AMPEl ATHE HIET, Park etal. v o]2igh o] A9 ATES 2R 1 L ujuke] 2t
(2013)9] 7% 50 kHz2} 70 kHzo)| 4] chlorophyll-a L Hyu] o] Hk2 2 2 F-2.5l0] thr|71e] 2-8a} A}
(chl-a)9] & A B BHololgirh (Table 1 F2). w2 25 44 oA AP S AP Aoz, 27 4%
232G 2R AP A VR NPATEFRH A9 A IR RIS AT, g L 25
20U RN AAS R R RS A A4S Blsl] 913t HHakE 289}
7o) 2ot 2o FER tETbE AL el 2ARAL wE5H T3k IAE ek
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webA] Ao R (7208 SRR A
75 ggsto], A4 11 (lab-scale) Aol =&
uto] a1u}, AFul RARS S8l M. aeruginosa®) /3
2 oA 5IE AR 23 135S Y8l (1)
chlorophyll-a @ M. aeruginosa®] 7§44 H3}, (2) M.
aeruginosa®| /g7E W AAHE8NE, (3) FARIAA ]
7 W EaPARIE u) A BAS B8 M. aeruginosal) A
S 9 U3 5 9ISk (4) microcystin-LR H41&
FdE= 0 A ] 85 o F 5= 248k 1
et AFANE TSt HEFA AN E S

ol 20) 289 2R RS B2}
= AR o) AR} BRTHY] 4442 21l

A
=
S 913 7R3 A ESHA Shsinh

o L offl |
o R ot

> o

m_"&o_@z
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a4

i ¥R o

=
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2. M= 3 Y

2.1 M. aeruginosa HiQFHlH

E Ao A AREE HZ2F M. aeruginosa'=W A
SR 2HE A|este] APMoA FAEE B B
E ujoFAlEo A 182.5 cm?, 53] 500 mL 2] Cell
Culture Z2}A3 (VWR, Co., America)of pH 92 %
A3t CBuj 2|9} A=) M. aeruginosas 358
ioFstglet. vk AL 27 £ 1°C, 12 umol-photons
m? s, 19 724 0 & B9l37] (124)7Hight/dark cycle)
7} A 2 A== g gF7IolA] 28 £ 1 ipm O 2 18
A7 HjjoFale] AFof AR5t M. aeruginosa®)
HjeFol] ARS8l CB vl A 9] 4144 Q1 22/d-2 Table 2]
A A5} ). (NIER 2007)

P

St LYK

2.2

Z229} ZAZ}M. aeruginosa®) B 2= Gk
517 gjelel 87} WAAo} A E T 7R
A z38F5}o] A 2514} (AD Sonic, Co., Korea).
o) 280 WARAe] NEBL 23 KHzo)
Hainertec Co. (China) 2] A-&-3}5 A|Zo|m 5T
2101 19.6 em’ Q] A2 S-E-51%Ick 1.6 MHz2] 745
AD Sonic Co. (Korea)ol| A A|2Fet 221} 7157| A5
S Fesl o] AEw WA 2.5 cm’ 0 & A&}
o 41310l A el

Y
X 19

Hooy Mo

¢

(B Ho > J

ot

2.3 =20t &2 M aeruginosa &% x| A

Z2.0}90] ZALZRAC| M. aeruginosa®] 4ol 1] X
< Y= vl 245 $18 A =< (Control), B:
AlF L (F0: 1.6 MHz, 22 1.38 WL, C: 2@+
()5 23 KHz, 22 4.17 WL o] 272 28515
t}. 7|& Ao A M. aeruginosa®] 27| WAt =
o Azol| M R0 Jeln| Epbehd Aoz B
11=]o] (Lee etal. 2018), E Ao A= 27 HA| &
H7)% 5 2R GRFAES HE 1x10° cells
mL' BT} =2 46x10%cells mL' 2 27 55 18
Shch 71 dtre] ARdlA vmy 4o g
(LSO FE2F ARE o= 27 4% A A
A= A3 = Aol A= g 7.2 Lz A gst
k. 3 Table 10]] AA =R 71E Aol A 25
u} £AFAIZEO] 4= ol A SAIZEO = AL HHH 2 ¢
TollA = e ARE LEfsto] 6417 E9F 2AL

=

Table 2. Composition and injected amount of component per liter of CB media used for cultivation of M. aeruginosa.

(pH 9.0 = 0.1)

Component Addition (mg) PIV metal mixture component Addition (mg)
Bicine 500 FeCl;-6H,0 196
Ca(NOs),*4H,0 150 MnCl,-4H,0 36
KNO; 100 ZnS0O4-7H0O 22
B-Sodiumglycerophosphate 50 CoCl,-6H,0 4
MgSO4-7H.0 40 Na;MoO4-2H,0 25
Vitamin By 10 Na2EDTA-2H,0 1,000
Vitamin By 0.1 Distilled water (mL) 1,000
Biotin 0.1
PIV metal mixture (mL) 3
Distilled water (mL) 997
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Ultrasonic devices
A A

// i y 30 cm

:' 18 cm
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20 cm

¥

(b)

Fig. 1. Schematic diagram and pictorial view of ultrasonic
reactors used in this study.

sttt HE AE2 AP ofad BREE (acrylic
reactor, W 20 cm x L 20 cm x H 30 cm)oj| 4] 2134 =] 9]
o (Fig. 1 &), Jgate Ags sl vke= W
A7 0) F3t wik - A 25 ATkl U AHAIE

3
o1 F AFFAS A45te] chl-a B A SHL A

2.4.1 M. aeruginosa 7\ A|5> £-4]

250 AN W2 M. aeruginosa®] 247 A Tt
WasE7| 1l Al A A4S skt AR
F| 2% £ (lugol)-§- M2 o]-&-off Al 1175 9F
519 o] ELA|4>7| (Marienfeld, Germany) 2}
1515 0] 7 (DN-10A, Samwon Scientific Industries,
Ltd., Korea)& o|-§-5to] 7N 4|45 ¥2F6keich Egh
AlZbol| mhE 7 A1 4=2] ' SkeS oF2ff Egs. 1 and 25 4
83510y M. aeruginosa 2] A%E (growth rate) T} LA}
E3ll& = (first order decay) S =<5}t

In(N,/ Ny
plhr ) = % (Eq. 1)
— k() = % (Eq. 2)

pe WA (), ke QRS
(hr), Np B Nz A% 272 AR |
aeruginosa2) 7§41 (cells mL™), 1= A TA| 7 (hr) &

Uehiiey.

2.4.2 M. aeruginosa® A3 TH U U5 &2 B4

220} ZAM| W2 M. aeruginosa®] H W U H
7o) d4hS B3] 915 FA A
electron microscopy, SEM) 1} £ & 1] 7 (trans-
mission electron microscopy, TEM)-2- Z-3 24514
t}. SEM EA4L 95 gZF A|ZE falcon conical
tubeo] 10 mL ¥j2J3) =2 7A%27] (FDCF-12012,
OPERON, Co., Korea)E o|-&3]| &= -80°C, %= 80
mmHg © 2 #.§5}0] 48 417 Bt $ 47122 A5
k. AxEH Al&E+= lon coater (HC-21, Hyo Yeon
Tech, Co., Korea) S o]-&-5}o] ¥l (Pt) 282 X35}
Rom, 78 F7= oF 10 nm= 2§59t Y &
FE-SEM (field emission scanning electron microscope)
9] MAIA3 (TESCAN, Czech) 2 AF8-51o] 10 kv Q] 7}
790l A M. aeruginosa®] A|3E 1S 32T

TEM #4Z 9J8f d27 Al &5 0.5 mL 38 2%
glutaraldehyde 2} 0.05 M cacodylate buffer (pH 7.2)
2 A7 2% glutaraldehyde 8982 Z3k5}ko] 10
mL =2 4A|7FEQE 17 e 5 A HS A AT Th3-0.05
M cacodylate buffer= A|sIHTE A & 0.05 M
cacodylate buffer 2 95X 71 2% 0sO, 2 1 A7 591
Z7} 114 3-0.05 M cacodylate buffer =2 37} A3}
ATk 1 5 30%, 50%, 70%, 90%, 95%, 100% (23])
ethyl alcohol= E<=3}9] 100% ethyl alcohol®} LR
White resin<2:1, 1:1, 1:22 &gkt -GS 6 A|7F 7F
Ao 2 2|25k AEA|F 21, 100% LR White resin
5 2 23] 2|8} & gelatin capsules©]] A] 72} LR White
resin 018 131 5101 60°C 2.320]14] 24417} 7
SHAIZIH: 7 8HE Al &+ ultramicrotome ] -2 L}o]
=2 223 TEM T 918 24 5 colol e
Lo 225 0] 8511 80 100 pm 572 AL A2t
9T Az AL nickel grid $lo] T F 4%
uranyl acetate2}0.4% lead citrate S ©]-8-3f] ©|5F
stk AAE HE AX QRS A% 5
FE-TEM (field emission transmission electron micro-
scope) 2l JEM-2100F (JEIL, Ltd., Japan)E- ©]-8-5}¢]

oN.
~
g
5
=
(S}
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200kV 7}
Flsiet

Ao A M. aeruginosa® Y5 HS

A& 2 microcystin-LR ‘5= B4
25 J1L 2| WHE M. aeruginosa®] =AEE F=&
2 3Q18}7] ¢3f microcystin-LR E-41-2- A A| 514 th
Qgape] AR ) 2 BAE 2o/ 2 B
apasto] 27 47 mm, 5= 1.2 um @} GF/C o|7pA| =
o5t o, ofitE AlR 100 mLE $5}¢] gram-
icidin-SE W|Et2o A7 YEZZEZ 89
(1 mg L™)& %251 40 pL F3)) A| 2ol H7I5}9ick =
3t 1A 7FE 2] A] (C18, SPE, FUTECS, Co., Korea)=
2J3HA717] Sfal] HEhE 10 mLE S2l & A4
10 mLE &2 Wgh&o] 28] A AR =S sF3lom,
3HE A FHER A7 A2 E7) Aol FH)H AR
£ 7FEe|A]o] 10 mL min™ 0]5}2] &2 ZejFir).
°0]%-20% M|¥hE S mLE F7t= FIAIA 1 7HE
2% 9] EES A A5 AL, 0.1% TFA (trifluoroacetic
acid)/H|gh-E&-8-H 5 mLE 3] SIA|A 14 71 E
2] 4] LHOH 2E]o] Qli= microcysting -8-ZA|F Tt
2 =8 S mLE X557 = HATIAE o]
&-5to] b 8] A 2AIA 7 2% microcysting: HEh-E
2 -&3f5l 1,000 pL o] 2|5 5 AJF-82 100 pLE 5
Slo] WA F ZolE 1)1 22k Al 7] (LC-MS, Thermo
scientific, Co., Korea)o|| F¢]3}o] B4

3. Zm ¥ ma

3.1 ABEH MEo HeM H3|

Z-&a} ZAF6 A7 0] TR+ (A, Control) T} A1)
B, AE2C O A2 32 199 EoF 8910 2 33t
oAy, 25ut Z*} Aol thzatat At 2o
A M. aeruginosa S-5-0 =M1t Ff-d o] ke Tk
(Fig. 2 (2)). 259 AL SR 3Y - ti212] 735
= AT BfAdo] A&A o7 fA|E G e AET
Bo} AR Ce 239 A Kok Eisidl Ae g
Q15T (Fig. 2 (b)). o] 213k A= 8] ¥ Sh= 1153} (B)
B} 25ut (C)of| A A ek Qle}. 250t AL
219U %, ko] - oA S LHA A F
F/o] FAE AT A AB e A HFCY - A=
% M. aeruginosa®| I 0.2 = o] 7 o] AlehA] Fry

o

a7l A 2okt (Fig. 2 (o). o=t 754%
w7t 257 A% Aol A 9SS SetAre
Ao, uFu A2 (B)ollA] Hk A5} Z*}
27 (C)oll A AR By 2717} 27 w2 A

2 Kol AFuly} n3u} Wt 25 A4 o7 3@4&1
Ql Aoz e

d

HU
Jﬂ s
-©

AN

3.2 Chlorophyll—a2} M aeruginosa 7WX|%=2| B35}

A7t Azpol| wE chl-aot ASS AESH 23}
(Fig. 3 &), g 2-2 32 7|17k B¢t chl-a 21 7
A7} v A L8 f-A| o], F7HA] 257 A%
oA 2212 gl A o2 ThhEr) AdiBE 647
253t 2AL] B2 chl-a FE7F 250 A O] 55

£ N
(C) 23kHz, 4.17 WL

(B) 1.6MHz, 1.38W L'

Fig. 2. Pictorial view of M. aeruginosa in cell culture flask
with time. (a) before experiment, (b) elapsed time 3
days, and (c) elapsed time 19 days.
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—e— (A) Control
—-0— (B)1.6 MHz, 1.38 WL"
——-— (C)23kHz, 417 WL

-
o
o

(o]
o

Y

Chlorophyll-a (#g/L)
3

O ——0-_ _
40 ﬂfs& =~
N
20 Sa_
—A— e _
Ultrasonic on_ Ultrasonic off I
0 > ]
0 2 4 6 20 40 60 80 100 120

Elapsed time, t (hr)
(@)

—e— (A) Control
—-0— (B)1.6MHz,1.38 WL"
——-— (C) 23 kHz, 417 WL

a2

©

|

B

2 %D“\DE
bN O— O
0 ﬁ-ﬂ&—ﬂ»--&—lﬂr—tr
 Uttrasonic on. Ultrasonic off

Cell number, Xa (x 108 cells/mL)
S

0 2 46 100 200 300 400
Elapsed time, t (hr)
(b)

Fig. 3. Effect of ultrasonic frequency on chl-a and cell
number of M. aeruginosa with time. (a) chl-a and (b)
cell number. (note that marked area is the ultrasonic
irradiation time.)

94 52t (Fig. 3 (b)) Oﬂ M aeruginosa 7H><1]
A% sl AHECS A9 chla 5% 5 M
aeruginosa 7L A0 2 FASA Ba39
o} ARIBE=M. aeruginosa WA|G7F Hasio] 15Y
O15:90% o] 4ke] 5 A1 ol o] B30

AHTCE 229 2AF3Y 0|5 90% o] =57 4
& oA eo] Yebgt o2fjt Aih= 133k (B) H
o} Ak (C)of| A 257 447 AAI7F 717kl B &axt
Aoleh= A& ot (Fig. 3).

e A Ttol A B 253t AL ZITH(=6A17h
Lo} chl—aQI-M aeruginosa 7N A|5>2] W= n|n|s}
A e oL} 285 2L £7 o] $RE chl-as)
WA=} 7‘17:?5]—5 8ol eehA = QITh o=
i.(qu. Z/\} A] Eq— i.(qu. Z/\]. o]_§_ Zz= A4 /HXP tﬂxﬂ
A7} Aths S HojEt: 7]E AY ‘f’t‘:r“’ﬂ/ﬂh
209 24} A 220 28 A o] ET7} T
Tk B skar §) 0L} (Zhang et al. 2006, Srlsuk—

0.2
—=e— (A) Control
> —-0— (B)1.6 MHz, 1.38 WL"
Z 01 {——=- (C)23kHz,417WL"
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Fig. 4. Change in growth rate (1) and first order decay
constant (k) of cell number for M. aeruginosa. (a) ultrasonic
on (t <6 hr) and (b) ultrasonic off (6 hr < t < 19 day).

somwong et al. 2012, Rodriguez-Molares et al. 2014),
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T2 25 WAl EAtE] o] 2 Al et iR 7]
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Hafgo] W= Qlct (Fig. 4, Table 3). 3] AFB
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Table 3. Summary of growth rate («) and first order decay constant (k) of M. aeruginosa using (A) control, (B) ultrasonication
with high frequency (1.6 MHz, 1.38 W L") and (C) ultrasonication with low frequency (23 kHz, 4.17 W L)

Ultrasonic
On (£<6 hr) Off (6 hr< ¢ <19 day)
Control A Experiment B | Experiment C Control A Experiment B | Experiment C
o (hr') 6x10* - - 7x10* - -
k (hr') - 9x10* 1.3x10° - 6.1x10° 1.95x10?
R? 0.759 0.748 0.877 0.971 0.960 0.804

Table 4. The scanning electron microscopic images of M. aeruginosa. (a) Control (normal cell) after 13 days, (b) 3
hr ultrasonic irradiation (1.6 MHz, 1.38 W L), (c) 3 hr ultrasonic irradiation (23 kHz, 4.17 W L), (d) 6 hr ultrasonic
irradiation (1.6 MHz, 1.38 W L), and (e) 6 hr ultrasonic irradiation (23 kHz, 4.17 W L™). (note that arrows indicate
ruptures cell membrane of M. aeruginosa)

Experiment B
(1.6 MHz, 1.38 W L)

Experiment C
(23 kHz, 4.17 W L")
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t=3 hr

SEMHV:10.0kV | SEM MAG: 40.0 kx L1 | mansTescan|| sewwnroow  semmac s

WD: 494 mm Det: In-Beam SE 2 pm WO B 1 ma Dot InBeamte  Zpem
View fleld: 6.92 ym e el 130 pm

s TEscas ] memone ey

f=6 hr

Dot inesmst  tgm

(@) - (d) T (@)

WD: 494 mm Det: In-Beam SE 2 pm
View fleld: 6.92 ym

w135 10° ol 18] 2 QAR SEEAE =
eI £ 83 210 BT AR 2R

K7 o1R) B2 o3t Kol BelEix] ghsrek
285} AL FR o] Tl xR ML E

o oF 3 5 e oo, ol
3} (M) 25 4 oA B} ] 9rehe Lt
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Table 5. The transmission electron microscopy images of M. aeruginosa. (a) Control (normal cell) after 13 days and
(b) 6 hr ultrasonic irradiation (23 kHz, 4.17 W L™"). (note that red dotted line indicate damage of M. aeruginosa cell

surface and internal organs)

(a) Control |

(b) 23 kHz, 4.17 W L-1

3 EHO| EA4fo] HPAEA] kot A TB e A9
Co A= Al 32 B A|ZEe] &4 (rupture) o] =
QA= AT} (Table 4 3H2). ZAFA|ZFO] 3AITFOf A 647
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zute] f4jo] o Al S lstgom n}
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3) Microcystin-LR 54 A3}, Z=-&m}o]| 2J3) Al 2
)

4) Aoz HESIS o, 25Tfo] o3 27
37 A B gelstgl e aat H A
Fafol A 257 4% A4 AL o 943 Ao
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