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Abstract Detaching cells from the surface of the flask is a necessary operation for the adherent cell
passage. Trypsinization is currently the primary method for cell detachment. However, this method
is complicated to automated cell culture. Trypsin can cause irreversible damage to cellular proteins,

decreasing of cell yield and long self-repair time. Ultrasonic detachment technology uses physical means to
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complete cell detachment operations, which can avoid damage to cellular proteins and make the realization

of automated detachment easier. In this paper, we have developed a device for ultrasonic detachment.

Human umbilical cord mesenchymal stem cells were used to study ultrasonic detachment technology

control parameters. The experiment results showed that, the optimum cell detachment was achieved (95%

detachment rate and 70% survival rate) in 12 mL 5%-saline with 255 V and 159~161 kHz sweeping input

signal, 2 min stimulation period, and 3 mm space between flask surface and transducer.
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Fig. 1 Ultrasonic vibration experimental system



4 L A s N 2022 4F
Serp L 1ﬂ yo Nzlif (1)
TR ;¥===>‘ Hrb, D N#EESS EAE (mm) 5 £ R AR AT
TS, F(Hz) ;s ¢ AR (m/s) o 7971 B A
i | X F, 58 F & N FRZWA Q) Fis.

i d HAWE . R .

° N+O05XF

AR T HA Q) THER 2,
I=2pcn’ f° A° (3)

T

E2 BEESETRERE

Fig.2 Schematic diagram of ultrasonic vibration device
BRFRAR TR 3 ds A, HH 0.05% iR
(15400054, Gibco, FEHE) HiLAHE, 3 d 5t
TN A AR . 55 = AR 4 e £ F of % 8% 9% 2k 8%
I, I B 77 2 AE (8] 78 5 T 40 P 2 At 355 77 2k
(6114011, DAKEWE, ") F#in 4.7% 113
AW (EPA-0 50, Elitecell Biomedical Corp,
&K A1 0.95% 885 %K (15140-122, Gibeo,
FED) . 1% E RN E S0 AR AR S5 1 BR AR
2 i
23 HBERENSHIRE

7 75 R 42 S 5 0 B N T A AN AR FH I ] L
Bevloe T AE ARG b R O 1) 77 KN R
K NG SEENA RS SEmRA Y A
RS A BV NS ip e SR v
J7 R, T SRR A 00 R S Dy Ee . A
RGPS EEVERR TR U A 8 75 i B S0
HHE BRI S R S A TARE R B
I8 3R S AT AT e AR, Bl R R B
DNZRFIRLEE o AR EH T CATTE 75 50 48 i 1) A 2= 43
rgmpe, B, BRI IEREIR R, FED
BN T2 A B AT S

Tmashiro 257> B 72 7 8 7 i b 2% (1068 75 I Ry
e, FyfettaaEmE 3 por, A0 H
IR B N fa7R T B Akt

Hr, p BRI A NIRSNIEE .

3 BERESRETEE

Fig.3 Schematic diagram of sound field of ultrasonic

transducer
T AR E T AL, IGEELH I E 5 i RE 28 1
PR d o> ELARSS WAL T 32 BT ) A A Y

JHHL AL VLA RS 70 i S M 7 Pl B I B F R
2y KR P JBE S {8 YW 6 2% o h K AN
B RE IR B v N R P9 AV o 5 TR 0T 4
ARTAER, BRI 4HBisE, o8- i it
VRGO, AU R 1 7 AR e P AR
BT

FF B p i, AR SCERPHE S TG S
mEfE . SR AERIE . R, g5
P RE LT R P U SRR R A v AR
BRI S HOT SR .
24 BEREESSERIT

20 o 7l B SIS AR A 4 PR S
e L E M AN S EEE d [FSER R
LR TK, REEBEPAE TN BE B SE



5 3 VRIESE, 45

N B 4 75 Pt B AR HE T 5

T2, R G I 8 TR SR RO O A A
A P B T e b AU PR N 117 1) 78 Jo T 2
B FER I 77 9 W0 0 B O o R E
Ja, AMMENGEEZE T, IR G K RF A e R R
i, DAL, R RS BHR A d
A, ST AL S FE T K AE R
TR AS, Ok HLAE S BN 45 2 BT, X4
PHEAT R 75 R SR

e R e 2
l [
SR pebbEs || wEEA
P ] SIEE S d W
‘ |
s R AT WIR AR %

4 YHREEBFS FRBE SLIGRAR
Fig.4 Experimental procedure of ultrasonic detachment
of cells

RO RE, MEHBBEHRITRIT, B
PSS R I A0, I P ORan U0 PN e 2 i
B, THEAEM B EE AR E 4 b, BB &2
AL, FIH & B BRI A0 At T2, BG4
ML MBS e 8, BB R G R, T R
P B RSN 50 8 () 4 2 8 65 P i 4% £

¥

DN SEN LU S T 440 e 3 P v ORI
Ve ROR S K AF NI RSE, K A i v %
AN B RS R SR AR, KA Bt 7 20 R B

KRR SRR 3 AN AT A R AL 2, DARE
R T B iR E, HHLRER 4 K. X
M ¢ iRV ZE R G AR, 2 P<0.05 |
BN EA G L

3 #RAEE

3.1 HMAESXTHpEAREE SN
3101 i N R Ko 40T i e B 2

P 4 HE A N PR R BB R 4 57 B 0
FREGSHE /1P, ARFFEEE 200V, 240V, 280V,
320 V I HLUEAEXT RRSEES, N 160 kHz, B
[B]°5 2 min, P d=2 mm, {¥/H 15 mL A3
IKAE NN AR . SERG S R EIR, ehndmE N
200 VI, EEARTCANMO Y FENELE A 240 V
i, 4HBRE T RNZN 40%; JEMNHE A 280 V
1320 VIS, 4EO K AR 85%. &y
WS RS I A T 0, BN 320 V
SRV M R 2 B AT A 3 4H, Wil 5 PR,
WA EZ )N 280 V I, AR K Bt

P, 0 4 L B v S8R s AR, IR BT

120% T

*

1 *

W s

99%
100%

.+.

80%

_I_

80% -

60% -
40%

1

20%
1%

0%

. mPt

200 240

I LI |
85%
70%
60%
32% I
I 1 1
280

R (V)

i n=4, *P<0.05, KA

& 5

Bk
ﬁm%
320

R X 4R AR A % S A1

Fig. 5 Effect of voltage on detachment rate



6 £

Hi VN 2022 4F

HEMHEE, RFFLL SV ALK, *hidkfr
T 240~280 V IR MR 550, W& K E
S5 e I TG IR (R N FL . 255 VR NIRRT
L
3.1.2 BN

SR AR N A 26508 4 T 7 R R s ], A
S0 0 B3 75 4 B A S PR R 5 IR S R AT
37.5 kHz. 105 kHz. 160 kHz #E479256 . HiJE &
BN 255V, BEA 2 min, P d=2 mm, f#
15 mL A B Eh KA A AR . SRinss R B
N, HEINIRE N 37.5 kHz 5 160 kHz I, 44
Ff B 74 T AR A T IA B 85%, SRTT, AR
79 105 kHz I, AN BEv& TR 30%. Wil 6
Bz, 160 kHz ZHAHRAGE % KT 37.5 kHz 4,
S —3, HBESUR K fEAIR N 160 kHz B
kB fE
3.1.3 NI

N S E RS2 TR R R, AR SR 1% RS
Y1 L 7% R AR 105 kHz XA, Xt 105 kHz
FreL kot . 104.7~106.4 kHz 35Kk AT 105 kHz
FRER K BEAT S, R BLAE ] PR AR X (]
o, AR AR D UK i > KRS ik >
RERK T, T = A AT 2% A BB X
S LS IAE F 159~161 kHz 345 ik i3k 47 40

PR -
32 WS EARERNES Jd XT4HBaRtEE SN

Y1 B S5 R S R AT IR BE S K i D g e
[, WE d N2 mm. 3 mm. 4 mm,
BN 255 V, Sk AR Dy 159~161 kHz,
A Y 2 min, 3R 15 mL AE 3 3 KA A9 P
o SRIGSERE IR, 7F 2 mm Ab4H R VA TH AR 4
N 85%, 1 3 mm AL VA TRIAR LN 95%, 1E
4 mm AR T T AR 2N 60%, Hd, 2mm 4
BOEZRAR, WK 7 s, BESCR K ERE d
N 3 mm Bk Bt
3.3 BESHHRMIE A I L B B BE 52 M
3.3.1 JRAAER S

DU AR oy A&, 1%4E 15 mL I8 R
M. 15 mL AFEE K, 7.5 mL & R +7.5 mL
B ERIK I AWE RN av by ¢ #HATICER .
S E . BERN 255V, SiEN 159~161 kHz
FHEKeE, BECN 2 min, #52 d=3 mm. 25
SRR, 15 mL I 5 2H 40 B B 95 T AR £ R
5%; 15 mL A= P Eh /K ZH A0 By AR 208 95%,
FET-HRZIN 30%; 7.5 mL ML & JEHR+7.5 mL 4
B L K 20 M e Y5 T AR 208 60%, FET- 3R 20K
30%. il 8 Fraw, Wi RUR K R NIERN
15 mL A= B Eh K i A8 BB £

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

85%

40%
30%

H 34%

75%

1 G
- D Wi

I 1 DK
85%

70%
60%

23%

37.5

160

B (kHz)
[ TE SOl A

Fig. 6 Effect of frequency on detachment rate



5 3 VRIESE, 45

N B 4 75 Pt B AR HE T 7

120% !

95%
100% | 85%

80%

50%
43%

60%

40%

20%

I 1 B kR
D pasx

BK

70% g7, 70%

2

60%
I I ’
3 4

5% d (mm)
E7 BEEXT4HaARE R

Fig. 7 Effect of distance on detachment rate

*

*

120% I

100% 90% i
80% I

60% 43%

40% |

20% |
’ 5% 5%

I I I
C

B ik
Oy
DK

70% 670, 70%

60%

B L
b

LB A
&l 8 AP XT 4R AR B2 2200

Fig. 8 Effect of liquid on detachment rate

3.3.2 JRPTRAL EFE b x4 i BE 5 i

ARSI R A B AR K AR IR, WU AR
E}N9mL. 10.5mL. 12mL. 13.5mL. 15mL,
RV N 12 mm. 1.4 mm. 1.6 mm. 1.8 mm.
2.0 mm. HAWSEZE: LA 255V, HK
MR 159~161 kHz, Bf[AN 2 min, B
d=3 mm.

IR TR, WM HARE, HR
=2 1.2 mm AR RN, KON 1.4 mm A
A1 1.6 mm 41, 1.6 mm LA S0 40 fid B i £
KL, FEAT LA A VA A AR B
RE, WAREE/NT 1.6 mm 24000805 R
T, TR R R RS R A . Wikl 9
N> AIRANTEREE B o 1.6 mm, REVBAARARRA
12 mL I, Bivg0R K ik 2 st

4 HFi5ah

A SCF A A Re T, DL (8 78 5 T
YHALAE A B ARSI, Al i S R i A e G
BESHON IBE R . A S M S5 FE bR 1 S e 3R AT
THFFTSL, SRS,

AN 7 F, o 240 e 7 258 SR 5 e ) S 6 4 SR 3%
B, FE S TA SR EAE DG, 5 4 e B 2R
SAAAHIC,  RIIG R HL R AT LIRS R i 78 T AR
{H2 2 FRARAN PR AR S R o 32 R Dy H R (1) 386 K 4
T8 RSO PR R B B O, T T B Ak B ) 7y 3
Ko TESE R V& 2R 10 [R) I 2 n = % 4 R 1 453 5
R R I PEAG. Rk, RS VE R ER A H
JEH, SRR E A BN, FEASEE
WEMT, BEEHRERN 255V,



2022 4

I T W REER

120% [
100% [ 90%
80% [
60%
60% [
40%

20% I

1.2 1.4

0O s %
@k

1.8 2.0

W h (mm)

B9 RiFEEX AR EE R

Fig. 9 Effect of liquid height on detachment rate

A [F) A5 256 of 24 B JE v 280 SR 5% Wi ) 5 5 445
R, MR RS TLLIERR, HEI
G RK 22 B8 A0 M S 2 . 145 10 5 A DG SOk
g — 2, R PR A 2 A AR R )
AR, BRI BRI R . SRR R X
O Bt AR P, ARk, AR AR
NS 21V N ETRTR==R N4 SO . 1 v & 2
RRPAR B DOETRR, ALK 160 kHz N
. AN, 5 Wang PV RIS, 7R
(ORBIR BB, g SRURTAEG A9 6 75 A8 B e & bUAN
TR PR A R, i DR R A R A B A e A
FRARBIY) 2 KT . Bk, e ANBIER
SRRl DO SRR, AHF AR X (A, 7E40
B ZE AR R T HE T, T8k i mT US4 i it
WA

FE Inui (ORFFEHT, 8875 46 BE 2% -5 K B 20k
U, MRE T AR RRORG s AR R 2 R ) I B
MAEASCS IS, ALK R SR 4 IFFTEsik
KFRo HTRFRMAM R, ARG e 2 5
EEEIEE d N2 mm N, MERESHBEAEZEY
B B AT ER A, DSOS 00 R 0 e Y B T
R REE N, Befil FEE M T HURIRS) T,
Bt T4, {H 3 mm KEBVER I K, &5
AL RE b SEIR A B, A SCIA G i TR

] e 5 YRR I EAH R .
FERKE o 2B R BELE, maX(4)
B
20

=2 @)
n

Her, 4, Rk, RIWRE v SR H5EKZ
856 A3 v=4,/f TTH1, 2K F AN 1480 m/s
if, 160 kHz SRR 3 KA 9.25 pm. 24 n
B1 R, BEWAIE N 4.625 mm, HEHEE d AN
3 mm. HMANBIAN 12 mL B, HERMVEZLN
1.625 mm, ML 40L& AR St SREG S5 R
N> AR E A T R AR B, 20 A R A
. JRTE SR AL B ST, TR AR
BT, Ui BRI, ZERAY)
[f1] F3 A R E

TE & A 55 7R B 0k b, 200 i B AR AN
TS A AR 3R SR K AR B BE AR R T 4, 1K
Al RE R AR TR I AN B B (RSB I oy o A
Tl 4 ks FRAL AR FE v, 38 5 FF A 3 K
FPiE TRk B0y, TR B AE 0 i B B, A FE 2
IKAE A L 5 5 W M R AT AT 1

5 Inui [f9 58 A8 208 75 4 R 25 L REVE AR L,
AR SR 7 R 5 4 MR D VS T R R L 1
N M EE, JEAfE TR T S Ak R A



5 WRIRHY, &5 I BEZH 8 P I BE R AR BIT 7T 9

it BE (BN 46 o 5 Tauchi 32 H AR T 4 75 460
RE 2R OR R AR B2 i 2k 11 Tl 1 [) At PL F 7 9
FHEG, ARSIV G R 2 1A% 4 i 2 1 )4
F, AR TR R DR N S A s AR
% .

gx LRIk, ARSI H s ESEON:
AW NBEAN 255 V, BEMEN
159~161 kHz 94, @AM EN 2 min, 405
AR AR B 3 mm, BN 12 mL 4
H K. EZSEIEGIN, T75 i 40 i i 75
BOR K EWIE 67%, Wii&EZN 95%, MIEZEN
70%; MR (BB L AR VR R 208 98%,
B 2N 81%; Kurashina T 5 5 18 1] /1) #8
7 9 50 200 L JBE B T v R A R B VB SR L 8% ik
L) 9% HHULAT WL, AR SE58 7732 1R 48 i it 7%
B 5 RE MR EN TR R A2, (HRES
BAK.

FEJE S SCIR i i, FE ORUE 4 M 7% 26 (1) [+
I, 7T S S B . Al SR
HeRedy (59 KRS FAM AR, WA
B AN e IR TS AT AR AR . AT
ST A 2 e R 2R AR T S, SR I 24
R ARIESE

AV T AN IR A B sh A A A
il 2 B S B R A e T, DL 18] 8 )it
S RUEPSRE R T vadiili I iR AR ) g B
RIRTSE N, AEIT T P B R v ) S B 2 0
P BEROR A I B R

WHRRN], BESHMEREREIEMEX, 5
)N RCE SV EP SR IVRES S P S A 4 i
KA, (ESRIE R 2 RGN s % A H
R X TR N, AEANIS BRI AR R AT S T, 13
UK R ML PR i Ve SR AT BT IR T AR R Ak

SEWE A B AT RGN, A B SO R Y
AR A A R ER KR, TR AR Bt

i LRk, ASCsRih 7R T T E B
AR B 5 R D S I R S 4 4
REdv ARy 255V, A SIZN 159~161 kHz
FU, EANAA 2 min, 200 58 e RE 9 IR
BN 3 mm, EHEAN 12 mL AEFEHK, %S
sl R, T75 M 4n B BE T AL Ak 95%, 4
JL RS 2 AT A 70%

2 £ X #k

[1T Kino-Oka M, Ogawa N, Umegaki R, et al. Bioreactor
design for successive culture of anchorage-
dependent cells operated in an automated manner
[J]. Tissue Engineering, 2005, 11(3-4): 535-545.

[2] Kobayashi T, Kan K, Nishida K, et al. Corneal
regeneration by transplantation of corneal epithelial
cell sheets fabricated with automated cell culture
system in rabbit model [J]. Biomaterials, 2013,
34(36): 9010-9017.

[3] Melero-Martin JM, Dowling MA, Smith M, et al.
Optimal in-vitro expansion of chondroprogenitor
cells in monolayer culture [J]. Biotechnology and
Bioengineering, 2010, 93(3): 519-533.

[4] Punshon G, Vara DS, Sales KM, et al. The long-
term stability in gene expression of human
endothelial cells permits the production of large
numbers of cells suitable for use in regenerative
medicine [J]. Biotechnology and Applied
Biochemistry, 2011, 58(5): 371-375.

[5] Freshney IR. Culture of animal cells: a manual of
basic technique and specialized applications [M].
New York: Alan R.Liss, 2010: 317-334.

[6] Tee DEH. Culture of animal cells: a manual of
basic technique [J]. Journal of the Royal Society of
Medicine, 1984, 77(10): 902-903.

[7] Nakao M, Kurashina Y, Imashiro C, et al. A
method for collecting single cell suspensions using
an ultrasonic pump [J]. IEEE Transactions on
Biomedical Engineering, 2017, 65(1): 224-231.



10

£k

VN 2022 4F

[10]

[12]

[13]

[14]

[15]

[16]

[17]

Umegaki R, Kino-Oka M, Taya M. Assessment
of cell detachment and growth potential of human
keratinocyte based on observed changes in individual
cell area during trypsinization [J]. Biochemical
Engineering Journal, 2004, 17(1): 49-55.

Kurashina Y, Hirano M, Imashiro C, et al. Enzyme-
free cell detachment mediated by resonance
vibration with temperature modulation [J].
Biotechnology and Bioengineering, 2017, 114(10):
2279-2288.

Kurashina Y, Takemura K, Friend J, et al. Efficient
subculture process for adherent cells by selective
collection using cultivation substrate vibration [J].
IEEE Transactions on Bio-medical Engineering,
2016, 64(3): 580-587.

Mitomo H, Eguchi A, Suzuki Y, et al. Fabrication
of a novel cell culture system using DNA-grafted
substrates and DNase [J]. Journal of Biomedical
Nanotechnology, 2016, 12(2): 286-295.

Batista U, Garvas M, Nemec M, et al. Effects
of different detachment procedures on viability,
nitroxide reduction kinetics and plasma membrane
heterogeneity of V-79 cells [J]. Cell Biology
International, 2010, 34(6): 663-668.

Okano T, Yamada N, Okuhara M, et al. Mechanism
of cell detachment from temperature-modulated,
hydrophilic-hydrophobic polymer surfaces [J].
Biomaterials, 1995, 16(4): 297-303.

Papadopoulou EL, Barberoglou M, Zorba V, et
al. Reversible photoinduced wettability transition
of hierarchical ZnO structures [J]. The Journal of
Physical Chemistry C, 2009, 113(7): 2891-2895.
Mittal A, Pulina M, Hou SY, et al. Fibronectin
and integrin alpha 5 play requisite roles in cardiac
morphogenesis [J]. Developmental Biology, 2013,
381(1): 73-82.

Lorenz A, Just W, da Silva Cardoso M, et
al. Electroporation-mediated transfection of
Acholeplasma laidlawii with mycoplasma virus L1
and L3 DNA [J]. Journal of Virology, 1988, 62(8):
3050-3052.

Huang HL, Hsing HW, Lai TC, et al. Trypsin-

induced proteome alteration during cell subculture

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

in mammalian cells [J]. Journal of Biomedical
Science, 2010, 17(1): 36.

Hirai H, Umegaki R, Kino-Oka M, et al.
Characterization of cellular motions through
direct observation of individual cells at early stage
in anchorage-dependent culture [J]. Journal of
Bioscience and Bioengineering, 2002, 94(4): 351-
356.

Kimura Y, Okuda H, Ogita ZS. Effects of
flavonoids isolated from scutellariae radix on
fibrinolytic system induced by trypsin in human
umbilical vein endothelial cells [J]. Journal of
Naturalducts, 1997, 60(6): 598-601.

Kino-Oka M, Chowdhury SR, Muneyuki Y, et
al. Automating the expansion process of human
skeletal muscle myoblasts with suppression of
myotube formation [J]. Tissue Engineering Part C:
Methods, 2009, 15(4): 717-728.

Kato R, Iejima D, Agata H, et al. A compact,
automated cell culture system for clinical scale
cell expansion from primary tissues [J]. Tissue
Engineering Part C: Methods, 2010, 16(5): 947-
956.

Lee HT, Han DMR, Lee JB, et al. Biological
effects of indirect contact with QELBY" powder
on nonmacrophagic and macrophage-derived cell
lines [J]. Journal of Prventive Veterinary Medicine,
2016, 40(1): 1-6.

Taciak B, Biatasek M, Braniewska A, et al.
Evaluation of phenotypic and functional stability
of RAW 264.7 cell line through serial passages [J].
PLoS One, 2018, 13(6): €0198943.

Nakajima K, Honda S, Nakamura Y, et al. Intact
microglia are cultured and non-invasively harvested
without pathological activation using a novel
cultured cell recovery method [J]. Biomaterials,
2001, 22(11): 1213-1223.

Yang MK, Yang N, Bi SX, et al. Micropatterned
designs of thermoresponsive surfaces for
modulating cell behaviors [J]. Polymers for
Advanced Technologies, 2013, 24(12): 1102-1109.

Kobayashi T, Kan K, Nishida K, et al. Corneal

regeneration by transplantation of corneal epithelial



5 3

WRIRHY, &5 I BEZH 8 P I BE R AR BIT 7T 11

[27]

[29]

[30]

[31]

cell sheets fabricated with automated cell culture
system in rabbit model [J]. Biomaterials, 2013,
34(36): 9010-9017.

Nagamori E, Ngo TX, Takezawa Y, et al. Network
formation through active migration of human
vascular endothelial cells in a multilayered skeletal
myoblast sheet [J]. Biomaterials, 2013, 34(3): 662-
668.

Kakegawa T, Mochizuki N, Sadr N, et al.
Cell-adhesive and cell-repulsive zwitterionic
oligopeptides for micropatterning and rapid
electrochemical detachment of cells [J]. Tissue
Engineering Part A, 2013, 19(1-2): 290-298.
Kurashina Y, Imashiro C, Hirano M, et al. Enzyme-
free release of adhered cells from standard culture
dishes using intermittent ultrasonic traveling wave
[J]. Communications Biology, 2019, 2(1): 393.

Inui T, Kurashina Y, Imashiro C, et al. Method of
localized removal of cells using a bolt-clamped
Langevin transducer with an ultrasonic horn [J].
Engineering in Life Sciences, 2019, 19(8): 575-583.
Tauchi H, Imashiro C, Kuribara T, et al.
Effective and intact cell detachment from a
clinically ubiquitous culture flask by combining
ultrasonic wave exposure and diluted trypsin [J].

Biotechnology and Bioprocess Engineering, 2019,

[32]

[33]

[34]

[35]

[36]

[37]

24(3): 536-543.

Imashiro C, Hirano M, Morikura T, et al.
Detachment of cell sheets from clinically ubiquitous
cell culture vessels by ultrasonic vibration [J].
Scientific Reports, 2020, 10(1): 9468.

Wang ZN, Zhan RC, Hu Y. Automated confluence
measurement method for mesenchymal stem
cell from brightfield microscopic images [J].
Microscopy and Microanalysis, 2021, 27(5): 1093-
1101.

Zhang S, Taylor S, Fei L, et al. Piezoelectric
property of relaxor-PbTiO; crystals under uniaxial
transverse stress [J]. Applied Physics Letters, 2013,
102(17): 172902.

Levario-Diaz V, Bhaskar P, Carmen Galan M, et
al. Effect of acoustic standing waves on cellular
viability and metabolic activity [J]. Scientific
Reports, 2020, 10(1): 8493.

Wang M, Yuan WQ, Jiang XN, et al. Disruption
of microalgal cells using high-frequency focused
ultrasound [J]. Bioresource Technology, 2014, 153:
315-321.

Coakley WT, Hawkes JJ, Sobanski MA, et
al. Analytical scale ultrasonic standing wave
manipulation of cells and microparticles [J].
Ultrasonics, 2000, 38(1-8): 638-641.



