Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

AR A BB EAE 1% R SR

A AHER FFEFR I T B

Acoustic cavitation of encapsulated microbubble and its mechanical effect in soft tissue
Qin Dui  Zou Qing-Qin  LiZhang-Yong Wang Wei  Wan Ming-Xi  Feng Yi

5] Fi{5 B Citation: Acta Physica Sinica, 70, 154701 (2021)  DOI: 10.7498/aps.70.20210194
TEZE RT3 View online: https:/doi.org/10.7498/aps.70.20210194
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FRFT BRI AR I HA SCEE

Articles you may be interested in

ANTFIZE RS AR B IR A 2 e

Acoustic cavitation characteristics of mixed bubble groups composed of different types of bubbles

WAL 2020, 69(18): 184301  hitps://doi.org/10.7498/aps.69.20200381

Y AL L NG ) O VA N B e ey VA b ]

Influence of large bubbles on cavitation effect of small bubbles in cavitation multi—bubbles

YIFIE4. 2019, 68(23): 234302 https://doi.org/10.7498/aps.68.20191198

P T A i) A AU B T2 e A

Axially-distributed bubble—bubble interaction under a coustic excitation in pipeline

YIBR2EAH. 2020, 69(18): 184703  https://doi.org/10.7498/aps.69.20200546

S R 2 AR B ST

Theoretical study of coupling double—bubbles ultrasonic cavitation characteristics

FEEEAR. 2018, 67(3): 037802  https:/doi.org/10.7498/aps.67.20171805

PR EIE A P R S I IR

Coupled resonance of bubbles in spherical cavitation clouds

YIBR2AHR. 2019, 68(13): 134301  hitps:/doi.org/10.7498/aps.68.20190360

BT AR A PO SR A S 2R S T BT
Microbubble oscillation induced acoustic micromixing in microfluidic device

YrHE2E 4. 2018, 67(19): 194302  hitps://doi.org/10.7498/aps.67.20180705


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210194
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200381
https://doi.org/10.7498/aps.68.20191198
https://doi.org/10.7498/aps.69.20200546
https://doi.org/10.7498/aps.67.20171805
https://doi.org/10.7498/aps.68.20190360
https://doi.org/10.7498/aps.67.20180705

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 15 (2021) 154701

HANBRMEEZSUINEZRENEZRMN S
ExD HEKD EEFD EHY FHID BB

1) (FRMBR A E BB, FER 400065)
2) (PZACmRZFA RN SHORZERE, W% 710049)
(2021 4E 1 A 26 HIg#H); 2021 4 3 A 14 B BRI

7 23 AL MU N 2 SR A5 75 6 7 (0 T L BEAIL . LA S A Al 6 / 40 A 78 T A 2 A% T i 3 i
502 AR, AR SO 23 A 3 1o L L SVRIIR SR AL IR S PR AR, Ayl T SO IR 28 R AR 7 =5 Al 3l U o
BRI, B AR M 1 R0 75 23 A 3l ) 27 A Dy LA Ja] Rl AL U AL, ) B I 25 20 LR, RS T BB R 41
SR T AN S 5 T A5 S B2 R0 R R B IR L URh SR AR 40 o) Rl i s, (ELZEL U SR A A A
R AL GUN AU 3 782 K B B R 55 I3 J5 T A A 46 9 Be A S 50 i B BE A 3282, LR ) Jes 404 T
(L BN RSy R DNTTRTE 21 % N A RE VA LYV B =31 S R LN %y R I B WA N VA I SV AR PN

S, R 79/ ] 220 AN R B A A A DRI )N Bl 2H 2R P DR e KR ), B R TR R
TS . AT AT Ay ik — 20 PR SR AR AR5 97 R L UL A B4 N FE L B o 2 B SR A

KSR GRS, ARG, RN A, S AU

PACS: 47.55.dd, 43.35.Ei, 87.50.Y—

1 5 =
7 2 AR A 3o 7 R R (PO 7

YERIE , R R 1 28451 R <t = 2 L AR

PR MK — RIS 1 7ead e, BIE s A 7R
PR R B — PR IR A BRS P BRI R 191, e s
PenT Bl R AR | B0 R I
R BETFI . A0 P B AL AN 2 2 B 45 R Ak
o (=101 i i 245 /2 DR 200 L P 3 i, 3 AL
R IR IR 2, F g = 48 DX N A A A7 BT
BT SO, AR A A A W 2H s A R R 7 A AR
i AZA IR U Fp i M € DR e R [ S VR d S B P O
SV R i (O E N N SV R e = SR AV RS YA
AR E PO L Z — M- TSR
AIROK RUBE | T iR sl A2 2R AN B B 1, S50

DOI: 10.7498/aps.70.20210194

W AN IS 2543 12047 R DL R s A 2L
PRI ) (AR R A A (R34 ) A8 AR 4
PRIXfE (114 6 F ELy B B AT oY ol LARILEE iR
SEYR PR, FRELH LN 2 A0S 1 2 S ) B R
FE AL SN N ) B2 oA FLE, 2D IR AR
fiffe i 25 A A AR/ ZH SRR O 9 BILTRL, A B T
FHLIG R0 W0 A 7R IR T e A LA S BN T e Ak )
IR IR
AR 20— I 2R I RE SRS T, ZHER

PSRBT AT R R 2 SR A R s A v T AR
R A, H oy — ]l A A 0 A K o
23k Bly ) 2 7 TR ZH R S AR R R S 101,
a1, Yang #11 Church'0 ¥t 254k 5) 712#% Keller-Miksis
(KM) J5 8 5 20 21 26 8 47 PE 1Y Kelvin-Voigt 1584
g, 1938 TR LN S sl 1 E A, HETX
FRIEL B )2 8 . Hua A1 Johnsen'7) 3 i 5 &

*E R ARRA RS (HEES: 11904042, 82061148015) . B KT H AR HE4E (HLHES: cste2019jcyj-msxmX0534) Al R 2%

BT (S KIQN202000617) ¥ B AHAT.

t BIE1EE. E-mail: fengyi@mail xjtu.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

154701-1


http://doi.org/10.7498/aps.70.20210194
mailto:fengyi@mail.xjtu.edu.cn
mailto:fengyi@mail.xjtu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 15 (2021) 154701

KM 5 HA B Zener #HL ifF57 T 4HZ150
PHETRINE 7 28 st s T 623 1 v DR W IR s g s i, %
16T R BN S A Bl D2 RS . T AEOR,
T TR v R R AR A A T A SUR BRI
FEMLT, Mancia 5 1013 @A HE G KM A REFIAEZ
PESAPE ) Kelvin-Voigt BERIMYEE T 202175 25 fk
WAL= R UG T S AN O Ve R g e 1K A
S3AR . SRTAE EARB A, KM 5 & Ha T
PRSI R /INKEDL (BRI Eh AL R /e < 1)08),
TESCBRAAR PR IR H, A 1 M S 7 el i 2145
23 AL WO E I B B U 45 1B () S BF B R/ e > 1;
F AN, # H B Kelvin-Voigt A5 8 4 2% f& 2] 410
IO IR st S R T A ARG R P A P R RS TR] P (b
X)), AL SRSt B ARG 43 E 2 181 Xt
Zilonova 4§ 181 FIl Pahk 45 19 35 W ¥EPEE F T8 &
DL (R/c < 2.2) 234631 712 Gilmore 25
S U | BRI SRR Y Zener TR
G, A5 B PG T H AT 5 SE bR il i 21 21
W 25 ksl 2.

LN 75 25 A0 R (R e g, R T RIS e
(B LA 28 AR T I A 2 PR RN AT 4k, S5 A
N2, G 2ot . [ BRI 94K AH AR
TR AL A SORE S5 Sl i1 (2021, Hidp v 5 6
TR AR AR W 8 IR . IR A SR G Y5
ALREE RS RE ARG RS e M L P B AR A A ]
PR AT 21, A R 5 e RS A0 7 2 Ak B ) 2E I R
BIRNRZ —, 0 e TC A B SR A | T
4 BRSO AR S B2, R s AL ARGtk i 2227
ST BB S B0 75 22 Ak 8l 0y 2 5 Rk 4T
& IE FTIF & 0 22 Tl B B AR o 19 75 23 Ak 3l g 2 A
Y 12526 Jig 24 FRE iyl DRI 0 52 W Lt B

Viscoelastic tissue

--—

V4 dO N\

/

-~
/

™

=1

o

T

o

-_-
-———

AR RAF B T W2 W e N . SER O &
B, BB B AT A <R 47 85 D AR B
G (28301 Xf iy, Marmottant 45 29 B4 gl 60 8 5% 1
Tk F153 ALY | SR R = AN B B, AR
LT BEZA it i “fUHEZE" 174 Doinikov %5 B
% FEAL RSP 5 RS B 1) 1 e 2 [R] 1 oR BORH DG
ff R T A By DI AR B [ P B AR A ST A
BA 3234 A kb R R B M R A e, L T —
ANBEATHEAR ARG MG, XT3N “BI A8 H " 17
S B AR S A SRR, R A Y
B RUA AT AR G HA A0 i S A At 1) <0
A5 4R, TR B A T Y N R S R X i A
R NN L O DAt AR R ) Y p = NEOL //BLIRN
3. BRI, bR ST AR A A 0 A K T AT Y
FENG IS AL RS / A0 KA YRR A O P IR Y7 1) 52
B I Hh, A2 ALt 25 Ak s 12245 LA S s
A3 B FEL 2 U 3 ALl 16 5 — 2D A 5
A E Gilmore 72 | AL #E Zener 12

RIRINE AR AR L P R A PR fe g T 42

BRI i 7 23 Ak g 22 s S o T
W75 23 4 8l 12847 R LA SR ) R 2 28 AL
N 7 BB 28 A AR, SR BT T R |
SRS R LA SRR PR 7 R () R

2 FEpAEA

21 ZTUHHEFE

Z e RN TE R S A M A N 7 25 4k
B 12247 R UL SR N B B 28 A3 A 1 (ryt),
wmE 1 . b AR, B A R P R
JE | S PN O IR RE 3 20 o A o AR

- Tl
*.‘,/ Po(R)

R
NN

Bubble oscillation, ¢

BT RS SN RO 8l ) 2 5 N ) R R IR

Fig. 1. Schematic of the bubble dynamics and stress in the viscoelastic tissue.
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Fig. 3. Temporal and spatial evolution of the mechanical stress distribution during acoustic cavitation in the tissue: (a) The bubble

dynamics and spatiotemporal stress distribution, in which solid line, dashed line and dotted line correspond to the trajectories start-

ing at 2, 6 and 11 pm from the bubble center, respectively; (b) the stress magnitudes as a function of time along each trajectory;

(c) the stress distribution at the fixed times as indicated by vertical dotted lines in panel (a), with traces indicating the magnitudes

of compressive stresses (solid blue) and tensile stresses (solid red).
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Fig. 4. Temporal and spatial evolution of the (a) elastic stress 7£,. and (b) strain 7, in the tissue; the temporal and spatial evolu-

tion of (c) the viscous stress 7y, and (d) strain rate 4, , respectively.
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Fig. 5. Effects of bubble shell on the bubble dynamics and stress distributions in the tissues, including (a) the clean bubble and (b)
shelled bubble at py = 0.1 MPa, (d) the clean bubble and (e) shelled bubble at py = 1 MPa; panels (c) and (f) show the corres-

ponding maximum compressive stresses and tensile stresses, respectively.
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Fig. 6. (a) Bubble radius as a function of time, (b) maximum compressive and tensile stresses at different distances (dy = 2, 6 and
11 pm) in tissues under different shear moduli (G = 10, 100, 200, 500 and 1000 kPa); (c) the bubble radius as a function of time,
(d) maximum compressive and tensile stresses at different distances (dy = 2, 6 and 11 pum) in tissues under different viscosities (u =
1, 5, 15, 50 and 100 mPa-s).
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Fig. 7. (a) Bubble radius as a function of time at different ultrasound pressures (0.1-5 MPa); (b) the maximum bubble radius R,

minimum bubble radius R,;, and the ratio AR, /AR of the positive and negative radius excursions as a function of ultrasound

pressure; (¢) maximum compressive stresses and (d) maximum tensile stresses in tissues at three distances (dy = 2, 6 and 11 pm) as

a function of ultrasound pressure.
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Abstract

Ultrasound-induced cavitation in the viscoelastic biological tissues has attracted considerable attention due
to its mechanical bio-effects, such as cell sonoporation, hemolysis, vascular disruption and tissue erosion.
Cavitation can exert strong mechanical stresses on the surrounding tissues during the rapid bubble growth and
collapse. The occurrence of cavitation needs the ultrasound exposure exceeding a certain acoustic pressure
threshold, and the cavitation threshold is very high in most tissues, probably causing undesirable side-effects.
Introducing artificial cavitation nuclei, e.g., microbubbles and nanodroplets stabilized with a shell such as
albumin, lipids or polymers, into the targeted region can effectively reduce the cavitation threshold and
significantly enhance the cavitation effects. However, neither the cavitation dynamics of an encapsulated
microbubble nor the cavitation-induced stress field around the bubble in a soft tissue is quite clear. In this
study, a comprehensive numerical model is developed to describe the dynamics of a lipid-shelled microbubble in
vivo and quantify the cavitation-induced mechanical stress in the tissue. Considering the nonlinear changes of
both shell viscosity and elasticity, a Gilmore model that has been considered as the most developed and realistic
cavitation model is coupled with the Zener viscoelastic model for precisely describing tissue viscoelastic behavior
with both creep recovery and stress relaxation of tissue. The developed model has an advantage of accurately

describing the bubble behaviors in different biological tissues at high ultrasound intensities, especially for the
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bubble collapse. Furthermore, the spatiotemporal evolution of mechanical stress in the surrounding tissue
generated by the cavitation bubble is investigated. Finally, the effects of encapsulated shell, elasticity modulus
and viscosity of tissue as well as ultrasound amplitude are examined. The results show that the viscoelasticity of
encapsulated shell and tissue both inhibit the bubble oscillations, and the tissue viscoelasticity has a larger
inhibition effect. During the bubble oscillation, the compressive (negative) stress is generated in the tissue with
the bubble growing and it continuously increases until it reaches a maximum value at a maximum radius, while
the tensile (positive) stress is generated at the stage of bubble collapse and initial stage of bubble rebound due
to the restoration of deformed tissue. The stress magnitude is greatest near the bubble wall and decreases
rapidly with depth extending into the surrounding tissue. By contrast, the tensile stress decreases at a higher
rate than the compressive stress. The encapsulated bubble presents a smaller stress in the tissue, but the
decrease of the stress can be ignored at large acoustic pressures. Moreover, the stress decreases with the increase
of tissue elasticity modulus, whereas it first increases and then decreases with tissue viscosity increasing,
showing a maximum at 15 mPa-s. The increasing of the ultrasound amplitude enhances the bubble oscillations
and consequently increases the stress in the tissue. This study is helpful in understanding the bubble dynamics
and cavitation-induced mechanical stress of an encapsulated microbubble in soft tissue, which is essential for a

safe and precise ultrasound therapy.

Keywords: bubble dynamics, encapsulated microbubble, acoustic cavitation in soft tissue, mechanical effect of

cavitation
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