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P W i, I DR UE A AT 2. R
T K2 (MIT)Fetterman 25 13 48 1 T 40 i BF 1
(cell squeezing) % A, BV 3K fef 40 M 38 5o /N FH
12 30%—80% BN s, iHAZ R kAR,
A2 T 20 Bf 5% - 0 f58 JE (mechano-sensitive cha-
nnel) T M. HEFRIBFSY CUESEZ ik i T
REFZEMAni, BA Nz . (A WA
R ANZ T R — 5, R BOR T  E
AR BUHOK i 72 BT 8 T, X i 3 R 2R
bA s o3 — 0 AR RS 29 T ik s 1) |5
XFAERIA A (asynchronous population),
SUpNGOE ) DT 82 SRR TTD A AN U A N
JHL, T A M AR TS 3 o 2 B I I ) s K
BT AER I NIy 2 B[R] Y A RS T
BT AN TR R AS Y s e i ), 3 T 30 s B4R
A5, BELAS T 3ZBAR A KRIASE e JR R .

ARk, BT M I 25 4k (ultrasonic cavita-
tion) &N Y 7 BUSE L (sonoporation) i A 3 R i
TR — N HH 295 BR A Sk 1620 FEIZ T ik,
RGP L RE R AR A 7 AR SO, S —
RIS, TER A R h SRR U, X2
I P it o — 5 SRR 0, e 4 e R s 24
b foE e B2 R SRS R LAY T
P, DTS B4 B s A i o, 2R 5 2
Mo & FE A A B L (A FLIE 4T — Bt e (%2
2R 5, SMRVERJIE R, BT A E I,
YA b AFLIE A A %07k ESR T LATRIBAE
TR, T ARCRE R, B i TR % 4
FRLAAE AR XSS 2456, i LIOHE LADRIIE A 1 20 i
MIFETE . A T S RZ T LA 2, Duke K%
Zhong PRATZH 24250 F| FHUOGAE A b B9 JR & i 74
ROV, T PR ER IR A A6, =38 Z (A1 R A ELA R
51 WK Bjerknes J7 1260 7= A B R AT Y
P (BRI IR 50 m/s) VR FAIMEL. %07 k0
SRR B AR B ) AT LURS A 45, FEAR AR I
TR AFLIR EAR R JLE AR ZROKEY),
HARIE T 40 p A= B Dy RE. (HIRRE R TR & i R
7%, HAT HaE T R0 A

i & JE ) F A DT A Modaresi 55 27 42 H
FA) 1) T 200 e 2 o o et 485 A Sl T R 4 e
JIr it (R BR 2l ok S o AR, 20T AR T
— P RIEEDA (plug-and-play) FIHPESHARSZE
R BRI ORI LN A3 535, Kizer 55 29
FEAR T — P BE T Bl 4 i 5 U] bR s LA AR T 1 T
S SE AP IO 45 - 5 00 S B o 5 AN i i 0 1Y
Tk

ASCHR S — PR T2 B SR, X 2 A Rt
SRPIRAE Y, AR fof 200 R R TR 1 v A N AR T D)
FT T 440 o B 2% v g F5C 8 19 % . 1950 4F Ingard
I Labatel $2 i T % 5t i 4 il (zero-net-mass-
flux, ZNMF) FIHER, BFRVER SR (synthetic
jet). 5T i AL SR P ZE B R 0 1
B B /A, FEB/NFL T AME B — R B iR/
XF, WA R At R sk SR B /XA LR S T B —
PRl S B0, [ Wiltse I GlezerP? T 1994 4
VORI B i T iz T T sh T sh s Lok,
ZNMF 23| T )2 Ui iz DG B3-97,

A2 R BAFRIT (immersed finite element
method, IFEM) J7 %, A58 2 it & 1 i AE FH F i
T L AMEE SR, S AR S ST 4
Ji A2 T RN AR RS B0 T TR 1 s O, DASR IR T
RRATATIE, A Tz R A A s R
TR

2 BEEN T &
2.1 REBRITE

RIEAYE: (immersed boundary method, IBM)
H1 Peskinl® J= 1972 4R, Iz Fl AU IEZ
Sy L g ) [l B9 i R BGh ARG T
K e, I HL 1z Hhw HAE it RS A 1) A K
EBAU . TRk, B3R FHER R A% 2R,
AT 53 WA VEAE AR N AE L iz shAASIE,
K& B3 H kR AT AR A EAE FH B G 28
UM Dirac & PREL, 3 3ok 22 (8 3B F 4340 19 55 0115
B WO PR A R IR B [ RS — 4R,
FEA G AR DX AR, DR AN BB S5 Bl ] {508
ST ESEENL; Hk, BT Dirac § BREGEZMER
JryBRE, JHEA B T UART I IR AN R DU (%) o] 4 & 2y S
FAE A AERf (142, S T RAMXEEAN 2, Wang F
Liul*, Zhang 55 % $2 4 T2 %A FR T (immer-
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sed finite element method, IFEM), 316 Hiz H T
YA T 2R R ],

FER A Rk, AR 2 AT R
SN ARTY EARSE R s AT IR AR of 4% (-
b s B £ o BIACREARFTRAR). SR AT BRI Bk
TR, EUATE 7350 iR AR T AR 3 2 v, B
QTU = 0,000 2 = 0. AR 2 Tk
L e R 51 50 S A= N i = N VA = Rl 1%
X° 1 (X5, t) 43 R WG T4 Y 05 F 5 R L) A

& o FUET] p; X T ERER A s, 5 ZR M2
BN w, B w = @ — X5, BRYETH 5 )
I RS 22, B v = dw/dt BRI
JFEL IFEM B4l 7 2 9 an e

i <‘?t’ +v- w) =Vo'+ FS' L Ff X e, (1)
Vv =0, (2)

vS(XS,t):/Qv(a:,t)é(m—:cs(Xs,t))dQ, (3)

FFSLs _ (pf _ ps) (8’0 to- Vv) +Vo* — Vol

ot
+F;xt7Fefxt7 S Qsa

(4)
FFS!(a, 1) — / FFSUS(X5, )5 (m—a (X5, 1))d2, (5)
QS

2 pf, o 43 R T AR 25 AR AT (A28 2 ¢ S I
BRI AR v RN BRI 8 (RS v FR ik
MRS QB HEL; FrSts ROR BERCEL o 1%
[ AH ZAE H 7 (fluid solid interaction); F5,, FLi,
Gy EVE T EA TR ES T, of SRR
15 o ATy X TFEUE IR ] =
2 3CHik [43—47).

IFEM % H i 2630 X /Petrov Galerkin (stre-
amline upwind/Petrov Galerkin, SUPG) #1JE& JJ
FaxE /Petrov Galerkin (pressure-stablizing /Petrov-
Galerkin, PSPG) Sk LAWY IV IR 2 FIAER (1550,
I 3 A B R 2 (0 S 300 1 4 s SRR ] R
T SRR B st RS2 (reprodu-
cing kernel particle method, RKPM) J& p& %k B!
KLl Dirac & PREL. BN Dirac & PR il
B, A B A AR A B AR R A A
E R aiopszin

it (3) PR AR (5) th i ok
IR U6

v = vis()P,(X; - X}), X5 € 201, (6)
J

FJ'=) FP" (X 081(X,; ~ X}), Xi €20y, (7)
I
X, &7, &;5&H RKPM 15311 Dirac & PRELIY
BEREMWIER; Q45 Q4 2 BT SR mE, H
AR R AETT A T AN T B HOE B0, 5T 3 B
(BN 53 A B PR AR AL PR AT 227 SOk [43,51].

2.2 FEREHR

o b SO PR S T IR 3 I B 0 2 R I
PG L 1 3 PR Rtk AN IATE B (] 1), %58t
WMIRRSE T, EREmRa RSN TAERMKIE
&, WO s AR B 8 R 48 H AN RE B A A
TR TR A AR W 0 AR AR AL
AR 101 25 4 5 I 1) L TR Bl Bl — X0 X6l i 3
WA AR BT ElR IR B AL DG, T A
S AW AMERE. L, XTSRS LA
FE— I AT Bl A% 38 1) S 293,

TR { <P P
R, { ® @ st
® O
i&%lﬁﬂz{ o0 iy
nll || |
S T
D.

K1 FREGRsEE. D, RS EHR, HERESE
FIEE, Dy B AL HAR, hFos L0 . SR U
T TR 43 S =AW B XA, B3 3 Xk o O X
HNIL 375 X 45

Fig. 1. Schematic diagram of ZNMF jet flow. D, stands for
the cavity diameter, H for the cavity height, D, for the ori-
fice diameter, and h for the orifice height. The typical flow
field of synthetic jet can be divided into three flow zones:

Near field zone, transition zone, and far field zone.

AR SC BB 2 R AR OE 3 T 5 AR i
S, R XN R 2 FR. EEE RS 40 pm x
400 pm x 40 pm, St/ N LA THEEEFE R, R
SFA 2 pm x 2 pm.
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L =400 pm

Ap
R E
rbe C::
N i
SN Il
7Y T

—

L, =200 pmx
>

>
Ly =202 pm

ZL
X 7y

B2 BEAEY AR E R, K L FoR /LA
Ui 5 BN B S Ly 3R 7R S U /N L A o R A B
Ly Ly = 2 pm, HFR MR, o BL0 M E 37 ],
HE BN mm/s. ZL4HH (red blood cell, rbe) 78 i J1 4
PR 35 5 i -7

Fig. 2. Physical model of numerical simulation, in which I,
stands for the distance between the left end of the jet hole
and the inlet, while L, for the distance between the right
end of the jet hole and the inlet, Ly—L; = 2 pm, H is the
height of the channel, v is the movement direction of the
red blood cells, the units of velocity is mm/s, which passes

above the synthetic jet driven by pressure gradient.

A SCHIFSE B R A CLAN M SR, 20 T
23 JE U SR Y OARALL, U 8 T P
1z 875 R AT FL 1AL AE R R e e, &
% Lee 55 M 45 AR IZ S AL EAT 2L 1 3R
v(t) = A cos(2nft), (8)
b, Ay JRBPARER, fRIRSIBIR. %0
TR S I AL/ NFLR S BE s 26, HOO7
I Z S ) L
o 3 A P IR AL, BRI NI R R
ZIN, TR S e R 8 T RESCfef 4 i 52 25 IS /R
SEMATTAET S, B/ NER AR U ] BB AR M T
AFEr. P, H e AR SR B PR, R LA
S SCBUOTA BRE I AS [R R NI T

2.3 THRERARHEXE
AR R Mooney-Rivlin B8 5 34 DL = 4 1
SPEATBHA B LA A OC R . IR AL 280
FHTRZAH ST 0450, i Qifsme 55 00T A< Ol
G TR AR TR AR B IR AEERS (material-
ionic liquid gel) FIPERERFFY P8 45,
AR RE W RN R

chl(J1—3)+CQ(J2_3)+g(<]3_1)27 (9)

Ao, e, o M EMEEEG L= L1V g =
LI Js =07 I = Cy, I = (I — C3;Cij) /2,
I3 = det(C), M-I MRk CE LR C =

F'F, UMb Rk Fy; = ox/0X;, X TR0l 4t
RRUL J5 = 1.
TP RS AIHPESAEE W Z Rl
oW ¢

S=J 'F_——F 1
ot=J TR (10)

R J = det(F) ZMEn] HARRE.

2.4 H{EZLM

AR SCBUERAN R, TR JES HA R A%, 21400
SERUAT M 25 44), SR F D T A A . 280 I A TS (]
He K TGS IR, A R 21 40 BT A B0 R
674081 H1 3266, H.7uE 5314 640000 F1 9908, it
B dt = 2.5 x 107 s. VRIAFIZL AR 25 R
M, pf = p* =1 g/cm?®, WAEE My = 1 g/(m-s).
B A DCRHIE R4, A OE
NN Ap. FEARSCIB T e U 86 B (8
A3 BE Ap = 20, 30, 40, 50, 60 Pa, Hifthi1 5%
TR B4, 25 o ki e S A A B i A A%
HYERTE 2 ARG TE /NFLAL.

BRI, e B Ap FEFTTF
A FAbiz 8, R T8 B e A1 3 5 E AR AE X
W ARSCHAT TN RSB, G PR R ) B
FE Ap, FHTIRIE Ay, FUSTCR K5 H1 i 8h 2 80
LT IE B AR T AN ) RO T 2.

3 RN
3.1 FEREHR

S M S T AT £ A RS Y R SRR
M e S SR T ORI, TR FR S
A, HEARE T i S Sk [59]). ZIRE Vil
W5 AN IR Ap, 5 i AR
WAL E MW, E 3 ESHRRIR f= 625 Hz,
SRR A, = 78.125m mm, JE JJ B E Ap =
60 Pa B3 A.

SETLE R, R A6 B P18 it o Xof 308 T R 2 e
s R REA BRI, S8BT H iRt
k. WE 3(a) B, R WRERNITEGE (¢ =
T/4) i, BT8R, 28l O FmE
SR B BRI T BRI, L T BRI A [ A
YA R RS R W 3(b) R, Mt = T/2
BF, WA R A Bk, A B R SR A A
A BRI, A B0 R U K B, BRI
B B i s 2544 7RI 3(c) Bt By < e
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7@ (t=3T/4) ™, MU BT 10 A, i A
IEAEAL 1, UEBHAEFL 1 BT S R A o 1
Fﬁﬁ?ﬁﬁﬁf“ﬂ’]?ﬁﬂﬁ AL 2 RS R T
A anlEl 3(d) Fias, 24t = THE, ARk E]
R, BRI L O W AEH, FiRpshE
AL, FECESL A BT AN ER.

170 180 190 200 210 220 230

_— { | ! R
0 20 40 60 80 100 120
Velocity magnitude

B3 EAMEERATERENRKS 56 (4, =
78.125% mm, f = 625 Hz, Ap = 60 Pa), H i B i 5 400
mm/s. #RBATEE YR AR PRER 170 pm < Y < 230 pm,
AL T #OE T ARG Y = 200 pm. P P Sk O Y
Ia], B3R 7R B2 /)N, B BT, ) B DB e 1]
Wik TRt RER, — R (T = 1.6 x 102 s) Wiy
Wi 807 m T _E RS AL (a) t = T/4; (b) t=
2T/4; (¢) t=3T/4; (d) t=T

Fig. 3. Flow field distribution under the action of ZNMF jet
and pressure gradient (A, = 78.1251 mm, f= 625 Hz, Ap =
60 Pa), in which the unit for velocity magnitude is mm/s.
The cross-section depicted ranges 170 pm < Y < 230 pm
in Y coordinate, and the hole is in the center of the cross-
section Y = 200 pm. The arrow in the figure represents the
direction of velocity vectors, and the color represents the
magnitude of velocity. The darker the color, the greater the
velocity magnitude. The four figures describe the distribu-
tion of flow field in a period: (a) ¢t = T/4; (b) t = 2T/4;
(c) t=3T/4;(d) t=T.

3.2 AMmREREEHRHIZE
AR BT R A AN GO T T £L A Y 2
SRS 52 ST ANAE TR I Ap fERTT

B8 — B, AR E R, R Bk 3 5] Uk
B, HAGTRAEH X LAY, B 4 2546 T
ZLANML Y 5O AR AR AR YZ - T BEAE Bl E] 22 AL Y
B, R 1ERE Ap = 30 Pa, HRIRSIIR f=
625 Hz, SHiRRIE A, = 78.125n mm.

TEE 4 th LA GG BT AR FR Y = 192 pm,
Z =20 pm. B THEAER T RAE Z8iETr
[, ST DL L 40 M 457 252 b 52 380 5 it W A VR A
TERE By ] (Z 507 1m) b A AR Al i 28,
B\ VA= R (<8 T 2 i o /B8 Y AN 0B S
{24 17.6 pm, X R WA, IR0 40 i 457 L
DJ:?? W1 B R Z AR R R 21.5 pm, Xf

WA . ZLAAE Y 5 ] R BRI R E 1Y
z;%‘r@ tk, Hizshih 192 pm < Y < 208 pm,
AL 3 el 2 R A 3 140 3 ) 4 ) 4 3 b 52 il 5 214
L 1) Rij 1932 RIS T 28 L FT DI i
B At =58 x 10° s, RFLAKEEN 2 pm, ZL40/E
HE RN v, = 3.5 mm/s.

At =58x10"5 s
121.5

T
121.0

—\_\\: 20.5
20.0

119.5

Z/pm

Y/pm

119.0
t, =285X10"%s 4 18.5
—

194 /_-_/
192 ta = 125%[10-5 5 t.=445x10~55418.0

D P —

MR S N 17.5
0 50 100 150 200 250 300 350 400 450 500
t/1075 s

P4 200 M 225 G A T DCHRInE, BT i YRR Z A Ak
FrBE s E] ¢ AR fE R (A, = 78.125n mm, f= 625 Hz, Ap =
30 Pa). Bl g2 R8O ZihAe bR B Ak, %R Yl
AR BRAEAY,, =A%k PRER A3 50 e 21 40 B Rl L 38 o A B 1 B
Z, KRR t, = 125 x 109 s, t, = 285 x 105 s, t, = 445 x
1070 s, AT B 2 2R 2k 2 R] i [R] i) B o — AN IR Sl AT, T =
1.6 x 1073 s. £L 3§ M A% 3 B 2 Rom 20 A ik AL D aE B J7
FRI 20, £L40 B 25 S AL RIS TR) At = 58 x 100 s

Fig. 4. The variation of Y-axis and Z-axis coordinates of cell
centroid with time (A4, = 78.125% mm, f = 625 Hz, Ap =
30 Pa). The green line represents for the change of Zaxis
coordinate of the centroid, while the blue line represents for
the change of its Y-axis coordinate. The three black lines
represent the moment when red blood cells are stretched to
the maximum, corresponding to ¢, = 125 x 10 s, #, = 285 X
10° s, t, = 445 x 10° s, and any two black lines represent
a jet period, T = 1.6 x 102 s. The red and blue vertical
lines indicate the moment when the red blood cells enter
the orifice directly above, the interal of the red blood cells
pass through the orifice At = 58 x 107 s.
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Fig. 5. Diagram of stress of red blood cell and fluid pres-
sure field in one peroid for A4,, = 78.125n mm, f = 625 Hz,
Ap = 30 Pa. (a)—(d) represents the fluid pressure distribu-
tion in the X7 section of the RBC center of mass at different
times and the stress on the RBC membrane: (a) ¢t = T/4 (Y
= 197.7 um); (b) t = T/2 (Y = 199.5 um); (c) t = 3T/4 (Y
= 200.8 pm); (d) t= T (Y = 202.4 pm).
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Fig. 6. Variation of P,

open fOT mechano-sensitive channel gat-

ing in cell deformation with time ¢ under different amp-
litude A, (f = 625 Hz, Ap = 30 Pa). The green line in the
figure stands for the moment when the cell passes above the

orifice.
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Fig. 7. The variation of channel gating integral [ with the
pressure gradient Ap and the jet vibration frequency f. The
color represents the magnitude of I, the darker the color,
the greater of I. The black line stands for Ap = 30 Pa,
while the two horizontal lines for f = 2500 Hz and f =
625 Hz, respectively.
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Abstract

With advantages in biosafety and efficiency, gene delivery based on mechanical approaches has received
more and more attention in academic research. In the present paper, a method based on zero-net-mass-flux jet
is proposed to apply fluid shear to the moving cells in the microchannel, which causes cell to deform, and then
open its mechano-sensitive channel on the cell membrane. This novel method is verified theoretically by
numerical simulation in this study. In this paper, an immersed finite element method is utilized to numerically
simulate the deformation of red blood cells subjected to zero-net-mass-flux jet during the movement of red blood
cells in microchannel, aiming at investigating how to efficiently introduce small molecules into cells. The
important parameters of numerical simulation are pressure gradient Ap along the microchannel, the amplitude
A,, and frequency f of the zero-net-mass-flux jet. Through the analysis of the characteristic of flow field and the
stress on the red blood cells, we find that when cell surface tension 7| is greater than critical surface tension 7,
the gating of cell surface mechano-sensitive channel will occur, and the percentage of gating P, on the cell
membrane can be obtained at each moment. Addtionally, the channel opening integral I is defined to measure
the gating degree of the membrane mechano-sensitive channel under different flow parameters, and the
influences of pressure gradient, jet vibration frequency and amplitude on the I are further discussed in order to
find the optimized process parameters, The method we proposed is simpler and easier to implement, and the
applied fluid shear stress can be controlled precisely, so that it is possible for proteins, genes and other

substances to be transported into the cell across the membrane, and to implement reprogramming.

Keywords: immersed finite element method, zero-net-mass-flux jet, mechano-sensitive channel,

transmembrane transport
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