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Figure 1-1. Process of drug development
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Figure 1-2. Examples of regenerative medicine products.
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Figure 1-7. Schematic image of cell adhesion
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LorL, a7—=r7 ol NTHRMiE~ U 7 22 O3 2 HETIEUL T
X o nMERTHEEND. A THRMIS~ R U 7 A0 aOBEEEIC R E 5.2 9 5720,
AR OFEREMNERN L B D ATREMER H D . Z D7, HHIA TV —=2 TIZBWTHRR
DOEFEENMETT 5. HAEBROIBFEICBWTUIBMH LI-0b a7 — 7 v FUREBE D4R
NIZRIN SN BB RIER G Z T fERn e 5. £, NLHRM~ N 7 A ThbH =
T U NEERT S0, HRMEKEO X O IS ENm ORIl Y —= 0 IR
METhHD. I, HilgE A ATV & OB 1N% <, BRIOMIEE 272 5 i

/ Collagen gel

Cell

Nozzle of bioprinter

T~

©@E@C©

o

Printed cell

@@é@

Figure 1-9. Schematic image of bioprinting
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BV, INEIET A 72020E, EESHEICEMT M0 2 2 TRET 5, b LI
EhE VRS, WBETOMERDH L0, ZHICLDaRA NOBENLEETH DS, S5, Ml
FEIZ L » Tl st~ bV 7 ZARER - L LiETH D

132 RSEH#IZKZ/NN2—=24
NP — = T DN E K 7 EE I S5 2 &b, AL~ U 7 A

AR 2 EHd 5 2 L b MilaE XY —= 0 ST AN E LT, Bk - Tz ¥
—= U ST DR HE STV D O Z oI OREEK % Figure 1-10 128, Z OFH

Magnetic particle

Magnetically labeled cell

© © ©
©

Culture surface ©® ®@ e

Figure 1-10. Schematic image of cell manipulation using magnetic particles
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Tl T 2 R 2 MR D IAEE D Z &I K » THIlICERAEE R A2 it L, Z ORIfE 2 ik
NI VEAIZH & T TCF—=2 75, ZoHM R LIE, BEOREWERROA RS AT
BETHD. S5, MIISEA LT 2 ki i3 mE s e s S hTnsd. Ly
L, MfElcx L TR A EALTWD E WS ZLIFHEFETHL. Z0kd, "MAFT 7 )
nU—ERLAEERTOEIEa I 5= a DY RN ERY, HEIR T ) —= T T
VAN HTZ o T, FEE~OIEDOZLELE W BLATRERH D, EHIT, BAEERD
BRIZH T > TE, EERNICBHE LTZBEORISHAATH LS. 2 9 F o B /26 FERHEIC
X' S TV,

133 BEERAORBRBICKDZNI—=15

ANTH7efifast~ N U 7 2 a2 a3 Leun 729, MR E RN SR = AR5 2 &
WERET, P OMIBICAM ZEAT D2 L bniike LT, HEmOFREREIZ L DM
faoD /85— = TER NG SN TS 2B ZoFRETIE, MIEOEEEmII S LT % i
L, MilaoEsEMELsHET 5. FlE, RV U2Frvaxd (PDMS) #iEUo L L
MR ASRITEES LIC WESFMEHCR LT, 229 =7 v e A THIZR M~ R ) 2
ARl NRNB == TFTH I8 -T, ZOMNBEIZORMIZES S5 HERMLNTVD
(Figure 1-11). F 7=, FMEEEEMEORERmICK LT, MEAEE LWnWE 51y w7y v

Hydrophilic surface Cell

EDDDD00%
OO0

/ .

Hydrophobic surface

Figure 1-11. Schematic image of cell patterning using surface
modification



Vv

FH1E r

S

16

=111

7 X (Bovine serum albumin: BSA) O/ /3% —=2 7 %479 FIEbWME SN TS 7.

LovL, ZHODOHFETIIERRmICH L THEFWE ZEMT 2 0ENH Y, Ak L7z
Ak, BIOEBRREICEELZ KT T e0ar ¥ Ix—raro) 273 k&a3shsd. 2
DI, NAFT 7 ) nv—EELORE, FEHA TV —=0 7T vt A RCFAEER DG
(I3 S 70,

134 TFERIZKZNNZ—=24

MED BALFEE LA WT ISl X2 —=0 735 FikE LT, EEKZ AW TIEN
WEINTWD. KPICEER LM S TR L TEMRRARESYE, EHOZER Kb
INEUWELER DEIZUNIR Z iR TE 2 2 LN < D B ST 5. Gesellchen et al. X2
Guo et al. 72 X ERED~ = a L— g VAl N2 —= 7S LT g
Gesellchen et al. DEFFETH W B S X — =0 7 F 34 2O X % Figure 1-12 12777,

Vibration
transducer
Cell
Irradiated
Node of vibration
acoustic 8
pressure 5
(o
o
o
o
o
—~~Activated
vibration
transducer

Figure 1-12. Schematic image of cell patterning using standing wave
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OB T, MERAER TIERLS, AEEZT O L TRE LTRBIO®HZ2EM L, £ 0N

(AR 2 f e L CRlE 3 5. AREEZ VD Z L cilE B cEkicy=ta L —
D2 ENTEL., ZOFEZHNDZ L TIUFWELZIERERICEAT L2 &7,
fz g —=r 7 T&%. LoL, ART 2MIMEEOIRBIREN THD Z L, BEREN
(BHET 2 SEI PN T2 D TRRE B R SIS T DMl D2 — =2 7 Lk 2
ERENHEE L THETONTND., UL, KT ZARMAlE S OEF R EHIC L - T
EARHI R TR O ETEW OB AT T 2 Z L ICERT S, Lal, 13FEiThilk~7=X o1,
JAFEIZ X - TIE, FEIRSOBEIR R EDOIRIC R E — = T T 50N SH. S5, HEE
FICHWDT20I2E, ar ¥ I x—1 a3 VORF IR FRBEMSN L 2 BIENMLE L ) BT
15, PR EARNICE T 2HERNE L SN, WHN MR EARN
ETEWIC L0 i 2 — = 7 & L7 lEdlds STV, 2o Z b, KRFEEE
R E A~ D FEFIZTE > TR0,

1.3.5 HINEZ—ZUTFEDLER

T, KREITRI LIl 2 — =0 7 RIEE NN ORHEZ 9 5. Table 1-1 124
RY—= v FRIEORE RT. RENOLSND LI, ZNENOTEICITERT & EE
b5, BROBHRESC Y —=2 T OMBENENTIEITAERTH L, Wb kit
BREZVNELTHEFZD. MY —=0 VT FEEIRE LT 2120, AR EEeR
BRI Y —= T WMTR, o= 73R M EWARY —= v PR FEBT L2 L
MEETHDLEZEZLLD.

1.4 A — FRIBEDSEITIAR

AFTIE, R U —THllaz > — MRICRBET 2 ATHEIC OV TREIZIE~5 . &5

2, TNENOEMORFTEETTZE5T 52 LT, BUESLE L SN TV LHEMZH 50
T 5.
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141 BRELREERYIZAN-HES— ORI

ARETIE, WENEERY &2 Hnizfifas — s OFBECOW TR RS, IREESEMERY

~ &E, KT RIREG SR (Lower Critical Solution temperature: LCST) % 624K U <~ T
H5 7. TRESSEIBEZEN & LT, L EORE TIEa1N, £330 TR OBKRE
GBNMEDRY vEHPEET D, — T, FREEFUSBIRELLT TR U <803 K0 F &
B LK 2 &FIRMER>. 77200, HEBEEHZ R TR v 2 REISEERY < &

HifrShTng ™7

ZOMEBBRRIIV N TH L0, Z< DR TAAL v F U 7HEFLE LTOIEMNR

ARFETE, AU (N-A Y Fr LT 7 U7 I R) (Poly(N-isopropylacrylamide): PNIPAM)

EWV O IREISEMR Y =~ D 1 Sz B L7 EE) G Milaz FEEST 5. AR Y <~ O FIREESR

Table. 1-1 Comparison of each method

Freedom Culture  The amount
Method Initial cost  Running cost environmen of user's
degree ; work
% X
X (maintain e(%?%p;i)é
Bio printing © (Complex germfree a a?]d O
equipment) cgng;tlr(;ré:]r;)an artificial 3D
X
et g o o (e o
particles)
AN
O (Applying X
Surface o o (Making chemical (Making
modification surface substances  surface
patterning)  on couture patterning)
surface)
X
High - X X X
frequency I(ilalem(;te(gjoio (Special (Special (Special O
ultrasound device) device) device)

shape)




B1E i v

WIRIREEIL 32CTHh H. T70bb, HHE OMEETEIRE CTh 5 37CITBWT, MALIXE S H
DG, BRSNS, —FH T, BEIRELZ 20CIT 5 &, BEmiSMaIEEEEIcE T 5
728, MRS HIEET 5 8. Figure 1-13 1273 XL 912, MilzEs#Em Lcary7romy NET
FE#RLTE ) LAY —2BR LTI, #3072 HO$ICHBET 5 2 & Tl
= IBERTES.

ARFED, M — P2 AW HAERSAHER 7 U —= 2 72 W 5 MildERk o A Rl
IRKFAENTREY, Mgy — N THEEMEEN IS ZIEY BT Zonit L roiz. <UL
FAEEBESOIEAZOWTIEERENEA T Y, TERUMO 23K5EL TWAH/v— kv — K®
(Figure 1-14) ZI1XUHE LT, RBEEH SN TO LR BFET D 2% KFEICE - T,
AR A O E R ITRERMICEE L2 2 EIFH e THh S, L, REINENERY ~ % H
WY — R OFIEETEICIE, RELSHT T2 SOMERH 5. Zhux, Ml — bz
BET 2BRICIREDOK TRARLETH D Z & &, IREISEMER Y v 2 RIS 5 NENH

Pnipam Polystyrene

Trypsin treatment Lowering temperature

s

— e

Hydrophobic surface Hydrophilic surface

Figure 1-13. Principle of fabricating cell sheet using Poly(N-isopropylacrylamide)
coated culture dish
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L2LTHD. REZERTTLHZLICE-T, MROEMWIME T 2 /TR RE S LT
58I, FERAIEE R T 4 v L a NN ETH LT, BHEOBET v o 2
TOBREHB L TaR bRm<< bl & e, FRREERIENLEIZRD ZENRETHD.
ARFETERICERICH SN TOD N, ZoVo i@ E kT 2728, BUE b 22 FiE
(2 & Dl s — N ORBETFIENE, BESh TG ¥,

142 E£-FA—IRIGEZAV-HES— ORI

B Ry BRI e TSR Z RBET 5 FiEE LT, &-F 4 — Vb E Ve FiE
DEE TN D 02 KRFIETHE, & OHER I DMlaisERmcs LT, FA4A— ke
LCTAA T A=A TR EREESED. Z0%, BELESFIE7 7 T LT — /LA
Nk -T, BOHMBEE > 7 (Self-assembled monolayer) ZJEKT 5. Z 2T, 01 DEK
Uil C AR e 2 9% RDG EF — 7 &M+ 5 2 LIk 0, Mlaid B Sk By 74
LT TR SN DR ERECHEETTREL 2D, AFETIE, 20X L THldz g
SHZIC, BRALTFRIMBEC L > T, Mlas— M2 REET 5. Ml mIcAOBEE 2 H]
Md 2 L &FEMN DT A— VIEBPEET 570, B OMEBEHES TSmO BT 5.
CHNEREFHINBETH 2. ERLFRINEEED 7 v & 2 % Figure 1-15 1273, ADEE
SEEANT AT, TIAH T A=y EE LIy — & REET 5 2 &5
AEETH o7, L, TAD U F A= GFOEEEEEDIRSNIRETH S.

i
https://www.terumo.co.jp/medical/regenerative/heartsheet.html

Figure 1-14. Heart sheet sold by TERUMO CORPORATION.
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— 5T, TV FA—LORDYIZ, 4V TXTF REANWTETERERE S S 4V
IAXRTF RIS NTHT I/ BEAHEET2WETHY, AERESENREV. 51T, K
ERPOOBBELRE T2 EMESNTWD. UL, AFEZ 2 >OMERDHD. £7,
MR RE A S THIR SN TS0, BERGO A MEL 25 B, &i30tEEten
RN, NAHZEBEMEE A WSO BIERNEECTH D, 61, MIRICEEEZHMNT %
ZEnn, HINEEAMICE 2 2 BENMEE IS, FE, BEAINC X > Tl oZE)
Ay hr—)LTE DI EBREATIFREN DRI TND M,

ARFEITERF T — M2 RBECX 2 FETE® 523, FIEDMIEICE 2 52N E
BINTEY, ER~OFRLICHT TGREZAL TN 5.

143 BHFEMEXHV-MES— oRIE

RBITIE LBl L 7= VRIS S FEME 2 AW fifa s — F OFEETFENH S (Figure 1-16)
9697 SRAMMMLER & Jiti L T- E R DR T ¢ v ¥ =2 1Z%F LC, PEI(HA/PLL)y 72 & D 4y 1- B R

Self-assembled

monolayer Gold layer
Glass substrate
Self-assembled Cell
Negative

charged gold
|0000000000000000’|/ layer

Glass substrate

Figure 1-15. Principle of fabricating cell sheet using gold-thiol reaction
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BxZEHIZa— 5. ZHCED, MlaREE TRE ThHoMiltic & - THEDI R kR 24
T NLHYeflast~ b U 7 AT 5. 20 RISzl T, a7 r—xz 0 bR
T/ LAY - 2K TOETHERST L. XOK, T=2m T Y

[hexacyanoferrate(I)(ferrocyanide) ] Z ¥R/ % Z & T, PEI(HA/PLL)i, % FlfiE <, HMijE & B
B L OHELZGR L, Mlas — M ZEIT 5. RFEIZHB MR A LTS
HAFREE WO B b 5. — 4T, FEpre LCiE, MlaziEE, a7 oulcmn +EME

Cell

ECM

AERVEERVEERVAN

(HA/PLL) film
(second layer)

(HA/PLL) film
(first layer)

Polystyrene dish

he

Lee ® ’. o o, __— hexacyanoferrate(ll)
®

e e (ferrocyanide)

EERVEERVARVAN

¥
Digested (HA/PLL) film

—

Figure 1-16. Principle of fabricating cell sheet using polyelectrolyte
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EEBEICa—T 4 VT THNERD HE, S6IT1E, B FERE AT ABICHWS 7
T T UAEICEERN S D ENETEND. 2D, ERIGHIZIEE S TR0,

144 RICEMHEMZRV-HRE D — ORI

AT~ R ) 7 ZADBZ RS 5 1-01IC@mo b bz v nhks LT,
HISBEMER Y ~ & W HifE > — N OFBETIER RS S Tnd B KFEETIE, BT
> (IV) (titanium dioxide: TiO2) 72 £ D, JEORIHIINE U TRUKMEZZ(L S8 2 W8 THIRE
AMOHHME EERTCa—T 4 745, T2 THIMARE L%, BURRED;
AT Tl RBET 2 2 LN TE S, L, AFETIE, HBERIOLETOM
fuZzFBET 2 Z LI TERWEYD, SFETITHI LeEFO X 51, fMiay— N Z2REEd 5
ERTERY. EBIL, HBEO~OIA—T A IPRUETHLZ LTI THL. 2D
D, ERIZITEH STV,

145 HMSRE—XZRAV:-HES— DA

ZZETORATHIIETIE, HBEMOMEZ2LSEL LT, HEmEOE/ LA Y—>D
AR Z Rl S — R 2R L Tz, RE T, BEmomE 228 b33 1 — & #
BT Ak LT, e —X2HOEb0EBNTH. AFRETIE, oFHEERERY,
B O AR 2 BE AR IS A8 S W70 210 FIEOMEEE % Figure 1-17 12”3, MladEszE M
B AT A FR OIS B AR T, Bl B — XA LMl 2 859 5. 5584 O JE i | i
FHEEET D 2 & THIRAAZ B L o THl & TR RE TR L, Ml L oHE 23 S
NEBRICHAZRY RS 2L Tl — M2 HBET 2. 2ok TIE, Mlds— b & FEE
HERT, ALFRIPO BRI 2 AR IS 2 D BN IR0, M E e — X2 D A EE
DLWENH DR, FRGERRGDLERENETTTH 5.

1.46 B O OFRIZL DM — ~DRIEE

FREE TS, FEERREREIESC, AIITIGE U CRlE £ 72 I3MEES 2 N LAy hifast~ R Y
7 AT, ALEWEERRRRICEAT S Z LI X oMlas — M OFBEFEEZ /T L
TE7o. AETIE, FkefiflafZadsznEZ e Lonfliflas — oA Fike LT, Bl
By iRt o Z LI L DAY — b OREEFIE AR 5. Ohnuma 513, M5 7712
R RO Ry DI BfR T 5D Z & S L7z ' Figure 1-18 IZ/R 9L 918, HiHiF o Ca>" & Mg> D
REIZZNZN, MlaF L & Hla s Miast~ F U 7 2L oBAEORE LMHERH L. T,
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HRAE L OB IZBIfR 35 E-Cadherin OF&BLA Ca® I L, Hfn & Mifast~ bV 7 20—
>T& % Fibronectin & DFEFE % Mg NI L T D Z LITEINT D 02195, F72pph, B
ND Ca JREZ#E< L, MgZOREZIKLS 9725 2 & T, Mifany— MRICHEEST . 72771,
ARFZETIE, B 1 mm L FO/NS WIS — FOFEEEFER L7ZIcE EE o T D, FEEE
DNNAFT 7 ) a0 —EEBOAERS, EEHA 7V —=2 7T 2O AR,

O]

® @&
@QGL@@ & ©

¥

Magnetically labeled cell

O] ® O]

@ g ©
Culture surface © ® l ©
[ 11l

DOOOOCOOOOOOC
\OAC A LCN \OAS AN

Figure 1-17. Principle of fabricating cell sheet using magnetic particles
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AEROIEH ISR EE 27 7 7 X —IC 5. Tihbb, KM — b & HiEd
HRENH DT, FERLIZIEE > TV, 512, AFETIHE, Midy— h&2EINT 5
DT 7 =% LD ER T A VT BRBEILRD. ZOXICT 7 =3 v P OFHIC
EIFT D HMTIAEICZ L EEZ DN D.

1.5 MEEESFICSVLWTETRIRB ZRAVV-ETHR

13 HB LR 14 TN T, MR 7 e XCB1T 5, MIaEFERE & [FIURE O S % fif

R DFELRI LT, ThDOFEIBIT DR E LT, AR R A 2ME R
RN L, FRMBABRERREICHEAT OULENRO D /N EICHRT oD, —F, AR

Attaching single cell Attaching cell sheet

Mg 2+

Cell-cell adhesion

D, D) G,

C X J( A

Cell-ECM adhesion

Cell-cell adhesion

DEO® C T 0D
%

ECM

Detaching single cells Detaching cell sheet

Cell-ECM adhesion

Figure 1-18. Schematic image of cell adhesion with each condition of Ca*and Mg?*
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TIL 134 TR LB Z AW EMIZER Lz, 134 HOFIETIE, Safez a7
DR NS == TN, A BB T 57D BRI IaEEE T A A2 T\ DR, @
BEEHWD Z LT, BERREICHRRWELZEAT LS, Mlt~v=t 2L — 7T
HIENTED., 6, BEROEHEFMELZEET 5 &AMl A g O NI
L UBERAGIESED 2 ETHRO~= 2L —a VINARETH D L EX HLD 106107,
Z 2T, AEITIE, MIEEEIZR T 28 ERIRE OICHEREZFETT 5. MBI 24858
DT, ML CTH R EE 2T 27200 BE RN E < OEH ST
W2 I BT, ATl AR R U B I 1A% L (High Intensity Focused Ultrasound: HIFU)
PERIN TS, BEEE - RICEPLTRFT2Z LT, BNOI - 7ZERToMAzIZ D
HEIUEEZFHHE L, Xy 7 — v a VICE DN EIERSSE ZER 25 e 24 2 &
MNTEL B ZOBLREFH LT, BUECIETRAOBEESCH ATRRNMTOIL TN D 1M L
L, ABFETIE, 29 LEMREZEET 2%y BT —a VEBE LRV DIZ, HREN
BEWBEREZ AW TAEMRO~=Y 2L — a3 v EFETTH. B, Aflo~=t 21—
va AT BEROICH D% <R, BURTIIIRERICH 5.

1.5.1 H&E~DEEGH

T, BEREMOBRICE T, RECHAOHBENTEHE IR TE., Zhid
o T, AMBICH L CTEBERZRN T2 & TR ZEHFCEZ 2 2 LWL NIRRT
T FEREESNTWAHIE LT, BT 21K E DB ER L A (Low Intensity Pulsed
Ultrasound: LIPUS) DHRH 235 ST d M MHz # OS5 3 & Wikt i B I RN 9%
Z&TC, MlaEEALE T L HROIEMEL M E S, BT OIRERICE T D B A HE
T5. oL, 29 LEHERAERMEENTWD —T, ORI L~V Tl s
NTELT, BIETHAMESED SN TV 5. LI, 1.5.2 TH—1.5.4 IR T 2881,
THUSHKIET D HAETTE L L THERH STV 5.

1.52 RO EEEOFE

MRS TRRE SN DB, MIasRE#Y RS Z & THIET 5. 2 OfGEttzm 1
SHELHZET, MIaZHWIAFERLERICRE KBTS 2. BIETERY RIF 72K s
WV A e, RO TRIER Lo R U CIRES 2 2 & TR M 35 2 L a8, #isK
R OMILIZ B L T SavTung 18 g Mg s K OVl a |2kt L C,  Figure
1-19 (ZR9 & 9 (S E I 2 RS LR TRER 21T 2 o e RIS B ficm B L7, L
L, HEEEVER EOFEMIR A I = X NI AATH S .
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AR Z DTS U THRA tie 2 A L, TNENOHRBELEHK LTS, L, Z
I W THIRRIE T B Z OEEZ A L TV D D1 Tld7e <, Figure 1-20 (2739 X 9 (AR
&R D BERIZIGE 3 2 MR MR 2 120k T 5 2 & TR OB A (51572 M. Z o4k
21X, MBI OBRENM L 5 X5 Z ENME SN TS, IBFETIE, E<ICHEBD
NP BRN I 2 DN ER S TE Y, MK U CIREI A2 U L THEE T 5
T ERIET A2 N TEL I bW SNE P BIRIE, U R R Rk
C2C12 (Tt L THEEK 2RI 5 2 & TR~ bagE s n s "o, £7213, BEK
DREFICE - T, ST dMlafEAZHECcE 2 Z & b s 'S 6, MWERSMR

(Mesenchymal stem cell: MSC) Z%F L CHREN A RS32 Z & T, /b7 HHifufE 4 fil4#E < &
52 BHLMNT o TE I

Ultrasonic
vibration
transducer

Alginate bead

Acoustic vibration

B

Cell

Figure 1-19. Schematic image of ultrasonic irradiation to suspended (A) and adhered (B) cells
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1.5.4  HREEEDRE

A MMM OIRICHE LTOIRBBCTAFET 5 2 L I3d Clail <7z, ZAaUumz <, #
JTAERNB L OERINCEOBEIT2 Z RN TS, ZOBENTlEE & FFIE T
5. WEED AT =X L% Figure 1-21 (A) (7. RIRNIR L2 K512, MRS #mIsS L
T, LV IEMICEZIEEmICES LoMiasi~ MU 7 22k LT, BEogsEs o RI78
AL CHAE LTV D, lEEDERT, £o—#z2HEE S, MlnEo a4 tEE I 7%k,
Wil R CEBEBE) MRS 2 % Zhaify iR 2 & CHlTiEEE1TS . £/, i@

IR T AR Tl 72 < B DIRTE CTIFETE L, £ D6 OlEE XM ilEA (Collective migration)
EFRFIITCW S, Z ORI Figure 1-21 (B) 1S9 & 912, EHIOEIHAOMIEN Y — & —& 72
ST, D7 +rU—LMEINSMiaxFES 35 .

RIS Lol oz, M OBIERCs b, & BRGS0 AT e EIC K&
SBbL DI, HEEEHET 2HEDEANATONATND., ZOFHOMY AL LT, B
WaHANZHONME SN TWD. Figure 1-22 (239 X 9512, RN 2R /4E S8 2 K

* _ Nerve cell

Ectoderm (external layer)

- — > Lung cell

Endoderm (internal layer)

@ — Cardiac cell

Mesoderm (middle layer)

o Oo—» Bone cell

Mesoderm (middle layer)

Self renewal

Stem cell

Differentiation

Figure 1-20. Cell differentiation
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Figure 1-21. Mechanism of cell migration. (A)single cell migration (B) collective cell
migration
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+ (Surface Acoustic Wave Device: SAW Device) FIZHifaZ#FEfE L, NLHICEAE LTS
/b (Wound healing model) Z{E % "' #kIRFBIZZ 21TV DD, BN 5 S D HfE Z £ &5 5 Wound
healing assay 73— 72iEE D EELFIETHD. ZOT A AT Lo TR S 2 RSt
LCHET S Z LT, MlaoEEMEESILD Z ENMEINTND. 2O XD ITFEELR
952 LIk~ T, AlGIGEAR EISHTE 5.

1.55 EEFEA~NDIGA

EEDAA A2 V=7 ) 7 5BOISHEM O 1 28 LT, BIEFLERDH L. BisT
TEE, NIHICEEFZRIET 28 2. Zo&f#ire LT, BEDBRET &M
JUTEAT 2, BISFEANL W BN H D, BIn FHEANIITRA R FERRE SN TEY,
EWFRFIERALTFFE, WENFEN DD, ThTHLORE % Table 1-2 (2737

SAW substrate
PDMS wall for
culture chamber |~ /Cell monolayer

Irradiated SAW - \

—N

IDT

™~ Wound

Figure 1-22. Wound healing assay using ultrasonic irradiation in vitro
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AW e RiEE LTCE, YA AXRT Z—PHWGIS. Figure 1-23 [T X912, K
FUECITHIIE A L7-WBIE T 5 7 A L ADESBIETFO—IZIEALT, 207 A LR
2 U CHIENICEY SAEE D 22 Z O FETIE, B8 CORMICEIR - EANTZH— 0,
T A VAL K BIHYRIE SR L A RIEMAL e ED U 2T B 5.

BRI TFIEL LTE, BAA MY RY =22 HW VR T =7 3 g UERKA A PR
U~—% AW HiERE, FI AT 27y a Uk W RERSEER STV S 12,
AR OKZITAEBEMICHEL TCWDTE®D, BA A HEOWEICEE 2635 2 & ChHlla
DT OBIETFAEANT D, 29 F o2 FETIE, HilkdhE AW TliEL» D SRRk 4
YA RAOBIETHBATE D0, ALFFEITNZ T, MlaoRE-CRBIIN U CEARSE
AT HZ LRI TN D,

MBI, WENZRFEE LT, BEEAFALEY 7R —rvarzERgiEshTtng
(Figure 1-24) . iU, B@HEKEZHOTRAESE XYy ET — T a ik o> TR/ E 72

Table. 1-2 Features of each method of transfection

Classification Method Pros Cons

Risk of contamination,

Biological Virus vector ngg frgquency, Deactivation by
asiness . )
immunity
Cyclodextrin, High frequency, Qh_emlcal tOX'C'ty’.
) Variation of transfection
. Polymers, Easiness, - .
Chemical . efficiency depending on
Liposomes, Abundant .
. e condition
Nanoparticles commercial item
Simple principle,
Selectable of
Electroporation, targets, Requiring special device
, Micro injection, Requiring no and training,
Physical . - . ;
Laser irradiation, vector, Nucleic acid
Sonoporation No limit of the subject to damage
size of

transfection
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New gene
/

Q Cell cytoplasm
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Figure 1-23. Gene transfection using viral vectors
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TAFEOWSIPFETH 5 Z L 2R Lz, 1.3 8T, BEDOMBONE LI+ 5T+
EOFATHIZE L T ORISR 272, 14 81T, 5528 LIl 2 o — MIRICEIS 5 Se1 Thf
L ZDORERIZOW TR, 2B DOEATHEN S, BEKREZHWD 2 & THIRDORE
BT VUA T AN—FTHARBMEEIEM L, LSECIIBERONRN AT 7 ) a o —0~0lsH
FNZDONWTIHERD Z & T, BURIZBIT2BERE AL AT 7 ) no—L OOV TR
L7z.

Loz ent, filao2—=r7, BILOHMIRY — FORIUZS LT, HLHRZAMR
ERRMICHACE AT H W~ a b —a U REERYLT 5 2 & C, Mifakis
T ACBT HBUROE AR L, MiERWZERICRT AT LA 7 A—Ile b L
ZxbhD. IOk, KFREOBRE, BEKEHWTEEEMRO RS —=0 7 %175
TE, BLORE LA MMIEZ > — MRICEINT 2 FikzfErds 2 95 KAEHB
KT HTOIC, £, BEmEOMIEE kHz FOBERICE > TRE—=2 795 Tk
EWESLT D 2F). OF, RBRICEREBGONA A= o=7 U o ZICBET 285217 9
LEICHOO AN M ET + v 2B T, BERICK Mo 2 —=27
BIEITTDRIEEMNLL, Y —=2 7 LMz BMEET S 2 LT, BEE RIS
ZOWBEWRTD BF). I, HWHNREERSF CHEE LIRE, EERICE-ST
T— MRIZENR T 5 FyEE2 2B L, B L 72 flE S — b OMREME 2 35 IC R T 5 (4 3).
U EOHENOH/LNTZARZE LD, 5EICHmEZRT.
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Cavitation

Cell cytoplasm

Figure 1-24. Schematic image of sonoporation
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1 TR X912, A TS HRES 2 AW CEEmelkomMiaz N2 —=2 79
HHEEBLOREER L-ary 70— Nz o — MRICHIBES 2 FiEERET 5. KiE
T, Mo 2 —=71ZBLT, LTz NORYHEBIET D.

2.1 avtEJhk

1.3 fi Tl 72 L 51T, —MATITMAR N Z — =2 7 21T 5 BRI, AubEmm o3 mdUE
RAFPEEEAND N RTH S, LnL, ZI S0 FETIREA L-wE 2
flZ B2 52 D@08 H 5. RETIIBEmOBEAREZ WD Z & Tl /N2 —=
TaERT D,

TWIRENC L BP0 R — = ZIZHONW T 134 HTHRARZ, 2 0TI TIE
MHz 5 O & JE IR B & Tz, BB IR B 00 SR B 0 WR N R 1 X
V=Ve ** (2.1)

DEITREND. ZIZT, VIEREHRE, Vi3 KIRENERE, o JIREEO 2 FITHHI
DIEAREL, x ITEBOGREREHCH L. T7hbb, IRENEE OB IIHRIRE) O IR U K
EBIND. 20, MHz #ie & O @ R OMWIRE 2 W o il sy —= 7
TITREPERRIC LA ERED EABREIND . —FT, Mz ¥ —=v 7792579
DEBIE F i3

1 1+24
(1+22)? (o o’

F = 21tpy(kR,)® 2 +2(1-1? (22)
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DEINTREND . ZZT, o FEEOVEEE, kI, RolFMIDOHEE, A=pd/ps T
Po [ TMIROEETH S, Thbb, Mz ¥ —=2 7925 )& AN T EERS I3RS
BEWRBIKTTT D, ZOFHET, AEREIED Y A7 PMOWKER ORENZ AV 51
X, RORERREZETHRBZHNDLENH DL ZLEZREBLTND. IHIZ, EkD
FIETITEARR S L IFAROMI R E —= 0 7 Z [REMRER TIT O 2 ERRA TH - 72,
Z 2 CAREOHIETIE, MIlAE R I kHz WO RIBEZ AT 2 EA R 2R 52 & %
FHRLUE., EARBICOWTHAT S, #ERICx LT, BAHmIcAhz8EsE52 L1
£ oT, ZOWMERITIREIN AT D, IRET 2RI HESCHME R L ik E D EH
WEERH Y, EAERBEIEC TEBIBICA N 2 BAIEDL 2 LICEY, MIRITHRL T
B AREE— AR NS, BAKREE— 2R S 72IRIZIT Figure 2-1 (2773 X9

Node Node
Vibrating

object \
T=0

Initial state

\ Antinode
///\\ T=n/4
Deformed "y .
e Antinode ‘ Antinode
T=n/2

Antinode ‘ Antinode
/\v/ T=3n/4

Initial state Antinode

Figure 2-1. Conceptual diagram of resonance vibration
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ICHRIED e b RE Wy (RBYOIE) L IRE) LWy (EBOH) 28& 5 . 22T, i
flo 2 FEFE L 7255 R S LG, Zo@EAREZ IR 5 2 & Tz IREI O8I N F —=
TTBHIENARETHD EEB L. ZOHOBRIIIET 2 BEHIEET— Nk THA
5. EAREE— N3RS T 2WEO B HEIKFE L TR Y, EBROWRITERBS HEZA
T 570, EARDHE— RMIERICHEET S, 20X ) ICERROBEAREE— F2 AT
Mz B —= 73252 LT, BROREEZMEI L oo, HEEARICENT, BITEs
e L CHBEOEmWERICHZ Y —=0 7 TE S,

PEEPERII PR FE S 5 & — BRI 2 ) CEE RIS EEE T 5 . BRI IR O A & RO
A IRED 2 bR L7 RIE G 2 335 &, T OIEIEICE U T (2.2) TR L8t
JERNFAET D, Thbbh, EBEHOETEICW DMl ~OF 2 ENE <, BB CIldE
BRHSAEN/NS <725, HIROR LT #H TS ORG & B D700, Z 02T,
fie 2 REFE U 72 BRI, IRBYDOIEITEE ORI EE SPAE S, SlCHER L THREmICEET S
EEbND. ZORT % Figure 2-2 IR RS, KO L 512, BEEmOBEAREE— R
EHWD Z & TR E EAIREE — FOBOMEIC Y —= 7 TE 5. T77bb, JiED
MR S 2 — o DFEARIT S UTe i A TR T AU RIS i 2 N 7 — = 735 Z L 3 ATRE & 72
LHEBEZzLND. T2 21E, MEOR#EE L CTHldz % —=2 7358546, RENLREH
E— RZERTIUE, Figure 2-3 (2R $ £ D ICHIBIEEI Lo F—=r 73 EHEHI T
5.

AR TIL, BET LMY —= T Dartv 7 N aERT L7012, IWHBNRESRET
4 v ¥ a DRITE WA OO B A IREIE— FE2FHT o2& L L. UEkoast
TIPSR NS — = T O AERS D2, AR SR OGS L OELME,
M N2 — =2 7T, ARRORRENS L OMUE, Mildz e 2 —= 7 EREIT o 7.

Acoustic vibration

Vibration transducer Node Antinode Node

Figure 2-2. Schematic image of cell patterning by using
resonance vibration of cell culture substrate
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2.2 EEEMOBE

AEITIE, BBEMORUEZITH. 7238, T, Mlaz #2858 m & IRE) & b ik
TOIEER S L EBAET D2 & TR SN D ERih & B EM & IPFRT 5.

221  EEBEOBKE

ARIETIETMEEEER & LTIV DM EORE ETRROWREZAT 5. BEmIZIE, 2RI

Culture surface

Figure 2-3. Schematic image of cell patterning by using resonance
vibration having single nodal circle
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RENVZMR CTE 5 2 LI T, MR 2 A KEATEO R SR bivs. IREZ &=
AR T 2 720121, HPY Q {2 (Quality factor) DEWAMENMLETH D, FEMA Q 4
L,

Q=—2— (23)

wW1—wW3

CERSNDERTETHD B, 22T, woy o, ol3TnTh, EHEE—271C8 0 54tk
WRJE WA, SRR B R CAREEE, & BN d TR B — R L — 3 LR IRE D
Yoy LR DB TH D, AN Q DO mWHME & L TII&BHM A S ST
5. £ T, @BMEIOTTHMTHICEN, ARESER SV, 2T L A8 (SUS316L)
EHWDHZ L& L7z %, 728, Table2-1 & Table2-2 (2 SUS316L OAbZ %4y & WPEME % 7~
SUS316L (%, SUS304 D=y /4L (Ni) GHEZED, TV 7T (Mo) #IRINL, KFE (O
DEFREEZDVRILIESEETHY, MEENEGEERACLZ AL TS AT LR
MMThHD.

AWFFETIE, B mA2ER 40 mm, JES 1 mm OO SUS3I6L MMk E L, [EA AT
2K > CTHEAIREIE— FORRK & FEA RS 2 M8 L. BEAREE— RORRIL, Miaks
FHEIZHWD SUS316 OFRC~HE, MR 2 BEAREE— NIIARERIEIC X D EA
Mr e I CHERR L7z, 70 %6, [E AT MR IS I AT BREERIEMEAT >~ 7 b ANSYS Ver 15.0 % JHV 7z,
[ G AT 21T > 72 BRIZ 1T Table 2-2 (278 L7 SUS316L OWEfEA vy, >V a—r 3 AT
BREAERT 5 2 LA T (BE) FERFMFITERmE U, ERBRITENREE, 23R
i3 84768 & L7z, ZOHRIMITHE W TIREMRIFEOFHEMIL 0.1%LL FITHWIR L TW D72, %%
WG BEZTND. REITOREE, HEMWIEKKOEAREET— K CThbd, MARROHE
BT H5EARBE— FBLIOHE+FE2EbE RO 26T 5EAREHE— N2 HWT
MET LM NF—= T Darvr Nematd 22 & & Lz, Figure2-4 12, [EAE/RITIC
FORDODTEEHERIBE— FORIREZRT. 2B, MFOH 7 —A"—IFEEFREE— K

Table 2-1 chemical composition of SUS 316L

C Si Mn P S Ni Cr Mo Fe
0.018 0.28 1.25 0.037 0.023 12 16.25 2 Bal.

Table 2-2 Physical property of SUS 316L
Density, kg/m? Young's modulus , N/m? Poisson’s ratio
7.98x10° 19.3x 10" 0.3
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BT D i KIRIE CIESME L7 MAHREIE Z R LT\ b, [AKE D, Z o SUS3I6L FKDZ i
ZNOEH O & AT 2 EAKREE— FOEAREEIL, £i€h 7.1 kHz 38X 0026.9 kHz
ThbHIEBNb0D
6T, EEMMRARRT 2720100, BEE~OMEOBEEMENLAMEO Mok & T
A aR T TAALFAETHILENDD. SBEFE TOMIEEE CIIREH S AR
RICHESH 2 LR MESHTWD T, ki v —=22" (Fine Particle Peening: FPP) #L¥{
IZR Ve REHE S5 KO REWHZ T Z & & L7z, Table2-3 (2 FPP ALEE DA%

-1 0 1

Figure 2-4. Eigenvalue analysis (ANSYS 15.0). Colored bar indicates out-of-
plane displacement normalized to the maximum amplitude. A: Resonance
vibration having single nodal circle (vibration frequency, 7.1 kHz). B:
Resonance vibration having cross-circle nodal pattern (vibration frequency,
26.9 kHz).

Table 2-3 Condition of fine particle peening

Projection pressure, MPa 0.6

Projection duration, s 30

Projection distance, mm 100
Particles Al203

Particle supply amount, g/s 1.0
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R B, INDOLMIIABEEEIEICR DR OHIEYE & R LI e TR A B 51T
T LT ».

222 REEZFNDEKE

AWFETIE, BEEEICEAREERIS U N 25T 570l EEBR A2 M5, EE
FITEEREE—F 2 EOBARBEHWZT 7 F a2 —X 2L ISHESNTWD. iR
5 EAREE — RO OEHIZIHNT, JEBFR 2 AW CEF RIS L2 B2 0
FTHEFREIEDLZ LIZE-T, IRNCHTLEOEAFRIET— FERMR T 5. 22T, &
FICxT L CRERMIIC FERROBAREE— FZ2 iR 57201213, EERTFO-HEB LT
BHRTREICEE T 2B Y — U 2 UNCRRG S KORET 20 E R’ S 5. [T
THW 2 BEERET— FE2RAEHET 5 72 9121%, Figure2-4 (IR L& BEAREE—
IZBNWTOTHOREWVES, Thbb, EIMRRARKE WENICEERTEHESEL, £ T
~NOEEFIMNZE > TOTAHERAEIEDLZENHEHTH D, 2D, Figure2-5 D X 912,
JE S FNC i S 7B RO M EMmA BE L, FloEMRE HRICoE TS
TEEEBZ. IRERERE L THWSD SUS3I6L PR O MfaE; R 25 L TR OHEIZ
AL, RS HFMICEAN 2B AT 52 LT, rEOBAREE— K E2RNIC
JRT 52 EMAEETH D, ZORERTFBLONEMNY — 2 OZYELRETT 72012,
B M OB RS2 B M s L, EHRBRITENmA S U CHREREIC X 5 1B A
RRFRNT 2 AT o 7=, JEB-RESE AT I W 724550 5 O i s & O % Table 2-4~2-8 (2
AT JEEFR A O BICEINT 5 ZFELEDO AT ERE, B X OSEmB~OHINELE DAL
FEAZZALSH, RSN AEAIREIE— N2/ Lz, 7ok, ANEEIZTI0V &L, T
\IT A TRESRMANT Y 7 b ANSYS Ver 15.0 Z V7=, Figure 2-5 OEBMEEIZBVT, K EM
WZRNARDEELZFIIM L2 Y — X1 &, EMA & D ZFNAH, UL CEMmB & C %
WAAZIR L7z ) — X ISk U TRr 2 21T L2, &3 U — X ORI Figure 2-6 (250
i U7z, fREMTRE SR A Figrue 2-7 1ZR9. ALY, v U —XTIZE B 7.7 kHz DR FiET %
ANT 2 E MO ZFFOEAREE— RO IR NS Z &3, v U —X IZEHE 27.6
kHz OZRGELEE AT 5 L HAE X O+ TR O % G bR OB A IRET— MR Sh 5
Z &N D. Figure 2-7 DYRIE/IAR X Figure 2-4 & +MEBIL TWD Z b, #&eFFLEEE
BHRTBIOEM Y — N L > THEOEFREE— N &R e & im0 72, 2LEo
REHE RIS X EERFB L OEM Y — o O % Figure 2-5 D X 5 ITIRE L2, 723,
BRSNS — 2 O—IICFRE L= 7 7 > FFIE SUS316L MMl EME 77 o RIZ#kiT 5
72D HLOTH Y, Figure2-5 128 L72Pr 0 iR LEME AW THEER FOIEMEMICHEET S
lOBMEBBEL WD, —F, FULSEMBNY—O—EITH D& o AL L 7= B
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Table 2-4 Physical property of materials

SUS316L Piezoelectric substrate Adhesion layer
Density, kg/m?3 7.98 x10° 7.80%x 103 2.30xX10*
Young's modulus, N/m? 19.3x10'° 8.20x 1010 2.50%x10°
Poisson’s ratio 0.3 0.29

Table 2-5 Piezoelectric substrate’s dielectric matrix

Direction Value, F/m
€14 3.50x10°
€oo 3.50x10°
€33 3.56x10°

Table 2-6 Piezoelectric substrate’s anisotropic elastic matrix

X, N/m? Y, N/m2 Z, N/m?2 XY, N/m?2 YZ, N/mZ2 ZX, N/m?
X 10.35x 1010 5.09x 1010 5.09x 1010 0 0 0
Y 5.09 X 1010 10.35%x 1010 5.09 X 1010 0 0 0
Z 5.09 1010 5.09x 1010 10.35x 1010 0 0 0
XY 0 0 0 2.63x 1010 0 0
YZ 0 0 0 0 2.63 X101 0
zX 0 0 0 0 0 2.63Xx1010

Table 2-7 Piezoelectric substrate’s piezoelectric matrix

X, C/m? Y, C/m? Z, C/m?
X 0 0 -9.297
Y 0 0 -9.297
V4 0 0 28.681
XY 0 0 0
YZ 0 17.632 0
ZX 17.632 0 0

Table 2-8 Dimension of culture substrate

Piezoelectric

SUS316L plate substrate Adhesion layer
Diameter, mm 40 30 30
Thickness, 1 0.5 0.001
mm
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A B
0.75

Ground electrode Electrode 15

Sensor electrode

0.75

30

Ground electrode
connected to the
T/~ — top side

c Insulator phase

: o \['1

e I
Piezoelectric ceramic

Folded electrode

Figure 2-5. Design of the piezo electric substrate. Polarization is along the
thickness direction. (A) Top face on which the cultivation substrate was glued.
(B) Bottom face. (C)Side view. Unit: mm.

an} an;
e | g e s
Y — R —

Figure 2-6. Method of inputting AC voltage on the piezo electric substrate. (A)
series | (B) series Il
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AN S DR ANBIEOBBREWHLNCT S Z LIC XY, KRB ORIE 2RI HllET 5
ZEMTE L. AEME ORI ORI LA R B/ N ORTH 5 0.75 mm & L, RENEHIR
MO EE EAREE— FOWEMEICHEET 2720, B HHEBI0Y 7 v RHEIZES O
IR L 7.

223 BEBEESIVEEZRFORMELE I LDEE

R EAIRENE — FORRO 72, LFio & 5 1cHEmB L OWEEFRE -2 axet Lz,
AETIE, HHEEBLWEERTFZ2HEL, b2 EEL, BEAMEZRETS.

FROBRFHIE SO T #Em A RE L2, SUS3I6L MMRIZY A YEM TIC X v T L,
Yo R = LR A (PIKAL, HAREER} TEMKRSHE) 2 AW CRm 2 E Lz, Bifmlc
TRolnZ L EMEGR LI, FPP AUBRASE L7, EER HIMRASHE LT I v o 2 icld
EARIE L CRWE L 72, 7238, HRRYER A CTRE L 72 IRB) D Rh RS FTRE T b 2 M E D EFEHR
T (€213, MAABHELET I v 7 R) W=, BUELJEESR 1% Figure 2-8 IZ/”7.

e —
-1 0 1

Figure 2-7. Piezoelectric structure coupled analysis(ANSYS 15.0). Colored
bar indicates out-of-plane displacement normalized to the maximum
amplitude. A: Resonance vibration having single nodal circle (vibration
frequency, 7.7 kHz). B: Resonance vibration having cross-circle nodal pattern
(vibration frequency, 27.6 kHz).
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SUS316L FMR & JEBFE 1T, 2IRRAG RV REER (/427 30, 2=VRK) #H
W, INERSE Uiz, R EAIRENE — RORHED =, TEEFE 1% SUS3I6L F O H
DNIHEATDHDVNERND D, 2O, Figure2-9 [Z/RT AR EZ27G - fEL. ek, ##
FIREITIX, WS OB A~D#E 2RI T 5 2 LIZMA T, MERHIC AR 2 —I2NE
THIENRDOEND., ZD=®, IEREFETHEROERNRY 784 — &SR

Figure 2-8. Picture of piezo electric substrate (A) Upside (B) Bottom side

30

:IIIIIII o
Figure 2-9. Polyacetal jig to align the plezoelectrlc substrate and SUS316L
plate.
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BASYWE LT, ok, BEREBEOREIZIIZRITET V /v (MDX-540A, = —7 R
D.G %Rt 2RV, INEREE OBKIE, Figure 2-10 (R T K O ICHEETR BICJEEFRE 1,
SUS316L FARDNEIZFEA L, ENSMERI S—TE-72. ZORRIZ, #EEANC X D2IEEO
WA T2, b XL EERDOIEEELS T2 X 9ICHEE L. D%, Figure 2-11 1
ARG B2 W TIIERSS Uiz, IESME, 0% 3N/Mm?, IERHZ 8 e & L7z,

Pressurization cover

Piezoelectric substrate

SUS 316L plate

Polyacetal jig to align the
piezoelectric substrate and
SUS316L plate

Figure 2-10. Schematic image showing the way to adhere piezoelectric
substrate on SUS 316L plate

Pressurization device
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Polyacetal jig to align the
piezoelectric substrate
and SUS316L plate

Figure 2-11. Image of pressurization device to adhere piezoelectric substrate
on SUS316L plate
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BRTOKE
MR YU — RERZTATAHT Lie, BUE L 728538 bt % Figure 2-12 (2R T

Lead wire
Culture surface

SUS 316 plate

Piezoelectric
substrate

Ao
' 20
Qi s

Figure 2-12. Cell culture substrate exciting resonance vibration. (A) Top face
on which the cells were cultured. (B) Bottom face.
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Acrylic cover

Metal cultivation substrate
Silicone rubber wall

Piezo electric plate Silicone rubber base
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Figure 2-13. Schematic image of the structure of cell patterning device
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ARETTITRUE U7z B A 2 S 7 — =0 7T 3 R THLTRA A T2 B DR Eh i 4
T 5. WEREMICIREZ IR 2BICE, EBRFICRIRELEAFMT 5. Zokdic, 7
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Cell subculture substrate

Lead wire

Piezoelectric plate

Figure 2-14. Fabricated cell patterning device. (A) Upside (B) Bottom side
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Figure 2-15. Schematic image evaluating the excited vibration on the cell culture

substrate.
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IR X E N ZNOEAIRE)E— NICEB T 2R KRR CESBL TWD . FRKNG, MO
AIREE— FOBEAEREHHIL 6.2 kHz TH Y, ML +FROEEAET 5 EAREE— KO
EAIEEEIL 21.4kHz TH D Z oD,

242 ANEEREERKIRIEOEZRDAIE

ARIETIIEBHEFICHINT 2 8BE 2 B S ZFEROIREI O I BT % i KIRIE D Z{b % 1
W25, Thbb, ANEREOREE LY TN ENOEAIREE— R & i7" 2 EA RE)
e L, EEEZZCESETREBOMEIZIIT 2 IREZHIE L7z, Figure 2-17 I AJJEHE & RE)
WO ZR~T. FXKEY, ANEESEEKRRWIIZHGIREGER S 5. 7ok, FUNERE V &
RRIEN A OBIRIE, ThZNOEFREE— MW T 24) (MEOHEHT LEE
JREIE— K)
A4=0.1991V (2.4)
X (25) (MR XL ORI & R RO [ A IREIE— K)
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MEEZRETE S.
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Ee— FEERL, BEEMOPOIY 4 mm FRT, H00205 12 mm BN 7-AZE £ THRIE
ZME L7 (Figure 2-18). ML X ORI Hi 2 OFEFF2 A IRENE — R O4RE /311 2

0.5 o @)

Vibration displacement normalized
by the maximum value
O

Driving frequency, kHz

05 } O ©

Vibration displacement normalized
by the maximum value

19 20 21 22 23

Driving frequency, kHz

Figure 2-16. Relationship between driving frequency and normalized vibration
amplitude (voltage, 30 V). The amplitude was in the out-of-plane direction and
normalized to the maximum value at resonance. (A) Single nodal circle (B)
Cross-circle node
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Figure 2-17. The relationships between input voltage and vibration displacement .
(A) Single nodal circle. (B) Cross-circle node.
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25 BEEMICHR L-EARBE— FEAVHR/NS—Z VT RBROAE

AHEITIE, BREN, O BUE, IREEHE L M N2 — = T TN 2R W N — =
T FBROITIEZ DN TIHBERD.

251 HRBENRE—=2T TN/ ADRE

ME Z B4 D B2, B L PRI S B RIRICIRIET 2 B EN H 5 Z L3I TIZR~ 7.
COFEMII I N a =2 & MG E LT, MBI OIRERELZEATVD. Thbb, i

Antinode direction

Node direction

Figure 2-18. Positions where vibration displacements were measured with
single nodal circle (A) and cross-circle nodal (B). Measurement was
performed every 4 mm on the lines.
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HEICE S THIIHICHE LICBRETH S, £ 2T, Mlazdh o BRITEERREZHER T2 &
WEETH D, —RINITRELIEE T L 727 AR =Y TN OEEEGRE V508, A0
FETITMIL NS == T TNA 2z DR AR 2720, T2 T &P AP A fid
VN D 5. BRI, WERITIE CTIotkx R E TEN L BT g, IREZR0E 714

A 15
@ Piezoelectric-structural analysis
1.0
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el
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-15 . . . .
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Distance from the center of the culture substrate, mm
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O Node direction (measurement)
——Antinode direction (piezoelectric-structural analysis)
15 ——Node direction (piezoelectric-structural analysis)

Displacement normalized
by the maximum value

Distance from the center of the culture substrate, mm

Figure 2-19. Comparison of measured and analyzed vibration displacement
of the resonance vibration. (A) Single nodal circle. (B) Cross-circle node.
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X, S X DIE (TRWE, A— h7 L—T3E) Thd. Lo, ZThbDHIETIER
B RY) Z il 32 2 & TRE T 27280, EWED WSROI I3 S 2. 22T,
AWFFENZ O DR ML SUS3I6L MM & EE R 742 =R X U REEEANC LV INERE L
bDOTHD. ZNEETH EEEEE THDH SUS3I6L O, =A%V RgAl L EEHR T
DEZIRBDERN G, OFTHPEC T, BRE» OEERT O MR RIBEST 5 AlaEtEn %
2B, THRNEBEEICEET S, o), Mg Y —= 2 7T AOBE I IXEEE
i (7Y A R 6%HEER, V7 VRS X LFNBE AR L. 37205, fil
NP == TTF A A% T0%T A ) — )2 | BFREE L7, Ml Y —= 7531 A
OB EREHR T H AN % T WA RIZE > T 10 oMiREL TREZ L L7z, =0k, 5
BEHNOT YA REREL, UV UomiEE AP RE/K (Phosphate buffered salts : PBS) %z H
T3 [EpEE L7z,

252 MR ESE

AWFFE TP U o BRECE ML 2 JH O 72, B AR RS TR FEIC D T AL 4~6 S H D
70 OB GERIR L 72 B0 RORIEI OB HECE 2 1 mm® F2E OMMRk A 1IC2 2, #H
&k Fr 7 D-MEM/Ham’ s F-12 12 10% 7 > it i i% (Fetal bovine serum: FBS), L-glutamine, 33
FOPUEWE 2 RN L7l —Wisg g 7=, =Dk, PBS TUESL7-%, M BmfkL, %
EEDORHIC 015 %277 T —EBX A4 T 1HMAT, 42 FaX—XNT 16 KL,
A F a_X—FNOFRFAKIE, BE37C, B 100%, —F{LRFIRE 5%DORE L 72> T
5. Mk &ALz /v A FL—F— (Falcon®70um, Corning) TAil$ 52 & T
FRAT LTHE O & bRk Lz, OIS, Mz 000 5 2 & CRIEIED O Bl L, PBS
EHAWC2RHTICIETadrr—EERELLE. BBV AU T— (AARY =37 4
7 ARAEH) TEXy T 7L, WERERPITWERAT Lz, ok, Ak
LR, MREBRTEZOMENZ(LLTLES. 2ok, ERIZIE 3 N E oMo 4
ERWD & & Le. REBRTIE, ZOMBRME L IoMieZ fsitz, 3 BN L+21c it
SHEHCEMRE AW, £, MREEET 720 ORI, FBS % 10%14 72 Ham-
F12 Z Wiz, fERRRZ 0.05% F U 7o A2 3 MIIRIEL, BNy T 4 7452 L CHlflaz
HIBE L 7=,

253  HREENE——VIEBOAE

M N2 —= 2 T ORGRICHET D EBEADLNL /AT A—2 L LT, RESMH (RE%E
FOMRIE) T2 TRl Ex bhd. LavL, EARREIE— FE2RMICIRST 5720
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IHEEEO L E A IRV E T 2 MER S 5720, ffatk L BERIEZ ST A —& & LT
BALSHTEREIT 272, 2L, MEOHiZ2H 3 5 EFRE— N2 A2 EZ5Rciin
PR RY == TN RIET B MR L, Bl OFE O B2l L%z, R
BNRT AL L L TCERETo7Z. AR ERFIEEZ DL FIORT.

2.5.1 THIZ/R Lo FIECHE LTl R Y — = 75 3 12, 2.5.2 TIZR L 7= TIE CHEf
L7-#ifa% 2 mL O L & ISR L721%IC, BAKREZ 2 RriR S S/ RE TR L

2. D%, EHPNICELE L TV 50 & RIS EE L TV SHlie 0%z Th S flliE L
2. AR OWE I FMERFH R A VLT, b U AR T — BRI & o TASEHIE BT/

oo, RURUTIL— S0, MR O ML iR L CHEAICRET HEERIRCTHD. &6
(2, B5Em oMM 2 MR T 2 72 DI AR A Calcein AM (1 mg/mL) (calcein-AM solution
1 mL, [FUEARFIFSERT) & O Captgeta U, 483728 w8 YL BAEE (ECLIPSE Ti; Nikon Corporation)
ZHWCHBIZE LTz, Calcein AM 1L, AL OMIIEIZ/FAET D Ca & 5L L Tt 553K T
& 5. Calcein AM ITEFHIICE E TV D FBS N Ca & b IGT 2729, IRENOJhE 2 15 1k
Lo BRI A& R, K534 PBS T3 [P L, BMicEEhs Ca 2BRELE.

EHIZ, ZHIUC Lo THEMIN A7l L OV - iR & & C 2 Rl oMl R4 — =2 7'
DML AT ZRET D Z ENATRE & e o7z, Yo OBRIE, MGG 2 mL (2 4 uL @ Calcein
AM ZIRE UTm Y thik 2 VT 30 20552 L=, 723, Calcein AM 1T/ X VBT 5729,
Yot |3 L7REE CIT e o 7o BN RVHOEBERIC L 0 T AN OB E A BIE T 5720,

Figure 2-20 (2R T BIZ A OIG R ABUE L7z, MRS AR ORIE OB T8 5 0 5 16 mm

Culture substrate

Jig for observation of the
cells on culture substrate

Observed by an
inverted microscope

Figure 2-20. Schematic image of how to use jig for observation of the cells on
culture substrate
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BENLT-ATE F Ta4mm Z EICENAEEZIRE LT, TNFILDONLE CTOMIRDEFE 2 HIE L,
L B O RREE & IR EE O BRfR 2 R~ 7=, LB E 2R U 7= & T % Figure 2-21 |2~ L7z,
7ok, HRRAEEEE OREITIZEEAENT Y 7 b Image ] (National Institutes of Health) % F\V 7=,

26 BEEAMICHRL-BERIE—FZAV-HERNY—Z VT EROBRE L UE
=

261 HREAKENNA—=2HFOBEIE

ARIETIIMIf S M R 2 — = 72 H 2 2 B>\, MO 2 A7 5 EAIREE
— REHE LTHWT, EREBEEZBRS.

Node direction

Figure 2-21. Positions where cell distributions were measured with single
nodal circle (A) and cross-circle nodal (B). Measurement was performed every
4 mm on the lines.
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RENEL & I RIRIEIXZ 4 6.2 kHz & 4.5 pm CTHEE L, Mtz 2.5X10° @ L& 5.0X10°
fifl & 2Bk S8 TEBR AT/ > 7=, Figure 2-22 1T 2.5 X 10° 8 DAL A FE R L /- BRIk se L7
HEHAERT. FREAICREIN TS LOREMITH L. EMHMICTIEH S P, H&EmT
O TITEE DN D 7o N2 EDHERTE 5. WU L 21T, 5.0X 107 fE R 2 72 F & 8 e 5
BEEIEL, R Laob B E S MianAm 2 HlE Lz, 2hE2nofiiatiz =B ok
14545 % Figure 2-23 (2R3, BRENIES R 002 6 O FERE, HElh X &AL B IS0 2 Min s
B OHINEE TR L b DEFR L TWD, MIEEIL, R U7 M & 5535 o i

Center of the substrate 8 mm

4 mm . 12 mm

Figure 2-22. Images of live cells on culture substrate with cell patterning by resonance
vibration having single nodal circle. The initial number of cells was 2.5%x10%. The
maximum vibration displacement was 4.5 pm.
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ThRT 52 L THRH L. 7ok, MRREEITHMAER (1 mm?) &7z OMiade E& L.
W B IREIO ST —Th o723, #F L7 2.5 X105 H o & X% 5.0X10° #o
EE LU TR B oTe. 2O s, Mllui ¥ —=r i RIc s
THZEDBHALNITR ST, 25X 10 HOMAN A FEFE L7z & EOMBRSAMAICER T 5 &, &
1073 5 12 mm BV S IS0 DM s <, oD ORI ES EE MRV Y. Figure 2-7 7
SESERE T MCIRBIOME A H 0, F S 12 mm BEN - ALE T ICIRBIO® A S 5 2 L 2vb
b, ZOZELY, M 2.5X10° fHO & X ITREOFITHEOMINEENKE L, Eo
HRBEENMRNZ ERb0s. ZORRND, 25X 10O AR L2, 287 K
CAET DM NS — = TR ARETH D Z E RN Lotz — 05T, 5.0 X 10° fH O
PR LTZBRONRNS —= 0 TR O L REmITBE SN2 o7, ZhUX, AAFZET
MW HIBOMHEIKFT 2 L B2 b5, KERTIE, +0hinb Licfr o o hkiles
MilaZ DTS, HIfTEWICEEE T BRI EAICEE T 5720, Ml ne

® Number of initial cells is 2.5 x 10°
O Number of initial cells is 5.0 x 10°

Cell density normalized with respect to the averaged
cell density obtained without any vibration
[\
—@—
—@—
— @

0 4 8 12 16
Distance from the center of the culture substrate, mm

Figure 2-23. Cell distributions with different number of initial cells. (mean
+SD,n=4)
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TTIL, BRI ER L Mian O/ N EI O EICBE 5 2 L 28 Tnbd &z
snb B

bz End, Ml —= 7128 W TR D Mlask B3 Y — = T B % KX
TZEMALNIZRY, BT DRI ERNS D Z R Tz,

262  IRENMRIEE/ANZ—=2T DOBER

AT, #HETLHMEMEEEL T, KKRREZ 7 A—2 L LTELEEDHZ ET,
WRENRIE SR N Z — = TIC G2 D2 o0 T 5. Fiz, RHE T 2 EBEOEAIE
E— FZ2HWTERZITY . ZNENDOEAIREE— FE2H W NZ —=0 7 OFEBRSEM
% Table 2-9 250 ¥, EHRBOHIOEMN N ENOEFREET— FICBW TR D720,
FEfES DMl 22 Lo, JIE LMl /040 & Figure 2-24 (233, BRENIIEZ I .00 5
ORERE, MEEIMREE LR L TWD. ZNENOEAREE — N2 5 MiassAm 4 34
T5.

£, MAOH AT 2EAREGE— RERAWEEORY —=  ZHERICBEAL TR L 5.
Figure 2-19 7> HIREIOME & FildisZm o & b2y 12 mm BN -ALETH DD, £D2
SRR T I KRR ORI B 2 el 32 &, 552 W02 38 WO RIS FE 23 e I
DITHRKRIEIE 4.5 yum OFETH Y, Fln D 12 mm BENATE CHREBEN K bLEVO L
BKRIRIES 45um OB TH L. ZDOZ Enn, a7 FOMa 2 —= 713k KIRE 4.5
um OFRIZARE TH -T2 L F 2 5.

SOX, ML +FROBEAKRE— R2 W cill 2 — =2 7 OO/ SAIT D0
Tiw U 5. Figure2-19 CHIE L7-IEEN 040 & LR L C, R AIRIEZY 1.5 pm DR, REIOFIC
P LM MRE Of & el LT 7202 E 30D . Figure 2-25 (i KIRHE 1.5 pm DB
WZHR LT AR OS L E B A2 R, ZHHDORNL b/ —= 2 T ORERPERTE 5.

PLED X5 ITE#= EM IR L 72 E A IRENE — N &2 Wil N2 — = ZIIT R 72 i
KIRERH 5. Zhud, RT 2IREI M e &, FEE & I D R E) A3 5 H %
ETHZEICERTS ™ ZOFERICL>Tarye7 ML oMlan N2 —=2 7 niHE
Ihicb&E2 b5,

Table 2-9 Experimental condition of cell patterning experiment

Mode Maximum vibration displacement, ym Driving frequency, kHz The number of cells, 10°
Single ciecle 3.0/4.5/6.0 6.2 2.5
Cross-circle 1.0/1.5/2.0 214 5.0
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Figure 2-24. Cell patterning results with each maximum vibration displacement of the
resonance vibration having single nodal circle (A) and cross-circle node (B). (B-1, 2,
and 3) shows the results with maximum amplitudes of 1.0, 1.5, and 2.0 um. Cell density
was normalized to the cell density without vibration (mean + standard deviation, n = 4).
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8 mm 12 mm

Figure 2-25. Cells stained with Calcein AM after cell patterning with cross-circle node
having a maximum vibration displacement of 1.5 um. (A) Along the antinode direction.
(B) Along the node direction.
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S HIZ, MRE +FRIOH 2 RO A IREIE — NICk T 2 il 72 KRR OS2
W Z— = 7T, ZAE ORI B ORIEN B 361 2 IRENRIE & s B O BfR %
Figure 2-26 27" 9. ZOING, IREWMRIE A4 &M% D ORI

D=-2214+243 (2-6)
DEHCEEND T ERWLMCR -T2, EBIT, ARZ—=2 FFEICBNT, MlarsE
EHET DD OWRBOBENFET 22 & bR Inic. ek, ML RO %R
A IREE — N2 IRENHK 21.4 kHz CTHbR L72BRD, AR ER R ICHEE T 2 BIEIX 1 pm it
FZdH D Z LR LIRS T,

ZINDIE, EEEEmICEES LB L TR E BB AR D, R D R RKIRIE &
MR DA S & OBIfR % Figure 2-27 12777, FKE Y, MEOH*H T HHEAHEEE— F%
JihHR U 7= BR D B KIRIE S 4.5 um LA N OFR &, PR & 5RO ffi 2 fFE R o B A IRENE — N &

vibration, D

D=-221A+243

Cell density normalized with respect to the
averaged cell density obtained without any

Q
0 05 1.0 15 20

Vibration displacement, A (um)

Figure 2-26 Normalized cell density as a function of vibration amplitude at a maximum
amplitude of 1.5 ym. Cell density was measured along the antinode direction and
normalized to the cell density without vibration (mean + standard deviation,n =4, **: p
< 0.01). Linear regression is conducted with the data with the amplitude of 1 um or
smaller since the amplitude of 1 um is obviously the threshold for the cell manipulation.
This cell patterning was performed by resonance vibration having cross-circle nodal.
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JiR L72BR DT N TORMETIE, IREIZFIRL TR E & LR LT, BEEmIcEEs L
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Figure 2-27. Relationship between the number of adhered and floating cells and
maximum vibration displacement (n = 3). (A) Single nodal circle. (B) Cross-circle nodal.
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BEEARL WD, 22T, IREBOEHET 2EEPICBEUNOMERFIET D L, ZD5
REIZHWT, Figure3-1 IR T X 9 IEHET HIRE O FIEO TR G I b. 7ok, AR
WDOEE P & BT OFIE P, ORI XA OB P & & OE T P; OBEFRI,

_ 217y
P, = Z, vz, ' 1 (3.2)
BIO
2z,
P = PRI (3.3)

DEIZENENEEIND . 7ok, ZiBXON ZBIIERAIROMEDEEL U — X A%
HLTWVD, ZHUCHE- T, FEBTIAX—O—HMLKHEND 0, BEREICRBIT 55
TRV =R NVFX—FEEENELD. TORRELT, ZOEEMO XOICHYT LT
PRICIND . 20N 28 1 LS M Z RS HERL, WA TH 5 RPN
fIZ 2B L TR Y, O RS ThH ORKOEFEA B —F U AL 148X 10°N-s/m’ TH 5.
—J7, FEOFES L —F AT 160X 10°N « s/m® LA ST\ P ZiE, Helaffl
faz AW BIT 26O TH Y, MIOFEEIRRBIC X > T2 OfEIZZE LT 5 Al aEtEN
HDHN, ML R E TSN TR KERRIUEREAS L E—F U AR5 ATREN:
IFIEH T

Medium A Medium B

Acoustic pressure of incident wave, P, Acoustic pressure of transmitted wave, P-

Acoustic pressure of reflected wave, P;

Acoustic impedance of Medium A, Z, Acoustic impedance of Medium B, Z,

Figure 3-1. Reflection and propagation of traveling wave
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M. B, BERBEMSLCET AN bl L O F B, B — X AN
LHZEEHALNTHD R ZoZ s, HillaNF —=2 7 OBSITMANFHET L X —
DELE D BARNLE Y —= 2 7 &= 2 LR %  (Figure 3-2).
FROELENS, kHz HOEAEEST— FEHAWEHRO Y —= v 7 OB ITR NI
BIXNX—ONMMEE L IEL 2 & THIRO Y —=2 FRAIRRIZ T2, T ORERIT,
MHz # OBEWARE 2 O 72/l /R F — = 7 THRE SR ERETH Y, 4 ThH
% BT = of- s, WHINREET 4 v v 2 BB RIEB A ks, 8T 1 v v a
DN EBZ RV X =DM L SELMLERHDH. TOTDIL, BET 42D Fil
CECE L7 E RS OB AIRET— RERR L, & 250 R SNl E RIS 2 1558
F a2 NOHIKIARTE S5 HiEE A L. Figure3-3 104 A — VX Z2Rd. BELRIRE
OB SNBEFRIEINID 7V 7 Uxy RENLT, BET v = ZBEL,
EHNIZERE L CEE AL —D 0z L SED. 29 LTALLEEE XL —0D%)
e > THIlaR N2 —= T &5 L E 2 6N5.

nE, KEOWE TR, BEFECIDME NS —= T Da v 7 N aRdeoll, |
P35 mm ORI RMIEETET ¢ v ¥ =2 (MRS LI ) 2 W CHiflaD /N2 —=2 27
ZITHOZ kLT,

Cell

Acoustic energy

Ultrasonic vibration

Node Antinode Node

Vibrating surface

Figure 3-2. Principle of cell patterning using resonance vibration of culture
surface

Cell Acoustic energy Medium

Culture dish

™~

Coupling liquid
\ \
| I

Ultrasonic vibration

Vibrating transducer

Figure 3-3. Principle of cell patterning using resonance vibration of culture
surface
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32 IREFORTEEE

AREITIE, BERIREFORG B ELIT 5. AIRERIEIC X 5 EAEMAITRS X OEE-1H%
R 2 V5 2 & T OB AIREE — R 2R IR+ 2543, ®ET 5. B
Mz, AETIEMAR O Z FEOFEARET — K & I8 & B O 2 0F8Re o EA IREE
— RZ RO C X 2 IRE 235t BET 5.

T 100% D 5K & HEFF T 2 MR EH O A VX 2 X— X NTHREI725 2 L 2FE L C,
2 T L [ARRIS, BT Q ENE <, JEA L7e\ SUS3I6L 8l & AW CIREh 728k 953 & L
2. MRS RT 4 vy 2 ECHIRZ Y —= 2 7T BB, B 35 mm OMIEEEET « v
T2 (3000-035, PARFMLESH) Z2HVWD & 2BE X C, EE3Smm, EE Imm O
D SUS3I6L [t % VWS Z & & Uiz, MlREEET « v ¥ = O E mE OWRIR LIRS 10
Rk E —H &5 2 LT, R IR S NZFEARET— ROREO/MA L R F—= T &
TR D 534 2 Lol 9~ 2 2 E BNE G 72 5. A BT L 7B A7z SUS316L O 4 EfE
IX Table 2-1 B L WX Table 2-2 IZ/R L7z b D& WV, 72038, A MM IT A BRESE LM
7 & ANSYS Ver 16.0 Z# T, RENFOERSMIT A hdm, ERPRITEM A, BRI
84768 & L7z. ZOFRMFIZH W TIREMRIE DG HEEIL 0.1%LL FIZIOR L T o728, B4R
FEEBEZ TS
Figure3-4 |2, LRROGMZ AW TIT o T2 BEAEMRITIZ LV RO 72RO 2 1 >HF 3 5 [H

A B
< . :} :
Ml 200 |

-1 0 1

Figure 3-4. Eigenvalue analysis (ANSYS 16.0). Colored bar indicates out-of-
plane displacement normalized to the maximum amplitude. A: Resonance
vibration having single nodal circle (vibration frequency, 8.7 kHz). B:
Resonance vibration having line-circle nodal pattern (vibration frequency,
16.6 kHz).
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AHRTE— R LU & B Z R OO 2 /3 5 EAIRET— Fa2RT. 20k,
KD H T — "= ZZNENOFEARET — NI 5 R KRR CIESML L 7 M kHENR 2 77
LTWa., FR»S0ND X9, ZNENOBAIREIE— FORAIREEE, 87kHzB X
16.6kHz TH 5.

SUS316L #illckf L CHEERFE2HEEIE, KREELHNT 52 & CERAREIT— N4
R9 5. 728, ZHLIEE, B 35mm O SUS3IOL Sl L CEER 285 SR b0 %R
B LR 5. REFICRMNICZENENOEARET— FE2 BRI 5720121%, EEED
BWIZH WD IEER T ORRE LU SUS316L o [z & JEEFR T & OBEN BRI Z I
WEL, ET 5 EARET— KOEOIHFIZE W CEAIREIEIC S L2 B2 04 %
ERESEDINEND D, AT HEEBELETORIRE L OBEMEIZAREREC L DEE-
MG MT 2 W CTIRE LT, 72720, EERTOT A L, 2B THW LD EEA L
TRNT 24T o 72, IREV T OB A EMFIL A B & LT, fEHTOFBSIZIX Table 2-1, Table2-2, Table
2-4~Table 2-7 |27 L7t A2 AV, #3850 ~HEIZBE L CTid Table 3-1 IZ/R Lz, 7Zeds, JE
B AT VXA TR B R IEMNT > 7 & ANSYS Ver 16.0 Z W C, IRENFOHREAF1
HHSG, ERBRITENmERE L, JEBHR O BMICHINNT 2 QW EE O N8 5w 2
L&, HESNDEAIRET— N2MR L. 2720, TNENOBEFRET— K& iR
T 5%, EEHRZTOSEISINT-EMREBEIZK LT Figure 3-5 (2739 XL 5 ICA W EE ZFIN
L7z, 728, ANTHRRMEEIL 10V & Uiz, JEBE-HEEE AT OMET i 5 % Figure 3-6 (2
A9 WKLY, EEER 9.9 kHz B LN 19.3 kHz OLFHEEEZ AT 5 EHBOH % 1 >F
T HEAREE— N LOHE LB EZ R SOIIROE 24T 2 EAEST— R3Zn
TR SIND Z &35, Figure 3-6 TR SV TWAIRIE A, Figure 3-4 T/RE L7
bOL UL TRY, X LEESR T, TOEEME, BLOELERINOFEIZE -
T, TNENHEOBEAGRBZMRTE 5L EF2 5.

YL EOREHE RIS & EEFE T OEMEE S LT, SUS316L o [k & FEHE 10 b i
% S N7 IREh - OFEM % Figure 2-5 3 & OY Figure 3-7 O X 9 (2R E L 7=,

Table 3-1 Dimension of the ultrasonic transducer

Piezoelectric

SUSB16L plate substrate Adhesion layer
Diameter, 35 30 30
mm
Thickness, 1 0.5 0.001
mm
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RE) T ORUYRITATE D 2.2 HilR L7eRE R IS O RUETIEIZHE - TIT 2 o 72, BRI,
NSy E ¢,

Figure 3-8 |28 L2~ HETHEEHR & SUS3IOL Mk L 285+ 2R B8 UEL -, ARIREIC
X, WG OB EA~OEES LM T, MERICEEZH—ICMET S Z ERRkD b

9 and Q have a phase difference of it

Figure 3-5. Method of inputting AC voltage on the piezo electric substrate.
(A) Resonance vibration having single nodal circle. (B) Resonance vibration

having line-circle nodal pattern.

[ T —— m
-1 0 1
Figure 3-6. Piezoelectric structure coupled analysis (ANSYS 16.0). Colored bar indicates
out-of-plane displacement normalized to the maximum amplitude. A: Resonance
vibration having single nodal circle (vibration frequency, 9.9 kHz). B: Resonance vibration
having line-circle nodal pattern (vibration frequency, 19.3 kHz).
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L. 2O, IEMEETHMERDORNRY 74— E AW THZETR B2 REL 72, Figure
39T K91, IBEICK LT, EEFEF L SUS3I6L O A AL, 223 HICGE LT
B> TINDEZHEETDHZ L CTIREBF2EEL-

3.3 MR/ —=— 2 0 TNA4 ADRETEEME

AL 2 H5 2 D BRI, EERERREOMER, Je P AMEE 2 W 7o BLINAS FTRE, IR O DRES,
Rl Vo BENG, MIEESEEROWHANRT 4 AR—FTNAEET v a2 Hl0nbH 2
EMEETH D, Z DT, RilEh CRAE L7 IREN 10 b FRE T 2 5 I IR ED & 2h =R A1 L
REEERT 4 v ¥ aWNIERET DI 2 —=0 7T A %55 LT

331 AT )FXy FOEE

[E A IREN T S IRE) - DR D DARTET D IREV A DRI BT ¢ > & 2 NIERR S
WH5H7-0121E, EEFEMaEERT v a2 OMICh DR E, MlasEHT v =20
MBETHLHRI ZAFLLDOEEL L E—F L ZEWHE Tl 2 E RN TH D[
(33) ] RUVAFLUOFEA L E—F L AN 249X 10N s/m* THDH Z L AR T, FE
AV E—F AR 243X10°N « s/im® THH 27 V&Y > (17029-00, BAFILT) 207V v

30

n \ B SUS316L plate
l. \
NN

Piezoelectric substrate

Figure 3-7. Dimension of the vibration transducer (A) Upper view. (B) Side view.
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Figure 3-8. Dimension of the jig attaching piezoelectric substrate to SUS316L plate. (A)
Upper view. (B) Side view

SUS316L plate

Piezoelectric substrate

The jig attaching piezoelectric
substrate to SUS316L plate.

Figure 3-9. Schematic image to show how to use the jig attaching piezoelectric substrate
to SUS316L plate.
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7Y%y RELTHOWTHBREZmAZTZEE L. LaL, ESEEHESEI8IC, BT
EHIREEET v v a BNEEEHEL L T D &, MIEEEAT ¢ v v 2 ST il 2SR )
DRAETHRNNDH D . ZNEBT L7201, REITFOE EIZEYV ) a—r I LazEET
HZEELE ol YU a—rIFAOFEES U E—F AL 1.20X10°N - sim* TH Y, 7
UtV DOFBAL L E—F AL AT Y 51, MEEERT vy 2 O A
AR T 5O DEMOFE A v —F 0 TR ETERTE B2, 1.48X10° N

sm’ EEZ O, FROFEEELD L L, WIBEEZBE LZ2VEE, X (33) 2 5HiEHE)
TR S AT EAIRENC L VARHE L2 IREMRIE O 81.9%DHRIE 2 £f > IRE) 5 Ml laks 2 H 7
4y aNOBEHIZERE T2 3 bns. LnL, EEEIIy TV 70Xy RTHD
Ut m— LR @ W2, IREIOBRZGIESEZ LT, 22T, IREOBRREIT

2

_ (4 pg) Lyl
“"RJQ+H)+pJ (3.4)

DEICREND ' BB, 0, v, ¢ p, p, y & PriE, TNENAEMEE, BRE, &
W, R, AR EZ R LTS, 22T, RLBENRES S EEST LY
U 100%DEMFICEIT HENENOMEERAT S &, HEREIT 1.02X10°m! &725 '+
WoxbiZ, Z7VEe—LOEXFE 700 um THDH Z & L, Fig. 3-6B)5H Tl SN HKRKD
BREDEFEHUT 193kHz THDH Z b 2.1) I EGROEEZ AT L E, 7 Er—ilEs
W OBET DIREHEIL 0.714% ThH D Z LR DnDd. 7ok, EEEIIZ(L LN ORET
HIREIRIEIL 0.714% TH L Z Enbnd. Thbb, it L7aEEEZHWS Z & THhHEmMIC

RN 2 ST ENARETHD.

332 TNAREEDERF S I UVRE

RTE TR~ K912, IREV7200 6 B S D IRE 2 2RIk BT « v v 2 NITis
B o720, REFEMEEERT v 2 L0V a—r a7 V) U ERE
T5. ZOBRIC, ERBREDEEA L E—F U ARKEL B oE (BROEFEL B —
B AL 410X 10° N » s/m’ Th %) NIRE)1- L Ml ET 4 v v 2 ORIRAT D &, 2D
BRE TR L, IRBIOENREHFLLETS. 22T, v a—r I AxREHT

BB L, 7V CERRRFT ST v U RNOERRE L, ZAUCLY Y a—rF
L EIREN T & O ~DZERDORNE N

R N2 — = 7T N ARROEE % Figure 3-10 1283, FIKNZART L 912, AT 3A
AIREF &V a—rTAEMET 7 VLEE (77 UNAVIAN=BEXOT 7 U )L_—X)
MO SN TWD. IRE)FIE 3.2 Hi TREr - BUE L7214 35 mm, JEE 1 mm @ SUS316L
OB O FEIZT 7 Fax—2E UTEERTEEAE L, EMICERZ EHMIT L
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fZ Lo Ty a—rfihzkriteZ L2k, 7V BY UE2REFTLTFT v o\ ZHRL
o, ZHHOESOBEEITITIRNL N ETF Y MRV 2B, KT 2 & Wiz 3
S == T T HBEORBRRE B R L FSICT 5720, T A MREEROA V%=
N=ZNIEET D, A o FaX—FNTERNOBRE LA L TB Y, WA 100%DIRPHR
EHEFFLTWD., 20k, BREBIET H7OICA/L b ET Y M SUS304 A7 > L A4
WL L oB, 77 VUM TYY a—r T A ERRAIAR, RV b EF v Mo
JE3 5 Z & TIREF & E L CW5D A, Figure 3-10 (/R L2 X 518, IREFo EHIZIXT 2

A

Bolt

Acrylic cover
Silicone rubber cover

Vibration transducer

Acrylic base .
=~ Nut

Cross—sectid,n"
surface |

10 mm 10 mm

Figure 3-10. Design of the cell patterning device. (A)Over view (B) Upper view.
(C)Cross-section view
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Figure 3-11. Dimension of the acrylic cover
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(KE1316, fElfb TSI 12, EEO 10w D LAl (CAT1316, Elba: T3
Xath) BLO20 wt%DARA] (RTV > —, FEYb? TERASH) ZREA LYY =
— ALRAERER LIAATE. 72720, ABEORIZ, &L ZDORAKREERET v
NORZET v r— 2 —VL-C B, 7 XU RS HE) WITELE L, 21224 7 (ULVAC G-50SA,
ULVACKIKOInc.) ZHWTEZETF ¥ U ANNEZRBET H 2 & ThHa L7z, 612, IRGK A
BNZHE LIAATZRRIS, BRI DIRNTCIRGIRZBRE L, BEME L. 225\, A —7 v
(Isotemp Vacuum Oven Model 280A, Fisher Scientific) PNIZHALE L, 60°C T 24 FEREIEERR L7=.
IO E S Uiz X ICHANL T T, My —=0 77N AR BEL. BUEL
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' 10 mm

J

Figure 3-12. Mold fabricating silicone rubber on the vibration transducer
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A ZADIREF IR U 72 IRENOHRIE 2 I E 3 D BRI, Figure 2-15 (TR L2 X ) ICEEHR T
WL CT 7o rvaryaRfb—2 7 T HOCTHEBZEL T, L—Y Ky 7 IR
it A v Aa—7E2HNT, RBETOREELWE L, ZIMOREAFE L.

7%, LIBIIMBL O & Fr B A IREIT — R &2 GhE L CIRB ORI 21772 > 7B OFE R %
R

SUSS316L plate

Piezoelectric substrate

F '\

1 . Silicone rubber mold

10 mm

Figure 3-13. Schematic image showing how to use the silicone rubber mold
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ARETIE, IREFICHROEZ | SF T 5 EAIRE A R U 72BR0 8 BRI Z B & i
9 %. Figure 3-6 |Z/R L7 R E-HEEE AN OFER 2 25| R F AR B & FIN
L, HUNEED B Z 2 SR o, IREIOIE TH 5 IRE) 7 RO IRENMRIE 2 & L7-.
ek, MilZENRZ—= 7T HBITF Y NI Z U 'Y &k 2mL BlE L, 0 EICEH 50
um & ANTREOMIEEER T « v v 2 ZBET 5. 207D, UBEORIETIE, ZOMREE
TIRE AR L7, AJIEEE 40V & LT, HNT 2 RIGELEOE W% 7.0kHz 225 8.0
kHz £ T 0.1 kHz & & 12810 S8 THIE L2 BROIRE - O IREHENE % Figure 3-15 (239, 73
B, REXEKERECEREL TS, RN, MO Z 1 G35 EARBET— Ko

fmv

35 mm culture dish

Figure 3-14. Fabricated cell patterning device using ubiquitous culture dish
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342  ANBELEEXKRBEOBZEDBIE

ARETIEMM O % 1 6T 2 EARE A R L7286, JEBHR AT 28T & R8T
H ST b HIREI O TORKIRIE & OBRZHONCT 5. T72bh, HINEEDE
WA EAIRBHCTCHD 7.7kHz & L, EEE20V~100V D T20V Z LI SH TR
& 2 JIE L7z, Figure 3-16 ([CHIER KA ~T. FRIZIBW THEHNIEER - ~DODANEEL
FL, MR KEREEZEZLTCWD, FXELY, HIIEE & RRIERICITFIRBGER S 5 =
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Figure 3-15. Relationship between driving frequency and normalized vibration displacement
(voltage, 40 V). The displacement was in the out-of-plane direction and normalized to the
maximum value at resonance.
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A=0.18V+1.22

Vibration displacement, ym

0 20 40 60 80 100 120
Input voltage, V

Figure 3-16. The relationships between input voltage and vibration displacement .
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ENDOND. B, HUNEE V (V) &iEKIERE 4 (um)oRERIE

A=0.18V+1.22 (3.5)
Lipolz. ZOED ST O R KIRNE 2 £7-0 FE A IRE) & iR 9~ 5 BRI LB 2R FIAINE £ 4 R E
TE5.

SHIT, EERF~OFNEEICHT DR ARIES, B PO DEBERIZEL L
BELOBREDL SN LDRODTRITIE, B HHNSOHNEEICL Y RO £l
AEHORKIEREZME CTE S, ZhICky, L=V Ry 7 TIRFFOZRENNETH 5 A
VX aN—HZNTOMA NS —=2 7 EROBES, BRI ORIELZ MR T2 &N TES.
¥y U7 L—a O % Figure 3-17 127, RIKIZIH W CRENX & > O D EE
FL, MR KIREEZERL D, ALY, HDEEERKEBICITEHIBEERER S 5.
2k, BN OMINEE V(V)E RKIRNE 4 (wm)D BfRIE

A=0.58V+1.50 (3.6)
Llrolz.

25

20

15 y =0.58x + 1.50

10

The maximum vibration displacement, ym

0 10 20 30 40
Out put from the sensor electrode, V

Figure 3-17. The relationship between the output from the sensor electrode and the maximum
vibration displacement.
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AETIEMMOHiZ | DH T 2 EAREZ R L /2B OIRE) 7 OIRES M2 52T 5.
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WZBWT, 3 mm FIZIRE) -3 O 2 @& L7z, Figure 3-19 (ZHRIE A OB EFER & 3.2
Hi AT o T2 [EB- WS OSSR & Ol A =7, ek, RIEE, BB cllE L
RARIECIEFMLL TWD. FREY, EEREEEMAENT S X OWEOR R & b ICIREIF0
L RRIRIR & 72D 2 Edbind . £, EE-HEEERANT S LOMIEORE & bIzHL
25 12 mm A EBEN 7207 8 T OIRB) ONL AR A 0 COIRBNOAAR IS ) L T TH 5D Z &
N, MEOHZ 1 SDATHBEHEIEHET— RBIHRSNATWD Z Enbnsd. Ik, IE#O
NAHZ MR T HBRIE, AJIEEE L—Y Ry 7 ZREGF CHIE L IRENEE O IEE2 4 r
A a—7TERRLTHBT LT

bz ent, BUELIEMI Y —=2 7T 3 ZAORE FIZITFT RO B A RS, ¥ 72
bHMEOHZ 1 ST 5EAREBNFHE SN TV D 2 LRSI,

Figure 3-18. Positions where vibration displacements were measured at every 3 mm with single
nodal circle
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THZETHRONE == T E2ITH 120, TUHDORMBICEBWTREOELZHIE L.
Thebh, BphE, IREMEE, RIS X OEE R A M Y — = T EROBS & [F
UEMECITe o7, 728, ZTOHLOFEBRITMIA Y —=0 T T NRA 2% A 2 F aX—F(|THL
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Figure 3-19. Comparison of measured and analyzed vibration displacement of
the resonance vibration.
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Figure 3-20. Temperature variation of the medium during cell patterning with each
vibration amplitude.
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Figure 3-21. Schematic image showing how to measure cell distribution.
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Figure 3-22. Fluorescent images of the cell patterning results with A: the control or a
maximum amplitude of B: 5 ymp., C: 10 ymp.p, and D: 15 pymp,. The number of seeded
cells was 2.0 x 105 and patterned cells were cultured for 6 h. Live cells were dyed with
Calcein-AM. The broken line shows the edge of the dish. Scale bar shows 10 ym.
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Figure 3-23. Cell patterning results of the control cells (A) and cells with a maximum
amplitude of 5 ym (B), 10 um (C), and 15 ym (d) (mean £ SD, n=4). Comparison of the
amplitude distribution and the cell distribution. The number of seeded cells was 2.0 x 105
and seeded cells were cultured for 6 h. The ratio of the area of live cells to the area of the
entire square was calculated as cell density.
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Figure 3-24. Cell patterning results of cells with a maximum amplitude of 5 ym (A), 10 um
(B), and 15 ym (C) (mean + SD, n = 4). Relationship between the vibration amplitude, A,
and the cell density. D. The number of seeded cells was 2.0 x 105 and patterned cells
were cultured for 6 h. The ratio of the area of live cells to the area of the entire square
was calculated as cell density.
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Figure 3-25. Fluorescent images of the samples after cell patterning with (A, C, E) a
maximum amplitude of 10 ym and (B, D, F) control. Samples were cultured for 24 h (A,

B), 72h (C, D), and 120 h (E,F). Live cells were dyed with Calcein-AM. Scale bars indicate
10 mm. Broken lines show the edges of the dish.
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Figure 3-26. Proliferation of the samples (mean + SD, n =4, *p < 0.05, **p < 0.01). Np:
Number of patterned cells. N:: Number of control cells.

Figure 3-27. Cross section images of patterned (A) and control (B) samples, respectively.
Cell nuclei and B-actin were stained with Hoechst33342 (blue) and Rhodamine Phalloidin
(red), respectively. Scale bars indicate 10 ym.
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Figure 3-28. Schematic image of the reason why cells were piled up when patterned. (A)
Cells making monolayer. (B-1) Patterned cells. (B-2) Shrunk cells.
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Figure 3-29. Western blot analysis of C2C12 cells. Western blot of patterned and control
cells using anti-leukemia inhibitory factor receptor (LIFR, top panel), anti-myosin heavy
chain (MHC) (middle panel), and anti-B-actin (bottom panel) antibodies. Arrows indicate
the target protein bands.
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Figure 3-30. Western blot analysis of C2C12 cells. Relative protein quantities of LIFR and
MHC were measured using their band densities on western blots. Protein quantities were
normalized to the band density of B-actin. The data are expressed as means with standard
deviation (n = 3).
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Figure 3-31. Cell patterning results with another resonance vibration mode. The maximum
amplitude is 4.5 ym. Fluorescent images. Live cells were dyed with Calcein-AM. The
broken line shows the edge of the dish. The scale bar indicates 10 mm. The number of
seeded cells was 2.0 x 105 and patterned cells were cultured for 6 h.
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Figure 3-32. Positions where vibration displacements were measured with line-circle
node. The colored bar indicates out- of-plane displacement normalized to the maximum
displacement.
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Figure 3-33. Comparison of the amplitude distribution and cell distribution. Note that when
evaluating amplitude distribution the input voltage and frequency are 30 V and 17.7 kHz,
respectively. the vibration amplitude: A, and the cell density: D. The number of seeded
cells was 2.0 x 105 and patterned cells were cultured for 6 h.
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Figure 3-34. Relationship between the vibration amplitude, A, and the cell density. D. The
number of seeded cells was 2.0 x 105 and patterned cells were cultured for 6 h.
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Figure 4-2. Culture dish used in the proposed method.
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Figure 4-4. The mold for silicone rubber.
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Figure 4-5. Cell sheet detaching device (A) Ultrasonic vibration is applied to
cells to detach them from the bottom of the dish. (B) Device in an incubator. The
diameter of the dish is 35 mm.
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Figure 4-6. The state of the resonance in the cell sheet detaching system.
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Figure 4-7. Schematic image of how to measure the current.
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Figure 4-8. Vibration characteristics of the Langevin transducer. Relationship
between input frequency and electric power consumption (n = 3). Electric power
was normalized to the maximum value (12.5 W) at resonance.
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Figure 4-9. Vibration amplitude distribution on the transducer surface
measured by a laser Doppler vibrometer. The position of the measurement
(A) and the result (B). Av: vibration amplitude normalized to the maximum
value. X and Y: distance from the center of the Langevin transducer along
with respective direction.
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Figure 4-10. Time history of temperature over 1 h of ultrasonic exposure at
each input voltage measured by a temperature sensor.
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Figure 4-11. Cell sheets after ultrasonic exposure for 1 h at input voltages
of (A) 125V or (B) 25 V.
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Figure 4-12. Appearance of cell sheets detached at an input voltage of 25 V.
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Figure 4-13. Number of cell sheets successfully detached with the
corresponding duration of ultrasonic exposure and input voltage of 25 V.
Note that the total number of trials was 45.
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B\ Fibronctin O 98 Y Yo, D J I DWW Tk _ % . Fibronectin D J&7E % B & 029 %
7o DIZARIEBRAEAT O 128, Mifa — N & HBE L 72121, JTOMBEEEET v =2 ETUTO
FHNEZAE > THtAZAT > 72, WBIE T-20CITKA L7z A % 2 —/L 2mL (25183-00, BIH{L
MR EH) 21E&T 0 vy V=2l AVT, H|IRT S oFHET L2 Z & TRELEZ. DXL,
TritonX/PBS (0.1%) (ZIR{EL T, =R T 15 HHFFET D 2 & THEMLEEAITVY, 10% goat
serum/PBS (ZiRE L CEIRIC T 1 FfEERE L7z, VT, 1 PUA L LT mouse anti-human
fibronectin monoclonal antibody (ab194395; Abcam)if & 1 uL/mL C 2 REIF2EE, 2 kiifk & LT
Alexa Fluor 488-conjugated goat anti-mouse IgG H&L (ab150117; Abcam)ii2 & 1 pL/mL T 30 53]
ZTNENERTHE L. vk, T, #RELZT7oyF Iy 77 THINLTZ. 6
SNTY TNV B OGRS TRIZE LT,

462 SHIRAITAvTF42Y (WB)

RETIER L OMERTE THIBE L 7-Mifa > — Maxtd 2 WB O FiEZEdRT 5. 728, K
FCIIMIAE & BT L CENEN WB 23377 5.

FIEEL7-MI S — R 2 LSRR T ¢ v v 2 (ICBE LRI, BEERE~O#EERIET D
7o, BEHAEBREL C20 0fE A > F a2 _X—FXNTHEE L. Mlav— MRS L2 &%
R L7121, A HWTT ¢ v aNE 2 RS L-. Teid%, 2mL O HZREET ¢
vV 2 ([TEN L 24 W LT,

D%, Fa—TIHE LB ERELIZRICT 4 — 77 ) =P THfE L. Mlds— b
B LTI, 8587 ¢ v aWNiE% PBS T2 EWE LIRS, T4 v o Z LIRIRERICR
ET2ZETHML, 74— 7V =¥ TRIFLIZ. D%, HRSREIEZ T T WB 217-
To. 72720, M — M AREE WD LA S BAENEMEIC 2 720, Ml — R &
ERHAAATAE LT, RIED 45D 1 ZHWZ. Z0%, 3.5.5HEFEROTFIET WB O
FEREIT o T2,

AREBRTCIIue—T 47 arybmg—LE LTNTAF—EL JE\E T THD B -actin % A
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Wizt 723, B actin DE I, —WHiAk L LT 1,000-fold dilution of rabbit anti-mouse B-
actin polyclonal antibody (#4967; Cell Signaling Technology)%, —_¥XHif& & L T anti-rabbit IgG (62-
6120; Thermo Scientific, Waltham, MA, USA)%& FV /=, & 518, MIRICHEET D Z VR0 HE L
C, Fibronectin, Myocin Heavy Chain (MHC), Leukemia inhibitory factor receptor (LIFR), & Integirin
aS &S =7y be Ul £z, 8% EBAIIH T 5 % 2327 E & LTI Vascular endothelial
growth factor (VEGF) & stromal cell-derived factor 1 (SDF-1)& % —/% > h& L CE#EINLZ. ZO
72, Fibronectin OFEH D722, —&FifA L LT 0.4 ug/mL mouse anti-human fibronectin
monoclonal antibody (ab194395, Abcam)%, —¥k$ifk& LT Anti-mouse IgG (whole molecule)-
peroxidase antibody produced in goat (A4416-1 mL, sigma) %, Integrin o5 ORI D 7=
— KPR & LT 500-fold dilution of rabbit anti-human integrin a5 polyclonal antibody (#98204; Cell
Signaling Technology, Boston, MA, USA)%, —ikHifAk& L T anti-rabbit IgG (62-6120; Thermo
Scientific, Waltham, MA, USA)%, LIFR OO 72—k FiiA L LT 0.4 pg/mL rabbit anti-
human LIFR polyclonal antibody (22779-1-AP; Proteintech, Rosemont, IL, USA)%Z, —IXKFLikE L
“C anti-rabbit IgG (62-6120; Thermo Scientific, Waltham, MA, USA)%, MHC OfHidD 7=z, —
WP & LT 2 ug/mL mouse anti-chicken MHC monoclonal antibody (MF20; R&D systems,
Minneapolis, MN, USA)%, —Ik$ifkE L T 10,000-fold dilution of horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (12-349; Sigma-Aldrich)%, VEGF O D712, —Rbuk &
L T 0.5 pg/mL rabbit anti-human VEGF polyclonal antibody (R30265; NSJ Bioreagents, Carmel
Mountain Ranch, CA, USA)%, —KPu{Kk & L T anti-rabbit IgG (62-6120; Thermo Scientific,
Waltham, MA, USA)%, SDF-1 Ot D 7212, —kEtfk L L T 1 pg/mL rabbit anti-human SDF-
1 polyclonal antibody (41422; Signalway Antibody, College Park, MD, USA)%, —IkHifkE LT
anti-rabbit IgG (62-6120; Thermo Scientific, Waltham, MA, USA)& H\ 7=, EFEOHUKR & Yeta L
122 /37 B % Table 4-1 (TRT.

B, IETIECTHBEELMIY — hoX R BBl E, REISEMRET v ok
AWTIERFIEIC L > THBEL 72Milay — b LT 272012, ZERENOFIETHIBEL 72
A — MIX LT WB 217572,

463 RBODE=

A — F OREE EET D720, Mias — FRIEEZ 24 KFREEE LTIZBEO 7L a— A DH
B L HLBOERELER L. 2 O ON# 2 -l 2 B0 — i feE cdh 5 172,
T BRI FEEZTRR T 5. Mias— M Z2REEL 2%, FrLWEEMEERT « v
Tallfifas— REBEL, AEOBEMARELTA o F 2 X—FNITBWT 20 H5REA
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FoaN— 528 THIlY — M EERREICHESE S, 20%, 2mL OFMZNZ T, A
VX aN— X T2 WEA ¥ a_— LT, 24 BRI, B BEAAEILL, Zva—2R
7 vEAF > b (GAHK-20, Sigma-Aldrich) &3/ vt A %> ~ (K607-100, BioVision) %
HAWT, BE EBANDO 7 L a—2A0HEEEABOEERLIE L. FREoxy M &H
WTIRSEEZRES 27 rEATIE, 7L— U —4# (51119050, Thermo Fisher Scientific) %
A L.

7B, METFIECHBEL My — s oG %, REICEMEERT « v v a2 HWIZiEk
FIEC Lo THBEL M — FOZIN & IS 272012, FNENOTFIETHIBE L 72 M
= M L TR OEREZITo 2.

Table. 4-1 Protein and antibody for immunostaining

Protein Primary antibody Secondary antibody

Anti-mouse IgG (whole

Mouse anti-human )
molecule)-peroxidase

Fibronectin fibronectin monoclonal . .
) antibody produced in
antibody
goat
Rabbit anti-human
Integrin a5 integrin a5 polyclonal Anti-rabbit IgG

antibody

LIFR Rabbit anti-human LIFR Anti-rabbit 1gG

polyclonal antibody

Mouse anti-chicken

Horseradish peroxidase

MHC MHC monoclonal (HRP)-conjugated goat
antibody anti-mouse 1gG
Rabbit anti-mouse -
B-actin actin polyclonal Anti-rabbit IgG
antibody
VEGE Rabbit antl—hume'm VEGF Anti-rabbit IgG
polyclonal antibody
SDE-1 Rabbit anti-human SDF- Anti-rabbit IgG

1 polyclonal antibody
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4.7 FE LMY — FOFBERE S UEE

ASEICBWT, IREIZHWS Z LI Lo TC, WHBREERET « v a bl — k23#
BECE D2 ENHLNI o7, FIEEL 72/ — b OBSEEMEZ 33 5 72912 4.6 Bi TR
RI=T v, BT/ RB LOBEL L FIORT.

47.1  FEEL-EROMRE S — ~OHEEMS

ARIETIELHBE L 72 EZOMIE s — FOIREZFHNT 5. 37bbh, Miaod Viability (477
JE), FEAIZRTERE, B X OIS REICRI L C 4.6.1 THCRL L= FEBRICE SV TRERZ R L,
EBEREMZD.

F9°, MO Viability (22T, Figure 4-15 (2 v A VP ORE R 2 /RS, RS

Figure 4-15. Entire calcein-stained cell sheet
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0D X9, FHIEELZAIE Y — MM L > TR ST D. ZoZ trh, BET
B & o TAMIE CHER S Uzl — a2 RBfCX 72 2 LR EN T,

OXNZ, MIEOFEMARTEEIZOWT, BRBLOEEZR5. HE a0 iER % Figure 4-
16 1273, FRCRdHiflas — N OWmERIZEI T TRENNTWDE /) LA T —Oflifu s
— FOZNEFHBLTNWD., ZDZ &0, RENZ L > TRy — FOBENZELL TV
WZ LR S . M OTZRBIZE L CREMIZIR 5. FAEL O 2L KIZHOWT, 32
OFEEER TR SND. 1 DEI, MIEBEOHETH LS. Ziux, BEEE2 HW Lo
WEENDHDZENLLESHICTHTE D . Lo, Figure 4-16 (ZHRE S 7= MEAR D 7R
REERMRTHI LT TE ol 208, MEOSBTHSD. Ziuk, ABFFEIZIBWT

TEEWKAE T HD BTS2 2 & THilalcx LT RmE OENEZMATNDHT20D, H
B R £ OEE DS HIRE & 1538 M & OFE & IR LT h-o 2 GA1T, Mlas B—IREE TR
DEREMER Do 7. L L, MifaE 38 IcH#3E L TR Y, Mo sBuimR s nieinoTr.
3OHITMIE Y — AT Y E/R D AREMECTH 5. Figure 4-11(ANZ/R L= &L 912, Hv5iRENC
Ko TTMlEy — "V E/R>TLED. Jox, Figure4-16 (IR L72 X 51T, WIRTHRS

Figure 4-16. Cross-section view of an HE-stained cell sheet observed by
phase-contrast microscopy.
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REVIZE/ LA P—Ofiflas — T D0, HEREBEEITO Z LICL - T, THNEFHHICHER
Lk.éEK,%%éﬂkﬂ@VMF@Féﬁﬁﬁfﬁﬁi%%um?ﬁﬁﬁ*f@éi&
BoooTe. Mld— FOREI DM OEEMEICEIRT 2 2 &8, Ml — h &R LT
2 L7 RATHIE DN LI BINZ > TWD T, JEINE—ildy — N &2 EkT 5 2 &I
f>— Nz T DM OMREN 2 8 —I29 5 Z Lo oD, ET-, LRI IR X
ZOEEN 150200 um ZHEZ D LRI TEIES TSR T S EHE S Tun s 18

ZD=, JEEN 40 pm BBELL T TH ORI — b TiE, MIEOBEIENE Z 2 A geE 2 m
DR EHEREINS.

%12, Fibronectin DY EFERAZ OV THER B L OB L A48 %. £, Fibronectin % 444
LN DIRAD. 122 HTHERRZ X9, Ml — O KROFHEITMIS A~ R Y 7
ADFETHDH. Mifast~ U 7 A OIEMEEHERF T 2 72 DICIEFICEHE R 7 7 7 X —
Thod. TOHTY, My — FDOAEFIZKE T 2 Fibronectin Z % LT, ZHADH
TEZ T PR L CTHIBE L 7= Mfa > — b @ Fibronectin % Yufa L 72 RO 5 H % Figure
4-17 \ZR 7. ZOYEAT I BT — N AT R E T v v 2 1TSS, Jox Ml
WA L QW EEET 4 v az Wiz, 372 h, Fibronectin O— 58T 4 v 2 d

MZFRF L CDW AT E D Ra s b33 Chs. L, RGN XK 91T,
> — b MFEET D E0 21 Fibronectin NIFAET 5 — 5T, Mg — b 23720 aEIERIC
Fibronectin 23 fF7E L72Vy. T DO Z &0n, BETIEIC L » THE R £ Fibronectin D4 T A3
MY — R EBICHBEL T2 Z ERAL NIRRT, ZHUINERTIE LRI UERTH Y, 18
RFETHIBEL 72— ORI AERIINECR FELFETH L EHFFEND. £, K
MFZECIIMas~ b U 7 R 2325 % /)7 D 1 T 5 Fibronectin O JG1E % fEsd L 7=
DHRIEN, EZDOFBHEY TiX, Mt~ U 7 AZWET D5 7 BEO—HDHRN, H
SRICEEIL T 2 BRITHME SN TRV, ZOZ &b, REFIETHEE L -/ — M3
gk~ N U 7 RERERT HEOMDZ L RXITEHEHELTWVWAHEEBEZTND

AREOFER NS, BETIEICE > THEE L2 E B OIS — NMIRERTIE & g L CRS%
OREZHLTWVWDA I ENEZD.

472 FIBEL-HEL— DR N EHEE

AT CIE, FIEEEZ OIS — b OBBEMZFEMICHAE L, BEE2 M. KETIIREE
TIEIC L > CTHIBEL 24 WFfEEEEE L7 S — b OBSREM: 2 1k YA CHIBE L 72/igs — b
LTS BARAIITIE, 24 FEEREER L7 22 ofiia s — B L UEEE R WB &
T2 &I TH NI EFRBLZREL, LT,

462 HTIRART2 L DT, RERTIT 6 DX RV EORAELRET D, #—7 v b
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L LT oI BIZFNENR A A9 5. Fibronctin I(TMish~ U 7 A &Mk 25 % R
JED1OTHY, MlaoEICE 535, Integrin o5 ITMEBEICHEET 2% XV ETH
0, ffE & Aiash~ N Y 2 A, L <|Z Fibronectin & O#EEIZEI 595 . LIFR (ZHIfRfEIZTF
TET 24 7ETHY, AR THW MO 3 EIZB 59 5 "% MHC IZMAaE 217
TETDHENIETHY, HHFMAOSEOEREE L THO LA TWS ' VEGF & SDF-1
(T OB FERIHTTH SN D X X7 ETHY, AT IR OmEFRELHFEL, %
FHITHIROT R b= A2 WT 25 2 22T, INDHORE EERFET DX I E
TGS DTHY, A A EFEHEND. Mlas — M 2BiET 5 BRI,

MIRBEAREZBET S, W EWRAEWEINNC, Mz 87T, ZZ0oiithd 5
YA MIANCKSTREEZRLZ DG ELH D 'S 207D, A Ml A v O HICHIED

Figure 4-17. The edge of a fibronectin-stained cell sheet observed by
fluorescence microscopy.
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RNZ IR T REFHETH S, LIS, o2 BEHOY A M A 0%, Ml — o
FEOBMCEECTHSH. 7, MEBH LIRS — BB ZICETFT D72DICNEATHD.
EHIT, TR T ASNEHRETH DT R b=V AEMEIT 5 Z L, Ml — b OBiE
1O HBO—2THHD . Zhb, =7y N LTHWZ VI E EZ DRSSO
Wi Figure 4-18 12”7, 2D KL DI, ZNLENRRDENMI/AEL, EOMWREDL R ¥
YN RS =Sy M LT, BEIEREA MG 2 DA ICE TE 5 LB
Z bid. WB OFER% Figure 4-19 1237, FIRNNG, & /37 BT Y 72 R E TR T
ETWDLIENRDONDTID, ZORRNE, K2 RIVEORBELEZNENOFRMNE BRE
TUE L PERTIECHIBE L 72/ — &) @ B-actin TIEAME L, RERT4E THIBEL =My —
KoV T DR ESNT X N EE 1 L LCER L7 (Figure 4-20). R, W
NOZ N EHBERBIHIC L > TREREBRZEHI L TRV ENDND. Hil
LY, ¥—7 v hELZ U R_IEIL, ENENRRSTZEAICREL, Biro %%l
EFHELTND., ZOZEnD, BETIETITESTEZ AV CTHIlE Y — b2 HEEL TV 5208,
IR OBREME D ZALITRE L TVt B B R5.
AETHRINZMALE Z ZEFTIBEONTMAEZEDbED &, BEFIEIZE-T, LA
(R BT 4 v v ahb, RERTZANTIC, ERTEE FEORR T, EkTk & Rk
DOEEMEEZ AT 5/ — FE2HBECE 5L 52 5.

473  FIggEL-HET— FDRB

RIS, REFIETHBEL ML — F ORBER 24 FEEERT OB ZNE Lz, ok,

[ ECM ] [ Cell membrane ICytopIasm]
| | | |

‘[FN] (integrinas || LIFR] [ mHC ]’[ veer | | soF1 | |
Cell adhesion Differentiation | | Vasculari-| | Viability
| | | [ Vo | [viaity |

Figure 4-18. The target proteins for WB
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PERFIETHBEL 7MY — FOREFBHEE L, gLz, (2 ET 72012, HEE
BHHD TN a—ZDHEEBLOIBOAEERLER LT, 2O R % Figure4-21 (TR
R B0 K918, WTFNOFIEIZBW T HIRETEDR, EkFEL ERloTns. =
D ELnh, BELEFIEIC L - CHIBEL 72/l s — MIERFIECHRIBEL 72 /Mias — b &
Db, HIEER 24 FERICRIT 2@V 2 E R LN R T,

ZIT, Ml — FOREREWI &G, Ml — MK TRIZBEOERENEEL LT

Fibronectin MHC LIFR
kDa kDa kDa
210
.- o |W I
210 210 | —
M, M,
M, M, M, M.
Integrin a5 B-Actin VEGF SDF-1
kDa kDa kDa kDa
150 45 .. z 1i
— < — - -
_"l"l':: 20 — 10
M, M, M M
100 4 c M, M.

M, M,

Figure 4-19. Cell sheets collected by the proposed method (Mp) and conventional
method (Mc) were lysed in SDS-PAGE sample buffer, and proteins were analysed by
western blotting with the following antibodies: anti-fibronectin (220 kDa, first panel),
anti-myosin heavy chain (MHC, 220 kDa, second panel), anti-leukaemia inhibitory
factor receptor (LIFR, 190 kDa, third panel), anti-integrin a5 (150 kDa, fourth panel),
anti-B-actin (45 kDa, fifth panel), anti-vascular endothelial growth factor (VEGF, 22
kDa, sixth panel), and anti-SDF-1 (10 kDa, seventh panel). Arrows indicate target
bands. Relative protein quantities
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Figure 4-20. Comparison of protein expression in cell sheets. Quantities (Q) of
fibronectin, MHC, LIFR, integrin a5, VEGF, and SDF-1 were measured using their
band densities on western blots. Protein quantities were normalized to the band
density of B-actin and expressed as the quantity relative to the conventional method
(mean = SD, n=4).
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Glucose consumption
(mg/a cell sheet)
N
HH

**

Lactate production
(mg/a cell sheet)

Figure 4-21. Results of cell sheet metabolism assays. (A) Glucose consumption
and (B) lactate production after 24 h of culture (mean = SD, n=4, *p < 0.05; **p
<0.01). Note that Mp and Mc represent the proposed and conventional methods,
respectively. These assays were conducted after culturing cell sheets detached
by each method for 24 h. Detached cell sheets were transferred to another
culture dish and cultured with 2 mL culture medium. Finally, the supernatant was
collected and monitored after 24 h of culture.
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WD ZEMAZ D, AT2HEDFERNG, ARZ =5y & LicZ ™7 B ORBLEITHBEH
24 R OBIINT IS ZAED R Do 7oy, S DITHEE LB, #iEECAEFR, A b
A O HER EORRIENUE SN D TN D 5.
AENOHELATHALERIHE TICEG N RETRET 5 &, RFEEL ERkFLEEK
LT, WS ES WIS — M2, KV X N TAERTELZE0b5.

4.8 REFZORNAMEICONT

I E TC, HEL3Smm OFLHMREEET + v 22 A0WEERIC, BRETEIC L - THllg
U IRHEESND Z &, FEESNDEEOSM L FIBER, X HITITRBEL 72Ha s — b ok
HEMEZ S Lz, REICIIIRRFEOISHTREMN 7 E 2B E 2 T, FEOWAMEICHS W TE
8295,

48.1 HIRRIESAF[OAAMEICOLT

RTIEE CTCIE, AR ERSE LT EEOMISET « v a2l 2o
2%, PIEOPLAMEICITRMNES. 22T, TEOWAEZ RTINS 7 7 A
2 AWMl — OFBEEZEIT L. T25 77 A3 (90026, b — Mgkt AN
THifz 27— FETHE LT, ER4Smm ORBEE AT DT Y 2 U HRE)
T (HEC-45402, AZE XA #HWT, Mlas — FoRPEE2RATz. 7o, KFBRT
T25 7 5 A 2 & REFO FEICHEET A 72012, 727 V2N TEEZ#RE, BELE. K
BRFRES o LTV a—r Ao THEESND. RET& ZHUTEE LTsig R0
572 %5 /834 A% Figure 4-22 (O~ d. FRolcEBR k&7,

ET,RMIEETERRD T Y 2N VHEIRE 742 W7o, BAIRBIEOHIE 217> 7-.
FAIREE A WE T DL, BB 7 & 7 7 2 aofE2RA LMK Tz L, SmL Ok
A 72 UC 24 Rl A X 2 _X— X ICERE LB O T25 7 7 A azfidiE L. 7ok, AIE
IZBWTIEA v B =% 275 F 4% (FRA5097, NF Corporation) % FAVNT T > ¥ 2 /N AR
rof =X ARMET DI LI X THRIRABEBANE Lz, ZOREE, 70V
AN HIREN - IZHUINT 2 R EE O E B L A > B — & v ZADEI£RA Figure 4-23 127798 9
LNz, FMNG, KT D2 CRURE O BAREEIE 158.12 kHz fHif TH D Z &
o7,
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4.4.1 HOFIETEAR L1z 1.0X 107 fHOMALA 5 mL O¥GERGH & & IR 7 7
AATHDH T2 77 AHFELIZ. £DHK, A FaX—FPNISKRE LT 24 kR L
To. MijaAR=m T N—2 FIRE ) VA YRR LT L AR LT2RIS, TP any
BREYN - LD U 3 — 2 F ¥ NI LTDBEMMAKZm7Z L, KIERALRNE S IZHELT

A
T25 culture flask
A

Flask holder '

Langevin ultrasonic
transducer

Figure 4-22. Overview of the cell detaching device. T25 flask is placed on the
device via 14-mL water (A). Picture of the device (B).
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77 AakflE L. JARE 1582 kHz~ 158.4kHz O] % 100 ms TAA —7 L72 87.5V DAL
MEEZRB FICHMT 2 2 LT, MECRD T2 ERSE, Miny— boHEEL1T 7.
ARIEBROFEFR % Figure 4-24 1T, FEAH LN L 9I1C, BEE3SmmOT v 2% H
NI IRE & BRI JE B B3R 2 (SRR > — RS HIEER BRAE L, BfErIc—Hod > — MRIC I8
Shiz. EbIT, FPEL Ml — N OAEFRRHIEEIT O Tod It A VPt ZiTo . Yefh
DOEICIE, il — b ORBEZ R L= HIZ, 50mL OBy & EE) 2y & — |23
L, M — b 272K D IEEICRGI L, B 60 mm OMIEERET «+ » 2 = (3010-
060, BARFLEASHL) 2Bk L. 20k, My — OIS HE5H1% 1000 pL 7
v 7L 1000 uL BXy hEHWTREL, /o Fa2X—=FIZANT60 I EEEET L L
THlE Y — N ERSRmICHEE IS, Millay — MO EEICHES L Z L 2R L0 bIZ,
Br#iRi 2 PBS C 2 [HIPEHT 2 Z & CEHING FBS IZH £ 5 Ca ZFREL, MifjEEH 6
mL {2 12 uL @ Calcein AM ZIREG L7 tbiiz 6 mL 7 4 > ¥ 2 lZEALTA U F aX—H
NT3055MA v F¥Fax— kL. Z20O%, REREREL, H5EE%Z PBS THEL, i
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Figure 4-23 Relationship between input voltage frequency and impedance.
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Figure 4-24 Cell sheet detachment from a T25 flask. (A) Appearance of the cell
sheet being detached. (B) Cell sheet detached from the flask. (C) The detached
cell sheet was transferred to a 60-mm dish to observe its morphology.
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TEEFHICHE B AN 7 L7z, T25 7 7 A ah b B LMl s — ML, B35 mm ORET
Ay aipbREELZ SO L i LT HENKRE S, 3.53 HR 4.6.1 HTHWFIETIER
ENTERNWED, v —ho—H %2k Lz, DLEOTFIETYE L7-AMIE% Figure 4-25 |2
AL RN SLND X I, BETFIEICL ST, T25 77 2 ahb b AR TR X7
o — FZ2FBETE D PRGN RST

FROERNS, REFIEORHERFBNT H2IHERMEZ S, 20 & T, Mol
OO O FREMRNIEA . BIZIE, 1.4 HiCHRIT L7ZMifla s —  ORBETFIEZ A TFIE LA E
bEDZLICEoT, ERETHIlEY — N ERIBECTE DATEEMERH Y, EROBISE TORA
THEICLASTE D ARMEASH S, S5IC, 13ETRN LMD 7 —=2 ZHif & b
HEDELND AR H D . A RFGIETAE —= 7 Uiz o — MIRIZHBEST 5 2
&T, KOHREMO WIS — FOAERNHIFTE S, 20X, BREFEDOa BT

Figure 4-25 A corner of the cell sheet stained with calcein-AM to evaluate viability
of the cell sheet. The staining indicated that the cell sheet consisted of live cells.
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N Z bR a2 R R R LOREREICHEAT 52 & C, ICHBIBNIER S B 2 6, EFERO
FRIZORN D EZZTND.

ST, EENFELLRY TIE, 1ERFELED, BEZHWRWHIETTZ 7 2ahb
RS — N &2 REE L7203 HE STy, 202 END, |ETIEITMAL S — & gk
THLFEOPT, Ml — FOBELICHEIT TROEWAT Iy LEALTNLEEAD.
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Figure 4-26 Cell species for cell sheet preparation
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