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irradiation) DZHRICEE T % B5E
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Effects of Split Dose Irradiation on Monolayer Cells and
Multicellular Tumor Spheroid

Toshitake Nakayama
Department of Radiology, Keio University, School of Medicine

Research Code No. : 402.9

Split dose irradiation, Multicellular tumor spheroid,
Recovery from radiation damage,
Spheroid control dose-50

Human neuroblastoma (GOTO) and squamous cell carcinoma (5Q5), grown as the monolayer cells
or as the multicellular tumor spheroid (MTS) were irradiated. GOTO cells were radiosensitive, while
SQ5 cells were moderately radioresistant. Cells were irradiated by the single or the split doses and the
recovery between split doses were investigated. The recovery ratio (R.R.) of monolayer cells were
calculated by the procedure A: the dose ratio at the same survival levels or by the procedure B: the
survival rates ratio at the same doses. The therapeutic response of MTS was determined by the
method of spheroid control dose-50 (SCD50) and R.R. of MTS was calculated by the ratio of the values
of SCD50. R.R. of GOTO-monolayer cells was 1.1 (by the procedure A) and 1.6 (by the procedure B).
GOTO-MTS did not show the significant difference between SCD50 of single dose irradiation and that
of split doses one. When SQb5 cells were irradiated by the split doses, R.R.s obtained by the procedure A
and B were 1.3 and 2.1, respectively. R.R. of SQ5-MTS was not different from that of monolayer cells
obtained by the procedure A. MTS with two different sizes were irradiated by the single or split doses,
and there was no remarkable difference with respect to the radiocurability and R.R. Although the
number of cell lines were limited, their growth condition did not affect the capacity of recovery from
radiation damage
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effect, T LU THEEDORILS MR EhTL 39,
multicellular tumor spheroid (MTS) %, in
vitro D BEEEEHEMI L, in vivo @ EE O Y
HREFOLEbh, NEARERBEEO €T L
LTELDBENTEDEESRTWAY, Ttk
H MTS i3 B REREE Mg O BRI Z T, con-
tact resistance @ 777 % il 4 © kinetics < 8 8
DRE—EN DB 5B, in vivo DEE I T
EEBOERENELTH DY,

RK Lo BRI SERSE T sbh b
2y, 1EIRHESERHTE, ChboBEERT
HEOHBL Rt -TL 5, Bl OMHFERD
SEIEE, FREFRRBCKT 5 a/f b, EE
Dea/fH LRIz AH Z L% FIH LT, sparing effect
FRELTHIFIRNEIATV39, Ll, EHE
B af/p LI HERIBIZ T h T 48, [EEB
THHRE T LT L,

AT, BAHRRZE OBD TR\ HEEEE
falEdsk o EME &, BETHRF LERED
#ifaz v, HEHFE L MTS T 1 BB & 5
B OB THRIEEBRFL, ET0HA
PEL-OTHET S,
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1. [E&mimka

AEBICH S cell line & L THE
3 AT R TE A B e ok o 5% 2 M B GOTO
&, RFLEEEOMESQSTHS, WMEL b b
mXofiaT, HEREMRE LTt hTn
B,

GOTO #ifaix, RPMI-16405%#1(Gibco)iz15%
fetal bovine serum # Nz CHEFE A T72L, SQ5
ffEix, 10%fetal bovine serum* Fin1 L 7-F10
(Gibco) H#ix I\ THE BT - T\ 5, 1X
10 DM ZERE0mMm 75 A F v 7 v+ — 1
(Costar 3060) w#fE L, JFAIE L CxEELA
(proliferative phase), E#H (plateau phase)
FhZhoBHiconwWCEBRL T -7, fa
5%C0,, 37C THEZEEITIN- 1,

spheroid OERGICIL, HJEREE L g% r v
Ty MBCHBEL, 1X10MEO MK A0.5%D
agar (Gibco) T coating L7 7 7 A5 v 7 & + —
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SrEIRBSHC X 5 BF R MM & Spheroid o &5

VT2~ 3 BHEEFE L, B0/ 2z spheroid TR,
23R b, spinner flask (Corning) =% L,
1 5084 EERE O EFEEE R T 1 ~ 2 Al o s #Ex
fTiev, —ED size ITE LT CEBICHE L 72,
spinner flask AOEHIL 2 ~ 3 BBIC7ZH L7z,
spheroid ® screening IZ (X B & 3 % pore size
BHOFA vV Ay v R,
2. MsHREEs

20mA ORI X R (B, 585, (S
1.5mmCu) # #5260 ~90cGy/min T H L 7=,
REORHBEHLLELRRTIE, MV D=
FAF —X ] (Z2 ML-6MA) v, &5
g~ T H Dy v — v OEBICISmm O 7
7 VAl FEE, E0EWCEX3em © MixDP
OB T, HER2Gy/min TEH L b B L.
WIhoBS S BERTT -7,

SEIRMOHE I, —EORMEREALEX 2
SEl, k3 SEICCHBHEY TR %, 1EY
HOBEIIFA—BEC X AWELSE YT -1
», THEFELRTR-1BELH 5,

3. BERAE

BRI L 2 RS ROKIER, HEREEM
3Tk colony forming assay 272, 0.5%
V7 IR X ) B A YRR L, #
D—WETFAF v 7y —VvIERL,
AR S TEOEFERC L VHE L, BT
HRREILy y v BB ERE 2 v = —
25, 30~50fB1c e b L A I ERFER L, 2 v = —
DHED, HBRNCEETEAREIELLL
AT, BU%=F S — A0 4%D 2 Y A & AN
AFVy PRBURTHREL, ARMICEE L 2,

spheroid % i\ 7o EEE T, BHHBEL100mm
D77 AFy 7 v —v (Costar 3100) iT, 1
¥+ — VB h30~60{fD spheroid Z#EREL, 1
~2EHBEREYTRVyry— LD ESK
spheroid 233 L 7%, spheroid 1235 L 7o fir &
D> v — VEHNIC marking 1T 7o, FOH X
HIZ14~20H O BERT R X 1, 435 L CHigE
L+ % spheroid O & HE Ui, BEME v + —
L ICHETE X 37z spheroid 30 &, 47 L CHEHE L
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Fig. 1 Dose response curves of the two cell lines. Left panel: GOTO cells
(neuroblastoma) in the proliferative phase (—©—) and in the plateau phase
(-- ®--). Right panel : SQ5 cells (squamous cell carcinoma) in the proliferative
phase (—0—). Bars are SD of the mean.
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Y- VICEE 2 BEREONHMEEHE6BED
ERH s HEREAREACT, 1ERHHC
%3 % dose-response curve #{F# L Fig. 1 iZ/R
Lz,

GOTO M XIEH MR AR <, WHL
WIERA T N 23 1, DofEi230.4Gy /e b, B
BchzER CR%EZ R L7 (DE0.45Gy, N &
1). T7zd>b, dose-response curve | shoulder
R &g\, linear-quadratic model % F\ 7o fi#
TR, a/BIEXZEHTZ EAOERRLI,

PR EA o SQ5MIfE T LA < DM D dose-
response curve {2% b5 L 512 shoulder % 7=
L, Nf#Z1.8T, D fEH2.4Gy &7ch, a/B1E
TGy Efn iz,

HEEREMROERERH L, SEBHELYT
iz o 7cE, GOTO Mg X b 7c % [EH % sparing
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Fig. 2 Recovery between the split-doses in the two
cell lines, those are GOTO cells (@) and SQ5
cells (©) in the proliferative phase. Bars are SD
of the mean.

effect AN E <, SQ5D [EE 37 EI R S B i
o sparing effect WHFHETH Z LRI X N5,

2) split-dose IZ5t3 5 i,

GOTO, SQ5\ - Fhoififat, i 2 HEOXH
BAEZ AT, 2 EIRAIREO EIE ¥ £FFF
X b EE L7 (Fig. 2). GOTO fifa T, #RiRE
#1.5Gy & L, 0.75Gy 2 [0 BEY 1T - fo by,
5 R £ OB TREEIRRD bhioh T,

—7, SQ5MIfITEHERSGY L LT, 4Gy D
2 E| R ITI o7 & 2 A, 3 KT plateau 1T
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FTAHEENRD bAEERI2. 1L o,
GOTO #ifao s #8mE I <X, split-dose Iz &
HEENRZRD b oiotod, 5 HEE B He
TR AL, BRI o ioiifay v,
1 B4R #0.8Gy, 2 [EIfEHEF D split-dose iz xf3
DEIE B L (Fig 33), ¥+ 3 &
GOTO #fifa & 3 B C plateau iz &3 % [@{E A%
wDb, BIERIL.6E -1, ZOBEEHOM
RzRvC, 1Gy @ 1 ERHY TV, REOEE
1ZFE 5 BE 28 L7 (Fig. 3b). GOTO i
BEOPLD Bf4#/RL, EERZL.6L 1EEE
0.8Gy @ split-dose D4 & [F UIEIC I - 7=,
GOTO, SQ5#tfiai ¥ 13 % [EE R A, 43 %I [8 4
DFBOERICI Y RDBILDLTO X 5 fekist
-1, Tihbb, EHHO GOTO Mz
0.8Gy fB 4t 5 BERI#IZ, 0.4~1.2Gy D RBE % 1T
e\, SBUEREE O SQ5HERE T, 4Gy RS 5 BF
R 122--8Gy DB E % 1772 - T % 7R
L7z (Fig. 4., 1ERBH, FEHBHOVThOB
B, BHSEEEC ) 7 BT,
PLD B2 R & o e BicEfFRPEH U,

SEIRBHIC X 5 BB - Spheroid » I

30 | A)
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Fiz. 3 Relative survivals of GOTO cells in the
plateau phase. Panel A : recovery between split
doses and panel B : repair of the potentially lethal
damage. Bars are SD of the mean.
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Fig. 4 Dose response curves of split dose experiment. Irradiation was given as
single doses (O) or split doses (@), Panel A: 0.8Gy was delivered first and
0.4~1.2Gy were added 5 hours after first irradiation. (GOTO cells plateau
phase) Panel B: 4Gy was delivered first and 2—8Gy were added 5 hours after

first irradiation (SQ5 cells proliferative phase),

(82)

Bars are SD of the mear.
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Fig. 5 Percentage spheroid control with the single doses. Panel A: GOTO
spheroids in the small sizes (100~250gm) (©) and in the large sizes (250340
pm) (@). Panel B: SQ5 spheroid in the small sizes (100~250gm) (0) and in
he large sizes (500um) (®). Bars are SD of the mean.

GOTO #faTit, 0.8Gy, 2[EIFEH1.6Gy) &
FA—o4FERE, 1ERHOEHE .56y TH
bivicies, REO MBI X AEIERITL.1E 2o
fo. BRI LT SQ5MI T H T 5 L 4Gy, 2 [
(8Gy) £6.2Gy 1 EIBHIBFH—DEFRERL,
EIFERILL.ITH T,

2. spheroid MM SHRRAS M

D 1 [EFEHEHT 5 RIG

GOTO #afa i3k @ spheroid i3 L T, SCDs,
EOBEHS 1 BRBHOBHBREZE LB L
fo. EREMARLFEELRVEELLLIER
100~250um &, ZAHBRLTWbEHE2 LIS
B £250~430ym @ 2 #E O+ A4 X D spheroid %
7oy, SCDsfl i % 11.3Gy &£1.5Gy &
frh, MEOMIZAERERIFED I o0
(Fig. 5a).

SQ5#H i T % spheroid % i\ ~T, GOTO #ifa
DA & FBRIC SCDsofl % 3k 5 &, 100~250
um @ spheroid 320Gy, 500¢m ¢ spheroid T %
22Gy T#H -7z (Fig. 5b), GOTO spheroid TiL
SCDs B O E (X5 L 72 b, 1.0~1.6Gy D[]
C control rate 7310~90% 12 ZE{L L T fe 43,
SQ5 spheroid T® control rate D& {LIL§EE T,
16~25Gy ORITZE{L L TV72, LA L, spheroid
DY A ZDENE, SCDsfliIz K E IR 5 2

R34 1 A25H

(83)

A) GOTO
15 |
10 g------- '_,_',.:FZ :Lh?:‘bé———-——@ =
5 LT
g 0.8 L 1 1 1 L |
L 9 2 4 6 8 10 2
"ad
2
3 15| B) S05
= A/%##%
1.0 /% 1 ] | ] | 1 |
o 2 4 6 g8 10 12

Time between Two Doses (hrs)

Fig. 6 Recovery between split doses in the two
kinds of spheroid (100~250xm), those are,
GOTO spheroids and SQ5 spheroids. Bars are SD
of the mean.

Toino y il

2) split-dose =543 % FZ I

100~250m @ GOTO spheroid @ SCDs,fHE %
AT, H% 2 HEIBHEOEEIZOVTREL
fo. 2 o RFR & 120 % T & L7chs, SCDsyfHE
BuvFhd1.3Gy itk & 7e b, split-dose 12 X %
[EIfF R38R bR ieh - 1 (Fig. 6a). T biER
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Table 1 SCDs, values of GOTO spheroid in
split-dose irradiation

Interval between split-doses

fraction number

0 4hrs. 8hrs. 12hrs.
1 1.3Gy
2 1.3Gy  1.3Gy 1.3Gy
3 1.5Gy  1.4Gy
4 1.5Gy  1.4Gy

GOTO small size spheroid (100-250,m)

g oo s

8 /"

o

E 70 | .

& 50 e o l--—-—",. =y

o .

& 30} / -

5 )

o & o single dose

& 10 + o) ",,’— o split doses
.4 1 L |
18 22 26 30

Irradiation Dose (Gy)

Fig. 7 Percentage spheroid control of large size
SQ5 spheroids (500gm). Irradiation was deliver-
ed as single doses (O) or split doses (®). Bars
are SD of the mean.

#o GOTO Mg T split-dose D FBHDBA, 12
EoBEH RZED b Ty i i, spheroid iz LT
SCDs THF T2 &, LM REHEIRRD bR
Dotz

split-dose f8 S5 o B 1251 8 & DB iz 5
LIhTwBied, 1EREYELIRET25E
~478E L, 4--12R5REIMEIFE RS L SCDs,
fE% KT Table 1R L7, 3, 445%w35
& SCDsofE1X1.4~1.5Gy &Rk il T L
o3, split-dose 12 X % B & p 7o 146 & R+ %
MR LI b b7, 100~250¢mDSQ5 sphe-
roid I X 5 2 S EIRE OBEE, BELEREIE <
% EHLIICEEDRD B, 6 REEEoE
EEIT1.3E 7z -7 (Fig. 6b),
EREMBPHFIET 5 & Bh 5500umaSQ5
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SrEIRRSh & 5 M FE Ml & Spheroid o Kk

spheroid Z i\ T, 3 FREIMIFET 2 IR H 247
o Te G HE O EFRY Fig. 717k L1z, 500um
o spheroid D& b, EIE 1.3 C100~250pm
% spheroid ERIHETH -7z, UL, SCD,,Hhi%E
OEZ L 1 BRI A TRE & 7o 1o,
¥ =

HEEREMRC T, in vivo o EERAEIE
W EF 2 b5 multicellular  tumor  spheroid
(MTS) D i EB FHIE L, FEOEEIEND
%, fRER 7S O3, spheroid X b B—ifawk %
ERLL C, BFEREAR & R A EmE 2 o
HHETH B, COFHERX MTS HME L H—
MR B 2 ERLC & 5 M1 C LB B O S RE
ZEOH|ERI D LEhTws, Lal, Ll
i3 plating efficiency HME& <, EBREBIEORI- AT
RMRELRI LB FRR B R A0 D
%%, spheroid DFE X 5l 5 HE L4 X h
% %3, spheroid Wiz 3s1) 5 25 L& KB L 7o\ =
DB D, Ticdbb viable cell 347t -Th
spheroid HIERH L L HE L BRBH 1 X b,
spheroid 23 L T\ 5 2 & < BIEE X h % Wi
2D %%, AT, invivo ikkiF3 TCDy,
LRI, spheroid 74k & L TAHET B BN
% end-point iZ L7c™", A5G ¥ (38— HA QIR i
WA FRS % Jik & A, clonogenic cell D
ZEEL TV 525 KEE LTI spheroid WEfic
FIET 5 viable cells 25 viable & $|E X o i-
IZt%, spheroid RENCHE L THIET 2 LEND
h, LIELIZZ OBRICEERIMN e TV B9, X
HICIETE L 7o iR M A F4E L, endpoint & LT
spheroid 2 EFF L7z L HIE X hiciBE, EO4:
MREOGEFLTWRO»RETHS, Lanl, F
BRCBDTESTHY, i, BENEBLLE
DPBETHONPCHIELTEL S ZERTES
T dERPR TRz OHEY BT,

spheroid @ f8 SR 1 spinner flask X b spheroid
ZHL Y H U agar THNTL L7 dish o LCERic
BOTBHLL, CoBE, EBEFOBEDIL
BB 2 b EERE MO B4 23 BT 5 TTRENK:
BB Y, F IO MR O BRR 1R R
PMETF L, Pl o2 83 1L X 515 %, spheroid

AABEREIE #51%
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& B o BiE 0 2L A% spheroid N DR E I EE 1= 82
EBTHIENELLIRBY, Lo T, BHEHREO
BT S ET DR H S, L,
75 &I BB 5 B 1= 2485 ] dish =P 1z #s \» 7z spheroid
&, 1 EBH DR D spheroid o iz il 57 RS
DEBFED LN sTo b, ZoFHEEES
S DAL SR IG RIS 2 BB T
H Lihfus,

GOTO #fifa v B R 3 i fa o 3 B RE iz 13,
split-dose B HHFFIC BIfE 23 5E 8 b lo b o 72 B3,
EEMCc e s L OERHEL.6DEE RLL R, E
EiioMia T, split-dose BEKEIZ SLD repair
& PLD repair @ lEIE S EFEFR IS L T <
5, EHEMo GOTO #ifgix PLDR o# & CEIHE
R1.6%7~ LTk Y, split-dose REHF & F—D(E
%7~ L7z, PLDR oZE&IZI 1 B E1.0Gy & H
\, split-dose B&-C130.8Gy 2 BIBH % H\ 7=
b BT BT E v, 0.6Gy~1.0Gy ©
BT PLDR @ EI{EFREL.4~1.6L o T i
(e, dl, RHFEHEH), oz i, GOTO #ifa
D5 G split-dose P& § K5 M1 12 PLDR A E 1
EELTWBZERRBTEIDLEELLND,
spheroid TR AE B L L EIEREZ A HEE
LRI PEEZBD o1,

SQ5Mla DB, NEHEEI O 2 SEIRS T
EE A LR, BERBIL2.1& 7575, sphe-
roid @ split-dose B & T3, [EEREL. 30 EHE &
&= Tz,

WFhofilgics\wTd, HEREMRRTED
HLhbEME LD, spheroid ®EIFIMETLTW
o, UL, HESEMRTRAFRI VEEY
K, spheroid Tl SCOs fED & X b B 25k
Bic, ZOFEILL B L, BROFEIBIEE R 7 —
WIED, EFREOBEIRNBERr —rE&ioTw
Hicd, Biic B IRELR S B, Lichisa T,
BEEFENROESS 1 R & SEBHIER—
DEFRLRITHELYRD, BEOHLCEHERY
k&5 E GOTO fifaTiXEIERIX1. 1, SQ5H
DA% spheroid THED Hi-EEE]L.3ERA L
fEZxR LTz, TiebbHEEEESE, spheroid & $iC
BECTOERYIET 5 L, MiRoFEERERmE

FRC 341 A25H8

(85)

BB

5]

BRI B 2o,

FEEF R afiE © spheroid & -3 Er, S3Elin
£ b sparing effect BED LRIz &V 5 L
BHhbhighofc b WIBEND DY, ZFULE
WEMEIC L D EiRB L ER, 0.5~3.5Gy O
THEEZAREDRVCEREINRTE LY, 40
DR E—FHL T3, BFLERED spheroid @
¥4, Schwachoefer &3 growth curve DT s
b, RECKEL TEHEARBZENLLLS~2.01C
B ELTWBY, SHAVSQ53:1.34& 2%
INEWCDIKRE—F L T i,

PER, EFOBMHBES R ORENLZ
<Bi& L, linear-quadratic model @ g8 i & ©Bf
FBRTREND EEShTERLY, —F, Sl TESED
A RBEEERETART & LT, EIFME
o shoulder DA E &, HE VL BETRRL, a
fErKE {5 L, MiaoAREaBHERRZ T
EREERBEEZBNABL TR -TERY, &
El &R T, HEHRICED TR O M
LR EOMBAE F iz a, split-dose B &R
[E1{8 1% spheroid 1= L TIEE A\ MBI T 5 &,
BEREMROLETERI bR LA AEIERL b
INEefEER AR LT, —F, EERYE—-HRY T
THEBETEHT S L, spheroid & BiBEE M
FEE LY, BIENEE OB RIETHER
HEHRESRWEZE 2 DS, Hill HiZ, %<
¢ mouse fEE DM A 5, MUFHRIT X 5 BB
533 ERTFE, MRORFOREBAIRREE
HETHBHELTWBY,

HEEEMR»ORDONH4EFERLE, sphe
roid @ SCDs#51C & B EF RO L 0 E
FEFRD Bz, 100~250pm @ GOTO spheroid
T% SCDy#31.3Gy &7z b, Z il single cell ©
A A2280400 LIt b THETH 5, [HE
DIBFO 1o DICAEFIEEMD 0 1070 2 HEX D
5 ERET B E, TCDsDic b3 eI
B, 0.693EIC /e ALERH D LI NT BT,
spheroid @ F#HEH170um &35 &, & @ sphe
roidi X 10E O MR BT B & Licte b Y,
single cell @R L h #EE S h 2 BAEHRE X
D, W5l E L T, spheroid i
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L TW5B, A0 &3 SQ5#a> T
A bbb, XL, spheroid DERY 2 fEimk
& LIcHE, GOTO Tk SCDs D #55T0.2Gy
L2yEDHT, SQoAIETI32Gy ER Lo, #
g s LTk 8 fificie b, A hypoxic cells 73
LI EZELLID, HECLEREELLT
BAKERERYE Ul ot, ThbbkEilE
B Lis o TESMRE ML T, BEOHHE
CETHHREITFEIRL[EI VDL RST
e, ZOZERD SCDyHk &5 assay R A
feZ bW X BRA, Tibhbiid Lictfao
spheroid RIEA~DHB B D%&c X 5 & D s, sphe-
roid 0 b ORFEOUHENTRETH S, MEL
1%, EESOBE T viable cell KA LT L 16H
Lieh, KEREERIEZ LS O viable fMifaH %
FLTHIERT 5 LA LA2'®, spheroid @iz
clonogenic cells 23\ EF LT b A OB-E1CIRTE
B UMY B h TR T X3, B
spheroid DHIERED H 5 L HE T B fodiT i
B MIRBCE “‘p” LT 5 &, p MBI X B
Righ MTSicRBERBRE L TW 5, sphe-
roid DAITIX, BEHEMRIRLY, 20D
MRREELREPELTL B, chicB5T5RF
ELTEHERS DBFERE & glucose I & X
h, WECLIEECR B @ 72 necrosis D RAED
LT 3, —7, fBEH L spheroid A ER
L, fMifgicx L TEBERTZEAE LG,
lactate BREVNEBDOTEELRRTFEELLATY
59 ThboB&»rEEL T, MTSH T
viable cells 23 #F#E L T % spheroid & LT®
HAERE R DA EEME 22 2 b5, spheroid
LY B FR L CEFBBRE RS
%ifr, viable cell L¥|EShAMiad, EEHE
LTHETAHBEILOEE5HUEYER-T, B
Bl LTIBEToTHEENDD L 2EL
THLLENRBIRE00E Ly,

AR RIBHBEEEROR D 2 EOMBED A
X 5 TH b, ¥ spheroid DEFOHIFEIC
SCD DA EFRNT BT, S5 DR
% #fifa % spheroid @ assay #% T Fic &
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