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| aQkeh, sz goe] e 7HE -7t S I GHASTERE THE v nAIgRE AlEs
32, Al ES} GA-FTZ YA £ 89S ol7k2 2 7]9ke] micro-concave arrayell 551 ¢F 500 ume] =
= 7T MEMMYA 28 20|22 A XS0} In vitro AE AL B, MEZ/MAYA 2 2ol= FAS
Ag HA o] vl&=2 A2} vAYATE 9101FHHE EFE o] AR EJoH, AuRo|s Yol EFHE HHA
STE MAIYAE Aol LS 3T AE gAY T B MAE AEEES] WiES 913 micro-channel
networks29] JTg Fal Av|Ro|=e] EHUS AlE S AT F AUe, F 71 AE SuRol=] s
S5 F e shte] sidde] 2 ¢ S I

| e

.

Abstract: Although the extensive use of cell spheroids in various fields, cellular heterogeneity by insufficient diffusion
of oxygen/nutrients and accumulation of metabolic wastes remains as a challenge. Herein, we developed a cell spheroid
system containing porous polycaprolactone (PCL) microparticles. The PCL microparticles with leaf-stacked structure
(LSS microparticles) were fabricated using a heating-cooling technique. Cells and LSS microparticles suspension were
seeded into agarose-based micro-concave array to prepare Cell/LSS microparticle (Cell/LSS) spheroids with a size of
about 500 pm. On the basis of in vitro cell culture, it was recognized that the LSS microparticles uniformly distributed
in Cell/LSS spheroids can be micro-channel networks for sufficient supply of medium including oxygen/nutrients and
removal of metabolic wastes, and thus prevent cellular heterogeneity in spheroids. Therefore, we suggest that the Cell/
LSS spheroid system may be an alternative technique to overcome the limitations of conventional cell spheroids as well
as promising platform system for various studies.
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Wol] o]2sh= d@e] #Fgo] 22FEe] 7| Jd o o]
S ok H2e] As 2 A A 548 7
A= 3xH FEje] ARA AN, 23] Ao 2do] B Al
E g Alxe FHEsE 2de] A% Az
(signaling molecules)?] A& WZo HFH o] Ju}>’ 53],
teFet &I WIES T4 A 28 223F ] s &
Fole Q1o AAHA k. o]HE Al AFE fEl,
FF-golA, AR H Aol 53 22k Al
o] de] &g o}, AAl A 7] ZpelofA] 7]
A=, AlZEe] 7T A B 9] Fe AERS 3t 5
= 3] sidsfor & EAIE HolthY HZe] Aol w
21, 32119] AlZ wjgro s FejshHog AU Aot
AR SAAE B A ZA| L) 71A 7he] AFe A8t A 7H
AT Hdo] X e, &, AHelA ] Alx 73S A
5 ol BAE S QIok ! 3kl AlE vjPH O R = Al
E RS- 0]-23) scaffold-free HH (M E 2B Zo]=, Q71x0)
o AL 71 S QIFHORE vhEo] I QA MEE
Sh= scaffold ®2](THd AAA, stol=24 5 28
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5] AL 5L QTR 2P o] F, Sutherland 5] HZ
2 BI%AE 2| Ro|E A|XHE ellA TRl 5
W3l 2= Qlo] ApH oz 331 AHIE -3 A (cell aggregate)
o] A, S AlEAE 52 D AW 27 FAF $H
AT 5o 545 AU o] 2FF8F FHoA 758 vt
AL AT AIZ 2F|RolE Azl Rlof 7P 71EAR] &
TFEAE AES0] 5 FHol FREA] il Alxs7]2]9
& sk ZlolH, o]5 <lal, A2 ¥ (hanging-drop),
nlo] A2 &5 (micromolding), &l #] F(pellet culture), 2RF
Wl %K (spinner culture), BA--A] 714 (microfluidics), A1 &
= A7) vlo] @ 2 A ®)(magnetic levitation or magnetic
bioprinting)'s-2] o] THE-E 7 QUT} 18202 o]FHA| P
AE 2o Roles 2AFTE §-§ Qox, o AT, =
N, AEE 5 T A 2okl ehds] 8- 9l
CEIS220 A 2 25| 2ol =e] A x7de Al Ese] 2ds)
Al ¥ o] gle Z%](avascular dense tissue)>Z 100-
150 um o] o] Al HE WollA Al vl 52 Ao
o] ghike] ofsl] Mlaz A& Hagk B GKE, AR, 4AlE
AR 529 35 B trkEo] v siAv, JH+
fold B X AES feiMeE olit ¥ & 2719 AlE
2| Ro|urt Pastng A4 AFEI e AE 2z
o= W Bl FAFE AT dag 2HE0] ol AT
Zolgtal Ld#A ATt wepA, Al A RolEe RRE
B UF2 2RA/AREe] 5% 1l (concentration gradient)”}
WAy s, ool meEl B d ek AlZe] 4[] AKnecrotic
zone), A 7l(quiescent zone), LZ|3L 32| (proliferative
zone)lo] E7198HA FAZETE ST o)y g #AIHE s Ast
7] $18ll, &= A4 F3H49 Hoxygen permeable membrane)

O

)
o]
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S o] &S Al 27| Rol= vy, v Rol= o] miA]
2)'d (micro-channel networks)S FA4A171E ¥y € slo|=
24 nAHJA) EohE AF|Role So| sdtEo] dAtE]
(})\}1]:]_'27,30,31

H 2 A7 e 2EAF o] 7hakst 7k w7t 3
AL F3l, G928 FTZ(leaf-stacked structure; LSS)E Zi+=
Z2]7}Z 2 2= (polycaprolactone, PCL) VA YRS A 22313
ow, o] HA|YAte] EHo| A|Zofe] HHdo] 9k &
B =2 S 7RIS BHAEITE? ofof] & Aolx=,
olZ gt nA YA} MEE EFslaL o5 AlE FEo] A
H FHA wiFete] Tt wAAE S Al 2
2o|=F A3zt ST oFA AxE ME LvRo]
T AR =& AlE HERAY 2 oA vA e
B3 AbApREe] A Tl o8 AT Rol=e] P2
A g B AR Bt S AT T e AEE A
v 2o|E A|2Ho] Hzjal Z|hsIeit). o & 8l 25-
53 um 2715 7K H9AT T2 PAYAE AlxsAL,
Rd AxE gofet 2o e 54 2 A3 AF Al
gy 28He Ao ErE AREN st HieE &
FHE AE MM UAE g (M3 AU B1E; 10.0:0.0, 9.5:0.5,
9.0:1.0 & 8.0:22.0)% o/tEA B0l HBFale] A} nlA|
YA wdaiA S ME HRo|=E FAsIer, Al
&b A H ol e A A Rol= FA N A
2ol e AE v Rol=e] 73}, Ao &S/
st g ujgete] AT Ar H7HE B9, 7S AE SHE
olz9] gHAE 5T T Ae HAH 9 vAYA T AlxE
2| 2ol AXES sfdstarat skl

e

HENE. IJHTTEE 7= PIHIYAE A=) 9
3 AN S T = FEFHEEERE(PCL; My
80000 Da, Evonik, 7]=)3} vl 2 € EZ}E2]E(tetraglycol,
Sigma-Aldrich, V|=)0] ARSEUTH BE A3oM AMH =
& 257 AZRZERH, R BAIRE 777 ARERL
oh A2 2 Zo]=9] AF ! S $18 micro-concave
arrayS A Z3H7] 93 o7tz 2 B (UltraPure™ Agarose;
Invitrogen, 7]=)°] AFE-E|%.2 ™, micro-concave arrays Tt
£7] 93 E=(moldy= Advanced Bio Micro(ABM) Scientific
(&=l = AEste] ARg-sisint.

HAMETFEE T OMAXIL M= ¥ 24, FA7L
YJAHSTZE 7= PCL HIAYAKPCL LSS)= & A
Elo] Ma A= /N 71 H87PH (heating-cooling technique)
o7 Zhdsi Alxsith? A% PCL £22 HlERE
Zol 15 wit%Zt H=% giFsle] 92 F, 90 °ColM 158 &
QF 7Hdste] & elE Azt A el At
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. PCL microparticles with
Tetraglycol Hot leaf-stacked structure
PCL solution (LSS microparticles)

Figure 1. Schematic diagram showing the fabrication of the porous
PCL microparticles with leaf-stacked structure (LSS microparticles)
using a heating-cooling technique.

BN 4oColM 1XZF B FZAA EAR] IS f=
SR oM (FE ek AEA; §ollo] ERFgsiA W, A7)l S
FrE A Arrsta AlF /A fsA 7S ] 25-53 um A
719 GRAFTTZEE 7= vAIGARE A xS TH(Figure
D). AxE HFA5T= vAYRE] Fele g vle)
295338 AMUATAAAE ] HAALED FARIAER7
(FE-SEM; model S-4300, Hitachi, ¥ #)& o] &3}o] #2&}
ATk ME AEE A HFATTE YA Ak g
A P A X (ethylene oxide gas sterilizer)S ©|-&-3t] H
5 ARgskAT

HAMETE OMUXIE 0|88 M= AH|R0|=2| H=.
ML 2H|Zo|= Al oIE2 7]9H] 10x10 micro-concave
array(concave well: 2173 800 pm, Z©] 400 um)E A|Z3}7]
L3, 3D ZHH O R AxH E=E o]&sIT fEl viol
Uo] GAX optE2 il FRTE FUH] 5% PR
2= 5k golo] HE vhEaT, o5 3195571 Bt (autoclave)
S &l Hed oPIES 8-S AxsISl o] 8-S
2z A7) BEo Fof 1087F 234 oF7FR= 2~ micro-
concave arrayS FHISISATE THFE HlE R S A2/
FAZTZ HAYAE SHRo|=E AxE] fal M Em]A
A= ¥1E-EHG)); 10.0:0.0, 9.5:0.5, 9.0:1.0 2 8.0:2.0], Al
OFA| 32 (NIH3T3, mouse embryonic fibroblasts, SF=1A| ZF-2-
&, =19t H4A ST vAIYARe] 5 hemocytometerS:

Seedingof cells &
microparticles
suspension(1mL) P i

Bl

800 um

Figure 2. Schematic diagram showing the agarose-based micro-
concave array and cell culture procedure to fabricate cell spheroids.

o]t F4slaL, ol5g I HIEE A5 Eeto
o}7F2 2~ micro-concave array®ll 1 mLS 3153 th(Figure
2). olw] Az} M YAE 5 AIE v [DMEM (high
glucose, A7, =), 10% FBS(fetal bovine serum, A%, 3k
=), 1% penicillin-streptomycin(& 7, =)ol F4E=E o] AN
2™, micro-concave array®ll 5= MES} vlA YAk F
e BF 3x10707F HEF SISiT) o] F Al AF 2ol
o] e & FeAn|AH FARAARF o8 AFEI o,

B3 F 07 B AZMRAETR AR 2l Rolsg
Fgoly, YYH 2ol o| =50 TR Fu), ujef A2

o] & 2| Ro|=9] AVHSHFRA PR, LR =
£ PAshe AEEe] AEE/AAEE 2 AW Rol= Yy
2 ugFHe] HF A= Fo] H7HEIA
MNEZMPMETE OMYX AT Z0|=2] ME ME 2
Mol 0, 277 T, AlEZ/MAIYAF o= ol EX3}
= ME] AEEE HrIGTh BE Al 3079 =
HZ2ol=5 34510 1.5mL vlo]3Z FH &4 ', <l
2kk28 2] 4] 4 4=(phosphate buffered saline; PBS)S ©]-8-5}
o AlXE wjFHS AIFEATE ©]F, 0.5% trypsin-EDTA &
HN(AZ, =S S0 uLE H7ket 9l AlE=E FoFa,
trypan blue 94S F3l] AE HEL-S H78INT
MNEZMHENMETE O|MYXt AHZ0|=2| =X|&HN At
HjGF 27 &, SE|RO|EE Blgrale] Au|Eol= /2] A
FE9 By 9 =24 ofRZE HEE G} Ki-67 B %235}

=

X0 i Lo
i -

AR Aol FAEE Uil EARE 4E A
4 7} ¥ 2o]=F 3]45te] 1.5 mL vlo]
IAAZ1ZL PBSE ]88t AH T #, 4% v}
& ¢t 3| = (paraformaldehyde, PFA)E ©]-8-3}e] 4 °Col
A 208 7F B A TE o] 2 optimal cutting temperature
(OCT) compound WellA WEA|7|2L, W22 EAH|E o]
£3lo] FA 10 ume] HHES A|Z3 5 H&E 943} Ki-67
AHA 2 51eF HAS Kt daleo] SR¥ NEES %
} #n]7(CKX41, Olympus, Y)S o|8-3le] #2513
MEZ/MEHETE OMAX AHZ0|= LIRS 22
£ "It AAeRE T M A E5A9] EEES
EEshE AlE wjg o] M2 A 2ol= YR HF
AR mX= FES Hrs7] S8, Al A ARl
CM-Dil(Thermo Fisher Scientific, 7]=)& ©]-&3}Ht}. A3/
A YR} E3F GBS ol7FZ 2 micro-concave array©l] -

EhE
o
2,

M
2
>

(

d

P -

2

H A2 A wjklo g WAt CM-Dil A7 ¥, 1
3, 6, 12, Z23L 2477k vt S| Ro|= AR E Blsie] AL
AERBL Ba 10ume] FAE M AR Ax5e
o) sslzelme] 34 B8 A Az AL Aok

= 8l A= A EEH s HFE AF AU
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7Y M 8 FAS 98l DAPI(4,6-diamidino-2-phenyl-
indole)@ A o] 18y =| 157, 34 Fn]7 (Nikon ECLIPSE Ps2R,
Nikon, ¥&£)& ©]8-35l] CM-Dil¢] ¥ Zo]= YF-22]
T AEE Hrsislt

SHEH 2N, 7} 3o Aike Bk U 1
A3, SA HAS IBM SPSS Statistics 22(IBM, 7]=H)E A}
B3l ATt Aok U 24t £4[one-way analysis
of variance(ANOVA)[ &3l 7101, p #te] 0.05 7]
TRl A5 SAHCE Foulgt AR it

23 o EE

LA ETE OlMAXIe] HENEE EM. 90°CE 7HEH
PCL & (B EZZ e 2ol &8l yS 4°CollA Wdztehe 7hdst
1 (heating-cooling technique)e 53l SHAFTZE 714
= PAIYRE Al AlzRE v AbE AA FEjvt
mhx] QAL A2k Hdo] HQl X3 F2E TG (oA
SAYE T2 A YAHLSS microparticles)2FZ HH I TH
(Figure 3).2 o] =53 JHjo] YJASTx2= 7HEHE 2L
2L goe] WZHEA A At AEEe] 271 1 2
F7F A2 Ad = ) HESZEES 2004 PCL
S 83|72 & UE good solvent’} o EE 2-E )5}
o PCLe| HIEZZE] 2ol thet &all= & F83% PCL &
AE AT = ATk o] §AE] 2EE T W, 8ol
WollA PCLe] 83l =7} wobx AFALHGA aiape] o]
WA SHA| Flt, ofd], REAA A (semi-crystalline)e] PCLe] 2
/3 H-E(crystalline regiony’]2] A -3 (aggregation -2
crystallization)d}#] =3z, o] &3o] & SE 7 (spherical
growth)sPAA BIAIYALE @AdskA] rh>* 2 AFE e
A AFE S oz Hide] AFE A 22 T (pillar-

a

CelllLSS CelliLSS CelllLSS

1 week /\‘) i ‘

o P
2 weeks . (.D .

CelliLSS
(10.0/0.0) (9.5/0.5) (9.0/1.0) (8.0/2.0)

Cell
seedin
g S
L

=N
= @ @ ®
(After 24 hours) & \
"

500 pm

20 um 10 pm

Figure 3. Gross appearance and surface morphology of the LSS
microparticles.

like structure)®] A%l EHF} H- FAZXOZ <lal] Al 7
Z gl S fe 3 S ATs 2 5 Ao,
olygh S Bt AFH AT E ofn] & Izl AR
ot} whEka] o]l YA F T2 HAYAE Al E9}
T3] v RolE FEE e, AlZ-wAYAke] =
< 213t o5k, ME AF|Ro|=o] FEjA HFgAE Fo
g ot AAEHAT T3, ARt e &)
Zol=o] Q)R YRE AZsle= A (channe)22] 98, =
Al A 2 JAES AE A Re]= Yol 4
sHAl A B AZ A E S FE WES 7 ME
2H|2olue] 7 & SHARIETLS Al 2o A EAE
AT e MER AR 20| Zhsse|et 71T
At

MZMEHETZ OMYR AH| 20|22 M=, A/
FASTZ AR &l WE AE AR =e]
P o A e Akl WE AlE Av|Ro]=e] A7]ws)
(FH Hg)s Hrkehr] flall, thddt vler &9t Al
oF HRATT= ARl &9t €98 micro-concave array
o] oL v AlZtel]l e FHElE Askn A FAR
AAn| 7S olgste] IS Figure 4014 gl 4= 3l
=ol, N2 75 7IEC 2 wAIUAPE 0, 5, 10%2] HIE= &

110

100 1

w0
o

cell spheroids (%)
-~ [==]
o o

Diameter change of

—0— CellLSS (10.0/0.0)
1 —— celiLss (9.5/0.5)
—t— CellLSS (9.0/1.0)

(=]
o

w
o

0 1 2
Time (weeks)

Figure 4. Characterization of cell spheroids [Cell/LSS (10.0/0.0), Cell/LSS (9.5/0.5), Cell/LSS (9.0/1.0), and Cell/LSS (8.0/2.0)]: (a) Repre-
sentative images of cell spheroids and (b) quantitative analysis of temporal variation in the size of cell spheroids [n=3 (1=30 spheroids);

*p<0.05, compared to the result of 0 week].
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S [Cell/LSS(10.0/0.0), Cell/LSS(9.5/0.5), Cell/LSS(9.0/
LO)PIA = 2 HlEol Adaglo] 7 F 24X7H0F)elA oF
500 ume] A71E 7= 7R Ml Am 2= & A
S Az 4= Ut o= oplE2 718e] micro-concave
array 32 A|X 2 A 54 2 micro-concave2] B}
off Bl Mxo} Mxete] H2F E4E THE 49AFT TR
HAAke] APl SHEFoZ olE 4 QUth &, B
Aol ARE-E ol7tE 2~ 719Ee] micro-concave array”Z | A 3E
MAYPA} 2 Rol= PAdS Qe HAe 35S AT
elg 4= AUk AT, 20% o]/ Hl&2 nA YAt
EFE B, Azl AYE 2H Rl =7t A A FIL,
micro-concave HFEF Ao FEE ] QoS FRISHATH
AZMAIYPAE 2o 2ol =] P2 MEAE B A 2E-A]A
YA 7he] s Ago] FEE S5 F Jde g 9 vt
S oIy, A YRS HlEo] FolASE AR 7t o
E31, old] wet Al E-AE B A ERAYAL 7He] AT At
o] ZHaE o] AFRo|EE FAATIA] Ferhal k= I
T3k, Hiek Al7bol| W}, Cell/LSS(10.0/0.0) 2 Cell/LSS (9.5/
0.5) TollX= SH2o|=9] =7|7} §A8] Fhashs wket
Ao}, Cell/LSS(9.0/1.0) TolME =717F v 7HAhshy o
zlolE FolalA] e BRI & ALk et HEE &
T AlE/M A YA} 89S micro-concave array®l] T8},
2407 ol | 2 Rol=o] Y/ FEE FARAAL
Huj7d oz A3 A= Figure 59 YERARITE Yol o
TEARO], AEZTHO R PAE 2F Eo|=[Cell/LSS (10.0/
0.0)f= W/AR7F AZER 2EaH] BR =] o] AlE A
Fol| DA 0] ALAYE-S T3 A E wje To A
o] ool x WHEe] Hdo] ofg] L F2E VAL UeS
st SR, S48 ET2 vMAATT 3 [ Cell/
LSS (9.5/0.5) 28] 3L Cell/LSS(9.01.0)PI e tFA Al
A7E 2w 20| o] U/ el FUsiAl EA1sH, thed vl
AJAE S m AR} Apo] ] Frho] Al aznf kel 22 |}
o] E&AQ AL St AdENe IS T F IS A
olg} Z|= ALt BEgh, YPAT = mAIYPARe] TH Al
FEo] & HHA Y=(spreading) =, GRS T2 AE
o] HAtel frEleh S AFTS IR 5 UL, ol
M Z-v A Y2 7He] 5 2Eie., cell-extracellular matrix
(ECM) interaction]< B3l 2#|Zo|=29] e gAJo] &
ojd Zlolgtal 7| Act. 4719 A2 2#|Zol= FH +
28 B3, AE Zm o= YRE AlX AEe F5A0 &
AEe] Bt 2342 35 9 FH fAE A%, 7H B
A PARS ESFSR= Cell/LSS(9.0/1.0y7- A E/mAPAF 2=
HZol= HHx0Z HAG3Iom, o] Fo] A=
Cell/LSS (10.0/0.053} Cell/LSS(9.0/1.0y72] Bl2E S3f Al
¥ 2| Rolsof 23 HGPAT T vAIYA] 9EE 3
7}t Figure 60l PIAIYARS] 23 of o] mE 2u=

|

Cell/LSS
(10.0/0.0)

CelllLSS
(9.5/0.5)

Cell/lLSS
(9.0/1.0)

Gross
appearance

Surface

Cross-section

Figure 5. Gross appearance, surface and cross-sectional images of
each cell spheroid at 24 hours of cell culture (¥, LSS microparticles).

110

100 A 5

L=
(=]
"

80 A I

Cell viability (%)

70 1
— CellILSS (10.0/0.0)
60 1 —— CelllLSS (9.0/1.0)

30 T T T
0 1 2
Time (weeks)

Figure 6. Number of viable cells in each cell spheroid group during
cell culture up to 2 weeks [n=3 (1=30 spheroids); *p<0.05, com-
pared to the result of 0 week].

o= W AlZ AE& 7F A4S YERRITE. Cell/LSS(10.0/
0.0 = 27 Bt mid7I7E Bt ML) AEEo] F
A3 AagS HET F JSTh ole 2 x| A2
Tro @ AR A Ro|T URE ARkl 98X B
S a3t Al v 2ol ] AlEEC] wiEske tiA =9
EE9| 3o e FAE AEZE AMdd 93 Az}
31 P TH 8T M AFEe] mEH, FAN-L] AX T
AR HAIE 4= s Al A Eo|=e] FF A7 oF 100-
150 ume] 22, F 300 ume] A|E 2w Zo| == vk A7kl u}
g 1 377} A Folktka gy glow ol#s A
= 3719 TS RIEE 7, ESES AAAGE
o] I B At ElEe] Sl o3 Aaw dwskal 9l
T}3% ol mlsl|, GJYXZTTZ nMYAt E3HE [ Cell/
LSS(9.0/1.0)]o1 A= A Zujek 25 Sol| v 05:x}ke] A EF7}
FrojulahAl WalA] g #E 5 ST ol= Figure 5
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oAz, mAYAtel] ]
o] ARl olF TEEH ]
wjFole} FekEct,
MEZMAXMETRE O[MYUX}L AHZO0|=2| ZFE|SHY AL
Figure 791 = Al Z2%F 748 M X 25| o] =[Cell/LSS
(10.0/0.0)1¢F HAHZTZ PG 23 AlE 25|20
Z[Cell/LSS(9.0/1.0)]914 2] A 74 2 SAHEEA)E Y
o-g7ke7] 9% 24 8A Ax3E JeElA k. H&E &2
Aol A Folg o= Q%=0], Cell/LSS(10.0/0.0)oNH & 229
Zolx=9] o] (peripheral region)ol|l A M| 33} A LA 0]
A Gl Euf, Yielli= Gao] MisA] ek, =,
o] AlZE0] BAAR] AdE7E obd S S 4 ASTE B
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Figure 7. (a) H&E staining; (b) Ki-67, staining of cell spheroids
[Cell/LSS (10.0/0.0) and Cell/LSS (9.0/1.0)] at 2 weeks of cell cul-
ture (*, LSS microparticles).
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