42 HRaT — FOENY - Rk
QIRTTANCHE S LMY — h 2 EIN T
BT, ZIBEA LTV ETHIRaY —
FNEBE LIRS, BEOGELRLU X
INZBALEIIMZ LV FIBEE 72, S BIT,
FIBEL /=M@y — P &2 BIOEKR ETHER L
Tev— NMIER, 2BERAESE%, EiR
WCEBALZEINTHZ & T2BOBEY — F
DHEERIBEL 0D, ZOBEEZBVIESTZ
| & T SRR E D A o T RSB LARD v
— R EE (Fig. 8) .
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ZHEA LT Ly BT~ ARMEF M E
2EMEE L, BMESHREINL CEE L
7oy — N DBEE%Fig. O\ZRd, [EIULHT
DO — FDOY A XZ, ATV LEHE
FRICEZR2S mmTH 5 23, B — b
I3 B RAITIHRE L7z,

Flo, MEOEFREEERT 572012,
[EUY U7z fAE s — b & A H iR/ se i e 4
B2, HLTEMEE CHIZ L7-, FDA/EB
et Cid, AMBIZFDAIC K - THREIZ, 3E
FEFIIEBIZ X > CTHRICYE 5, Fig. 100 1
PALFEZEBEME, TORNBEMECHEEL
7oA — N TH DD, 1T A DKM
FRICGEE > TWND, TRbLEFRETSH
5T ENHER I,

Fig. 10 [EUX L7-#EfE S — N DAY E
(DNAHEBEHEERE, (T)ENEMEEER

6T, EIRLEMEY— 2T 4 v
2 ZAN, FDOENGE T2 — &
E, 37°C, 5 % CO-AirOFEFE T T304
A FaX—hKL, EDOH%K, HIZHTE
MR — hEZO ENGER, FAREICA
VX aR—hEXHBI LT, BEENE
Mg — P RERILU 7=, [EIIR L7-/Ep S —
FNOTEIZIZ, REEL =AY IXTF R




fhic, MREFBNAEE L-Mas~ D v
J ANEET D, Lo T, Mgy — FEEL
ITEMICERAZ LITL - T, 3031 ET
SERICEE L, ERLE-MEY— M
WRAIZENRTW Z LT, ZEIMEY—
NeERL L7z, 1~3BE2RERE{LLIEDOHM
fa— Mm%z, ~~ hxT Voo
(HE)%f L= @O %Fig. 111Z/~x7, HE.Z
BCITAEME L TEa I WA, Fig
1HHACO)D L STy — hHRELEHAL
RFo5TWVDE, TRhOLATFRETHDZ
&Ny Dyo T, Fig. 11D, EEIZY— b
EENQATWVWDIERTTHD, Mgy — Dk
DEGYHY B FBIIZUUHE L TV DERT D3 HERR
T& 5, WROFEIZL->TIKFERBIILL
TeRBfa S — b L HET D & RFETITNT
BOEHLTHH140 umDOMEFE LSS Z
LR TE (Fig 11(C))

A B
; 4
i et TSNS oS e 0
R e SR T o >
P e ‘ L ety
200 ym 200 pm

Fig. 11 RUB(L LMl — F OBFE (HE.
Yo (A)1E. BRE. (O)3E, (D)3 ERN
- B R HE 2 R

SOICFROBIELZRVIREL T — %
ERHZEICE- T, sty — 1+ &
RS L =B oW E & Fig. 12127~ §, HE 6
DTN o580, MiEs— MEO
B EABERIZRARBICENE OIS —
N ABEENCHES L, MIENEICTRSTWND

RFPHERTET, ZOZENLHIBDOE
RO OB e B hbils Z &7l
MBAEBETI LN TEZLEEZLN
5, T, EERMEN NY v 7 A TH
A7 4T aRTFLOBEBRERITH L
T, Mgy — NN T7 4T Rx7 F o DF
HEHBE L (Fig. 13) . ZORERIT, Mz
v— NOfEREIL T vt AN EWERH % 3R
THDHRLT, BHERIZHEEK~DFEWN
AEENHRFTE 5,

*

Fig. 12 fEE{L L7- k> — FoWrm (H.E.
g, 5k8)

200 um
Fig. 13 Rk L7cMlas — holm (7 «
7 a Ry FUENGE/DAPL SFE)
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D. #5i&

AT Ly ETCERIEFENFERBIZE S
T, BB O BLRE L T L 72 /R, -1.0 V(vs
AgAgCYDEENM %SO EIMT 52 LT
FE AL OB BERTRE TH D . BBER
b B 72 ATRIRRER L OMETERE A #EF L C
WBHZ L EER LIz, RIT, AT L rk
THIRY — FZEETHZLIZE-T, B
HOREBERIZHERNTELAOS B MRS —
NEBETDHIENTE, £z, VA
RF7F FERWEEREEHFRERIZE S
T, BHEA T Vv TR 228
MREEREETHIETHE LMY —
RN T AEN AL Lz, £, Fhb
PEREDLELIZLICE > THERLREL
MY — NAEEBETDIZENFRETHDHZ
LERLT,

E. fEEEfERE#R

ZEL

F. BRFu3ER

1. FW3C3ER

1. M. Inoue, K. Ebisawa, T. Itaya, R. Sugito, A.
Yamawaki-Ogata, Y. Sumita, R. Wadagaki,
Y. Narita, H. Agata, H. Kagami, M. Ueda,
Effect of GDF-5 and BMP-2 on the
expression of tendo/ligamentogenesis
related markers in human PDL-derived
cells, Oral Disease (IF=2.386), 18(2), pp.
206-212 (2012)

2. K. Ebisawa, R. Kato, M. Okada, T.
Sugimura, MA Latif, Y. Hori, Y. Narita,
M. Ueda, H. Honda, H. Kagami, Gingival
and dermal fibroblasts: their similarities
and differences revealed from gene
expression, Journal of Bioscience and
Bioengineering (I1F=2.312), 111(3), pp.
255-258 (2011)

3.Y. Nishino, K. Ebisawa, Y. Yamada, K.
Okabe, Y. Kamei, M. Ueda, Human

21—

deciduous teeth dental pulp cells with basic
fibroblast growth factor enhance wound
healing of skin defect, Journal of
Craniofacial Surgery (IF=1.926), 22(2),
pp. 438-442 (2011)

4.Y. Nishino, Y. Yamada, K. Ebisawa, S.
Nakamura, K. Okabe, E. Umemura, K.
Hara, M. Ueda, Stem cells from human
exfoliated deciduous teeth (SHED) enhance
wound healing and the possibility of novel
cell therapy, Cytotherapy (1F=3.921),
13(5), pp. 598-605 (2011)

5. BEYGLC., MEEEE. BiE BAER
FOWE ERBIENCER~DRE
BRI C BRI
X7 F A DT, JBEE 9403),
pp. 440-446 (2012)

2. FEFER

EARFES

1. RS, BRRED., BLUfZE, /UK
BB, Z TR, /NEFEE, MERE, &
FEE, F2JE B SRRIBRANAE &2 AV 2 RIETE R
RERE DR, F20E B A RN B FAHE
WEEEES, 2011106, N T v ) —V =
VI —HRRREFEX)

G. A EMED HFE - BRI
1. FrErEUs
2L
2. ERFEEH
L
3.7 DAt
L




BAEZBRE SRR e (BAEERERLIIFRESE)

SRR S E

|y = Y pY (=t
MoEoEE  FE R ERKESET

WREE

INDHAR—=INAF~=T VT

L7,

MRS~ N Uy 7 ZOBRBSEREEE L., TNODOTREZRESET D5 DH
TIORBETTIMET AR A AT UTAEBRE L, I5I,
{LFE) 2 MR BRI 2 A a
HHZET, BEMREEEROO SN AI~FEREBERETHL Z L 2R

A. HHFEEH

RS — N OMBARE I/ S W2
fas— &R L BT 5B —
ACEBEREE L 225, £Z T, LM%
BWeg RaZVEFIR L, BeRsE
ERBT 5 & L biIT, B LICHEEICEE
TBHLREIToT,

ERORMEIN~ N v 7 R TFEIZaT—
o, Va7, ERAEE
NHRD, AFFRTIE, ZOFNLTY at
)TV DO—FETHY ., kN ERSE
Tau B (HA)E, MRS~ T v 7 2D
B ER LMROBERF2F>a 7 —
TUDOEGEEERTHDHE T F L (Gelatin)
D2 D%N—RE L, N RaZ VRl
7. BAEMIZIE. BT UERICIE T R
TRV AERAWERERRIGICEY T AT
t K& (CHO)REA L, €7 F L IZIXEDC
(1-ZFN3-B-FAFNALT I ) Fr ) I
RUA I NERE) REEZRANSLZ LIz
T HAMEERIETE FT Y FE (ADH)ZE
fi L7z, T2 &Y. HA-CHO, Gelatin-ADH
D_ODONA FaFZVEEEER- L, Z20
FVEBIOBRGEERETHI LIZL - T, 54

29—

EREOME 2R ICEE TE H{LHER
NA RaFvEBREE LR, ZOF5VERWS
ZET, MRy FERFIIRVEZIA LD
2352 ERAMEO BRI TH B,

B. #t%5E

1. A RaZvoaEs i

TIATE REE RTURERWEZAAL R
o 7O EEE 72 DHA-CHOD A L & 1T 2
o, BT UEBEEFEHZIAWT, @3 Uk
BB b yaEAOEERRGICE T,
HA-CHOZER L7z, 3 & LT, 1THNMR
THENT 1T > T2,

1.1 ERRIZE & AE - A8

[RE]

* Hyaluronic acid (FCH-200) : & » a2—< >/
AFTIT7

-3 UFEES N U U ASodium periodate
(M=213.89) : FrytHmizk

- = F L v 27 U 2 — )l Ethylene glycol
(M=62.07) : FoEHise

* Gelatin from porcine skin typeA : 7<= 7 /L
U vF

I-— F V3 VvAKR YA I F




1-ethyl-3-carbodiimido (EDC) (M=191.7) :

* 1-hydroxybenzotriazole (HOBt) (M=135.12):
Fot 3

- 7 VAR E FZ Y KNAdipohydrazide (ADH)
(M=174.20) : FoLHisE

« VA F VALK F T RDimethyl sulfoxide
(DMSO) (M=78.14) : FotflisR

- IMHCI : FnyehfiZe

- IM NaOH : FnythfiZ

- #{bF b U 7 A sodium chloride (NaCl)
(M=58.44) : FnytHlizk

- =% ) —lethanol (M=46.07) : FoytHiZk

s MV =hraREBU XA CEE (TNBS) :

- +-BC : Fytfiz

[(ZEE]

« BT MWCO 6-8000 : ThermoFisher

- BEE S CEYELA , FDU-1200

- A ETAR LR O E . SHIMAZU
UVminil240
BTN Y T AT T AR

1.2 EBRFIE
1.2.1 HA-CHOD &% (Fig. 1)

F COCF:) CH;OS ﬁ}
TR ‘ r\%r HOT
L OH ‘Odi\H n
[ COQH CH,OH 1
NalQ; \K—’O\)‘\Qf—gf—o\ O”ib
AR — I

o=
Fig. 1 HA-CHOD &L A & — A

) e7vn B (HA)DERE
300 mlF A 7 A ={Z1.5 gDFCH-200% /I

-923—

Z. 150 mlOmilliQ/k TIKpBH ¥ 5, EiE
TRIHS®E T,
2) BIAVERBET N VLABRKROBETIZLD
BAER IS

WEUEBRT N 7 AE08038 g 1%5E)
Z10 mlOmilliQKICIEEE ST, Zhik 7T R
@ F L, AT, EHEOD, TAIK
ANTT T Aaz@lh, 2R EIT-o 72,
2EFRIR . REIGPREOTEDIZZF LT
Va—y 02mlxilz, 15758# L7,
3) BT

MWCO=6—8000DFEHTIE CT7H fEAT %
1To7c. (1B2EFEHT/KZAZHLT)
4) FHAEHLIE

IR & 0k LTe O LIRS Lg% 2 UV C
7B SRR AT o 72,
5) NMR CTOH|E

MR LB EEE % F V) CTIHNMR A7 |k
NERIS T,
6) HA-CHO D#:7F

4 CO7 Y —HY—THELE,

1.2.2 Gelatin-ADHD &A% (Fig. 2)

Hooc\,fj

& + ADH
;r‘ *COOH

ADH
HN r;g
)
EDC. HOB 0;3
e
ej *COOH

> .
ﬁ = Gelatin ADM ~ N ‘7{\/\){“¢‘.

Fig. 2 GelatinrADHD &% A & — L

1) GelatinD &




300 mlF A7 T X =2{Z21.0034 g® Gelatin
type-AZ N %, 100 mlDOmilliQ/k TIHRIEHE L
TEfEIET,

2) ADH & Schiff base reaction

GelatiniBIRIZ 7 VR T VT & F1.41718 ¢
AR, BRI/ D T CIEEEHEER L,

3) EDCREEIC L 5 =i

1FEfE# . NaOH, HC1% Fi\WC, pHETRRE
(\ZFHEE L. HOBt#&# (HOBt 0.15 giZDMSO
1.4 ml, millliQ 1.0 mlZ{EA) & /XA Y —/LE
Ny N CEER T L, 0%, FHREIZEDC
W% (EDC 0.15 giZDMSO 0.6 ml, H,0 0.6 ml
EIRA)ENAY— LRy NTEER T L,
pHZS~6 DFICTHEE L1z, (LA, 4FFRE. 30
SR ECpHARZIT-o )& bIT, 1BB#EE
1To7,

4) FHT

FAENSBHE (MWCO0=6-8000)C7 H [
B EIT T2,

5) PRAEHLIER

IR % 5 LTe D bEE RIS & VT
78 ISR E 1T o T2,

6) Gelatin-ADHD {5 #E

BAEELEE L2 D %S wi%DNaCIAIRIZ
LT, (Gelatin-ADHIEEES-10 mg/ml)

7 =& —VERE

Ethanol 1 L {2 NaCl I 5 #%2 L 7=
Gelatin-ADHBE R Z# B L2 BN L T L.
Gelatin-ADH% BILE S W72, 300@E s
eDH, ZhzaE.LoBEE T2500EEE, 445
RO BET 5 Z & TGelatinrADHE ILE: &
EN L7z,

8) FHHT

[E Y L 7= Gelatin-ADH % 100 ml D milliQ7k
ICIMZ 2R A O L0, BE, 7
A &N 21T - 72,

9) B
HHT GENTBRIAA7E B). AR X Atk

DIEIBEIT -T2,
10) BREHLIE

S50 miELEIWCHE L, TEMEREZREIT -
77
11) NMR COHE|E

ERER IR % AV CIHNMR A2k
Va7, '
12) HA-ADHODR:AF

4CH7 Y —PF—THRELT,
13) TNBS& K D %

F=hraxXrErRLEE (TNBS)
63.06 mg#x 1 mlOmilliQ/KIZEEAE LS5 wi%D
TNBSIA#R (179.57 mM)Z/ERL L=, Z D5
Wt% D TNBSEAR200 ml% 800 mldmilliQ7k |z
VAR L. 1 wi%DTNBSIERZERL L, X 51T,
Z D1 wit% D TNBSEE #% 200 ml% 9.8 mlD
milliQZKIZAN %z, 0.02 wt%DTNBSIEHR (0.72
mM)ZERL L 7=,
14) t-BCYEIR DFHEE

t-BC 132.16 mg# 10 ml®OmilliQiZhl z 5
(100 mM), Z?100 mM® t-BC ¥&K100001
Z9.9mlOmilliQ/KIZEME L. 1 mMDt-BC &
REERL LT,
15) Gelatin¥& & O FH%E

Gelatin 40 mg%2 mlOmilliQ/KIZIE#E L. 2
wt% D Gelatin?S#R & /ERL L 7=,
16) Gelatin-ADHYAR D 7%

Gelatin-ADH 40mg#% 2 ml®OmilliQ7KIZ A#E
L. 2 wt%DGelatin-ADHIAER 2 V&L U7~
17) > 7L OFHE

24well 7 L — M IZt-BCIEIK 100 wit% . 50
Wt%, 25 wt%,, 12.5 wt%, 6.3 wt%. 3.2 wt%.
1.0 Wt%. 0.5 wt%. 0.25 wt%. 0.125 wt%. 0.063
wt%, 0.032 wt% % Z N2 OwelliZ1 ml$>
Mz 7z, FHRIC, Geltin ®iE B L O
Gelatin-ADHIETRIZEB W TH, 0.6 wt%., 0.5
W%, 0.4 wt%. 0.25 wt%. 0.2 wt%. 0.125 wt%.
0.1 wt%. 0.062 wt%, 0.05 wt%% FNZFh D




welllZ1 ml9 200z 7,
18) TNBSFZEE & DK it>
ZNFENDOweliCTNBSIAETE 21 ml$ 00
Z. 3TCDA »Fa_—F THARM, KSE
iz,
19) Wt ERIE
334 nm DRI F TR N ERE ZIT > 72,
Z D KF, GelatinrADHE R X R U B E O
Gelatin?& % % 05 F IEIZ AV 72,

1.2.3 Gelatin-ADH & HA- CHO®D V1L, (Fig.
3)
1) Gelatin-ADH, HA-CHO D%
Gelatin-ADH% 5 wt% CPBSIZIAE T, [FIkR
I{ZHA-CHO % 1 wt%, 2 wt%., 3 wt%, 4 wt% T
PBSIZEMN LT,
2) Gelatin-ADH & HA-CHO @D %7 /LAY,
ZD2ODFERNEZL TN U EFEST
TS H T,
3) Gelatin-HANNA R & 7 )L DRGSR
ERIL 72 R s L% —80 CHT U —
P—CHRE S, BREREEIToT,

H:NHNOC
CONHNH:

Gelatin-ADH Gelatin-HA
N4 Fasi

Fig.3 # 7V ) v AN F il

2. " RaFL~DHEEEE
ARk L7-HA-Gelatin/~1 R 7 L5 2 3EAF

—925—

B LTCERTHADREZITI 12

Gelatin-ADH & HA-CHO O # o 2514 aﬂﬁ%

V., I, 2BRDEEEREERIE, K

DEEFERZFM L7z, £ LT, EXILFEHR

AR IREE L KA AE DY, Milax S VANCERE

FEEDN E D DM L7z,

2.1 FEBRERE LK - pE

[RAE]

- b MEEFIRLE N HUVEC : 2
#FCell bank

- M N AR RS A ST RS T EBM-2 - TRINE
FEv b ZE

- U EEREfE A ¥ B 3 /K Phosphate  Buffered
Saline (PBS) : GIBCO.

s INFuatA T TET— R (FDA)

- Rfb=F 7 A (EB)

cHE&K : =T

- PDMS

- PDMSHE/L A

[Z=iE]

- ALAEZEEOEERMREE  1X-71, Olympus.

c T V=0 RUF L ZEEH

OB - =TEEAR

s A UFaX—F . ZPEER

- BB KELEEEE (Milli-Q Advantage A10) :
MILLIPORE

* Double Barrel Syringe

- 48well 7' L — b

c ANy BT RT3 o EECFS-4ES-231
Shibaura Electec.

cART UV aRE Y NSNS AE Y b

HA-151 : Hokuto denko.

- Ag/AgCIZRREM#2080A : HORIBA.

2.2 FEERFIE
2.2.1 ™A Ra 7 VER O ESE




1) GFP-HUVECHE &

GFP-HUVEC % 48well 7* L — | {Z 1x10*
cells/dish CHEFE L, 1HEEEE LT,
2) HA-CHO, Gelatin-ADH?A K D FA%E

EAEEL I U 7=HA-CHO, Gelatin-ADH% PBS
TS5 wit%, 4 wt%., 3 wt%., 2 wt%., 1 wt%. 0.5
wt%, 0.25 wt%, 0 wt% CHIR L7z,
3) HA-CHO, Gelatin-ADH /&8

VIR U122 % F I EhwellNIZS wi%, 4
Wt%. 3 W%, 2 wt%. 1 wt%. 0.5 wt%. 0.25 wt%.
0 wt% T0.5 mlfilz, CO: A v FaX—FNH
TEEREEZ1T Y,
4) EBIZ L 5 3Bl

Bfp=F VT A EBICL > THREET
Do
5) ffaEEE DB

SWEDHHEEZBLE LT-0OL, 1HBE
WCEBEEITo T,

2.2.2 HA-CHO. Gelatin-ADH” /v DHERIES
ERZ(ill
1) HA-CHO, Gelatin-ADHIZ D 3R
WFEEL R L 7-HA-CHO#PBS T1 wt%. 2
wt%. 3 wt%., 4 wt%IZFR L, Gelatin-ADH
ZPBST2.5 wt%. 5 wt%, 7.5 wt%., 10 wt% T
FHIR LT,
2) HA-CHO, Gelatin-ADH %" /L D £
WRRR LT 2B X TN ) v PR BAWTER
ETDHZ ETHFMEEE, ¢35 mm dishz =
—F 4T L,
3) GFP-HUVEC#7#&
GFP-HUVEC#%1 x 105 cells/dish C#EFE L
776
4) MfEEEEOBIE
ShWEDOWHBEEZBEL-DL, 1HBE
WCBEREITo 7z, (FBHAHRII24 hT L1217
v, PBSTIlEwashL7=?D %, EBM-1%2 ml
T OMZT2)

223 BEEALZEEHWIZMRERE (Fig. 4)
1) EAR B

H T AEERE25 %7 =T K 30%I1E8EE
kK « Hlik=1: 1 : 4AOBEKIEIKIZS S
MRIE S, W L7k T3 & 220E
FNENSHEITV., BREESE T,
) AWCIBD ANy &Y v

AWCIBD ANy B Y T E{ToTz, (H
100 W, 7= FHES0.3 Pall TCr: 143,
Au : 2571H)
3) &FRE~DRGCDXTF K DIEH

RGDART'F K& REIMERT D721, #
KEFANTLO mMIZHIR L7ZRGDXTF R
BRIWZ, FOTE M THRE L& T A
WEENEN—BRBE S 2%, Mk CUeE
Lize BT V=2 RUFNTIO% T ) —
VPN S RIRIEZ ZEATV, RE L 72Kk
TEL TN
4) HEpaFEFE

5 x 10°cells/ml D FHFRFREIR 1 ml& & 5
AFEREICES L, £ F2X—FNTIH
MBREEZITo T,
5) ™A NaFofER

BeEt% . B EOMREER 2 R ELY |
T <IZPDMS TE- T2V & T 7 A BRI
v L, #7022 % BAWT, HA-CHO
2 wt% , Gelatin-rADHS wt% DALZEZEENNA R
a7V EER LT,
6) RENLHIM

WHBIZ B4, SRMBICE (LR ERE B2
L, 208N TAERIIRT VI FRAE v
NERWT-1.0 VORENM &S MENE, 7
N oL VE&EHTAERMNGIENL, ¢35
mm dish{ZHEEEEZ M2 LR LT,

—926—
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L e & &
AR LKA RACRRALEAS RELRRRRRERRERRALERE
/«M . e st
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N LROR AL HEER

Fig. 4 ™A Fa 7 ~OHifEERE

C. AR LEE

3. NA FaZLvoamk s qHb

3.1 HA-CHOD & ik

7 e B (HA) L &Rk L 72HA-CHOD
1H NMR A2 MLOFERZ BT S &
2.00 ppmiZH 2R — 7 BB LTz, ZOF
— 7T NAVT e ROKBRFIZLDHLDT
b, TUT e REOEMPHER SN, £
7o, ZORESEN IEMRIZTIS% TH S LA
BEHoT-,

3.2 Gelatin-ADHD & A,

HA-CHODZA L B2 | 1TH NMRAY
NV OFEAT TIZHIBI A ERZE TH -T2 72
TNBS7 v A ZHW=, ZOTNBST v A
WXk, BSFLOINLREFIALE~DT Y
Ae N7V NOEHRIT2I%E RED LN
7o TOMEEF—RICEL 2V, BFF U0
HRBEEBLSTH 5. R (Arg)-G (Glu)-D (Asp)
DD (Asp) 1EHVRF T IVEERISEIZEE-> T
WBTD, TNTRILTLE 9 ERGDELY
N7 720 | MRBEERDOKRTICOZRRY
DR, ZFD=H, ZOREDEMEIE
UTHD LA u‘_o

3.3 Gelatin-ADH & HA- CHOD 7 LAk,

27—

Z TNy V& AVT, Gelatin-ADH &
HA-CHOZBASIH®HAHZ LIZL-T, ®IET
IZBWTI0RRRE T/ b T 2 FF 0
M7=, &5, Gelatin-ADH & HA-CHOD &
EEZELEEDIETRBICTNVEBEDE
ENARETHDH I LERLE,

Fig. 5 Gelatin-ADH & HA-CHODIE & 7 /v

4. nA RaZni~OHlaEsE
4.1 A Fa 7 VIEE O RS
FNVEEOMREEEZ AT L 2 A, M
fa @ E| 4 73 Gelatin-ADH T, Swt% R T
10%F2E ., HA-CHO TIX, 1wt%A{H T10%52
EL xS (Fig. 6. Fig. 7) » £7=.
Live-Dead assay (Z X - T HA-CHO ¢&
Gelatm ADHZ RS L= VO EMEITIE
272 < (Fig. 8). M@ REAELE LT
%l WZE L TWA Z BRI N,
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Fig. 6 Gelatin-ADHD flfa M




60

EHMBOBE(%)

0 1 2
HA-CHO D 38 BE (Wt%)

Fig. 7 HA-CHO D #lfazE

Fig. 8 HA-Gelatin/~A K& Z7 /L #ll &M
(Gelatin-ADH 5wt% HA-CHO 2wt%), 7& I :
¥#IBH, AE:3BH, £TF :58H, &
& ARRE, IR FEAEAE

4.2 HA-CHO. Gelatin-ADH%" /L D#R a5 3¢
(i

MpaEETMmEIToT2 & 2 A, IREHIZ
b HFFTICRELZ BT T &, #HE@&%4
TN L 72 (Fig. 9), ZHUE, BETF o7
o UBBRICEENMEEERTOENE
MU, 52, BEEFITEY ., FVEER,

ERLEEDEEZOND, £, BELZ L
FTn< &, FIHERH B RS20, BED
BRL RB M, NA RaF LV OBER K E 72
D, IVELIGELE, Z0Z b, T
DEEZZSED LB OMEESRIT
ERT AR, BEHRER T, MOEFRED
BEX TRERSNVIBEZRET B LEN
HDHEDGhoT,

25

20

2.5wt% 5wt% 7.5Wt% 10wt%
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Abstract

This paper describes a non-invasive approach for efficient detachment of cells adhered to a gold substrate
via a specific oligopeptide. Detachment is effected by an electrical stimulus. The oligopeptide contains cys-
teine, which spontaneously forms a gold-thiolate bond on a gold surface. This chemical adsorption reaches
95% equilibrium within 10 min after immersion of a gold-coated substrate in a solution containing the pep-
tide. The peptide is reversibly desorbed from the surface within 5 min of application of a negative electrical
potential. By taking advantage of this simple adsorption and desorption mechanism, cells can be grown on
an oligopeptide-functionalized gold surface and can be efficiently detached as single cells or cell sheets by
application of a negative electrical potential. This approach was also applied to the surface of gold-coated
microrods. Capillary-like microchannels were formed in collagen gel by transferring endothelial cells to
the internal surfaces of the microchannels. During subsequent perfusion culture, the enveloped endothelial
cells migrated into the collagen gel and formed luminal structures, which sprouted from the microchannels.
This technique has the potential to provide a fundamental tool for the engineering of thick cell sheets as
well as vascularized tissues and organs. Copyright © 2011 John Wiley & Sons, Ltd.
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is the use of cell-dense aggregates, such as cell sheets and
spheroids (Ohashi et al., 2007; Mironov et al., 2009; Nichol
and Khademhosseini, 2009; Fukuda et al., 2006a, 2006b).
The manipulation and transplantation of such cell aggre-
gates rely on innovative strategies for non-invasive cleavage
of cell-to-culture substrate connections while preserving
cell-to-cell connections (Inaba et al., 2009). For example, cell
sheets adhered to a thermo-responsive polymer can be
detached by controlling the hydrophilicity of the surface with
temperature modulation (Ohashi et al., 2007; Okano, 2008).
This technique was used to fabricate oral mucosal epithelial
cell sheets for reconstruction of corneal tissue in a clinical
trial (Nishida et al, 2004). Similarly, microwells consisting
of a thermoresponsive hydrogel have been used to generate
spheroids that were subsequently released by altering the
temperature (Tekin et al., 2010). However, a drawback of
these approaches is that relatively long time periods are re-

1. Introduction

A major approach in tissue engineering is the use of scaffolds
composed of biodegradable synthetic polymers or extracellu-
lar matrix (Langer and Vacanti, 1993). This approach has
proved to be beneficial for the reconstruction of several types
of tissues and has been increasingly translated to successful
clinical applications (Atala, 2009). However, some issues re-
main to be addressed, including mismatches between scaf-
folds and native matrices, spatial and temporal differences
between cell growth and scaffold degradation, a lack of
proper vasculature and the tissue-like organization of differ-
ent cell types (Kohane and Langer, 2008; Sung et al., 2004;
Khademhosseini et al., 2006). Another promising approach
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quired to detach cell sheets or spheroids from the substrates
(Kwon et al., 2003). Thus, the development of biocompatible
and easily applicable approaches for rapid collection of



cell-dense constructs is desired to assist the process of build-
ing in vivo-like structures for tissue-engineering applications.
In this paper, we present an electrochemical method for
non-invasive detachment of cells from a surface (Figure 1).
Cells were cultured on a layer of synthetic oligopeptide
adsorbed onto a gold surface. The peptide contained
RGD (arginine—glycine—aspartate) in the centre and cyste-
ine residues at both ends. The peptide adsorbed onto the
gold surface via a gold-thiolate bond, which mediates cell
adhesion to the substrate. The peptide was then reduc-
tively desorbed from the gold substrate by the application
of a negative electrical potential. This caused the cells to
detach from the gold surface in a rapid and reliable
manner while maintaining cell—cell connections (Seto et al.,
2010; Sadr et al., 2011). In this study, we showed that as a
first possible application, this technology can be used to
fabricate cell sheets and microcapillary-like structures.

2. Materials and methods
2.1. Materials and reagents

Swiss 3 T3 murine fibroblasts (RCB1642) were purchased
from Riken Cell Bank, Japan. Human umbilical vein
endothelial cells (HUVECCC-2517A), endothelial basal
medium-2 (EBM-2, CC-3156) and SingleQuots growth
supplement (CC-3162) were purchased from Cambrex
Bio Science, USA. The other reagents used for cell culture
and tests included Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS; Invitrogen, USA);
phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich,
Japan); collagen type I (Cellmatrix Type I-A; Nitta Gelatin,
Japan); fluorescent diacetate (FDA) and ethidium bromide

N. Mochizuki et al.

(EB; Wako Pure Chemical Industries, Japan); DAPI
(Sigma-Aldrich); and rhodamine-phalloidin (Cytoskeleton,
USA).

The materials used in the fabrication of culture substrates
were as follows: glass wafers (No. 7740; diameter 3 inches;
thickness 500 pum; Corning, USA); glass rods (diameter
600 um; length 3.2 em; Hirschmann Laborgeréte, Germany);
and synthetic oligopeptide (CCRRGDWLC; Sigma-Aldrich).
All other chemicals were purchased from Wako Pure
Chemical Industries, unless otherwise indicated.

2.2. Modification of gold substrates with
the oligopeptide

The oligopeptide CCRRGDWLC contains an RGD domain in
the centre and cysteine residues at both ends (Figure 1A).
The oligopeptide is designed such that cells adhere onto a
gold surface via the oligopeptide and are detached by an
electrical stimulus. A gold surface was prepared by sputter-
coating a layer of Cr a few nanometers thick and a 40nm
layer of Au on either a glass wafer or a glass rod (diameter
600 um). The wafer was then cut into 15 x 10mm pieces.
These gold surfaces were modified by immersing them into
0.5 M aqueous solutions of the oligopeptide overnight at
4°C. After washes with double-distilled water, the substrates
were sterilized with 70% ethanol before cell culture.

2.3. Monitoring of adsorption and electrochemical
desorption of the oligopeptide

The adsorption of the peptide onto the gold surface was
monitored using a quartz crystal microbalance (QCM,
AFFINIX-QN; Initium, Tokyo, Japan). Gold electrodes on

A Oligopeptide B c
Cell sheet i
x“".é =, ot qu ( nl]agcngcl»
e o £ 9
e T8 s / Guidance Cells d
o S iR ¢, Goldrod
‘”'TQ # P S
N2 e — et ™\ Chamber
Cell . RE. (Ag/AgCly
o = NK Collagen gel = i
p & A E (Pt N 'm A D 4
A& l-"‘n.z a : AEAPY RE. (Ag/AgCh
N e
« +F & H s =
L % = o
Potential e - {1 o e T
WV application Potential | W.E. (Au} ] WE. (Au)
application b

Culture medium

Figure 1. Detachment of cells by application of an electrical potential. (A) Principle of cell detachment: cells adhered to the gold surface
via the adsorbed oligopeptide, CCRRGDWLC, were detached during the reductive desorption of the oligopeptide. (B) Cell sheet: cells were
grown to form a cell sheet on the gold surface. After addition of a collagen gel to facilitate handling, the cell sheets were detached from the
surface by the application of an electrical potential and collected as single entire cell sheets. (C) Capillaries: thin gold rods covered with
HUVECs were aligned in a chamber. Upon application of a potential and extraction of the rods from the chamber, the cells were transferred
onto the surface of capillaries in collagen gel. Subsequent culture induced migration and sprouting in the gel
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Electrical cell detachment

the QCM (250 £ 50 nm layer of gold) were cleaned with
piranha solution (H,S04:H,05, 3:1) and 1% sodium dode-
cyl sulphate. The QCM was then set in 8 ml pure water,
and 4 pL of a 1mM aqueous solution of the oligopeptide
(final concentration: 0.5 uM) was added with stirring. The
amount of adsorbed oligopeptide was determined by the
change in resonance frequency according to Sauerbrey’s
equation.

Cyclic voltammetry was employed to determine the re-
ductive potential for desorption of the oligopeptide
adsorbed on the gold surface. Immediately before cyclic vol-
tammetry was performed, an electrolyte solution contain-
ing 0.5M KOH was deoxygenated by bubbling nitrogen
gas for 20 min. The oligopeptide-modified gold substrate,
a Ag/AgCl reference electrode (No. 2080 A; Horiba, Tokyo,
Japan), and a platinum auxiliary electrode were set in the
electrolyte solution and connected to an electrochemical
measurement system (Autolab; Metrohm Autolab, The
Netherlands). A cyclic voltammogram was recorded at the
scanning rate of 20mV/s in the range 0-1.0V three times.
All potential values refer to those measured with respect
to a Ag/AgCl electrode.

Changes in surface topography after adsorption and
desorption of the oligopeptide were determined by atomic
force microscopy (AFM; 5500 AFM, Agilent Technologies,
CA, USA) using the acoustic AC mode with a single crystal
Si tip with a resonant frequency of 290.3kHz and a scan
speed of 1um/s. All images were obtained under atmo-
spheric pressure at room temperature. Images were analysed
using commercial DI software; PicolmageBasic (Agilent).

2.4. Preparation of cells

Swiss 3 T3 murine fibroblasts were maintained in DMEM
supplemented with 10% FBS. HUVECs were maintained in
EBM-2 supplemented with SingleQuots growth supplement.
HUVECs from passages 3-8 were used for experiments. The
media were changed every other day. Cell passage was
conducted with a solution of 0.25% trypsin and 0.02%
ethylenediamine tetra-acetic acid (EDTA) after 3—4 days.

2.5. Detachment of single cells

Fibroblasts (0.5 x 10° cells/ml) in 2ml culture medium
were seeded on the flat substrate modified with oligopep-
tide and were cultured for 2 days at 37°C in 5% CO- in a
humidified incubator. The substrates were then washed
with PBS three times and connected to a potentiostat
(HA-151; Hokuto-Denko, Tokyo, Japan). A Ag/AgCl refer-
ence electrode and a platinum auxiliary electrode were
also set in the PBS solution and connected to the potentio-
stat. After application of a potential of —1.0V for 5min,
the substrates were gently washed with PBS and the
attached cells were counted under a microscope. The
solution containing the detached cells was transferred
into a conventional culture dish to investigate whether

Copyright © 2011 John Wiley & Sons, Ltd.

the reseeded cells maintained their ability to grow after
electrochemical detachment.

Phase-contrast images of the cells on the gold coated sur-
face were obtained using an Olympus inverted microscope
(IX-71, Olympus Co., Japan). Shape features (projected area,
perimeter) of individual cells were extracted from the phase-
contrast images using image analysis software (Photoshop,
Adobe Systems, CA, USA). Cell circularity was calculated
using the following formula:

circularity =4n (area)/perimeter?

as previously described (Kazmers et al., 2009). A circular-
ity of 1.0 indicates perfect circular morphology and 0.0
indicates a line.

2.6. Scanning electron microscopy

To observe cells on the glass substrate under a scanning
electron microscope (SEM), we washed the culture three
times with PBS and fixed with a mixed solution of 2.5%
glutaraldehyde and 2% formaldehyde in PBS for 1h at
room temperature. Thereafter, the culture was washed
with PBS and fixed with 1% osmium tetroxide in PBS for
1h at 4°C. The culture was washed with purified water
and dehydrated with a graded ethanol series in the range
30-90% on ice and absolute ethanol substitution three
times at room temperature. The solution was further sub-
stituted with 100% t-butanol, which was frozen at 4°C
and dried by vacuum freeze drying. The cells were ob-
served under an SEM (TM-5000; Hitachi, Japan) oper-
ated at 15kV.

2.7. Detachment of cell sheets

Fibroblasts (1.25 x 10° cells/ml) in 2 ml culture medium
were seeded onto the flat substrates. The cells were cul-
tured for 7 days until the cells covered the entire surface
of the substrate. The cell sheets were then detached by
application of a voltage of —1.0V for 10 min. Cell viability
after the detachment was evaluated using a live/dead
fluorometric assay with FDA and EB.

To stain a cross-section of cell sheets with haematoxylin
and eosin (H&E), a few drops of type I collagen solution
(0.24% w/v) were poured onto the sheet and gelled in a
humidified incubator for 30 min at 37°C to facilitate the
subsequent manipulations. Subsequently, by application
of a potential of —1.0V for 10min and peeling off the
gel layer, the cell sheet covered with collagen gel was
collected from the culture surface (Figure 1B). The sheet
was fixed with 3.7% formaldehyde in PBS, embedded in
paraffin and sectioned. H&E staining was performed after
the general procedure.

2.8. Fabrication of capillary-like structures

The chamber used for the formation of capillary-like
structure (Figure 1C) was fabricated with a poly(methyl
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methacrylate) plate by using computer-aided laser ma-
chining (Laser PRO C180; GCC, Taiwan). The volume of
the chamber was 0.5ml. The chamber had three pairs of
holes of 800 um diameter at intervals of 500 um for the
guidance of the gold rods.

The gold rods (600 pm in diameter) modified with the
oligopeptide were placed in a non-adherent 35 mm dish
(Techno Plastic Products, Switzerland) and seeded with
HUVECGs (3.0 x 10° cells) in 2ml culture medium. The
cells, which adhered to the gold rods, were cultured and
grown to reach confluence for 3-4 days.

The gold rods with cells were transferred to the cham-
ber and 0.5ml of the collagen solution was poured into
the chamber and gelled in an incubator at 37°C. Subse-
quently, a potential of —1.0V was applied for 5min and
the rods were carefully extracted. Once the construct
was generated, the chamber was either immersed in the
culture medium for stationary culture or connected to a
syringe pump for perfusion culture. After 3days of cul-
ture, the cells were stained with DAPI and rhodamine—
phalloidin to visualize the coverage of the internal surface
of the channel. After 3 days of culture, PMA was added to
the culture medium at a final concentration of 20 ng/ml to
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accelerate spontaneous vascularization (Gamble et al.,
1993; Montesano and Orci, 1985). The culture was con-
tinued for an additional 14 days and luminal structures
were observed using a phase-contrast fluorescent micro-
scope (IX-71; Olympus, Japan).

3. Results and discussion

3.1. Dynamics of adsorption and desorption of
the oligopeptide

A QCM was used to monitor the adsorption of the oligo-
peptide on a gold surface over time. The adsorption
reached 95% of the final equilibrium value within
10min (Figure 2A). This adsorption time is consistent
with the results of previous studies on adsorption of alka-
nethiol molecules (Uosaki et al, 1991; Yamada and
Uosaki, 1997). The amount of adsorbed oligopeptide at
30min was estimated to be 0.18 nmol/cm?. This amount
is sufficiently high for the adhesion of cells because typical
cases require a maximum of ~20 pmol/cm? (Houseman
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Figure 2. Dynamics of adsorption and desorption of the oligopeptide. (A) Adsorption of the oligopeptide monitored using a QCM: the
adsorption reached 95% of the final equilibrium value within 10 min. (B) Cyclic voltammogram obtained during the reductive desorp-
tion of the oligopeptide. The labelled digits indicate the scan number. Cyclic voltammograms were recorded at a scanning rate of
20 mV/s with respect to a Ag/AgCl reference electrode. The working electrode area was 4.9 mm?. (C) AFM images of the bare gold
surface and the gold surface after adsorption and desorption of the oligopeptide. The bottom row shows 3D representations of each

image. The scanning areas are 300 x 300 nm
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and Mrksich, 2001). Meanwhile, cyclic voltammetry was
used to evaluate the desorption of the oligopeptide from
the gold surface. The peak potential for reductive desorp-
tion of the oligopeptide was —0.88V in the first scan
(Figure 2B). In the second and third scans, the apparent
peak at —0.88V disappeared, thus indicating that the
oligopeptide was readily desorbed by the first potential
scan. Broad peaks emerged in the vicinity of —0.6V in
the second and third scans. This is likely attributable to
penetration of exogenous oxygen during the measure-
ments. On the basis of the results, a potential of —1.0V
was selected for subsequent cell detachment experiments.

AFM analysis was carried out to investigate changes in
surface topography after the adsorption and desorption
of the oligopeptide (Figure 2C). The analysis showed that
the bare gold surface was rough and irregular, with a
maximal height difference of ~25nm. This topography
is probably attributable to the selection of a very thin gold
layer (40 nm height) to allow cell observation by phase-
contrast microscopy. A longer sputtering period and
annealing processes may be required to obtain a smoother
surface at the nanometer level. It is important to note that
the processes of adsorption and desorption of the peptide
are affected by gold substrate topography, as previously
reported for thiolate coatings (Cortes et al., 2009). It
should also be noted that the gold layer on the QCM is

thicker (250nm height) but not treated by thermal
annealing. The topography of the gold surface and its re-
lationship to cell detachment will be our focus of attention
in future investigations. After immersion in the peptide
solution, the oligopeptide became spontaneously
adsorbed across the entire surface with some small
defects, which were visible as black portions (Figure 2C).
After application of the electrical potential, the peptide
was desorbed from the surface. Some debris was identi-
fied in aggregates (arrow) on the surface (Figure 2C).
This appears to be a part of adsorbed oligopeptide. Fur-
ther examinations will be required to clarify the details
of this observation.

3.2. Detachment of single cells by
electrochemistry

Fibroblasts became readily attached and were dispersed
on the surface (Figure 3A). After 2days of culture, the
cells were detached on application of the potential for
5min. The cells were gradually detached and appeared
bright and round (Figure 3B). In this process, the projec-
tion area of the cells decreased to 48% and circularity
increased from 0.39 to 0.67 (Figure 4A). After 5min of ap-
plication of the potential, most of the cells (82 4 7.4%)
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Figure 3. Fibroblasts on the gold surface modified with the oligopeptide. (A) Cells cultured for 2 days. (B) Cells after application of
—1.0V for 5min; the cells appeared bright and round. (C) The gold surface after gentle rinsing. (D — F) SEM images of fibroblasts be-
fore (D) and after application of the potential (E). (F) A magnified view of the square in (E). (G —I) Proliferation of cells that were
reseeded in a culture dish 1 (G), 2 (H) and 3 days (I) after application of the potential
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were withdrawn into a micropipette and found to be de-
tached (Figure 3C). SEM images also indicated that fibro-
blasts were dispersed on the surface and appeared round
after the potential was applied (Figure 3D, E). In addition,
this analysis showed that the rounded cells were not com-
pletely detached and remained loosely anchored on the
surface with filopodium-like structures. However, these
connections were readily disrupted by gentle pipetting.
Approximately 18% of the remaining cells did not sig-
nificantly detach, even when the time of application of
the potential was extended to 7min. This suggests that
these cells were non-specifically adhered to the surface
via adsorbed proteins or to the defective portions of the
peptide coating identified in the AFM analysis. We have
previously shown that fibroblasts seeded onto a gold sur-
face modified with an alkanethiol self-assembled mono-
layer could be detached by the application of potential
(Inaba et al., 2009). In this previous study, 99 +0.3% of
the cells were detached. Thus, the dense alkanethiol
monolayer has superior characteristics in terms of cell re-
trieval. Recently we further demonstrated that the alka-
nethiol monolayer on micropatterned electrodes can be
used to detach cells in succession in a spatially controlled
manner with single-cell resolution (Fukuda et al., 2011).
However, it is important to consider that alkanethiol and

Copyright © 2011 John Wiley & Sons, Ltd.
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similar organic chemicals may remain in the detached tis-
sues and potentially cause inflammatory responses or
other adverse reactions after transplantation of the engi-
neered tissue. The use of oligopeptides is expected to be
a promising alternative to avoid this biocompatibility is-
sue. Indeed, this class of molecule is naturally present in
the human body and can thus be metabolized to amino
acids, either by means of enzymatic processes or by simple
hydrolysis. To optimize the process of cell retrieval, new
oligopeptide designs are now under investigation with
the objective of designing dense self-assembled mono-
layers on a surface that would avoid unspecific protein
adsorption.

To evaluate whether cell viability is affected by the elec-
trochemical desorption process, cells were withdrawn us-
ing a pipette and transferred to a conventional culture
dish, where they were subsequently cultured. These cells
dispersed on the surface and proliferated (Figure 3G-I).
The proliferation rate of the detached cells (doubling
time, 16 + 2.3 h) was comparable to the doubling time of
a typical subculture (16 £1.5h) (Figure 4B) and the dou-
bling time reported in the literature (16.6h) (Rossow
et al, 1979). These results indicate that the proposed
oligopeptide and electrical detachment did not exert a
significant adverse effect on the cells.

3.3. Detachment of cell sheets

Fibroblast sheets were also detached from the surface by the
application of a negative potential (Figure 1B). Fibroblasts
were cultured and grown to confluence for 7 days on the
gold substrate with the oligopeptide. Application of
—1.0V to the surface caused detachment of a single-layered
cell sheet (25 x 25mm) within 10 min (Figure 5A). Live/
dead fluorescent staining showed that all of the cells in
the harvested cell sheet were viable, with negligible
amounts of dead cells (Figure 5B). The cross-section of
the cell sheet was composed of a few layered cells with close
cell—cell connections (Figure 5C). As we have previously
reported with alkanethiols (Inaba et al., 2009), the cell
sheets were easily stacked with other cell sheets in succes-
sion to form a multilayered cell sheet (data not shown).
We could find only one study concerning the use of electro-
chemical approaches for the detachment of cell sheets. In
this reported study, a polyelectrolyte layer electrostatically
adsorbed on an electrode was desorbed by application of a
positive potential (Guillaume-Gentil et al., 2008). The de-
sorption mechanism was considered to rely on a local pH
change for subsequent dissolution of the polyelectrolyte
layer. With this technique, fibroblast sheets were detached
by application of +1.8V for 30 min. However, this approach
may have a drawback. The pH change produced by applica-
tion of a potential beyond the electrical potential window of
the electrode for a long period time may exert harmful
effects on the cells. More recently, the same group reported
a faster and less invasive approach using mesenchymal stem
cells, based on the same principle (Guillaume-Gentil et al.,
2011). We believe that the emerging electrical cell sheet
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Figure 5. Detachment of cell sheets and formation of capillary-like structures. (A) Fibroblasts were grown to form a cell sheet for
7 days and were then detached by the application of electrical potential (—1.0V for 10 min). (B) The fluorescent staining of live
and dead cells shows that almost all of the fibroblasts in the sheet were viable (green) with a negligible number of dead cells
(red). (C) Haematoxylin and eosin staining of the detached fibroblast sheet. Inset image shows the magnified view of the region
enclosed by the square. (D) HUVECs were transferred from gold rods to the internal surface of capillary structures in a collagen
gel. (E) Nucleus and F-actin staining of the HUVECs adhering to the internal surface. (F) HUVECs migrated and sprouted, and
eventually formed luminal structures in the collagen gel after 17 days of culture; arrows indicate channels. (G) HUVECs stained with
rhodamine—phalloidin after 7 days of perfusion culture. (H) Magnified view of luminal structures; double staining with rhodamine-

phalloidin and DAPI

engineering approaches, including our proposed technol-
ogy, hold great promise for future application in regenera-
tive medicine.

3.4. Fabrication of capillary-like structures in
collagen gel

One of the major obstacles in the engineering of thick tis-
sue constructs is the need to fabricate vascular networks
throughout tissues (Laschke et al., 2006; Fukuda et al.,
2004, 2005). To address this issue, we modified our ap-
proach to fabricate capillary-like structures (Figure 1C).
Rods covered with HUVECs were aligned in the chamber
and a collagen solution was poured and allowed to form
a gel. After application of a potential of —1.0V for 5 min,
the rods were carefully extracted from the chamber
through guide holes. The cells were transferred from the
gold rods to collagen, thereby creating capillary-like struc-
tures (Figure 5D). The distance between the capillaries

Copyright © 2011 John Wiley & Sons, Lid.

was ~500um and the longitudinal length was 16 mm.
The nuclei and F-actin of the cells were fluorescently
stained, and the results showed that the internal surface
of the capillary was densely covered with cells after 3 days
of culture (Figure 5E). A culture medium was then per-
fused through the capillaries at a flow rate of 10 pl/min.
Although the structure was initially rough and primitive,
angiogenesis occurred throughout the endothelial cells
on the surface. This eventually induced connections be-
tween the adjacent capillary structures in perfusion
culture (Figure 5F-H). This phenomenon is an example
of the well-known angiogenic process, which occurs in
collagen gel. The perfusion of culture medium was not
necessarily required for oxygen supply to HUVECs in this
experiment. However, the introduction of a second cell
population (e.g. metabolically active hepatocytes) into
the collagen would require a prompt initiation of culture
medium flow to satisfy oxygen and nutrient demands.
This approach can potentially be used for engineering of
vascularized tissue structures.

J Tissue Eng Regen Med (2011)
DOI: 10.1002/term



