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Abstract

Tissue engincered heart valves based on acellular tissue have been studied to have more
durability and bio-functionality with growth potential and less immunogenicity.
Whereas they have still several problems to be solved such as complete cell removal and
transfer of unknown animal related infections diseases. In this paper, our novel tissue
processing for decellularization using ultrahigh pressure for the safe tissue
transplantation was reported. Porcine cardiac tissues were isolated and treated by a cold
isostatic pressing for a disruption of donor cells, The cell debris was then washed out by
washing solution at 4°C. The tissues treated were completely cell free when they were
applied to 980 MPa for 10 min, There was no porcine endogeneous retrovirus detected.
There were no significant changes in biomechanical properties of the breaking strength
and elastic modulus. The acellular grafis of pulmonary valve were transplanted to
allogeneic miniature pigs. The cxplanted grafts showed remarkable cell infiltration and
endothelialization. This processing may provide more durable and safe scaffold for the
regenerative tissue transplantation.
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1. Introduction

The implantable cardiovascular medical devices have been clinically used for more than
30 years as substitution for the patient's deficient tissues. The artificial heart valve is one of the
most clinically used medical devices applied to about 300,000 patients per ycar worldwide.
There are two kinds of artificial heart valves currently used. A xenograft heart valve is made of
the chemically crosslinked porcine valve or bovine pericardium to reduce antigenicity of the
xenogeneic tissue. A mechanical heart valve is made of pyrolytic carbon or titanium. The
former has good biocompatibility, hemodynamics, and resistant to infections compared with
the latter. However, the durability of the xenograft valve is relatively short especially in
pediatric patients for about 5-10 years by the calcification of the gltaraldehyde-fixed animal
tissue. Recent establishment of the human tissue bank has made it easy to use allogeneic tissues
for the transplantation that are superior to the current artificial devices. However, since they are
donated from the cadavers, the supply is very limited and some donated tissues may not be
applicable due to infection. In addition to the above issues, all the devices and tissues lack the
growth potential and they may be replaced repeatedly through the patients' growth process.

All of the current medical devices remain as foreign bodics even after the implantation. If
a device accepts host cell impregnation and is replaced by the host tissue after the implantation,
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it may acquire perfect biocompatibility and growth ability. An ideal candidate for such a
regenerative scaffold is a decellularized allogeneic or xenogeneic tissue since it does not
require tissue fixation for removal of antigenicity. Detergents and/or enzymes such as Triton®
X-100, sodium dodecyl sulphate, deoxycholate, trypsine, DNase, and RNase have been
commonly used for the cell removal media from the tissue [1-4]. However, the
decellularization depends on their permeation in the tissue and may not be achieved completely
in large or hard tissues. And furthermore. since the detergents are generally cytotoxic and it
takes time for their removal, it may Jead denature of biological properties and contamination in
the process. Recent BSE (Bovine Spongiform Encephalopathy) and vCID (variant
Creutzfeldt-Jakob disease) issues have been affecting to the tissue transplantation from the
point of view of safety. In this paper. a cold isostatic pressing (CIP) was applied for removal of
the cells and inactivation of viruses in the cardiovascular tissues to have scaffold for the safe
regenerative tissue transplantation.

2. Material and methods

The porcine heart valves were isolated from 4 month-old Clawn miniature pigs (Japan
Farm Co. Ltd, Kagoshima, Japan) weighing about 10 kg under the sterile condition. The
harvested tissues were packed immediately in sterile bags filled with phosphate buffered saline
(PBS) and treated by ultrahigh pressure of 980 MPa for 10 min using a CIP apparatus (Dr. Chef,
Kobe Steel Ltd, Kobe, Japan) for cell demolition (Fig. 1). The range of temperature in the
process is about 5 to 30°C. They were then rinsed by PBS for 2 weeks under gentle stirring at
4°C for removal of the residues of the broken cells. They were subjected to the histological
observation by the light and electron microscopy, DNA and phospholipids assay, detection of
porcine endogeneous retrovirus (PERV) by the PCR, and biomechanical study by the tensile
strength measurement.

Fig. 1 Packed porcine heart valves for CIP treatment.

The acellualr tissues were transplanted orthotopically into nine allogeneic miniature pigs.
The pulmonary valves were transplanted at right ventricular outflow tract through a median
sternotomy with extracorporeal circulation without blood oxygenation [5]. The postoperative
anticoagulation or anti-platelet therapy was not instigated. They were explanted 4, 12, and 24
weeks (n=3) after the transplantation and examined histologically and immunohistologically.
All animals were carefully reared in compliance with the Guide for the Care and Use of
laboratory Animals published by the National Institute of Health (NIH publication No.85-23,
revised in 1985).
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3. Results and discussion

The tissues were completely cell free when they were treated by the CIP for 10 min
followed by washing for 2 weeks from the H-E staining (Fig. 2). The amount of DNA and
phospholipids were lower than 1 pg/ml and 0.5 mg/wet g, respectively and those were less than
10% in the native tissue (Fig. 3).

A B

Fig. 2 Cross sections of (A) native and
(B) treated tissues (H-E staining).
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The collagen and elastin fibers were well maintained in the acellular tissue and there were no
significant changes in biomechanical properties of the breaking strength and elastic modulus.
We have already found that this process could be successfully applied to cartilage tissues for
decellularization (not shown). More effectively, it has been reported that the most of viruses
including HIV are inactivated by the CIP only of more than 600 MPa without washing [6]. This
means the treatment is able to sterilize the tissue in addition to the decellularization. The Clawn
miniature pig was chosen as a donor animal since its size adapts human tissues well and its
genome has been well studied in order to develop a human gene induced transgenic animal for
the organ transplantation. There was no PERV detected in PCR assay from the tissue treated
(Fig. 4).

Marker Native

Fig. 4 PCR products of PERV (arrow) in native and treated tissues.
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The animals survived after the transplantation in the all cases. The explanted grafts
showed no macroscopical abnormality and no dilatation and aneurysmal changes including
their anastomosis. The inner surface was completely covered with endothelial cells and the
inside was infiltrated by cells from both sides of endothelium and outer tissue after 12 weeks. It
was dominant in the latter. Almost of the tissue including cusps were filled by the cells at 24
weeks, mainly by smooth muscle cells (Fig. 5). There was no inflammation and calcification
observed in the tissue.

A

Fig. 8 Cross sections of (A) anti-vWF
{endothelial cells) and (B) anti-aSMA
(smooth muscle cells) immunostained
treated tissues 24 weeks after the
transplantation.

Recently. some groups have reported excellent clinical results of acellular pulmpnary heart
valve transplantation [7-9]. We are planning a clinical application of the acellular grafis made
by this process in the near future.

4. Conclusion

Porcine cells and PERV were removed completely by the CIP treatment without using any
detergents. The acellular grafts showed remarkable ability in repopulation after the
transplantation. This CIP treatment may have more secure acellular graft for the regenerative
tissue transplantation.

5. Acknowledgement

This study was supported by the Research Grants from the Ministry of Health, Labour and
Welfare and the Ministry of Education, Culture, Sports, Science and Technology of Japan.

6. References

[1] Bader, A., Schilling, T., Teebken, O.E., Brandes, G., Herden, T., Steinhoff, G., and Haverich, A. (1998) Tissue
engineering of heart valves - human endothelial cell seeding of detergent acellularized porcine valves. Eur. J.
Cardiothorac Surg. 14 (3), 279-284.

(2] O'Brien, M.F., Goldstein, S., Walsh, 8., Black, K.S., Elkins, R., and Clarke, D. (1999) The SynerGraft valve: a
new acellular (nonglutaraldehyde-fixed) tissue heart valve for autologous recellularization first experimental
studies before clinical implantation. Semin. Thorac. Cardiovasc. Surg. 11 (4 Suppl 1), 194-200.

[3] SteinhofT, G., Stock, U, Karim, N., Mertsching, H., Timke, A., Meliss, RR,, Pethig, K., Haverich, A., and
Bader, A. (2000) Tissue engineering of pulmonary heart valves on allogenic acellular matrix conduits: in vivo
restoration of valve tissue. Circulation 102 (19 Suppl 3), TI150-55.

[4] Booth, C., Korossis, S.A., Wilcox, H.E., Watterson, K.G., Kearney, J.N., Fisher, J., and Ingham, E. (2002)
Tissue engineering of cardiac valve prostheses I: development and histological characterization of an acellular
porcine scaffold. J. Heart Valve Dis. 11 (4), 457-462.

123



165

[5] Numata, S., Fujisato, T, Niwaya, K., Ishibashi, U.H., Nakatani, T., and Kitamura, S. (2004) Immunological
and histological evaluation of deccllularized allograft in a pig model: Comparison with cryopreserved
Allograft, J. Heant Valve Dis. 13, 984-990.

[6] Hatashi, R. (2002) High pressure in bioscience and biotechnology: pure science encompassed in pursuil of
value. Biochem Biophys Acta 1595, 397-399.

[7] Tavakko!, Z., Gelehrter, S., Goldberg, C.S., Bove, E.L., Devaney, E.J.,, and Ohye, R.G. (2005) Superior
durability of SynerGrafi pulmonary allografis compared with standard cryopreserved allografis. Ann, Thorac.
Surg. 80 (5), 1610-1614.

[8] Cebotari, S., Lichtenberg, A.. Tudorache, 1., Hilfiker, A., Merisching, H., Leyh, R., Breymann, T, Kallenbach,
K., Maniuc, L., Batrinac, A., Repin, O., Maliga, 0., Ciubotaru, A., and Haverich, A, (2006) Clinical
application of tissue engineered human heart valves using autologous progenitor ¢ells. Circulation 114 (1
Suppl), 1132-137.

[9] Erdbrugger, W., Konertz, W., Dohmen, F.M., Posner, S.. Lllerbrok, I, Brodde, O.E., Robenek, .,
Modersohn, D.. Pruss, A., Holinski, S., Stein-Konertz, M., and Pauli, G. (2006} Decellularized xenogenic
heart valves reveal remodeling and growth potential in vivo. Tissue Eng. 12 (8), 2059-2068.

124



m B

SR & S (IR O BES & BEERNDRE)

Textile Fiber and Medical Fiber

% H B -y

1. FUSIC

208 G AL, I PHMBOKBBERDLEDA S,
+A4nveR ) TAFAECREENLLIATHELDET,

FOMAHBY T EEIZN- TS, W MIHEAGOX
Lulidicsy, BB IhAMHERRL S HEML,
RAOKEFEZ S AN EKRELERLTES, AFE, WK
WRIZTHR - EREFHF LS RALEATVSI IR
AGO@BHTHDA, TATE "Hli=TBER" O £ —
AN LicEmbO AL, TITIREAAAILEA,
1R E B = h T A DI E R R 2 80 L
vy, BYEEEAARHE S LCHRT 2 5 4003, BMEBEPHERYT

DENCHEREh2HAUMMTH A 9. Lo LERIZE,

Gz RO PATFEL Tnad, 22T, "l &
HRMET DMBAMOAT AR, FOXICKE L EHIE
Vo, BRI IS, ZRBSIFTIE TG 2. [RRESEETIZ R

#" AEHVLh TV, BRICRNIMNL fiber THY |

[ TREVLD LOHIBKTEAMMIIRALCTHS.
T, WP HTET ML LT, MEBERLS M LT
MAEE¥ET A KD, FPE. MEHER D &Y R
ATPREM, ALOFEGEFSI 220, B
(A O BERE B %7 L -, IR AHHEIZR S = i
WA S EMARDOMR G Ta SilE, Zha YL T

R i o e

KAZUYA SAWADA

KER R A

MR 1L (TH%)

F533-0007 KBRFH M)A 3-10-

62

Tel : 06-6829-2561 Fax: 06-6829-2579

E-mail ; sawada-k@osaka-seikei.ac jp

CHEMD MY, St To4F
A

(TR R F -, W4T

RAE AT

P-120

M o# Z- - B & &

VWASRA T F ) 9 2 ARGRE, X5 @S Y
HRIE FVASILFVHY, TRFXT VA, T4
JersFr, 7Ii-ySOMBRBEEREGNE:, 29 -
YURUZIAFVEFETHBRMEREBRES MR TN
Tk, -7, OFMR, - HBCHEAT&BRETH
. RBEIZIRD - VM LU 7 AT RS TR
ZIrich b, BliLadEioBEZE. ThoEEK
LTxy, ORIz RT 2, FiESHOS
GOMEEXOFETSES. JI TR THESHMO
F—2id, ZThoLHEARELBEERRTERARLES
THWREFTH S,

2. ARHE
4 OERMICEFRERSE L BA. TOREARS T
BrLTfeBz LI, BOBBIZEVEMREDE
DhBHLERIILTHS, L, KL U< 3HEE
Atk @i LT, KLk, 20"
W BSOS FRLBIEENS, BELOFRF - LAHNEK
Lt AT ORI THEY., ZHhIZDOTLRIRTH S,
B, ORkFERONEHICIL, /1 054 b ROBNSF
FHONAONETHE. MATIE, —4DFEMHIZHASS
MEAFTAINSLMBIATLS, L2L, THhEoDOH
Wizt 2<{oMELATEA TS, MAE, £HIIDHE
AiMBRFOIRAR, L PRFm- s TMESRS,

DOHIKO TERADA

AR TRAZ T%E WHLfRRA
Bt(T%)

T535-8585 AMRAAEEKF S5 'H16-1
<CRM> B4 AL

B> MM

TOSHIYA FUJISATO

ARLMA%E T8 £48 I8
T535-8585 AMHEEXRES T HI16-1
Tel : 06-6954-4746

E-mail : fujisato@bme. oit.ac.jp

(WM [EE T, HBTY

CoR > RRAT R

SEN'1 GAKKAISHI (4t ~ T3) Vol.63, No.5(2007) (2)
125



B-ToANE
IS1soempaEs)

—

—— 5= R )
e IHI R B BERES)
o« anpns L

La b b L

DEBREET <

(a vilro)

T5- T R SRS
52 ¥ AN BNES)
- ERcima

-V RRCIBS
SRR T ¢ T gE T
HRcr@E®

B2 THXBR:EEFLE LSk s 5HEER

7. HAZBAAIZFRELEY, NREBTIRAZEH#
CE TR shaV, —FH. kP 25BEE RS0
fTdhid, RETTREFHATES, LrL. FF-0D
WA RRIE S EMEO ALY, £ 2 TEF.

R e LCikoEFERAT S 05, 0
FohIcUBRT s REGEN RTINS, K22, Eh
LOWEETHY . WMEED VO TIZE L TIrREER
AEFALLTRLAE(a), RIAL2MEGEE RIS
#0 L0k T DA, ORI d R E A b2 (8
#PE) L. B0 218 L 4 5 WEHGRO A0 MK (2 ¥ «
T4 =N F)EERTAD), Xic, BE»SFRML
HagEEAIZTRAF Y 74— PR BB EE 5 (0.
CORE. WIERD 2 X v 7+ — A FIZhT 280 - BEIE
ARHB70. PEZEC A F v 7 4 — A FITK L &Ko
TS5, ZOBIFICH T I2E%ERTIN TOHEM A 4
XRTE, FOiH. HEHOZZ2F > 72 - L FOBHIE
50, BEASOMEaLY TLERTH 0T, EERE
AN EME NS, —H. RAF 4T 2L FTH IR
wgro Lo, BHdk s oL 16, BRRRFL
A THL o aRER, Bby o e P BEORERRYE
A1 5(d), BEOHCZAEESOMAMTERREhACH

BiLAET T 5,

TORETIE, OEFREEIA, DRAPAETLESL
DERICBIETTREL Z & & 6 [GREAE, 2612, B9
THMAMED S R4 B T 2 2B M. . R
MR A A 31848, MIED &I CRBRRIGERCT
iz K-kl A ik L, RERMOLMZTHII L
PREE S, RETRE. REEES S IR E L S AR
MA@ ET A 2ich s, HRF I L2, ZOWNE
i, FEEOPES L EHR, WEEREAIC L B — T
5%, AMTMEERE AL LT, Pk ndlati
WHL, 2+ 73— A FEBLEHOFRIIOLT, &
HLDWMRERREZRATRITT 5.

3. £BREORPTFE
— REEER  BRGRAC L D RRE —
COFEEL. BERES BICTbhAaFHETHO. K
JICFOBPRE AT L, REEERKENIZ & 5 ENR
AHEHAHEY, UAY - LTHELTINT 288850,
REO®KHEFIRILLALTHE, 27, EHENLIR
TEMEHNZ SDS % TritonX-100 HFTH 0, FAEREDR
AEI-REBEHRFOZS ) = Y 3EWITEV, Fi,

R ERRICENR i
{SDS, Tnton X-100% 1
+
JaF7 -t
ONase
RMasa
L
e 30
0 0 » ® =
~FEANLR S T Ol RS (h)
3 RifmEtaslc & oMM
(| k@ F & RO HEEEL)
(3) SEN'l GAKKAISHI (A4t - T3#) Vol.63, No.5(2007) P-121

126



MR- RAEEREMASREL. MlRERELBSTIN
W, ToFT-¥2EHVWAZLEdD, Ll THER
izl b Ao resE ) L OHASERTSY,
FhBEOTHRIFEE L, KRS L AL 5513, DNA
LRNADO 3% 269~ L T, DNase % RNase Z &Y
B —2AHBHILTHE, ZOREZKPZED, s
DIHBEL TR E N, BIEMIZ DT - YRR AF
VMO AR X NS, IOFETIR, EORFICE
TERMALLEREME Ehd. Jhiz, REEHERER
(T EHRV)DOLDOTHABHELBEEEDTHY,
TORIEVWTIIRBO®RPLEAKEL RED, LAarLad
5. +4% “TEERENVT ELAL LTS, HuicREL

EREEEHOERERETSILBABTH S, 610,

ZhoDORMEMAM AN L MEEERTZen6,
AR E L o, 24, ERBEFRTED
12, RENSESIEEIZ & O SRS D ERFIEDENLTS
TrtEMbhT D, X6, BEHKBOEDTATEF
AHOLAEBIE A E N SOEEITS 540, EERRI
HOETLEATIARILLOMESBRER TS, T
ho&RAWICEL S, BLIZLABMAEILTIZ, WK
PR EOEEADREEMMARI N TV 5 LAY
Xa4Ba0, BE ChooXx&EMI LY, WEEE
WEHOHAES. Mo TkEMASRTI S,
KRBT AHIR. ZhicBbaHtbFke LTHE
5DMEF - LHMBELTVDIMTE S,

4. HRREEAE ML
REESFIC X 2583, ikt eI BRI

BFOTAZRALFHRTH S, L L, SMHMHMKOELES,

REEESAORELAE LAHMETHS. 22T, TORA
HWARY 3 FERL LT, HIEAKEMNG 2 EFRL .,
ZAud, BRI LE L E 10000 SIE % H #9210 M
FmL. ZO®MEEEET THRETILO0TH5(H4 L
B, Zo®METR, BEERM KBRS A,
FOHDABRAATE R CHBPREVTREIC A D, L%
AR VB TETH O BEEICET 2EEAN

s LR 4

B4 EREFNMOE & BRI

P-122

ORSHFEY THD. B4 TRZEETRSET o286
RTHV, Hematoxylin-Eosin (HE) a2 7 - =ERTS
3, M4, AW H G SERRATING, £THRONmE
TH 3, BIEREIZH T native D LK TIERR A
MREANTVADICH L, LERODERTIREEINT
#o¥. RPN TR TS, &, 277
VRIS ZFVOBREERZIOZIIHH I TSI
tb»3d, L. AEEL b oy 4 L2 (PERV)DOREFS PCR
ETHAES T, FhorREbEhtZ L SHEL
Twd, Riz, BESEEE $ha#lam) » IRRDRTF
ABMEL s MARSICORLE, ) YRR, BR®ROR
RILOBERO—2 & LTHERSWI2HETS Y, MR
FZOBIZHETHET <~ EHEAD—2TH S, KI5 LED
FRANMERICL S, BEEAMLEDATI]) R
SBREIRTVAL, TRO TEM BREREARDER
ERLTVS, BVBICE- T84 YIRRTHD,
BB U it LTV B, REIIRESIER %
Ao ETERTO S, MCHANORY VIR E
WMIzRE LIS VI L ERLTVA, LiL, ZOME
IR EBICRRTEETH D . EERIC T LD - LRI
FTAHEZEIZEDBRETRICSZS. AEOERSF-ER»O
LS L AHRIC, RO YIRMA T AT - VBT Y
BEINTHS, LaL, BHTHLTRTFLEREAS,
TEM #lB O R Tk, BEMI-ERT2Y) v EERO A
RAELTVE, @ TR ABRESERICEORTIEE %
EZ 3520 TIHBERTRAETH 540, HieAh
O RABMRARER TS, SHRORIPEICE
HTHAHI,

5. RBEASRA Gk ik
EREFE L, MG TFETH O RS HNE ST
LFE FAEE2E0TRIZES, BOREENERTES
EhEFRTES, LoL, ) VEERIRED = DHIZLER
TEAMERZ L, £ L TEEM 3 EM) O 0L
LN ETHENRD, FIT. Zho2WETHFEE
LT A D TWEOH, EERmEmlETS5. &

5 WaBROEEnED")  HRRRL

(LB RS TH  TEM M%RHER)

SEN'I GAKKAISHI (Mi# & T3) Vol.63, No.5(2007) (4)
127



Bk, BRICBE - R TASFEMALEIAT
B, e 2R ALN - TS, SR
D/FAOGEIE. EHHEIC L RO FRE & M
WX AZ L HNTAREETHS, 250, B-HEIE
Hhhsd, EHELOATHEOBEMELSIEHTZ
EAEIREIZ A S, BEMEE(LOBEIMFCLDRES Y
U 2 4 RAR - & D B B R A EREIChIE Y
AR S, BE MBI TREERALHEHDS
VWiAIZ CO, Th B, AFRF - AB0TE CO: R
DHEDE®E LTRIFLTV S, BER CO:. DFEMlR{t
ADOHMIZEIT AHEREOVH B, TO—2Z, BE
SHTHDH, BHFIER, KRETIZRTI&ICLD,
CO, I3EREHL ., MSMIZRET I LB, T,
GO L ko fafatt it ERd RS, €554, CO L
AL REIHREO RO EAVABATLRRT
b3, 7, COIZBR- TRBREMGEMLZ A0, #8
WO LM R TOBTHTH S, X612, LERERD
FEARIZ. PR S 2 MG T O h, BRIERTEA O BE
125, X, HEERHEAEOSORVIERE R, ki
RS EEORBE I I0IZBERICT S, - T, Bk
e C oM A L ik A eTigti A 1Y 5,
pLbk b, AETOMBBHITERETH L, ERERR
Bramhr-BiftFEelhigs.

(463, FPRICHERR CO: & R\ TR % 4T - A 4R
DI O HE $E/ERATL TS, BFRESTT &9
12, COp Wil 12 fnf] 22 5 [ RiSET & 2 Wi 2 o Radh 4t
FHEETHEV, CO:OBA. FHELIZH ) BBBEL
OWE TN E N s, O iR &S
BT E- 2rEEc LY THS, LLANs, &%
Aoy M- ESREBNLABE, 2
ROk BPReNE, TV PL—-FTOFHIZIELD,
A Rk TR AR AN S B LTV S, W
FrAXOHFBNOERETS D, TOFRIL 154408
DWPER LTS, BB RAE 570, BEEN
BT EM, REEERERES TLHAME VS M
HFRLAA, AETO 15 7R & D BRI A 2 4R
Chd.,—H. ) rYEROBEIZOVLTIIREREIZIEIES
Tuhny, H5EEMVHRIBOhS I LAHELT
Wa, Bii, W—THRTOTEMRE &MY T 5 20 ORE
AT,

ZIZTHRITLESERIL. CO. kXY L-FTDORTHS
A, BEfEOSEEEME B IB40OHR BT L Ty

o ik, BSHIERAT T TORER KR OCOME S OR

(5) SEN'I GAKKAISHI(#i#E & T %) Vol.63, No.5(2007)

128

ENFAND,

6. BAER{LFRELMEOHEREMT

CZF T, BaANREFEECIOLWTORT AT, B
AHafLIL, IR BM O RERIGA NI S 2 & £ ERIC
ML Tvs, —F, REOEFIZE VLTI, BHRRY
TOBHMMED B FRALENTET S, RELVS, BX
LOWEEAREIZDNTIE, BELFETHS, Ll
e BEAFBRE XN TEY . ZO—23 Lo iang )
VIERDOBETH S, b, BEERTEEI I AF D
FHICRET L0 IME LB, ABIRF - LA TLLA
IOFOMFEC OV TIHELRIEFER TR, TORBRE,
FheoOR—FATEIEZL, WAESATRRLIEES L
VBWOHEZ A TIS, TE-T, ARILERST|T 5 REM
STARMETIZI LY, BRIMERRDTHTHD L
HATWD, 2T, RiflaL 33 EHATHS, =72 F
VEREDERICEB LB ADE THRMT 5.

EWFRFELED, M2 H L ARG LEH L HhE
) EEF A, RENEMIZEheOufkililiz i o0
DEADELD, A b, MBS LD BRED T HME
ML AZ L AMIELT VS, T7AF VDR
HARIT ARIAE L. ZOI 7 uRERERTTVS,
REE. BRI XF IR TAEL 20 S
Vg FLMEER TSI 27 -y oSy, 1
AL = B S E L, Lh L, FEREHZ &I,
KEDER TR 7 — 5 i iZ0- 2 RKRILIFEERS
hen, T, BHEMOEN TS 525, REMBEELT
LODEME L L TABMMRA T LS AAHETH 5.
FIT, BHIZRBRETH LN, BETHLT I 2F Vil
gL a3 - v aoERICTE, BkitE
MMk L mha,

M7, 25— /i 2F BMerXR+ 572
¥, ME4EEZ Elastica van Gieson (EVG) 44 & 17 - /%1
FRLTV3, ERTESRAEShABRMA X5,
BLEATHARES27 YU Ths, 27 2F /Bl
a7y UARERAED, I AE L ViR ET
3, FOER, WAL RAOH D% MR R
e, BAMEMRL TS, R, 27 2F VB
DA LB ET HE RO G Eh Ty 5, L
L., W FhE4TS EHOMEIEL S, [J8 dlid
T3 AF Y ERELLMEFERET LTS8, WITOM
S otdlEiE, FOMESHERTELVEFIZERTS.

- -
(S A

7 MEHERD EVG BEEN
(% : native B8k 15 = 7 A F Y ERFiliE)

P-123



o588
ISAFAN

5= RO 25-SLRANRDH
®s wWEEEEEREL

(% :native $ .17 ZAFEE
5 EEEEMTL+T 7 25 VERE)

LHAA, NREMEETIE, ThU¥LLETT 2,

FIT. 27T BMOATERELERTI A d
Hed LS, i LEBEENT £ KT, KMEORER
EMTHE # bR T, A I L& F kil
bt T s, BREMATSSI L. I UEKTRN

HAEBES UL, BOSERPLFRIILRVRETSH S,

EHEEALRAC TS RTEOERIL, 17 2FV#
WABREINAMED EVGRERRTE 5, RAEEDE
WL, 27 2F VRN REINT AN, —7,
BRIty BHESIEDI SRR TED, =7
2F Y BHEOAN GG XA TS, 242, R3EDE
WL EmTAEaE ez s -7 v igils 55 5mE
THbh. A73-rUBECATHIIZL DT, MF
OuEMES#MEEN TS, 2097 -7 YEMEINED
P12 50 A BRI U 2o S SR, BRI SR IE S B L T2 native O
Fhek#pngnZ L EREAL, JORIZ, 727
Vi ERRE L, 0 hEHRE AR LA SRR
B2 ek, F 2T, ZOMEORIKICHBIR
W &, —ERM T o P O T MA L, 6
AT, RO, ETHEAL 2/l 1208 EH#IZHY
# L. ARILEMED £ 9 von Kossa fa % i1 = fER &
TLTWwa, HERIL, native A F0 F FH FEML

~IBATHY, M6 LTIKIEARDORD. ThiZHL,

EBEMIGRTESIZ, 27 2F /@A BRELADFTE

B9 5 v O FABHL 2 MEEED von Kossa R
BER(12#)
(% : native #5 & ' Bi™ 7 25 #ifk)

B S 6 ha ., [EHGIT - = eOMRkO — 5T
MOTRIKEAED SN FE &5, native IZJe<HEH»
SEGENE»D SR, LEIZES I, BIRLIIAKO
ERANSEEAZIETHELILEIAGH, SHEGIIRLD
FERAEMICRML T I e RS,

7. BHYIK
HARRDRE L KEBOBEIE REZLDEELD
ONBERTEAD, RE. 37— VB#ERTT2F VR
WA KBARKCEHT LI RBELLL, "HITR
W ELSRBTHMLTOS AR A, HR
IRETHG SR E cBEORGIEIRICFEETS
5., 7, AWTASAEERAHPMIIZONTE, HEI2H
NEAGATH S5, BUASEL TR, AROITMIH
FOFME L AT B IIF > TYM» ey, Ll
2L NEDREANB T FNBBITMBINTEL
fiH, FEPMIZERFMAHBTH - 2L VI HTHERIR
AGFELAMA TS, FARTIBITLAATIZ20TR,
ER¥ TIREICERERIRIC A>TV AAE 55, B THRA
TR ORI A AT ARSEICE 0T, WS HOHEG
Mermds i, FEFMBOXE AR RAEDT
ERVERI L, REOBE" L RO, Baf
bEDLIZRADPENNZVY, TOREZEELHE

LT3 Z L 2mi%icwmiL o,

21 BFFY - F MU URIOL

THERFFY - FIH %D
CBAfES, BEAEE, BEREMTER
| ROMRMEZE 212
CERCI9F T H 26 HR~27 BR
» P TR S (8 v R S K T 6-0-1)
http : //www.keva.or.jp/kee/icck/
A, FRECBEMOLAETED,
T563-8577 KRRIFiGH MR 1-8-31
i RBRE AR WAL PSRN A A
AR=2H ) 7= I— T (L)
TEL:072-751-9522 FAX: 072-751-9628
E-mail : chitin@m.aist.go.jp http : //www jscc.jp/

&5 m 8§ 3 W
SRR

P-124

%55 BLADY—FRS
F fi A&kLAuy—-%E, A4 FLAey %2
# M ERAY. BEMHEE, Y2AF 0 REMT
%2
B M HMEEEEs
B B FRI19F 11 H1 HR~3 B
B O ERKERMNF VI 2ARME  HARE AR
(79201192 &R v #% HIAT)
http : //www.kanazawa-u.ac.jp/university /access/
images,/kakumal pdf

REARY) C THL19F8 A 1004
I AR Y R 194 10 H 1 BIA)
3, FRIZEMOAET N,
FT600-8815 R F X i 3 EHHT 93 it
HEY Y —-Fi-28 HERLAOY-2E
TEL: 075-315-8687 FAX: 075-315-8688
E-mail : member@sri.or.jp

SEN'Il GAKKAISHI(## & T3) Vol.63, No.5(2007) (6)
129



. ~ Macromolecular Macromolecular

\ whumals Bioscience

Controlling Coupling Reaction of EDC
and NHS for Preparation of Collagen Gels
Using Ethanol/Water Co-Solvents

Communication

Kwangwoo Nam, Tsuyoshi Kimura, Akio Kishida™

To control the crosslinking rate of the collagen gel, ethanol/water co-solvent was adopted for
the reaction solvent for the collagen microfibril crosslinking. Collagen gel was prepared by
using EDC and NHS as coupling agents. Ethanol did not denaturate the helical structure of the
collagen and prevented the hydrolysis of EDC, but showed the protonation of carboxylate
anions. In order to control the intra- and interhelical crosslink of the collagen triple helix,
variations of the mole ratio of carboxyl group/EDC/NHS, and of the ethanol mole concen-
tration were investigated. Increase in the EDC ratio against the carboxyl group increased the
crosslinking rate. Furthermore, an increase in the ethanol mole concentration resulted in an
increase of the crosslinking rate until ethanol mole concentration was 0.12, but showed
gradual decrease as the ethanol mole concentration was further increased. This is because the
adsorption of solvent by the collagen gel, protonation of carboxylate anion, and hydrolysis of
EDC is at its most optimum
condition for the coupling reac-
tion when the ethanol mole
concentration is 0.12. The
re-crosslinking of the collagen
gel showed an increase in the
crosslinking rate, but did not
show further increase when
the coupling reaction was exe-
cuted for the third time. This Gt N,=0.2 N.=0.68 Pure
implied that the highest . 3 B
possible crosslinking rate for
the intra- and interhelical is
approximately 60%  when
EDC/NHS is used.

water N,=0.32 N,=0.42 Ethanol

Razor-cut surface

Introduction

K. Nam, T. Kimura, A. Kishida
Division of Biofunctional Molecules, Institute of Biomaterials and
Bioengineering, Tokyo Medical and Dental University, 2-3-10

The construction of an extracellular matrix (ECM) using
natural products has been performed by many researchers

Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan worldwide. Based on the fact that an ECM is mainly
Fax: 03-5280-8029; E-mail: kishida.fm@tmd.ac.jp composed of collagen and elastin, many researchers have
{ G, ey
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attempted to prepare a collagen- or elastin-based material
to construct an ECM. Ever since Weinberg and Bell
succeeded in preparing a blood vessel using collagen,!!
diverse approaches using collagen gel to prepare an ECM
had been executed. However, the critical aspect in using
collagen gel is that its mechanical strength is too small and
easily deforms its triple-helix structure into a random coil
structure when heated. The low mechanical strength and
easy deformability make collagen shrink easily due to
external stimuli. These aspects make it difficult to use
collagen as an ECM. The use of crosslinkers to overcome
these problems was investigated and is well reviewed by
Khor.?! By crosslinking collagen triple-helices, it is possible
to maintain its mechanical strength and suppress any
deformation caused by external stimuli. However, it is
very important to consider biological responses in the
designing stage of a crosslinking process because of the
possibilities of severe problems such as toxicity, inflam-
matory response or the alteration of protein structure.

A crosslinking method using 1-ethyl-3-(3-dimethyl-
aminopropyl)-1-carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) in aqueous condition is a
one of the best methods to produce a non-toxic collagen
product. This reaction mixture induces the formation of an
amide bond by activation of the side chain carboxylic acid
groups of aspartic and glutamic acid residues, followed
by aminolyis of the o-isoacylurea intermediates by
the ¢-amino groups of (hydroxy-)lysine residues, forming
intra- and interhelical crosslinks.*™! A coupling reaction
that involves EDC depends on the amount of EDC and on
the EDC/NHS ratio.*"®! A higher EDC and NHS mole ratio
against the carboxylic groups increases the coupling
reaction rate. The pH of the solvent for the coupling
reaction should be higher than the pK, value, which is 5.8
for collagen. This is because the carboxylate anions
otherwise exhibit a higher coupling rate than that
exhibited by the carboxyl groups.®! The coupling reaction
using EDC is one of the most widely used crosslinking
methods in the biomaterials field; however, it is regarded
as an inappropriate method, especially in tissue engineer-
ing, owing to its extremely low coupling efficiency. This is
because EDC tends to hydrolyze rather rapidly under
aqueous conditions.®™” The use of NHS to suppress the
hydrolysis does not function to the desired extent.
Furthermore, since collagen consists of triple helices, the
efficiency of the coupling reaction is lower than that of
crosslinkers such as diol-related crosslinkers or glutar-
aldehyde because the only possible reactions are the intra-
and interhelical coupling reactions. Hence, the question of
whether it is possible to control the coupling reaction rate
of EDC for collagen crosslinking was brought up.

Our research group attempted to control the coupling
reaction of EDC/NHS using the collagen gel. We found out
that in order to obtain a crosslinked collagen gel that is
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mechanically tough and possesses a low swelling ratio,
collagen should be crosslinked under neutral or alkaline
pH conditions with the EDC/NHS/carboxylate anions in a
ratio of 10:10:1.*) The swelling ratio in pH 7.4 was
less than 150%, which is approximately 1/5 of that of
the uncrosslinked collagen gel. It was shown that no
denaturation of the triple helix had occurred. The elastic
modulus increased to approximately 4.8 times that of the
uncrosslinked collagen gel. However, when we investi-
gated the free amine group contents, the lowest value of
that we could obtain was approximately 60%. Glutar-
aldehyde crosslinking on the same collagen gel revealed
that the free amine group content was less than 15% and
the diol-related crosslinker exhibited an approximate free
amine group content of 30%.”? We concluded that this is
the lowest possible coupling reaction rate for the collagen
microfibrils under aqueous conditions. Thereafter, we
started to search for new conditions for collagen cross-
linking using EDC and NHS. In this study, we attempted to
control the EDC/NHS coupling reaction rate by making the
reaction environment highly hydrophobic. To achieve the
more hydrophobic environment, we used ethanol, which is
miscible with water. Ethanol/water mixed solvents were
prepared in different mole concentrations to control the
hydrophobicity of the solvent. There are a number of
research papers on the reaction of EDC/NHS with collagen
in ethanol, but it is not completely clear as to how the EDC
and NHS coupling reaction would be affected when the
alcohol percentage in aqueous conditions changes; hence,
different ethanol concentrations are being used without
characterization of the coupling rate.[®1]

Experimental Part

Preparation of Collagen Gel

The preparation of the collagen film was performed by the same
method as that reported previously.®”! A 0.5 wt.-% solution of
collagen type I (I-AC, KOKEN, Tokyo, Japan) was concentrated into
a2 wt.-% collagen typeI solution and used for the film preparation.
The collagen solution was dropped onto a polyethylene film and
dried at room temperature. A transparent film with a thickness of
56+3 um was obtained. The films were stored in a dry
environment.

To investigate the effect of the solvent, the collagen film was
immersed into an ethanol/water mixed solvent containing EDC
and NHS (both from Kanto Chemicals, Tokyo, Japan). Each
chemical was added in the mole ratio of EDC/NHS/collagen-
carboxylic acid group =10:10:1. The ethanol mole concentration
(N,) was changed from 0 to 1 [ethanol/water ratio from 10:0 to
0:10 (v/v)]. The crosslinking procedure was allowed to continue for
24 h at 4 °C to produce a crosslinked gel (EN gel). After 24 h, the
reaction was terminated by removing the gel from the solution.
The gel was then washed with distilled water for 3 d in order to
remove any unreacted chemicals from the collagen gel. For the

DOI: 10.1002/mabi.200700206

R Early View Publication; these are NOT the Thal page numbers, use DOI for citation !!



Controlling Coupling Reaction of EDC and NHS for Preparation of Collagen Gels. ..

re-crosslinking process, the same procedure as above was repeated
using water, Ny ~0.12, Ny ~0.42 and 100% ethanol as the reaction
solvent. Crosslinking of the collagen gel to glutaraldehyde was
performed by using a 0.5 wt.-% glutaraldehyde solution (Merck,
Darmstadt, Germany) in a phosphate buffer solution (PBS).*?! The
collagen film was immersed in the glutaraldehyde/PBS solution
and was crosslinked for 3 h at room temperature. After cross-
linking, the sample was first rinsed under running tap water for
30 min and then in 4 m NaCl for 2 h. In order to eliminate NaCl, the
sample was rinsed with distilled water for 1 d to yield a glutaral-
dehyde-crosslinked collagen gel. The 1,4-butanediol diglycidyl
ether (BDDGE)-crosslinked collagen was prepared by immersing a
collagen film in a 4% BDDGE/PBS solution and reacting for 5d.1*!
The BDDGE-crosslinked collagen was left under running tap water
for 15 min to wash off the unreacted BDDGE. The washing process
was repeated several times. The glutaraldehyde-crosslinked
collagen gel and the BDDGE-crosslinked collagen gel were used
for the characterization of the free amine group content.

Characterization of the Collagen Gel

A solubility test was performed in the ethanol/water mixed
solvents. The collagen films (3—4 mg) and collagen chunks
obtained from lyophilization (7-10 mg) were immersed in
ethanol/water mixed solvents. The collagen solutions were left
at room temperature until complete dissolution occurred. The
triple-helix structure was characterized using a circular dichroism
(CD) spectrometer (J-720W, Jasco, Tokyo, Japan). Collagen solution
was prepared at a concentration of 1 x 10 7 m and characterized
5 times for each sample to obtain the average spectra. Surface
analysis was performed by scanning electron microscopy (SEM,
SM-200, Topcon, Tokyo, Japan). The same solubility test was
repeated using the collagen film. The diffusion coefficient D was
calculated using a collagen gel that was prepared in a 2-(N-
morpholino)ethansulfonate (MES) buffer. The collagen gels were
immersed in the ethanol/water mixed solvents at pH 9.0. The gels
were then removed at 10, 60, 120, 240, 360, 1 440, and 4 320 min
(3 d) and the adsorbed amounts of the solvent were measured. The
following equation was used for the calculation of D:

M/M., = 4(Dt/xl?)"?, (1)

where M, and M__ are the amounts of the solvent adsorbed at time
t and at infinity, respectively and [ is the thickness of the collagen
g o] [14.15]

The primary amine group concentrations in the tissue samples
were determined using a colorimetric assay.***”! From each
sample a 2—4 mg specimen was prepared. These samples were
immersed in a 4 wt-% aqueous NaHCO; solution (Kanto
Chemicals, Tokyo, Japan) and a 0.5 wt.-% aqueous solution of
2,4,6-trinitrobenzene sulfonic acid (TNBS; Wako chemicals, Osaka,
Japan) was added. The reaction was allowed to continue for 2 h at
40 C, after which the samples were rinsed in saline solution using
a vortex mixer to remove the unreacted TNBS. The samples were
freeze-dried overnight, after which the dry mass was determined.
The dry samples were immersed in 2 mL of 6 m aqueous HCl until
fully dissolved. The obtained solution was then diluted with
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distilled water (8 ml) and the absorbance was measured at 345 nm
(V-560, Jasco, Tokyo, Japan). The concentration of the reacted
amine groups was calculated using the following equation:!***7}

INH,| = (A - V)/(e - 1-m) (2)

where [NH,] denotes the reacted amine group content [in mol/g of
collagen gel]; &, the molar absorption coefficient of trinitrophenyl
lysine (1.46 x 10* 1-mol *-cm™*); A, the absorbance; V, the
volume of the solution [mL]; I, the path length [cm]; and m, the
weight of the sample [mg]. The free amine group contents were
calculated by assuming that the uncrosslinked collagen gel has
100% free amine groups.®! The experiment was repeated five
times and the average along with the standard deviation was
calculated.

All the experiments were repeated at least thrice and the values
were expressed as mean + standard deviation. In several figures,
the error bars are not visible because they are included in the plot.
A statistical analysis was performed using the student’s t test with
the significance level set at p <0.05.

Results and Discussion

We started by setting up three hypotheses: 1) ethanol does
not denaturate the triple helix, 2) ethanol prevents the
hydrolysis of EDC, and 3) the carboxyl groups are reactive
with EDC in ethanol. These three hypotheses are important
in the aspect that the failure of one hypothesis implies that
the collagen crosslinking is meaningless. Hence, the
experiment was conducted by proving the hypotheses
one by one. We first started with the characterization of
the triple helix of the collagen. The exposure of the collagen
triple-helices to ethanol induces hydrophobic interactions,
which may lead to a change in the conformation of
the collagen microfibrils. Using a CD spectrometer, we
observed the conformation structure of collagen in the
range of Np~0-0.42 (ethanol/water=0/10-7/3, v/v).
The increase in ethanol concentration against water did
not bring about any distinguishable change in the triple
helical structure (Figure 1). The positive band and the
cross-band seen in the CD spectra were the same for all
the tested samples (Na~0-0.42). The negative band
exhibited a slight red-shift as the ethanol concentration
was increased. However, no signs of denaturation, such as
a decrease in the peak intensity of positive and negative
band, were detected.*®*'°) Hence, it is assumed that
ethanol up to N, = 0.42 does not change the triple helices
into random coils.?”) The main forces that hold the helical
structure of collagen are hydrogen bonds, electrostatic
interactions, and hydrophobic interactions. In water, the
hydrogen bonds and electrostatic interactions within
collagen contribute to the stabilization of the helices,
but they are not the dominant factors.?% The structure of
collagen depends on the concentration of the alcohols. This
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Figure 1. CD spectra of the collagen microfibrils under various
ethanol mole concentrations.

is because an increase in the hydrophobic interactions
between the solvent and collagen stabilized the structure
of collagen.”*! The hydrophobic interactions between the
non-polar amino acid side chains are also very important
factors that contribute to the stabilization of the helices.
Exposure of the non-polar amino acid side chains to the
outer side would induce hydrophobic interactions, which
were not observed under aqueous conditions. This causes a
hydrophobic shielding effect.??! However, it is generally
assumed that this tendency is strongly influenced by the
type of alcohol used. Thus, polyhydric alcohols such as
sorbitol or glycerol favour the native structure, while
monohydric alcohols enhance the native structure.?®! In
the case of ethanol, the secondary and tertiary structures
of collagen would be affected.*>?*) As result, it is assumed

K. Nam, T. Kimura, A. Kishida

that the transformation ‘triple helix — random coil’ does
not occur, and the use of ethanol for the amide coupling
reaction for collagen crosslinking is preferable. The
triple-helix structure at N > 0.55 was measured indirectly.
That is, since the random coil is not reconverted to the
triple-helix structure,??) we resolubilized collagen in water
and observed the CD spectra and concluded that the
collagen structure would remain a triple helix even at
extremely high ethanol mole concentrations.

However, it should be noted that the use of ethanol is
not a solution for the control of the coupling reaction. The
surface of collagen is too hydrophobic and rigid, in which
the fibrillar structure disappears. The solubility test
showed that the ethanol mole concentration should be
at least 0.42 to dissolve collagen. The same phenomenon
was observed for the collagen film. The collagen film,
which is un-crosslinked, could be dissolved at N, =0.42,
but would remain undissolved in higher hydrophobic
conditions. Expectedly, the time required for complete
dissolution was different, where high-hydrophobic condi-
tions delayed the dissolution time. Figure 2 shows the
morphology of collagen microfibrils observed by SEM. It is
seen that the microfibril structures disappear as the
hydrophobicity increases. The disappearance of the
fibrillar structure decreases the absorptivity of the solvent.
This suggests that for the collagen film, the adsorption of
ethanol by the collagen gel would be extremely low. To
prove this, we have calculated the diffusion coefficients D
for various mole concentrations of ethanol, as shown in
Figure 3, using the collagen gel crosslinked with EDC/NHS
in a MES buffer that was prepared by the method reported
previously.”’ This shows that the D of the solvent
decreases rapidly when N, >0.55 (ethanol/water =8/2,

(e) (H)

(g) (h)

Figure 2. Morphology of collagens after immersing in ethanol/water mixed solvents of different concentrations. (a) Water, (b) N ~0.07, (c)
Na=~0.7, (d) Na=0.32, (€) Na~0.42, (f) Na=0.55, (8) Na=~0.73, and (h) ethanol. Single bar indicates 50 pum.
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Figure 3. Change in the diffusion coefficient of ethanol in collagen
gel according to ethanol mole concentrations.

v/v); furthermore, the D value of pure ethanol (1.2 x
10 '° cm?-min ') is approximately 1400 times lower
than that of pure water. This directly affects the cross-
linking ability. The solvent adsorption ability in pure
ethanol and at Ny~0.74 (ethanol/water=9/1, v/v) is
about 50% of that of pure water and 80% at Ny ~0.55 after
24 h of solvent adsorption. This implies that ethanol could
not completely reach the interior of the collagen gel
throughout the crosslinking procedure.

Using EDC and NHS, we obtained crosslinked collagen
gels under various ethanol concentrations (Figure 4). When
EDC and NHS are used for the crosslinking process, the
lowest value of the free amine group content was
approximately 45% (60% when crosslinked in MES buffer).
This can be achieved when the crosslinking was executed
for 24 h at N, ~0.07-0.17 (ethanol/water = 2/8-4/6, v/v)
with 51 mmol of EDC. This range is assumed to be the most
proficient range for the coupling reaction, where the
suppression of hydrolysis and fast solvent absorption has
occurred. The addition of ethanol is thought to have
prevented the hydrolysis of EDC. On the other hand, when
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Figure 4. Change in the free amine group contents of collagen gel
according to ethanol mole concentrations.
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N, =~ 0.24 (ethanol/water =5/5, v/v), the free amine group
content increases again, and from N, ~0.42 and above, the
free amine group content increases to higher than that of
pure water. This is because of the decrease in the number
of carboxyl groups reacting with EDC.?*?¢! The reactivity
of the carboxyl groups decreases as the ethanol concen-
tration increases because EDC reacts with the carboxylate
anions. The increase in the number of neutral carboxyl
groups would lead to relatively low O-isoacylurea forma-
tion.[®! Furthermore, when N, >0.42, the crosslinking is
assumed to be mainly concentrated on the surface of the
collagen gel. The decrease in D causes heterogeneous
coupling reactions in the collagen gel. That is, the partly
crosslinked network of the collagen gel could be mainly
located on the surface of the gel. This can be confirmed
when the collagen gels prepared at N > 0.42 are placed in
pure water. The sudden change in the environment causes
the gel to adsorb a large amount of water, which makes the
uncrosslinked collagen microfibrils dissolve and expand to
the maximum extent by an increase in the free energy. The
expansion of the collagen microfibrils is obstructed by the
crosslinked part, which is mainly located on the surface.
For the collagen gel prepared at Ny~ 0.42, D is approxi-
mately the same as that of the gel prepared at Ny ~0.32,
but it is thought that the protonation of the carboxyl
groups prevents the formation of O-isoacylurea. The
reactivity between the carboxyl groups and D alters the
formation of the collagen gel. When the morphology of the
razor-cut surface was observed, the monolithic morphol-
ogy of the collagen gel was found to form a layered
structure as the hydrophobicity increased, which even-
tually collapses. The collapse of the inner part of the
collagen gel is due to the dissolution of the uncrosslinked
collagen microfibrils. This implies that the crosslinking of
the collagen gel would start from the surface and then
occur inside the collagen gel. Furthermore, it is possible to
crosslink only the surface of the collagen gel to obtain a
phase-separated collagen gel when the ethanol concentra-
tion is controlled.

An extended reaction time under high-hydrophobic
conditions (Na>0.42) did not cause any significant
difference in the free amine group content. The cross-
linking rate is much higher after 24 h, as compared to 4 h;
however, no significant change is observed after 48 h.
When crosslinking was performed in MES buffer, we
observed a decrease in the free amine group content;!”!
however, in the case of ethanol, the formation of the
O-isoacylurea does not occur due to the slow adsorption
and protonation of the carboxyl groups.

Is it possible to obtain a collagen gel with a smaller
number of free amine groups? To answer this question, we
have re-crosslinked the collagen gel by repeating the same
procedure (Figure 5). The activation by EDC can be triggered
when EDC is introduced into the reaction solvent.*) We
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Figure 5. Change in the free amine group content of collagen gel
by the re-crosslinking procedure in different solvents.

have proved in our previous report that the carboxyl groups
can be activated at any point of time during the course of
the reaction.®” Thus, by re-crosslinking the collagen gel, we
attempted to evaluate the highest coupling rate possible
using this process. The re-crosslinking was possible and the
least value of the free amine group content was 30%
(Na~0.12). This value is still high as compared with the
glutaraldehyde-crosslinked collagen gel (~12% using the
same collagen gel) and the BDDGE-crosslinked collagen
(~25% using the same collagen gel). This is thought to be the
lowest limit of the EDC/NHS crosslinker. Unlike glutar-
aldehyde and BDDGE, which can interconnect the micro-
fibrils of the collagen, EDC/NHS can only induce intra- and
interhelical crosslinks. It is difficult to assume that the
microfibrils are crosslinked via the EDC/NHS crosslinker
due to distal problem. Hence, it is not possible to achieve a
free amine group content that is lower than ~30%. The
crosslinking may still occur when a different crosslinker or a
polymer is added to this collagen gel.

Conclusion

We have proposed a new method for controlling the
coupling reaction rate using EDC and NHS for collagen
crosslinking. The collagen triple-helix was stable in
ethanol/water mixed solvent, but the properties of the
collagen gel prepared in the above solvent could be altered
by the ethanol mole concentration. The highest reaction
rate was achieved at N, ~0.07-0.17 with 51 mmol of EDC
in 24 h. This is the optimum concentration range that
balances the reactivity of EDC and the formation of
carboxyl groups. We also discovered that the coupling
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reaction begins from the surface of the collagen gel. The
coupling reaction was limited to the surface of the collagen
when N, > 0.55; this was because of the slow penetration
of EDC and NHS caused by the high-ethanol environment
and the decrease in the number of carboxylate anions. It is
thought that the same procedure could be repeated not
only in collagen but also in collagen-based materials such
as body tissue and proteins.
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Characteristics and in vivo biocompatibility of the decellularized
cornea by ultra-high pressurization
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Abstract

We investigated the characteristics of a decellularized porcine cornea by ultra-high hydrostatical
pressurization (UHP) method. The UHP method consists of the disruption of cells by hydrostatical
pressurization and the removal of components of the disrupted cells by washing process. Porcine cornea
were hydrostatically pressed at 10,000 atmospheres and 30 °C for 10 min and immersed in medium for 72
hours. The turbid cornea was obtained. For H-E staining of the cornea decellularized with the UHP
method, the complete removal of corneal cells and maintenance of the superstructure of collagen fibrils
were confirmed. When the corneas were immersed in glycerol for 1 hour, their optical and mechanical
properties were restored to those of a natural cornea. As the preliminary animal study, when the
implantation of the acellular porcine cornea to rabbit cornea was carried out, the immune reaction was not
occurred and the turbid cornea became clear. These results indicate that the decellularized cornea by UHP
method would be useful as corneal scaffold for regeneration. These results indicate the possibility of the
acellular cornea prepared by the UHP method as artificial bio-cornea.
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ABSTRACT: Controlling the noncovalent bondings such as electrostatic interaction,
van der Waals force and hydrogen bond, is the key factor to generate molecular as-
sembly. We show that pressure is one of the most intensive variables for controlling
these intermolecular forces and producing assembled structure. Macrogel and nano-
particles of hydrogen-bonded polymers were simply obtained through an ultrahigh-
pressure process. The morphology of the obtained assembly depends on concentration
and various conditions of the pressurization. These results indicate that the ultra-
high-pressure induces inter/intra-hydrogen bond, which is strong enough to maintain
microassemblies such as gels and particles. This methodology leads to the molecular
design of pressure-induced molecular assembly, and nonharmful processes for molecu-
lar separation and drug development. © 2008 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 46: 743-750, 2008
Keywords:

INTRODUCTION

Molecular assembly technology has been gather-
ing interest in the material processing field,
especially nanotechnology. Molecular assembly
is achieved by noncovalent bonding between ad-
jacent molecules. The development of carbon
nanotubes as circuit wires and the incorpora-

Correspondence to: A. Kishida (E-mail: kishida.fm@tmd.
ac.jp)
Journal of Polymer Science: Part B: Polymer Physics, Vol. 46, 743-750 (2008)
©2008 Wiley Periodicals, Inc.

S ewnE
.., InterScience’

4
W TicovEN SoWETAING Grial

139

crosslinking; hydrogels; nanoparticles; water-soluble polymers

tion of anticancer drugs and amphiphilic poly-
mers into nanomicelles®* are examples of molec-
ular assembly in which noncovalent bonding,
such as electrostatic interaction, van der Waals
interactions and hydrogen bonds, are well com-
bined.>® Controlling these intermolecular forces
is the key factor to create or collapse the
assembled structure. Supramolecular chemistry
has expanded to allow various elemental mole-
cules to generate elegant assembles,®>'2? whereas
the operative factors which regulate molecular
assembly are mostly limited by the concentra-
tion and/or temperature. Here, we show that
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