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8 60 A, 5 RAFHEE, stage IV. (A)METEEETESE. (B)ATEHAERNIEE
E. (C)Sauvé-Kapandji Fiitk 2 FOEH X BE5E. ZUBRESFHOBESIE N
Tw3, (D)Sauvé-Kapandji Fi#: 2 £ X HEE. REEMIHOEHRA BES
NTw5,

A7V a—1K2MZTEAET 2. REBUDIHOE
BERELIVIRL, REFVUIEOBREZHLET 3
(7 8~A, B,C, D). BREEWESND L THEERHE:
TRELOHELDH LY, BRFEeP, 2 BEOSEE
D B TENEE R ERE BRI > 72 flid T o 72
S-K EHOMES & LT, Darrach Fif L ARk R
BRI ARLFEEIC L D7) v, EREZENHY
55, FEEMNEREZEE, REENEEBELN
522 (impinge) 3 %. Z# X Darrach FiOE TELH
L7 ECU B4 » v - YIkkigZ Eii 2 S-K
B2k 5 REEMRZELC DAL TIT>TH D,
REEMROTNZEEDOFEPFE SN TS (K 9).

®Hemiresection interposition arthroplasty
(Bowers i) 1918

IR D RA FRIEIT TFCC DREREINBE S
T\wbAs, EMBERBEEHTOW|BRLI X 2 EEEED
ZHRIBEIHEIG L 5. Lizhi>T, RA FHEHTIX
EUEERBE, TFCCHREINTW S I ENHHLDT
BHheR2 P BwEEbhs.

FMHERREO TFCC (HEIRRFEL TRBED
BEEOMSEE UL, UL -EEEs L UMHED
R RBEOVBREIINET 2L ckEed 5. R
EFROBRPHEATLI2EELH L. HEHFERMA
CEAELRETAXAENHFELTELELT, /INE
s L U ECU Bz s U O e R BT [ RE &
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9 Sauvé-Kapandji FMEORBE MR T 5
ECU R4 = F v - e E{L.

TERBEETS. BHOrEEORBYNEECUIBEL T
REBBEOBMHES ZYIRT 5. IR L - ERIC RS
HiEd s WIEEREGRENMEYE L THEAT S (B 10-
A, B,C). Bowers i3 K8z U7z ECU B2 HE5 8 % A
WTHIMET 21T 5 7228, EHORBRTIX I ED
MBI EIAE 2 ECU BRFAE Lileiz, Bl Tk
ECU B EBBERE 71T 2 Ltk b ZORIEIZ R L
Twa, fiEONEER R SK Rk TH .

3) BEBFREEOBEEN

OB BIRE (radio-lunate: RL) FE4F

BB FRMESHOME I X 2 FEMEYE COKEN
58 <, FARPRBIE I HLRIVER 7 LT B FISEIG &
5. iz, WEIFRE O RAWRL LEAIE SR S
NBBEW Darrach FT21T5 I3, FHESFOHEEM
DIBIE L B OHEST 2B 1E3 % BT RL BEAT 280
THIENLL, BEMNMRBEEH LB BEIN TV
BE 1T E AR A RE (radio-scaphoid-lunate: RSL)
FEEMT b BIE & 72 23 RSL EIEMT 138 = 2558 < #0E| &
nHOT, FFEFRLEEMEFATHYTVS. FiR
HFREEHNEFESNTB Y, BEAREEEH R
BREINTVW LY, BFFREESHTORENERL
BEDPRLEEMRDOD S LD IVEGEEZ TS,

BEAREES L UAREEMESEOWE B L U
BREZEREVPBELET 2 2 TR LS, ARE
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EREIERCRIE T 2. FIRER2EORAHEG, BEAl
EfERBIET 2L 5WEETS. BEH5viE Darrach
FMIC & o THIREEE 70y 7REEAREERE
ORI 2EFHT2 L0 TBETS. ARBEL L
T K i Herbert screw, X7 — 7z ¥ % AW
#% 6 BRI/ EE 2T (K 11-A, B, O).

RL BEIEMTTH - & HIE L 22D, SIEkORES
Thbd. HETITo7z 13 GO 4 £OFAE T
R HSTTRT 36" & 1748 27°, JREHIZHTET 36" ST
26°E BOBORH ICDIETERD Y. %7z, Stanley &
DOWHETHITH excellent #3649, good % 369% & RiF
ThD, X RETORPOEITERD 272>, Dar-
rach FEM T X G TOREADOET 20 2410%
HY, RLFEEMOBMTL Y ZE LI FEMOESL
WHEAOET RSN D 2 LEbh, EbDT
ERRFETHS. LiehioT, EFRIFRDRELE
WEEFEESNTWAIEEIIZTE 3720 RL BlEW 2175
ZENTBETHENEIDERFTHILICL TS,

@=F BHEEEM

RA FREECIIFRPREE DL TORHIR IR S
DERERB ZEDBDRL, ThOAIZE > TEFH
HIEEMOSEG & 2 2 BRI BwEELOND. £
EEMOSEIG & 7 2 QR FRPAEFH O A TR &
BFRESMOEHZFEEND Y, RAIOE, N, Fi&
DOEEBEN HIRANEE R N TV B IEBE OB WEEEP,
FEAFRAS RS L U - a1 O B 72 i Bl e oS
HETHEAICRONS. ERIMNEH < BEL
TV 3HE I FEHSOLEEMOBERIE 2\ 3L
TWwizhs, i, FEEENCR U ¢ A T REA & Hadly
it EORIFRFMBE S RESND LR Y, 47
L b B oRBRFHEE2EENOER TRk
2 T3, 7, @FHHEEMC &V EANZER
%, REEEZET ZBEHSOHEENTRETHY, Bk
FHESTEERO 1 >2THD Z LRV,

FEMFORMERMIZEL TRERDSIPNIE LIS
ThHb, FHEIEHE - ZAB X UE - RETBELTO
BEIE % FA & LTwaH, mEgcikAr Nt e,
SHENE 10-20 B OEEMTCEET 2D L EFX
T3,

EEZ Carroll 5YOFFEICHELC TIT-o>TWS., FiR
BEEEY 2« 2V ETYRLUEBREEBEH LD,
BB &) RBEERE T VY FOBEO X ) ML, i
FOEZF LT 28 RE 2, 3 hFEEIEEE~, B
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(B) Hemiresection-interposition
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10 625K Z %, A RA FEIH, stage IV. (A CEXBEEE.
arthroplasty # 5 F O 1EH X 5 E.

(C) Hemiresection-interposition arthroplasty % 5 F£0O8IE X S5 H.

DD IR BEABEEANTEAT 5. 512 24K0
EE1.8mm O K FErBEEHTTESYTE?2 3
FERLEBMEEET 5 (K 12-A,B,C, D). hiz
L DEAEE % FARE WS 2120 X ) wiEmENC EE T
B 2 LASREIT 310

OANLFEAsE iy

RHEIORE, N, FHROBENEFEEL, FHEESOTE
B LB EEEOBEWHNHEIGE 50, BHED L
ZHARECOI D EELEBERES BB LNT
VL, 1967 %z Swanson MEEENIZE L T flexible
YY) ayBATFESHZEALEY, ) a5
RRXA T OBIER ERERAESENH - 12D,
70 FERBEX 2 ALFHEEE L T Meuli 5%
Volz®7% ¥ ® ball and socket A T FEIFIHIEH X
NERICH sz, 1-2 EQEMBBRRIFTH o728,

5 ERIEOEMTIIEN I VR—F 2 bOW 3 A0
¥ RAEL failure rate 13 0% BIRICDIF 2 LHES
NTws. i, BYBRENS L, FHHEEMRR L
salvage FFPHREECH B L b REREESATHS.

1983 #E25 Mayo Clinic TR S WERAIATWS
biaxial wrist prosthesis @ 5 fELL_EOFIETIE, 46 I
F8FTEMAIYR—F > FOWBA, 1HITHEIH4E
Uz LTHY, RERAEELTWE EEZ 60D, &
B OWTFHEBIUEEOREZE I L 2EBENECE
NEENS.

RA FEHOZEFMIEEDOFEIL OB I DWTIEK
13 WwiRL 7.
5. BAMERBEZE R ILBIEE
BRI DRUNDEE 2R REBIEAL LT
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11 2o, £ RAFEM, stage NI (A)EIFH XBEEH,
BYEEERESEEMZ4EOTR X BEHE. (OEERINEEEME 4
FOHIE X R5E.

i, O DRUJ ZHHEEE (DRUJ-OA), @EE &AL
B ITROEREE, ORBEES EIVERE OR
BERELEY, OREBEGE BA, ® TFCC#EE
REBNFEET S, Zhem5 5 DRUJOA T 3
BIx e 2R HESRIESN TV 528, RIFIHRE
EED, WEREDQHENED LS BEAGERS 1
EREBOMPEVD I LU RAFESNLTHRY

1) RERE

E#E 3, DRU] OESEZELSD i { N EEEDE
BEREE > TwAEAICE, FHES2BETREAC
LTCOFEHEEAEEZ#AVLT0ns. KRTHNIII,
DRUJ oZEt 25 : ikt L Ttani-E LK
EELTREEIATHDY, FEFHE2ED2 L ADL
(activities of daily living) EOXBHENEL 55 2
EbhhHh, FEEMCELE D ZONTELTWS, —

F, LOEELAFEREELUTREERELE»LS 1 cm &
i s dem PR E TR T -7 %175, DED
REEZEE SRR EF L L7 -7
BITHZEWRED, FEEEFFEFRE LIESIE60%
BREOYRMEeNZ LOREL RoN 2P, EFHICE
BRIZZ VWS AL RN EBETEREEZ 2.

2) FEE

FIEE B EE LI, DRUJ-OA ORERIRZTEL T
HHIE, SHLZTOBRELTEANEVINETD
D, Zhen@EgERFEEErET 2 DRUJ-CAIHLT
ED LD BFMEEREZEIRTRETH LDV
TDaAYer+ARESNTVEYL, I I TRREN
T AR I D CHEE R LI ERE T 5.
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REBTSS AN 7 U ARBELTWALREHEZEE
RN E—BNEG L 2V E5. L»L, DRUJ-
OA D&, OA DERESEBENISHEETHD I LM
WIROBEEERA > N THD. REBEMHEMRIT DRUJ-0A
KIRLTIREWS ED Y, TFECCERFIZLEAAT
H 20, TFCCHMEFIZI L TERAUTEGIE R E s
fER2SH 5.

L»L, REEERICE2 DRUJ OFESIZES 0A
ZILOHED 5 WITEERZ FOHRE bEES N, b

(B) #iTai I X £
(C) BB & U cross bowed K-wire [EE I & 5 FREMSE M 2T 2 EED

— 974 —
12 62 EZci#E, & RA FEIHS, stage IV.
EH.
FHXHEE. D)EB#ES X Uf cross bowed K-wire BIFE i X 2 FESHLBEEMNR 21T
VW IEROEHR X HEE.
ORFEmE

(A)FiFRTIEME X 5 H.

DI b REFENPESTbITw 3Bk LT
EEFEELPES L TR0 s, REEHE
M4 DRUJ-OA OFEEZEAL T X 5502 OA &
L EFERDILT L —B LT E53% 0 7ediz, DRUJ
DTS V5 & D13 adaptation D DV EBLTW3
EEZBHRELDEZLHD. IhHIZODVWTRESE
DIRFFRETH S ).

FY1i3 REIFERRE R (flexor carpi ulnaris: FCU) i
B & U ECU BEOMTEARE OB % fili 2 53011
Ylbema 5. EFFEA & LT 6 7N/ dynamic
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RAF-FEET

%m&ﬁ%ﬁx/// 1

BEAREEMOBEN DL Fol i
FRALBAREARELATNS

FEEREAMELY

AEMEES | [ BEURAREARERER]

REVIRRE
+

TFCCMEH:/ \TFCC&E&(-)

DarrachF#f

Hemiresection-interposition
arthroplasty

Sauvé-KapandjiF #f
(REEUHRBLHEMZS)

213 RA FEHEi O FMEEMER.

compression plate (DCP) W TWaA DT, FOHE
MBS REOERERLR LD b 1-2 cm TS TIOZEALER

WS s, N DCP RABEEMEE LTEE
B D REVOTERAEER, B2 LEET255
W, F I BYI D EOBRES D primary healing L,
BT P DI nE EOBAIC L DI HEDRRER
NB9, EBRWNEAEEEZLEVWTHLRELDEF
ATHOTwS., PLEMI D CERTIEBEL TV
— %2 FCU OFFRATH/ N—F 2 X3 TRLEL T
5. REORAGOEBOBEZHUIL TREZEL
T35 Fv—beHTTEUVEEZEREL, H6»0
DRE LI REFEMEEOBYIREIT). FHITHML
cylindrical ZZ BYI 21T Twad, REZEREEN
B BREERC, BIERED 5 W Id BB & o
&% WHEI LD, step-cut osteotomy % ¥, FD
EMEREES T EAREDRENTVL S,

TR (VIR B ow» Tk, fERiIRAE ) 7 A%07
ZEHIEL TS, ZOLBHEE OV TER—ED
RSB onTwiw, ZHOREBCIEEENS L
Ltk d DRUJ-OA OREENEERICHS &%
BOTVWDE, Lo TRAETRREON) 7R L
W3 ED D 2mmBEOCEHETTA TR EEZ
T, IOHIEODHBTHWER IR BES
Tz,

MHET BEIWCE Y, SV —hBRUTTH - & HEN
@ hole 12 screw Z@RPETCRIALT, EEEEH D
DAV =—=)VEEYIDEOREOEM L ZBAICHIL
BTV IN TV — Y = AOTEYD 2170, F
MEiEREM L CERICERL T VY- 2RLT
6 &I XTD screw FIAR{TS. bR EIEOHEREX
HETEH0EEZL. FAEENRFTHELIEY
RS, WRNCEETS V- eHET L T

B,

A E TORIMIBEIOZE & KRB0 O 7z D I F]
MELARED X 7 ABIFREIE 21T 45, D& BEHKE
BRHALTWwS. L, BEENTELECESNRD
F TIEBEEYOZE % contact sports 22 K32 1ET 5.

@Sauvé-Kapandji #9179 -
Sauvé-Kapandji (S-K) Z:0& b BV DRUT @
— KA MBIEETH 5. 7272 L, DRUJ-OA 0
4T TFCC O¥AENINA L THB D, 2D TFCC HEED
BESTEROEADPHEEEE2 w5, SKEER
ARLBLITONTWEFEMTH S, FHRIZDWTE
RA FEMOBE TR L DT ZTREFT 3.

®Hemiresection-interposition

arthroplasty!™!#16-18)

Hemiresection-interposition arthroplasty (HIA) iZ
B L ECE L T 293 Bowers 5232 U TIRBL
bDTH5. BEOREVNRIIXNIET 5 £ 5 CREH
BPERT D0 THS. EHIT TFCCHBEEEL T3,
HBHwid TFCC OEiEr BETE 25450 DRUJ-OA
WG DD EFEZTD, BEWE > & TFCC 0
EoREMEETHIVUE HIA %3, BEMRITIESK
BERTH L LTwh, Lichi- THEEMIIE HIA
S0 SKERTHIZEDAVESLTHE kS F
MFE DT RA FHEMOETRHH L IcOTIZ
TREFET .

@Darrach Fi7

RAEEAIR 2k 3 5 Darrach F7id S-K Flis &
UHIAZ EDPEASHWIENICREDL I BRERIL 5.
DRUJ BEixFLTd, boifofTbiTwiz. L
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CADRENFHL

' DRUJ-OA

=
EEHEAMELY

uvHemmELF

TRCCH#R()

FRREW(+)
UVKEL

TRCCHEAE(+)

TREHE
UAL 7L

(RIZZRHEOA)

lR%ﬁﬁﬁ]lﬁuvé-Kapandji%ﬁﬁl Hemifesection-interposition I DarrachF#if I

arthroplasty

14 RO R B ERIEE 39 3 2 FMRERER.

L, Darrach F#iHBwEBHIOETPREERMEORE
EMh EOSGHENSRCHETS Z LNEHEN, &
HETEHED LN TWROLOBERTH B0, |
L, BV v FEBEDLWITERE CEEMTOE
WEBER X0 DRUJ BEICH L TRSTHILLAVS
nTwa. BEERMEETSERECRETL I LN
ZnZ kbbb, KM DRUJ-0A 7 83 AREDHEIS
£33 g, FIRFERIC2WTE RA FEEHO
ETTZHLTw20TI ZTREET 3.

BBz, EEOFE 2 TwhDRUI-OA 37 5 Fiif
BEOEBEBEFRIIOWTTAVITY XL 2R 14 R 1.

ARIIROHEIT I db 7 ) DU 2 B0 (EMR), bvEs
REFbE S & CIBERFBEERROEE T IS KE TH
JTIEWEEE L, ZIWEBHBLETE S
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Abstract

Among many colorimetric methods for carbohydrate analysis, the phenol-sulfuric acid method is the easiest and most reliable
method. It has been used for measuring neutral sugars in oligosaccharides, proteoglycans, glycoproteins, and glycolipids. This
method is used widely because of its sensitivity and simplicity. In its original form, it required 50-450 nmol of monosaccharides
or equivalent for analysis and thus is inadequate for precious samples. A scaled-down version requiring only 10-80 nmol of sugars
was reported previously. We have now modified and optimized this method to use 96-well microplates for high throughput, to gain
greater sensitivity, and to economize the reagents. This modified and optimized method allows longer linear range (1-150 nmol for
Man) and excellent sensitivity. Moreover, our method is more convenient, requiring neither shaking nor covering, and takes less
than 15 min to complete. The speed and simplicity of this method would make it most suitable for analyses of large numbers of

samples such as chromatographic fractions.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Carbohydrate; Analysis; Phenol; Sulfuric acid; Microplate

Measurement of carbohydrate contents in a variety of
samples is a basic analytical operation in many phases of
biosciences. Among many colorimetric methods for car-
bohydrate determination, the phenol-sulfuric acid
method [1,2] is the easiest and most reliable method
for measuring neutral sugars in oligosaccharides, prote-
oglycans, glycoproteins, and glycolipids. The phenol-
sulfuric acid method is used widely because of its sensi-
tivity and simplicity. Other methods using anthrone [3],
orcinol [4], or resorcinol [5] may be as sensitive but are
not as convenient. In its original form [2], it required

" Corresponding author. Fax: +1 410 516 8716.
E-mail address: masuko@med.hokudai.acjp (T. Masuko).

0003-2697/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2004.12.001

50-450 nmol of monosaccharides or equivalent for anal-
ysis and thus is inadequate for precious samples. A
scaled-down version of it requiring only 10-80 nmol of
sugars was developed before [6]. We have now adapted
this method for 96-well microplates for higher through-
put to gain greater sensitivity and to economize the
reagents. Monsigny et al. [S] reported a resorcinol-sulfu-
ric acid assay in microplate format, but it needed cover-
ing the reaction mixture with a layer of pristane,
vortexing, and heating at 90 °C in an oven for 30 min.
Recently, Laurentin and Edwards [3] reported a micro-
plate version of the anthrone method which also re-
quired covering of the wells with clingfilm and acetate
tape, vortexing twice, incubating at 92 °C in a nonshak-
ing water bath, and additional drying in an oven at
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45 °C for 15 min. In this paper, we report a simpler and
more sensitive phenol-sulfuric acid assay using a 96-well
microplate, without additional shaking or drying of the
plate.

Materials and methods
Materials

Concentrated sulfuric acid and phenol were from
J.T. Baker (Phillipsburg, NJ). p-Mannose (Man),
p-xylose (Xyl), r-fucose (Fuc), D-galactose (Gal),
and p-glucosamine hydrochloride (GlcN) were from
Pfanstiehl Laboratories, Inc. (Waukegan, IL). L-Glu-
cose (Glc), p-galacturonic acid (GalUA), and N-acet-
ylneuraminic acid (NeuAc) were from Sigma
Chemical Co. (St. Louis, MO). A 96-well, flat-bot-
tomed, polystyrene miocroplate (Nunc, Cat. No.
269620) was from VWR (Bridgeport, NJ). A micro-
plate shaker (Model Titer plate shaker) was from
Lab-Line Instruments Inc. (Melrose Park, IL). A spec-
trophotometer (Model UV 160) was from Shimadzu
Scientific Instruments, Inc. (Columbia, MD). A micro-
plate reader (Model Benchmark) and its accompany-
ing software, Microplate Manager, version 5.1, were
from Bio-Rad Laboratories (Richmond, CA). All
regression analyses were performed with a software
Prism (GraphPad Software, San Diego, CA).

Optimization of microplate-based method

Rao and Pattabiraman [7] reported that, in the phe-
nol-sulfuric acid reaction, phenol underwent sulfona-
tion in situ and the phenol-sulfonic acid formed
decreased the color intensity for many hexoses and pen-
toses. Similarly, our preliminary experiments indicated
that the addition of concentrated sulfuric acid to the
sample followed by phenol (abbreviated sulfuric acid-
phenol) yielded the best results. This protocol was opti-
mized for shaking time and volumes of sulfuric acid and
phenol as described below.

Shaking time. To 50 pl of Man in a well (100 nmol/
well) of a 96-well microplate was added rapidly 150 pl
of concentrated sulfuric acid and the mixture was sha-
ken for 0-30 min. Then, 30 pl of 5% phenol in water
was added and the mixture was heated for 5min at
90 °C in a static water bath (the microplate was carefully
floated). After cooling to room temperature for 5 min in
another water bath, the microplate was wiped dry and
Ao nm Was measured by microplate reader.

Volume of concentrated sulfuric acid. To 50 ul of Man
in a well (100 nmol/well) of a 96-well microplate was
added 0-150 ul of concentrated sulfuric acid rapidly.
Immediately thereafter, 30 ul of 5% phenol was added
and the plate was kept in a static water bath for 5 min

at 90 °C. After cooling to room temperature for 5 min
in another water bath, it was wiped dry and 4490 nm
was measured by microplate reader.

Volume of 5% phenol. To 50 ul of Man in a well
(100 nmol/well) of a 96-well microplate was added
150 pl of concentrated sulfuric acid as above, followed
immediately with 0-100 pl of 5% phenol. The plate
was heated for 5 min at 90 °C as above. After cooling
to room temperature for 5 min in another water bath,
it was wiped dry and Ay nm Was measured.

Results
Optimization of reaction conditions

For survey of optimal reaction conditions, we consid-
ered five factors, including sample size, sequence of
addition, shaking time between additions of concen-
trated sulfuric acid and phenol, amount of concentrated
sulfuric acid, and amount of 5% phenol. We selected the
sample size of 50 ul to allow addition of sufficient
amounts of sulfuric acid and the phenol solutions. Of
the three sequences tested, sample—phenol-sulfuric acid
and phenol-sulfuric acid-sample had lower absorbances
than sample—sulfuric acid—phenol, and therefore the last
sequence was adopted. Using this sequence, and when
the 5% phenol was added immediately after the concen-
trated sulfuric acid, the maximal absorbance was ob-
tained (Fig. 1).

It appears that the maximal absorbance was obtained
when 150 pl of concentrated sulfuric acid and 30 pl of
5% phenol were added in rapid succession to 50 ul of
Man (Figs. 2A and B).

Final optimized microplate phenol-sulfuric acid assay

To 50 pl of Man in a well (100 nmol/well) of a 96-well
microplate was added 150 pl of concentrated sulfuric
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Fig. 1. Effect of the addition of 5% phenol at different time intervals

after addition of concentrated sulfuric acid on the absorbance at
490 nm.
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Fig. 2. (A) Influence of the volume of concentrated sulfuric acid on the
absorbance at 490 nm. (B) Influence of the volume of 5% phenol on the
absorbance at 490 nm.

acid rapidly to cause maximum mixing, followed imme-
diately by 30 ul of 5% phenol in water. After incubating
for 5 min at 90 °C in a static water bath by floating the
microplate carefully, the plate was cooled to room tem-
perature for 5 min in another water bath and wiped dry
to measure 4490 nm DY microplate reader. The whole as-
say takes <15 min.

Relative absorbance

Eight sugars (Man, Xyl, Fuc, Gal, Gle, GlcN, Ga-
IUA, and NeuAc) were individually evaluated by this
optimized microplate assay. Table 1 shows that each su-
gar (100 nmol/well) had different absorbance and rela-
tive absorbance at 490 nm. The absorbance of Xyl was

Table 1
Color responses of different sugars (n = 5)

Sugar Absorbance (at 490 nm) Relative absorbance®
Man 1.259 100
Xyl 2.098 167
Fuc 1.103 88
Gal 1.178 94
Gle 1.482 118
GlcN 0.039 3
GalUA 0.832 66
NeuAc 0.030 <3

? Relative absorbance is the number based on the absorbance
obtained with Man as 100,

the highest, but that of GIcN was negligibly low, as
expected.

Absorption spectra

Five sugars (Man, Xyl, Fuc, Gal, and Glc) for spec-
tral measurement were generated by this optimized as-
say. Five wells (100 nmol/well) were used for each
sugar. After incubating and cooling to room tempera-
ture, the products in five wells were put together and ap-
plied to one cuvette to measure by spectrophotometer.
Fig. 3 shows that at 490 nm most sugars can be mea-
sured at or near their absorption maxima and that the
absorption spectra of Man, Xyl, Fuc, Gal, and Glc have
peaks at 491, 486, 482, 491, and 493 nm, respectively.

Linearity of color responses
A linear relationship between the absorbance and the

sugar quantity was observed within the range of 1-
150 nmol/well of Man. Figs. 4A—C show the regression

25

Absorbance

450 480 470 480 490 500 510 520 530 540 550
Wave Length (nm)

Fig. 3. Absorption spectra of color products from of Man, Xyl, Fuc,
Gal, and Glc. Peaks are at 491, 486, 482, 491, and 493 nm, respectively.
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Fig. 4. Lines of Man within 1-150 nmol/well (A), 1-25 nmol/well (B),
and 10-150 nmol/well (C) on the absorbance at 490 nm.
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Table 2
Linearity of color responses (n = 4)

Range (nmol/well) Regression equation

Coeflicient of determination (r*) Standard deviation

1-150 2 =0.01251X 4 0.01390 0.9880 0.07016

1-25 Y = 0.01511X +0.005961 0.9868 0.01638

10-150 ¥ =0.01247X 4 0.01823 0.9834 0.08382

Table 3

Comparison of microplate versions of phenol-sulfuric acid method

Authors Coloring reagent Detectable range (nmol/well) Shake times Requirements

Monsigny et al. [5] Resorcinol 1-20 (at 430 nm) Once Pristane
10-100 (at 480 nm)

Laurentin and Edwards [3] Anthrone 11.1-88.8 Twice Clingfilm

Acetate tape
This report Phenol 1-150 No time None

lines within 1-150 nmol/well, 1-25 nmol/well, and 10~
150 nmol/well, respectively. Table 2 shows their con-
stants, coefficient of determinations (%)%, and estimated
standard deviations (s).

Discussion

Table 3 shows comparison of our method with two
previous reports using microplates. Monsigny et al. [5]
and Laurentin and Edwards [3] reported microplate
assays using resorcinol and anthrone, respectively,
but both requiring shaking and adding of pristane
to avoid any projection or covering of the plate or
plate wells.

In addition to not requiring the cumbersome covering
and shaking, our method has many advantages: (1) it re-
quires less than 15min (2) it requires only small
amounts of phenol and sulfuric acid and (3) it is quite
sensitive with a workable range of 1-150 nmol/well.

The speed and simplicity of this method would
make it most suitable for high-throughput analy-
ses of large number of samples such as chro-

matographic fractions with little consumption of
materials,
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Chitosan has a variety of biological functions through conjugating of other compounds to their amino and
hydroxyl groups. To further expand applicability of chitosan, we have modified the amino group of chitosan
with 2-iminothiolane to bestow thiol groups and obtained about 20% yield, which is equivalent to 913
uequiv SH/g chitosan or 457 nequiv SH/nmol chitosan. Bovine serum albumin (BSA) was reacted with
N-(e-maleimidocaproyloxy)sulfosuccinimide ester {sulfo-EMCS), and maleimide-modified BSA (MalN-
BSA) was obtained. The yield of sulfo-EMCS addition was 12.8—36.8 mol MalN/mol BSA. When the
chitosan-SH was reacted with MaIN-BSA via thioether, 97.8% of the maleimide group was reacted, and
37.2% of the SH group was consumed. The remaining SH group was quenched by bromoacetamide. This
is the first report of covalent conjugation of a protein to chitosan. Our method should find many applications
in developing new chitosan-based biomedical materials containing other components such as growth factors
and cell adhesion molecules, known to be crucial to cells. Our thiolated chitosan will facilitate conjugation

of such biomedical components to provide new types of materials for tissue engineering.

Introduction

Chitin [poly-B-(1—4)-N-acetyl-p-glucosamine] is an ubiq-
uitous biopolymer found in the exoskeleton of insects and
marine invertebrates and is the second most abundant
biomaterial. Chitosan is a poly-3-(1—4)-p-glucosamine and
is prepared by de-N-acetylation of chitin. Chitosan is also
naturally present in some microorganisms and fungi. Al-
though chitosan is insoluble in neutral or alkaline aqueous
solution, it dissolves in dilute acid solutions, such as
hydrochloric, lactic, and acetic acid.!

Chitosan and its derivatives are found to have antimicro-
bial, antifungal, antiviral,? and anticholesteremic activities,*
and they are also known to activate biological defense
mechanisms. For example, chitosan (ca. 70% de-N-acety-
lated) showed macrophage activation, cytokine production,
and antiinfectious activity.®

Availability of numerous amino and hydroxyl groups
allows chitosan to be conjugated with antiviral,® antimicro-
bial,” antitumor,®® and anticoagulant!® agents, as well as
peptides,!! collagen,'? and fluorescent compounds.’*~'% More-
over, chitosan has been used as a drug delivery system for
proteins,!’~1® growth factors,!>? DNA,”?7 anticancer
drugs,”*73! taurine,*? and insulin.** Chitosan can be fabri-

* To whom correspondence should be addressed. Tel.: 1-410-516-7041.
Fax: 1-410-516-8716. E-mail: yclee@jhu.edu.

T Johns Hopkins University.

1 Hokkaido University School of Medicine.

§ Hokkaido University.

10.1021/bm049352e CCC: $30.25

cated into films,?12234~%0 fibers, 214142 gponges,?*43 porous
scaffolds,'2446 gels,193247-50 tybes,!! microspheres,?!:28:30
microcapsules,®® and nanoparticles. 417182531

Chitosan is reported to be biocompatible 35374348351
biodegradable, 328354352 and of low toxicity.® Chitosan is
degraded by lysozyme, and the degradation is slower, both
in vitro and in vivo, for more highly deacetylation
samples. 53552-5¢

The cytotoxicity of chitosan is reported to be dose-
dependent and decreases with a decrease in molecular
weights and degrees of de-N-acetylation.> However, chitosan
of 700 kDa or larger has been used safely in actual clinical
applications.**%% Additionally, chitosan has partial structural
similarities to glycosaminoglycans, which are essential
structural elements of the extracellular matrix of most tissues.
Therefore, chitosan and its derivatives have been investigated
as tissue engineering scaffold for bone*7 liver2!3440
nerve,!! cartilage,37739414245-47 and gkin.!23%36,5057 Chitosan
has been reported to accelerate early phase healing of open
skin wounds by increasing the rate of infiltration of poly-
morphonuclear cells and the production of collagen by
fibroblasts.®® In fact, chitosan is a component in a commercial
product, Tegasorb,! which is used as wound dressings for
dermal ulcers and skin tears. N-Carboxybuty! chitosan was
applied to four patients undergoing plastic surgery.*¢ Chitosan
and methylpyrrolidinone chitosan also have been used for
the treatment of periodontitis*® and dysodontiasis,* respec-
tively.

© 2005 American Chemical Society
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We have modified the amino group of chitosan with
2-iminothiolane to bestow thiol groups and obtained about
20% to which maleimide-modified bovine serum albumin
(MaIN-BSA) was conjugated via thioether in high yield.
BSA, a commonly accepted standard protein, was selected
as a model protein to be conjugated to thiolated chitosans
preparatory to conjugation of growth factors and cell
adhesion molecules. Our thiolated chitosan will facilitate
conjugation of such biomedical components to provide new
types of materials for tissue engineering.

Materials and Methods

Materials. Chitosan (ca. 500 kDa, ca. 80% deacetylated)
was from Yaizu Suisankagaku Industry Co. (Yaizu-City,
Japan). Bromoacetamide and 2-iminothiolane were from
Aldrich Chemical Co. (Milwaukee, WI). Dithiothreitol
(DTT), Ellman’s reagent [5,5-dithio-bis-(2-nitrobenzoic
acid), DTNB], and L-cysteine were from Sigma Chemical
Co. (St. Louis, MO). Sepharose CL-6B and Sephadex G-50
were from Amersham (Piscataway, NJ). Nunc microplates
of 96 flat-bottom wells (catalog no. 269620) were from
Fisher Scientific (Pittsburgh, PA). Sulfo-EMCS [N-(e-
maleimidocaproyloxy)sulfosuccinimide ester] and MalNEt
(N-ethylmaleimide) were from Pierce (Rockford, IL). BSA
was from Bayer (Kankakee, IL).

Buffers and Columns. Buffer A consisted of 50 mM
potassium phosphate (pH 6.0), 150 mM NaCl, and 2 mM
ethylenediaminetetraacetic acid. Buffers B and C consisted
of the same components as buffer A, but the pH was adjusted
to 7.0 and 8.0, respectively.

Unless otherwise mentioned, a Sepharose CL-6B column
(1 x 24 cm) in buffer B was used to isolate thiolated chitosan
derivatives, collecting 1.6-mL fractions at 0.6 mL/min. The
effluent was monitored with 4245 um by a flow monitor (model
V#) from ISCO (Lincoln, NE) and with the Ellman’s method
for thiol content.®®

Instrumentation. A microplate reader (model Benchmark)
and its accompanying software, Microplate Manager, version
5.1, were from Bio-Rad Laboratories (Richmond, CA). A
spectrophotometer (model UV 160) was from Shimadzu
Scientific Instruments, Inc. (Columbia, MD).

Graphic Presentation and Regression Analyses. All
graphic presentation and regression analyses were performed
with a graphing software Prism (GraphPad Software, San
Diego, CA).

Ellman’s Method for Thiol Group Analysis. Samples
(100 uL) were placed in the wells of a 96-well microplate
and mixed with 50 L of 0.1 M borate buffer (pH 8.0) and
10 uL of DTNB solution. After 15 min, the developed color
was measured at 415 nm. A standard curve was constructed
in parallel using cysteine and analyzed by linear regression
with Prism.

Optimization of the Reaction of Chitosan with 2-Tmi-
nothiolane. Reaction of 2-iminothiolane with amino groups
bestows SH groups to chitosan while retaining the positive
charge of the NH, groups. The 2-iminothiolane reaction
optimized with respect to pH, reaction time, and temperature
was carried out.

OH o
: Q o + 4o e -0
-0fio NH,*CI
NH, N S
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Scheme 1. Chitosan Reacting with 2-Iminothiolane To Yield
Chitosan-SH

H

e

NH n
MSH

(I) Reaction pH. Chitosan (60 mg) was suspended in 10
mL each of buffer A, B, or C. One hundred microliters each
of these chitosan suspensions was mixed with 25 mg of
2-iminothiolane and 400 uL of 2% DTT, and the mixture
was agitated at 60 °C for 6 h. Although the chitosan became
soluble only when buffer A (pH 6.0) or B (pH 7.0) was used
(Scheme 1), the thiolation yield using buffer A (3.5%) was
lower than that using buffer B (19.0%). The chitosan became
turbid and never clarified during the thiolation reaction when
buffer C (pH 8.0) was used. Therefore, buffer B (pH 7.0)
was selected as the reaction buffer throughout this paper.

(II) Reaction Temperature. The optimal temperature for
thiolation was examined in the temperature range of 45—65
°C, and the reaction mixture was kept for 7 h.

(IIl) Reaction Time. The optimal reaction time was
examined at 60 °C from 4 to 10 h. The reaction mixture
became soluble and remained soluble even after 10 h.

(IV) Turbidity. To evaluate solubilization during the
reaction from 0 to 4 h, the turbidity was measured by 4¢s56 nm.
Briefly, the absorbance at 650 nm was measured on a
spectrophotometer after 1 mL of sample was reacted for 0,
1,2,3,and 4 h.

Solubility of Unmodified Chitosan. The solubility of
chitosan at different pH values was examined. Chitosan
powder (4 g) was mixed with 1% acetic acid (200 mL) to
make a 2% (w/v) stock chitosan solution (pH 2.68). To 2.0
mL of the chitosan stock solution were added suitable
amounts of 0.2 M borate buffer (pH 10.0) to adjust the pH
to 3.0, 4.0, 5.0, or 6.0. After standing at 20—22 °C for 1 h,
the turbidity was measured at 650 nm with a spectropho-
tometer.

HO
*HN

Results

Optimization of Thiolation Reaction. The extent of
thiolation was analyzed after separation of the excess reagent
from the product by gel filtration. The 2-iminothiolane-
modified chitosan (chitosan-SH) was eluted in fractions 4—9
(Figure 1), and DTT and decomposed 2-iminothiolane were
eluted after fraction no. 10 (data not shown). Thiolation, in
duplicates, for 4, 6, and 10 h resulted in modification of 17.1,
18.2, and 20.2% of the amino groups (equivalent to 807,
860, and 953 uequiv SH/g chitosan), respectively. The
optimal temperature for this reaction was 5055 °C (Figure
2). To evaluate solubilization during the reaction from 0 to
4 h, Agso nm Was measured. During the course of thiolation,
turbidity rapidly decreased within 1 h to the minimum value
and remained so until 4 h.

Final Optimized Reaction of Chitosan with 2-Iminothi-
olane. Two hundred microliters of the chitosan suspension
in buffer B (5.67 uequiv of NH, group) was mixed with 50
mg of 2-iminothiolane (363 wumol) and 800 uL of 2% DTT
(104 pmol), and the reaction was kept for 7 h at 55 °C with
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Figure 1. Separation of the reaction mixture of chitosan and
2-iminothiolane (4, 6, and 10 h) by Sepharose CL-6B (1 x 24 cm).
Chitosan-SH was eluted in fractions 4-9.
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Figure 2. Thiolation yields of chitosan as a function of reaction
temperature.
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Figure 3. Separation of the mixture of chitosan and 2-iminothiolane
by Sepharose CL-6B (1 x 24 cm). Chitosan-SH was eluted in fractions
4-9.

constant agitation. Purification of the product by gel filtration
yielded the chitosan-SH, eluted in fractions 4—9 (Figure 3).
Analysis of thiol, in duplicates, in the product indicated
19.3% modification of the amino group, which is equivalent
to 913 pequiv SH/g chitosan, or 457 nequiv SH/nmol
chitosan.

Turbidity of Chitosan from pH 3 to pH 6 and Chitosan-
SH from pH 7 to pH 10. When chitosan samples were
exposed to pH 3.0 and 4.0, it remained totally clear and
showed virtually no absorbance (0.008 and 0.011, respec-
tively) at 650 nm, while those exposed to pH 5.0 and 6.0
became visibly turbid, manifesting absorbance at 650 nm
(0.149 and 1.081, respectively). One milliliter of chitosan-
SH (86.7 nequiv/mL) was adjusted to pH 7.0, 8.0, 9.0, and
10.0 with 0.1 M Na,CO;. After standing at 20—22 °C for 1,
6, 24, and 168 h, the turbidity was assessed by Aeso nm. The

Masuko et al.

Scheme 2. Sulfo-EMCS Reacting with BSA To Produce
MalN-BSA

O O, SO3Na
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chitosan-SH was visibly clear at all times over the range of
pH 7.0—10.0 and showed almost no absorbance at Agso nm
after 168 h.

Modification of BSA with Sulfo-EMCS. Sulfo-EMCS
and BSA were dissolved in buffer B. To each of four
solutions of BSA (1 mg in 1 mL) was added 0.4 mg (67.6
mol sulfo-EMCS/mol BSA), 1.0 mg (169 mol sulfo-EMCS/
mol BSA), 2.0 mg (338 mol sulfo-EMCS/mol BSA), and
4.0 mg (676 mol sulfo-EMCS/mol BSA) of sulfo-EMCS,
and the mixture was kept in the dark for 2 h at 20—22 °C
(Scheme 2). After the reaction, each mixture was applied to
a Sephadex G-50 column (1 x 25 cm), equilibrated and
eluted in buffer B, at 1.5 mL/min, the effluent being
monitored by Az¢0 »m, and 1.6-mL fractions were collected.
The MalN-BSA was eluted in the fraction nos. 5 and 6.

Determination of the Efficiency of the Conjugation of
Sulfo-EMCS with BSA, Partis et al.% reported that the rates
of reaction of the succinimido maleimides with S-mercap-
toethanol could be followed spectrophotometrically by
measuring the decrease in maleimide absorbance at 300 nm
(molar absorption = 620 M™! cm™!) resulting from thioether
formation. Following this, Asgg um Of the maleimide group
was utilized in quantification of maleimide incorporated into
BSA. The Asg om value of samples (fraction nos. 5 and 6)

“was corrected for the Asp0 nm value contributed by BSA itself.

Figure 4 shows the absorption spectra of MalNEt (0—500
nmol/mL), from which a standard curve of Az um was
constructed and analyzed by linear regression with Prism; ¥
= 0.000 654 4X — 0.001 595, with 0.9994 as the coefficient
of determination (#2)* and 0.003 153 as the estimated standard
deviation (s). The molar absorption coefficient of MalNEt
thus determined was 649 M~! em~!. Therefore, the calculated
yields (mole MalN per mole BSA) of maleimide addition
were 12.8 (67.6 mol sulfo-EMCS/mol BSA), 23.6 (169 mol
sulfo-EMCS/mol BSA), 31.2 (338 mol sulfo-EMCS/mol
BSA), and 36.8 (676 mol sulfo-EMCS/mol BSA), respec-
tively (Figure 5).

0.35
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Figure 4. Absorption spectra of MalNEt, BSA, and MalN-BSA.
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Figure 5. Modification of BSA with sulfo-EMCS of different concen-
trations.

Scheme 3. Chitosan-SH Reacting with MalN—BSA To Obtain
Chitosan-S-BSA via Thioether Formation
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Conjugation of Chitosan-SH with MalN-BSA. One
milliliter of chitosan-SH (244 nequiv of SH) was mixed with
1.5 mL of MalN-BSA (92.8 neqiuv of maleimide group),
and the mixture was reacted in the dark for 3 h at 20—22 °C
(Scheme 3). The reaction mixture was fractionated on the
Sepharose CL-6B column as described above, except 4280 nm
of the eluate was monitored. The chitosan-SH modified with
MalN-BSA (chitosan-S-BSA) was eluted at fractions 4—7
(Figure 6).

The yield of the coupling reaction was estimated by
measuring the unreacted SH group, and the amount of BSA
conjugated to chitosan-SH was evaluated by 4250 nm. By such
analyses, in duplicates, 37.2% (90.8 nequiv) of the original

SH group was consumed and 97.8% (90.8 neqiuv) of the
maleimide (i.e., 6.76 nmol of BSA) group was reacted.

Quenching of the Residual SH Groups in Chitosan-S-
BSA. The remaining SH group after the reaction of chitosan-
SH with MaIN-BSA was quenched by a large excess of
bromoacetamide. Samples of chitosan-S-BSA (fraction nos.
4 and 5, 2.4 mL, and 94.7 nequiv of SH group) were reacted
with bromoacetamide (1 mL of 3.3 mg/mL in buffer B, in a
250-fold excess of the SH group) for 2 h at 37 °C (Scheme
4), and the mixture was separated by the Sepharose CL-6B
column. Quenched chitosan-S-BSA was eluted in fractions
3—35, and unreacted bromoacetamide was eluted in fractions
11—13. The thiol analysis of the eluted chitosan conjugate
showed 20.0 nequiv, indicating that the efficiency of SH
group quenching was 78.8%.

Discussion

In the current study, we chose to work with a chitosan of
about 500 kDa, although it is easier to react with chitosans
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Figure 6. Purification of chitosan-S-BSA by the Sepharose CL-6B
column.

Scheme 4. Quenching of Residual SH in Chitosan-SH with
Excess Bromoacetamide
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of lower molecular weights (Y. C. Lee, unpublished results).
This is because our goal is to use chitosan in tissue
engineering, and chitosans of higher molecule weight usually
provide greater material strength.

Among many modifications of chitosan, the most recent
report was by Bemkop-Schniirch et al.* In this method,
0.14% chitosan (83—85% deacetylated, 150 kDa) at pH 7
was reacted with 2-iminothiolane (0.58-fold over NH, group)
for 24 h at room temperature under continuous stirring to
attain 409 pequiv SH/g or 8.2% convertion of amino to thiol.
For purification, the resulting conjugates were dialyzed. The
gel prepared from such a chitosan-SH showed strong
improvement in mucoadhesivity. We have now attained
about 20% yield of thiolation (913 uequiv SH/g) by using
more vigorous conditions of a higher molar ratio of 2-imi-
nothiolane (NH, group of chitosan: 2-iminothiolane = 1:64)
and a higher temperature, 55 °C, but for a shorter time. The
speed of separation is quite important in avoiding oxidation
of the SH group on chitosan-SH, and we purified the product
with Sepharose CL-6B, which is faster and more efficient
than dialysis, which Bernkop-Schniirch et al.*® used for
purification.

The thiolation yields for 4- and 10-h reactions are 17.1
and 20.2%. This means that chitosan is effectively modified
with 2-iminothiolane and bestowed SH group from 0 to 4 h,
when the reaction is slowed considerably. The reason for
this slow down may be explained by conformational restric-
tions. Chitosan can be fabricated into nanoparticles by rapid
stirring at room temperature with tripolyphosphate.!41%18 We
can hypothesize that, during the thiolating reaction of
chitosan, it becomes particulate and only outer amino groups
would be thiolated.

Like Bernkop-Schniirch et al.,*’ we chose to use pH 7.0
for the thiolation reaction, because the pX, of the amino
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groups of chitosan is 6.3—6.5.942 Chitosan as such is soluble
only in acidic solution, which is not suitable for protein
conjugation. At the beginning of the reaction at pH 7.0, the
chitosan was not totally soluble, but as the reaction pro-
gressed, the suspension became clear. The chitosan-SH
samples prepared by this method remained clear at pH up
to 10.0. The solubilization of chitosan is due to formation
of thiolate at pH above 7. The increased solubility of the
thiolated chitosan permits its modification with other proteins,
enzymes, glycoproteins, and proteoglycans at neutral to basic
pH conditions. In fact, we have succeeded in efficient
conjugation of BSA to chitosan-SH, by means of thioether
formation via maleimide groups. This is the first report of
covalent conjugation of a protein to chitosan. Our new
method should find many applications in developing new
chitosan-based biomedical materials containing other com-
ponents such as growth factors, cell adhesion molecules, and
the extracellular matrix.
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Abstract

In the present study, we have developed a novel and versatile method for the preparation of chitosan-peptide complex based on
the selective reaction of chitosan with 2-iminothiolane. The new type of SH-chitosan derivative showed an excellent solubility to
aqueous solution even in the alkaline conditions. This characteristic greatly facilitated further modification study of chitosan with a
variety of bioactive substances. A synthetic peptide, RGDSGGC containing RGDS moiety that is known as one of the most
important cell adhesive peptides, was readily coupled by disulfide bonds formation with sulfhydryl groups of SH-chitosan in the
presence of dimethyl sulfoxide. Next, the effect of the introduction of RGDSGGC moiety to chitosan on cell adhesion and
proliferation activity of chondrocytes and fibroblasts were evaluated. As a result, it was suggested that this polysaccharide-peptide
conjugate exhibited excellent capacities for both cell adhesion and cell proliferation of chondrocytes and fibroblasts. Considering the
growing importance of the biocompatible scaffolds in the recent tailored tissue engineering technique, these results indicate that the
present strategy of 2-iminothiolane-based conjugation of polysaccharides with biologically active peptides will become a key and
potential technology to develop desirable scaffold materials for the tissue regenerations.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction have the possibility of occurring functional loss of a self-

donor organ or tissue and lethal side effects derived

The ideal treatment for severely injured tissues is that
the involved tissues are replaced with functional ones.
However, the current advanced treatments such as
reconstructive surgeries and allogeneic transplantations
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from immunosuppressants. Recently, to overcome these
limitations in the current treatments, various tissue
engineering techniques have been developed for tissue
regeneration [[—4].

The fundamental concept of tissue engineering
technique is that a culturing isolated cell on a scaffold
is transplanted into the target tissue for its regeneration
[5]. Therefore, in tissue engineering, the importance of
selecting the appropriate biomaterials as scaffolds for
the cell attachment and supporting cell proliferation has
been emphasized {6-15]. The biological tissues basically
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consist of the cells and the extracellular matrix (ECM).
It has been well documented that the interactions
between the cells and the ECM are essential for various
basic biological systems [16—19]. The ECM serves at
least three functions in controlling cell behavior such as
adhesion signals, growth factor binding sites, and
degradation sites. Especially, interaction between the
cells and their ECM plays an important role in hypo-
cellular and hypo-vascular tissue regeneration such as
cartilage and ligament tissue regeneration [1,13].
Although a variety of biomaterials, including naturally
occurring, synthetic, or composite of the both, have
been introduced as potential scaffolds, we believe that
the ideal cell-carrier substance should be one that closely
mimics the natural environment in the ECM.

It was subsequently shown that various ECM
molecules contain specific peptide motifs that allow
themn to directly bind to cell surface receptors [20-24].
One of the best characterized motifs is the tri(tetra)pep-
tide Arg-Gly-Asp-(Ser) [RGD(S)], first found in fibro-
nectin. The peptides containing this amino acid
sequence promote the adhesion of cells and inhibit the
adhesive properties of fibronectin. On the other hand,
integrins were the first identified ECM receptor. It is well
established that, on the ligand binding, integrins can
directly induce the biochemical signals into the cells. The
cytoplasmic domain of the integrins interacts with the
cytoskeleton, suggesting that the ECM signalings
through integrins are transduced via the cytoskeletal
elements and induce cell shape changes leading to the
growth andfor differentiation. It is well known that
RGD(S) motif of fibronectin could bind with integrin
and the signal transduction was regulated through this
RGD(S) motif.

Although cell adhesion molecules are crucial for the
relationship between cells and ECM, little attention has
been paid to their application to scaffold materials.
Therefore, our attention was directed toward the
mimicking the ECM functions through the conjugation
of cell adhesive molecules to scaffold materials. For
introducing functional molecules such as peptides,
proteins, and carbohydrates, to stable scaffolds in order
to acquire additional preferable interactions, functions,
and specific cellular responses, Davis et al. reported
three major methods of immobilization of biomolecules
and cells [25): physical adsorption, physical entrapment,
and covalent attachment. The first and second ap-
proaches are physically based, while the third one is
based on covalent or chemical attachment to the
support molecules. Concerning sustainable tissue en-
gineering, the immobilization must be preferable to last
the time when damaged tissue is replaced with regener-
ating tissue. This long-standing immobilization of
biomolecules to scaffolds will be achieved with covalent
bonds. Although a number of methods have been
developed for the conjugation of biomolecules to soluble

or solid materials by covalent bonds, few methods are
currently applied to develop a practically available
scaffold material [25,26].

We focused on the effect of the introduction of cell
adhesive peptides to chitosan on the cell adhesion and
proliferation activity of this abundant aminopolysac-
charide material. Chitosan had long been expected as
one of the most potential polysaccharides for the
biocompatible and wound healing materials
[10,11,27-29]. The hypothesis of this study was that
introducing the RGDS-containing sequence to this
aminopolysaccharide could provide the versatile bio-
compatible scaffold materials with the enhanced cell
adhesion and cell proliferation activities through the
interaction with integrins. To test this hypothesis, for
reasons mentioned above, we established a novel and
efficient method to conjugate the RGDS-containing
peptide with chitosan and evaluated its adhesivity
and cell proliferation activity of chondrocytes and
fibroblasts.

2. Materials and methods
2.1. Synthesis of RGDSGGC

A model peptide, Arg-Gly-Asp-Ser-Gly-Gly-Cys
(RGDSGGQCQ), was synthesized by solid-phase manner
on Model 433A Peptide Synthesizer by Applied
Biosystems (Foster City, CA, USA) using standard
Fmoc/HOBt/DCC protocols. The Fmoc-L-amino acids
and solvents used in the solid-phase peptide synthesis
(SPPS) were purchased from Nova Biochem (Liufelfin-
gen, Switzerland). The solid-phase synthesis was per-
formed on HMP resin and trifluoroacetic acid (TFA), 1-
hydroxybenzotriazole in N-methylpyrrolidone (HOBt in
NMP) and dicyclohexylcarbodiimide in N-methylpyrro-
lidone (DCC in NMP) were used for the coupling
reactions in dichloromethane (DCM) or dimethylfor-
mamide (DMF) as solvents. Deprotection and cleavage
of the peptide from the resin were carried out by treating
with 10 m] of reagent mixture containing 9.5ml of TFA
and 0.5 ml of water, for 3h at room temperature. After
releasing the products from the resin, the peptides
were purified by HPLC. As shown in Fig. 1, the
MALDI-TOF mass spectrum of fully deprotected and
purified peptide was measured on an Ultraflex TOF/
TOF mass spectrometer (Bruker Daltonics GmbsH,
Bremen, Germany).

2.2. Introduction of the RGDSGGC to chitosan by means
of 2-iminothiolane

Derivatization of chitosan with 2-iminothiolane was
basically performed by employing the modified condi-
tion reported by Fu and Gowda [30], in which this
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reaction was used for derivatization of some proteins
[31-33] (Schemes | and 2). Four gram of chitosan
powder (ca. 500 kDa, degree of deacetylation ca. 80%,
Yaizu Suisankagaku Industry Co., Yaizu, Japan) was
mixed with 1% acetic acid (200 ml) to make a 2% (w/v)
stock chitosan solution (pH 2.68). Chitosan solution
(3.5g) was added to 50 mM potassium phosphate buffer
solution (44ml, pH 8.0) containing 2mm EDTA and
150mm NaCl. To a suspension containing chitosan was
added with 2-iminothiolane (112mg) and the mixture
was incubated for 3h at room temperature in a nitrogen
atmosphere. The unreacted 2-iminothilane was removed
by dialysis against distilled water with Seamless Cellu-
lose Tubing (MWCO 12,000-14,000, Viskase Sales Inc.,
Chicago, 1L, USA) for 7 days. Although the total
volume of this reaction mixture increased to 68 ml after
dialysis, it was found that the novel chitosan derivative
showed much improved solubility to alkaline aqueous
solution (pH 7-8, data not shown). Since this inter-
mediate seemed to be easily converted into insoluble
form by oxidative crosslinking even in an air atmo-
sphere, we directly employed the homogeneous solution
containing the key SH-chitosan intermediate for the
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Fig. 1. MALDI-TOF mass spectrum of synthetic RGDSGGC.
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subsequent disulfide bond formation with synthetic
peptide as shown in Scheme 3. A synthetic peptide
(45mg of RGDSGGC in 6 ml of DMSO) was added to
the solution of SH-chitosan prepared by the above-
mentioned procedure (22.5ml) according to the proce-
dure reported by Tam et al. [34]. The mixture was
incubated for 4 h at room temperature and subsequently
dialyzed against distilled water for 7 days. Since the
resulted solution was used as a stock solution for testing
cell adhesion or proliferation assay, the half volume of
the final solution was lyophilized to determine the
precise concentration of the chitosan-RGDSGGC con-
jugate. As a result, the concentration of chito-
san-RGDSGGC was estimated to be 0.12% (w/v). In
the present study, the 96-well microtiter plates coated
with this stock solution was termed as “0.12% hybrid”.

2.3. Amiino acid analysis

For the purpose of the determination of the degree of
substitution by RGDSGGC moiety to SH-chitosan,
amino acid analysis was carried out. The lyophilized
sample was dissolved in 6 N HCI and placed in a thick-
wall pyrex tube. The tube was then vacuum sealed and
placed in the oven at 110°C for 24 h. The hydrolysate
was evaporated to dryness under reduced pressure and
the residue was dissolved in 0.01 ¥ HCl or citrate buffer
(PIERCE, Rockford, IL, USA). The solution was
loaded to the JLC/500V Amino Acid Analyzer (JEOL
Ltd., Tokyo, Japan). Only the basic amino acids were
analyzed on the basis of HPLC analysis.

2.4. Cell culture

Human articular chondrocyte of the knee was
provided by BioWhittaker (Walkersville, MD, USA)
and cultured in Chondrocyte Growth Medium Bullet-
Kit®. Human fibroblast was provided by Cascade
Biologics, Inc. (Portland, OR, USA) and cultured in
medium containing Medium 106S®, LSGS®. Each
medium was changed thrice a week.

OH OH
— e} e}
0
Hmo HO @]
NH n NH, m
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Scheme |, Ring opening reaction of 2-iminothiolane with chitosan.

RSH + (CH3),S0

[(CH3),S(OH )SR]

———— R8SR +* CH3SCH; + H,0

Scheme 2. DMSQO initiated disulfide bond formation.



