®2 TNTIOREED)

Adsorption of albumin

Polymer Ka Ka Kon Kot
(M) (M) (M secl) (sect)
PHEMA 1.28E+06 7.84E-07 1.50E+03 1.18E-03
PHM7525 1.31E+06 7.64E-07 1.561E+03 1.15E-03
PHM5050 1.26E+06 7.93E-07 1.49E+03 1.18E-03
PHM2575 1.30E+06 7.68E-07 1.52E+03 1.17E-03
PMEA 1.33E+06 7.54E-07 1.561E+03 1.14E-03
K3 TATYV =T DORAEE)
Adsorption of fibrinogen
Polymer Ka Ka Kon Kot
(M) (M) (M1 sect) (sec’l)
PHEMA 2.49E+07 4.01E-08 2.37E+04 9.49E-04
PHM7525 2.23E+07 4.48E-08 2.26E+04 1.01E-03
PHM5050 2.20E+07 4.54E-08 2.29E+04 1.04E-03
PHM2575 2.01E+07 4.97E-08 2.18E+04 1.08E-03
PMEA 1.24E+07 8.05E-08 1.85E+04 1.49E-03
#4 T4 TURTTF L OPEED)
Adsorption of fibronectin
Polymer Ka Ka Kon Kot
(M) (M) (M secl) (sec?)
PHEMA 6.02E+06 1.66E-07 1.78E+04 2.96E-03
PHMT7525 5.71E+06 1.75E-07 1.74E+04 3.05E-03
PHM5050 5.23E+06 1.91E-07 1.60E+04 3.07E-03
PHM2575 5.34E-+06 1.87E-07 1.65E+04 3.09E-03
PMEA 5.03E+06 1.99E-07 1.56E+04 3.09E-03
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D, ZUNRTEREHRITIE, MEREICRBT DKDFOFR Yy U — 7 HECKTIEE) & FE
KEITE T S FRBEEROMERNES 55 EX6N5, £ 2 TAMETIE, RERE
Bk FE s & O CEI < o FRBEMEMD, MEERm L 2 237 B L ORICE < FREIERIC
B2 DB ERICHN T 52 L2 B E T 5, AFEIL, BRFMDBEREEED 7 +— R 1 —7
EERWS Z LT, 70 BREZEE & 3+ FRAERAOBS DI LTc, #EXHETH D
ERIFFZ, JRFPIC D 5 RN ERERE 2 BT 5REE, BaDE /) v—a=y MpbRIEE
ER) =77 e IV THE LTz, ERILZET VREICHT D F 7 Bl LOERED
ERERRABEAERNZ, NV =T FVREICE Y RES B o7eid, FonrBLIZE A SHAELE
ALIROIEA AR Y ~—T 5 RETIL, X o7 BICHFEL TV D ERERE S DR EIEMN
ZEAEBEHENR Dol Flo, R ~v—7 F VREAHFETIERT 20 FRMBEEROREE, K
XX, EIFREEENTAZ L2k, WA A VEIRY ~—T7 T URE TR, $BEREERR
FOBUKERAEERABEN T RN ERBA LN Lo, T E Clohesr L~ RiERF R kFn
HER L O FRIMEER OB FIEIL, X o7 EWEEBOBEZORN B L L bz, Z

B OB ENRVWRERGZIRT IO I L2 WHEL T 5,

A. WFZEEE
NAF<T VT IVNERBRE LB LZBICEH
T S HAAE L~ DRIEI AR D % < 1Tk

BL N BERBOBMENEE L TWD, D),

MEREICRST 2 ERRISZREICRE L., ER
HARBAFEICEI T D HHIRE 2 BT 5 20123,
Z Ry BN E R EMICEET D 2 L2854

BARFRTH D, MEREOWRAE S 37 EIEIE,

SR BN MENRE & EEMRAEER LT
SNOHERERL, BEBRERBEKT D4
RIBOEMERE|Z2&L L TRIDEBEE
BHLEREND, 20X HRE T BERERE
DREYSEBNE . Z oy ERE GRS TRz HE
R4 DO, MEREICB T AIRES N7
BoE, k. o, a7 A—ar, BA
72 E NI EEREMmIE L L L0, U0 B
BN AASCRER DL EIRE L EIZE D 5 8
R DTN EE CTh D, LOLRRL, #
VR W E OBIREEIL, FRROREIEORRIFRGE
b LTI END Z 0L, TORIRITHARME
W EN TV, £ 2 CAME T, MEERE L
LNy EEOMICE L o EMBEER OB R
Db &Ny B AE B B AT D H R R
ST B, UL, F U EREREEMEEERT
AEOEREN S Z BRI TE DD, XN EHk

EREOBRIREDRIRZ A LN TE D, BIER
BN, BER AR FOWE LB CRELBEY
FHFCWAdanS FFa—7R2ICERL, 4V
NRIBRBEEN LT o —7 LPBREEIC T
JZa— oA —F—TE< MEERE R
F15E 5 (Atomic force microscopy, AFM)D 7 4
—AH—TREIZLIVERT ZHEEFHLE,
5 R B OUETFIRRE T O @Y OMERF, 4
BIREA~DF NI ERERWEY LRI ED
a7 4 A= VEIZIE, BEMEIER. K
FIEA S DICBAMEREIER R EEx 0411
AR EELY 52 5, R, ZTUHOFEE
ERIIKZ R E LTIERT A T b, Zhb
DL, ZUERERZITIT, MERE
BT B2KDFORy MU — 7 EECKFELE) &
B 5 T < S F FAR BAE R O W3 28 i
KBETHLEZOND, &I CRMITIE. £
T A4F B A Ze K Fng s B L OV TN < 4 F AR
HAEAN, MEREmE 2 7B L ORICE < H
HEERILGEZ 2B EBNMICHEFTTHZ L%

BEHET D,

BRI B 1 2 /KA E 02 1 AR BLAEH
IR TH D720, b ZBEMIZIHT
THEDICITEERRLREPLERTTRTH
Do TIZTABZETIE, Braep®/ w—a2=v h
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EFHOTHEELER) ~—7 7 o#E2ET /L
Fme LR L,

INET, vAr7ad—F—p ) Bkt i A
WTH ) A —F— DR/ NEMEHBE L, Z2i2E
ANSNToIK G F DR 2 R IERIEIZ L D B
WEFE A fRRE TR 2 Hikim e e Lz, Zh
LD, VI IRFREEBST-RY ~—T T
BORMIZIR EE SN T / BIRKDOBEE
MR B CIE R A EEMICFHE 5 2 &
T, N ~—7 T U BOFEEEICHE LT-RE
R KRS & MR L C & T,

KEEIL, Z R EOMBIRENCFETDE
BEEE L oM E/ERCHM BN E T CERT 50+
MFEEERICER Lz, 20, e Fick
DIESi SN AFM 7 —T7 2T 73— A0
—TWREEITH Z LT, Ta—T L EERERIC
B<EAOMAEERZEENIIMET & 20
W, Zhen, FUoNsEEOMEERIZEAS
IOV TR LT,

B. W5
1. R ~—T7 7 U REDIEGLE

V) a VY ERICRFREN T U VEA(ATRP)
ORMmELEE L%, £mbKkTE ATRP
(SIFATRP)¥EZ VT, TRICTRTRY v —7 5
VEBEBRELLEE 1), R ~v—7 T UEEHEE
THEEDE /v —iREL 7 ) —EEHBAIOL
X 100 & L7z, WA A oxe/ ~—& LT,
2-methacryloyloxyethyl phosphorylcholine (MPC)
(RABRNE A NG DFFME /) ~v—E L
T . trimethylammoniumethyl  methacrylate
(TMAEMA) (R Y AFAT =0 L E)E, T=
F oo s~ — & L T, 3-sulfopropyl

OH
] ?HS (.:HIS
0O-Si-(CHy)-0-C-C-(CH,-C),-Br
O O CH3 (I::O
H O-R
[ 9
(CH,),0PO(CH,),N*(CH,), Poly(MPC)
O.
== (CH,),N*(CH,); - CI Poly(TMAEMA)
(CH,);S0, - K* Poly(SPMA)
(CH,),CH, Poly(BMA)

1. VERIX N2 AR ) v —T7 T B3R

=

methacrylate (SPMA) (AL 7 o B VE) % B
KMEE / =—& LT, n-butyl methacrylate (BMA)
(T FNEYEENENHAWTE,

R LR Y ~—7 7 U REOYMELFR 72
WiER L UOREFFEL X BAEE L5 EXPS)HIE.
JRAFFE D BEMEE(AFM), 3= 7Y A — A —
B AR A EIE, B X OERmE — & BEMEIENO
mmol/L @ NaCl /K¥EE )z L 0 3 L 7=,

2. ZREMOME/ERRE

M 2 1R T L9 7% AFM O 7 4 — A B — 7B E
RV, BRe pEEMICE < MEEREZRIE L,
AT, FURNIE, ExDEREZETD
SAM JEB L EMLFREOR Y ~—T TV EAR D
CFUA—IZEE UL, EENRMEEEREE
BT AT, B L-h o F L R— R RE
D6 B| EBETEICE| M~ TS R EAE
RAEEFR Uiz, £io, M < EmiEl 257

FY2—T7 5 KM

TA—AN—7HE
N\ R LR

kA

H/HFEEE (N/m)
8l o

? Eﬁﬂ‘]#*ﬂﬁf?ﬁi
0 ZBERf (nm)

B 2. R BEREE 2 A Lz o+ 7
BAE A OfEAT 51k

T BEITIE. D F L AA—FHEER) ~v—T 5
VRS BT ABRICENT A R EHE LT,

g Ny Bk QEREN A ER
ZURIBEELT, VVRAET VT I (BSA)
BLO=U MNIIEHEKY V' F— A(Lys) & E A
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L. &RV ~—7 7 v&kKmL OMIE < BEHENR
MEERZ., TRRICEWEE LT,
LB A R 2 LTz SigNg B o LS —(ith
FRAAE A5 nm)EVERLL . REIZ A VAR F 2 VEE
s B R L B - (SAMRZ AL S B T, [A)
B v F LN — % 1-ethyl-3-(3-dimethylamino
propyl)carbodiimide hydrochloride (0.10 mol/L) &
N-hydroxy succinimide (0.05 mol/L)D /K& IZ 30
SRENRIE LT, MAKICEDTEERE, BEHICEF
NRIBEDY CEEEETR(PBS)IICRIE L, 37°C T 1
FERIEHE L7-(BSA: 1.0 mg/mL, Lys: 0.3 mg/mL),
FHE%E PBS ICLVEHLIE, Bohiog o
7 BEENA FLAA—% EiRO PBS HIlk
JB74—AB—T7REIER L, XY ~v—
TIUREIIR L, TS —F =T L) TS
ko — T OB KRR FEE 100 @EETRRERE L, %
DL EE BB EER & EFR LT,

B & OEBEN A AE/ER

Ta—T VL ADF L AR—DSERIZERN 20
um DY BRFEFENTCEEL L. £ IS
JBL LTZ bk 3.0 nm, HWVTEHE/RE 27 nm

ANy B L, RMAYyF L _"A—FKEIT,
11-mercapto-undecanoic acid . 11-amino-1-
undecanethiol  (hydrochloride) . ¥ X O

1-dodecanethiol ®x % / — )L¥E#E(1.0 mmol/L)%
AWT, TP REZINE 7T EBX
DA FIVERIED SAM IEEZ AL LTz, ERLZ
J v F L= WT, RO PBS FIZBIT 5
ERY ~—T7 T VREICRT D EREEDOHEAE
HrzEsE L, :

R ~—7 T VERLOBBENERED

AR OER 20 um OV BRIFERNT, 1 &
FAEOFEICEIY, M1IRLERY) ~—T 7
BAEMEEL, Tu—T VAN FLA—SEc T
NEEELE, ERLED U F L2 AT,
Bx REREOKRETIZC, REOR) ~v—7
Z vEREEICE < =R 2 FHm L7,

(R~ DELE)
AWFZEIL, BEDTRX RV ERERTH
HLOTHDH0, MEEICE L CRFEROREIIR
EChDH LW LT,

C. M7ERRIB LV D. ELE
1. WY =—7 T U REOHEIER LU
ERSNTERY) v~ —T7 F VREIT, =V TR
b U =G REREIEE S 10 nmBRETH Y | i+
NBEHBEAFMIC K D@ SBEN S, FLBRRRET
RN S OWMIEEEZAR L, REMA S ORET

H D _F L HFERMSHEIZ 1.0 nm LT TH
o, B1EY, BER)~—TFREMDT T T
NEEE 139 _T 0.10 chains/nm?® 22 THKY .
BRI AR ~—T7 7 VENBEBEERBICD
HZ EWNbhote, 777 VEELRY <—8#HD
BrEfE» D REWERLME LR, 7797 1
EHTHWBEIN TWRWTH#IERIZ 1.0 nm LD
F—F—=ThV, ) A= VDI —F—%F
TAHEUNRTBEE RTINS notz, DFED,
ERENTZR) = —T F VRE~DF L NTE
DWEIZBNT, XX 7B FHER~DER
B2 E (— IR E)RC T 7 7 PR Y = —gHE~D
T (CREEEIRRBE S, RY ~—TF VER
KE~DBENKEATH D Z EPRB I NI,
RSB NFHE SN D KEET TCORmMFFHE
TP OKIAOEMA X, BUKEOHIEEF
75 poly(BMA)7 7 VR & RO T—HRIC/NE W
L 7eot-, £72. 10 mmollL D¥EikT F U 7 A
KBHRIZ BT AEREEAMIT, R ~—BERIET
LB L FEOER TH-To, 12721,
poly(BMA) X IgH I Z B 2 FF /= W b b 637,
BADOBEMEETHIRE CHoT, TNITBKMESE
HICER SN ABETHY ., RE~DOBMEA 4
COWFEICHETHEEZ NS, ZTDLIIT,
BEER) v—TIVRBIZLY, W—iEEEE
L. R ~v—HOBLEN S /) A— LA —F—T
A THLIFRmMEBE LT, £, xR
EEETDHT T 7 MEERERET S Z LT, EBIUVE

#1. R ~—7F U REDFFE.

Water contact angle

Polymer Graft density (deg) ¢-potential®
(chains/nm?) In air In water {mV)
Poly(MPC) 0.33 10 9 59
Poly(TMAEMA) 0.45 17 17 64.9
Poly(SPMA) 0.55 11 13 -74.0
Poly(BMA) 0.75 86 73 -37.2

E & 100. * 10 mmol/L NaCl aqueous solution.
RERmEM 2 CITRRIN D R ERFEORERE
e 2 R S0ER LA L7,

2. RV~=—T7 5 FmMEF NI ELEDEED
FAEAER

AHFETIE, AEEGT CERENLE L LT,
BBLOEDEREMEATLHX L XIETH
5BSAB LN Lys AW, K3 T L O,
RV~ —T T VREEX L XNIEEDHRAEER
I, TOMAEDLHIZLY KE Biro7-, BSA
COMBEEREIDFAUOHEORMEEET D
Poly(TMAEMA)” 7V RE TR K TH -7, Zil
I%. poly(TMAEMA) D IE B & BSA DA T D
BEMEOBOFBEN LRSI DICERT S EEX
bbb, £, T2 Ho#EEAET D
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Interaction force

2o
Y, My
MPQ 4745/’4 M,

4

X 3. RU~—T7TFvRmMIRTDEL T
B O EAEH.

poly(SPMA)~' Z > F w2 x4 %5 BSA DHAIEM
IhEholo, 2L, AEFRLORAICER
THEEXOND, —FH., EQOFEKREREAT D
Lys 1&, BRKMEORISEE L O7 =4 MO BN %
BT % poly(BMA)7 T L& & < HHEVERA LT,
L2ZL722 5. Lys & poly(SPMA) & DR EAVERIT
FEBINE D oTz, Z OFRB TS TR L5
T2 WVS, HEERE DRV PBS FIZ T, BRF
WCIFET B A 40 & Y 8B 72 R0 ALV A A3
WMENTNWBEZERNELZDND, FVRXITEDIE
BREBRICBI D B3, WA T HEOfIgEEE T2
poly(MPC) 7 5 S 51k & v /32 B & O EAEA
BIEFIZNE o Tz,

3. R ~—T7 T RMEBFRELDEENIEA
YEH

Bx e BRRBICLVEHLE e —T7% Hn
T+ —AB—THEEITH, R ~v—T T Fk
meERE L OmMICE S MAEERZEENIZFT
flf L7 (X 4), IR LIZERERII I LR F L
(COOH)E. 7 3/ (NHp) 35 1 TR A F/L(CHy)
THY, ZNBIFF LRI ERICELFETHNR
KO ERRETH D LR, TNEFNT =4
P, B FA R L OBUKEDORMEEZ T T 5729,

IS COOH

Interaction force of
functional group (x 10 N/m)
(COOH + NH, + CH,)

Poly(MPC) Poly(TMAEMA) Poly(SPMA) Poly(BMA)-
K 4. R ~—7 5 REIIXHT DHERED
RGN

PR AERSCBEAMEMRAEER ORIEIZ/R D
tEZLND, WEAS T HEORBEE AT D
poly(MPC)7 Z v EmIZIWTIOERER L DA
ERHBD CT/HhENnoTz, ZORENS,
poly(MPC)~7' 7 + 3k i Cld 5 BRI BB A P8Rk
M AERICEET D AMFEA BN
EDTRBEND, £z, KPOKIEOEMA L X
OREBANS, 2N 5OEmMIAKERE FIZRBW
TEWVWHAKEN>BROICHEEZHF T A EKE T
HoleZ bbb —ET5, W TFFTHOREER
75 poly(TMAEMA) 7 7 “ FRilIE b /LR & Vv
EDORFICHMWVEEERE R L, ZiX,
poly(TMAEMA) DAISH IZfFE T 5 IR & . fif
L7z VR X VIV E(COO)D A ER & ORIZHE
WEFEBERIB| MBI TV D Z L AT, BKMED
RIgE % F 95 poly(BMA)T 7 > EHIT A F /LR
FOT I ELEOBDEEERER LI, AT
& OBNEAEERIE. AKFIZBWTE < Bk
FIEAERICHER TS EEX N5, RKIC Eko
X291z, poly(BMA)Z 7 v FRmiET7T =4 Th
STztz, Ta hAL LT 2 FE(NHSYDIED
B & ORI OFENOMBEIERIZHERT 2 I0ME)
WhEEZOND, —F T, T=4 U HORIEE
A9 5 poly(SPMA) 7 T + kM id PBS i TIZu v
NOBERRELOHMEER LRI hofz, LML
R B, FAKFIZEBO T poly(SPMA)Y L3
HeT I ELEDOMANEAEERPERRB SN, =
D7z %, poly(SPMA)ZK i Cid, Has&E D3R\ PBS
HIZRBWT, FFENEEMER SR EEROZIR %
ZIFTWab0ELEZLND, LLED LI,
e BRETEMMINEZ e —T 57
F—AB—=TPEIZELY, K ~=—T7 T REZ
B THMEERAO B2 EENITHL N E
L7z,

NAF<T VT NAERRICEBIT HEREL /L
DOFEMERMR, 7B OMAEERICEZ 5
ERAE EEMNGGHMET 5 Z Eid, T B
EEOI L HERA~L BN L, M52, A~
— 7T VREICBIT A X R EOMEAEER L
B L OMAERORINE ORE%RERT, M5
0. BEeEL OMAEROBIBN/NS VR <
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70
S eofBSA
o
o E Poly(TMAEMA)
S a0l N\
L= o)
§ S 30T poly(spma)
g =20 Poly(BMA)
(V]
£ 10}
E «— Poly(MPC @)
= LR oM
0 0.05 0.10 0.15 0.20 0.25 0.30
Interaction force of functional group
(x 103 N/m) (COOH + NH, + CH,)
70
2 eof LYS
k] n
g a5 50 Poly(BMA) — (%
5= 40f
S S 30}
P ]
8 x yg| POWV(SPMA)  poly(TMAEMA)
[e]
ﬁ 10 l / Poly(MPC) \
' N T &

0
0 0.05 0.10 0.15 0.20 0.25 0.30
Interaction force of functional group

(x 10 N/m) (COOH + NH, + CH,)
X 5 &RV~ —T7ITIREIWCBITLHZ N
78 L DOHAER L BEREE L DR AAEH DR
£%.

— T I VRBEREVWRY v —T F TR\
TAZENTE D, BRER L OMAEERORIN
INESWRY = —T7 7 UREIT, F N BEOIERK
BRIZE DT, FRIEHEDOHEAEERBP /NI
ZEWRENTL, —FH., BReEL OEBEEADOR
FRRKEVWRY w—T7 7 UERETIE, RFEOKRN
ThHhoTbRI~—TIFTvRmMELEF L NIEE
DFAHEDLREIZLY ., ZOBBEARKELEL LT,
SF Y | AEROTEHED LR F 2 (COO)E & iR
HHAEMT % poly(TMAEMA) Y 7 » & HiL, &
DIEEMZHT 5 BSA L@ FHAEEMA L, B
KD A FNVEBIREEMRDO 72 b MvET I
/ (NH3 )% L8 < FREAEM 95 poly(BMA)” 7 +
FKEL, EOEKEREZHAT D Lys LAHAEAL
oo ZHUT, EHLUHEEREZET L2 EREEL
DOFBEAERN, Zo7GLOMAEERZRET
HZEERBTIHRERTHD, ZDLX D ERD
5, ¥ 7E L DIEFERAOLAB AR ZHERT
AL, BREEL~VOFME/ER EZERET S
VENH D ERRENT,

4. REDORY ~—7 7 &M T < RIEEE

X 6 (2, fliKkBLOA A RENERD PBS
(1.5 mmol/L £ £ O 150 mmol/L)FIZ B\ T, [Flff
DR Y ~=—7 7 RmEE < =R A ER
OFREEEEHE T EZ T, BT A ORI E
A3 5 poly(TMAEMA) 7 £ HEB LT =4
PEDORISEHF 2 poly(SPMA) 7 5 < 31 Tl
FliZK BT 100 nm BL_EDREREN B8V R
DER SN, IBIROA A RE DMV RS
DS SIS E T Lz, Z4ud, Zibd
FRANEE L TEENRNIZEERTLILDOTH
AZZEHERLTWD, 2F0., I boRmIE
TIEHEOMEERARIENICB TS &E
2D, T2 BUKMEORIEEZ BT 5 poly(BMA)
7T UFEm T, MATIZBW T R m O
I BBRI S o T 0y, BEfiktg . BEBLRE D
RN AANEBI X Tz, T O5 Ik TB
AR EEICE < BAKEEEERIZERT LY
DTHHEEZOLND, TiubizxtL, A A
CHRIDORIEEFT D poly(MPC)7 7 3R Cli,
VBIRDA A VBEEITR B2 WS W RS D B3 8]
&N, Ho@Eihd 5D poly(MPC)~7 Z
VEOREED 2 FRECKEMTH -T2 L6,
ZOHEFR) v —BEHOEMIZLDLDEEZDL
na, T7ebb, tMoRiE THEI S X O REh
B « BUKAZRAR EAVERIC 32 i34 < Bl
N poT,

RFEOFXHEME DO 7 +—AH—THEICLD, &
R ~—7 7 vRETHEAICEH S HAEHRORE
., K& &8 L OMCHEEREE 2 M3 2 7 iEmm 2
VEN, ZRHDNRT AT, SBFRT

Poly(TMAEMA) Poly(SPMA)

120 120 :

100 — 0 mmol/L 100 =0 mmol/L
n — 1.5 mmol/L =80 — 1.5 mmal/L
%5_0 — 150 mmol/L -.Eﬁn — 150 mmol/L
gao gao
20 Y 20

E
g

0 50 100 150 200 250
Distance {nm)

0 50 100 150 200 250
Distance {(nm})

Poly(BMA)

100
s

Poly(MPC)

— Approach curve
— Retract curve
{0 mmol/L)

FEE

— 0 mmolfL
— 1.5 mmol/L
— 150 mmol/L

IS e e

/
B4
/

Force {nN

EEEE

B

0 50 100 150 200 250

Di {nm) 0 50 100 150 200 250

Distance (nm)
K 6. kxR ) ~—7F RmIM &
Z< i fH R O BafR.
B AEFEBAHEMETH LT, ARREREE XD
LEZLND,

- 120 -



E. %

BRFHEABEMED 7+ — AW —THEIZLY . H. ZneOREME D HEE - B &R
MREREIC T 5 OMEER L ERMICSy 1. BIRE
Wit B TR L, o, XL sBEEDOE AL
HE R 22K AR F S LB & U B WM £ 4 L TR Y B
~—7 S URA TR, BEELOREER MY 2 FRARRER
én&motooio BNy ERELRHESs L
WD OITIE, EREEE b OMEAE E VR % 3k
%?5:kﬁégfﬁé:kﬁbﬂokoéam\ 3. Dft
WA AL TR ~—F T LV ETCH. BEMR AL
R L OB PR B AR 2B TV R o
Foo DED . F LSS EWE R EE T 5
DI, EEE L DM AR X8R 2T
HEERZHERT 2 ERRHBAUERTR TH
A EBbhoT,

F. BEEERIE®R
Rz L,

G. b}F R
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OSho Sakata, Yuuki Inoue, Kazuhiko Ishihara,
"Quantitative Evaluation of Interaction Force
between Functional Groups in Protein and
Polymer Brush Surfaces", Langmuir, in press
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AT2RY) =TI RE~DZ T EDR
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Protein-Materials Interactions”, 2nd International
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2013, Tokyo, Japan, 2013/10/8-10.

O bth&, WHA, AR—Z. [ 7E%
EDAFM ) 7 4 — ZfEHT] | 5 35 BIANA A
7 U T NVEERE, R, 2013/11/25-26.
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Abstract: In this study, a titanium surface was chemically
modified with calcium ions and assessed for its influence on
osteogenic differentiation and molecular responses of human
mesenchymal stem cells (hMSCs). Titanium disks were
treated with NaOH (NaOH treatment), NaOH + CaCl, (CaCl,
treatment), or NaOH 4 Ca{OH), (Ca{OH), treatment). Ca{OH),
treatment caused significantly greater calcium incorporation
onto the titanium surface and apatite formation than CaCl,
treatment. The morphology of hMSCs differed on CaCl,- and
Ca(OH),-treated disks. The osteopontin (OPN) expression in
hMSCs cultured on CaCl,-treated titanium was significantly
higher than that in cells cultured on NaOH-treated disks; OPN
expression was significantly higher in cells cultured on
Ca(OH),-treated disks than on un-, NaOH-, and CaCl,-treated
disks. Osteocalcin (OCN) protein expression in hMSCs cul-
tured on Ca(OH),-treated disks was significantly higher than

that on all the other disks. Comparative expression profiling
by DNA microarray and pathway analyses revealed that cal-
cium modification of the titanium surface induced integrin 3
after OPN upregulation and promoted Wnt/B-catenin signal-
ing in hMSCs. In addition, Ca(OH), treatment upregulated the
expression of bone morphogenetic protein 2, cyclooxygenase
2, and parathyroid hormone-like hormone in comparison to
CaCl, treatment. These observations suggest that calcium-
modified titanium surfaces affect osteogenic differentiation in
hMSCs and that Ca(OH), treatment induced osteogenic differ-
entiation in hMSCs, whereas CaCl, treatment had a limited
effect. © 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
101A: 2573-2585, 2013.
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INTRODUCTION
Titanium is widely used in orthopedic and dental implants
due to its corrosion and wear resistance, durability, and bio-
compatible interface. The topography of titanium implants
plays a major role in cell-material interaction. Several stud-
ies have shown that surface modifications influence protein
adsorption,? cell-substrate interactions,® cell adhesion,>™
cell morphology,™® osteogenic differentiation,>”"*° and, con-
sequently, the tissue integration of titanium implants.***?
The nanoscale and microscale surface roughness of tita-
nium has been reported to increase osteogenic differentia-
tion in osteoblasts cultured on titanium surfaces”*'? and
promote osteogenic differentiation in human mesenchymal
stem cells (hMSCs) in the presence of osteogenic supple-
ments.® Osteoblast response has also been reported to be
modulated by a modified microstructured titanium surface
with increased wettability due to a polyelectrolyte thin film
coating."® Titanium nanopores also affect osteogenic differ-
entiation and hMSC cell morphology.® Integrin is critical for
the responses of osteoblasts™*%'* and hMSCs® to some tita-

Correspondence to: R. Sawada; e-mail: rsawada@nihs.go.jp

nium surface modifications. Gene expression studies have
shown an increase in the expression of the osteoinductive
genes RUNX2, osterix, alkaline phosphatase, bone sialopro-
tein, and osteocalcin (OCN) in osteoblasts®'® and hMSCs*®'7
grown on micro- and nanoroughened surfaces in the pres-
ence of osteogenic supplements.

Alkali- and heat-treated titanium forms a bone-like apatite
surface layer in the body and bonds to the bone via this
layer.’®?? In addition to chemical and thermal treatments,
the porous structure of titanium contributes to its biocompat-
ibility*® and bone formation®* in vivo. Fluoride ion modification
of a TiO, grit-blasted surface enhances osteoblastic differentia-
tion in hMSCs in the presence of osteogenic supplements.?® Cal-
cium ion incorporation into a titanium surface by CaCl, treat-
ment yields slightly better apatite formation than alkali (NaOH)
treatment in vitro,*® but the influence of calcium ion modifica-
tions of titanium surfaces on osteogenic differentiation of
hMSCs has not been explored.

hMSCs are pluripotent and can differentiate into cells of
mesodermal origin, for example, bone, cartilage, adipose,

Contract grant sponsor: Health and Labour Sciences Research Grants for Research on Regulatory Science of Pharmaceuticals and Medical
Devices from the Ministry of Health, Labour and Welfare of Japan; contract grant numbers: H22-IYAKU-IPPAN-009, H24-IYAKU-SHITEI-018
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and muscle cells.”” "' hMSCs also have the capacity to dif-
ferentiate into myocytes,***® hepatocytes,””** and neural
cells.?® hMSCs are currently being used with biomedical
materials in several clinical studies on bone regeneration.

We aimed to evaluate the influence of CaCl,- or
Ca(OH),-modified titanium surfaces on osteogenic differen-
tiation and molecular responses in hMSCs. We examined the
amount of calcium ion incorporation and apatite formation
on CaCl,- and Ca(OH),-treated surfaces. We investigated the
morphology, proliferation, and osteogenic differentiation of
hMSCs cultured on the chemically modified titanium. To
definitively conclude whether incorporation of calcium ions
on a titanium surface induces osteogenic differentiation in
hMSCs, osteogenic supplements were not used in this study.
Whole genome expression analysis provided a comprehen-
sive understanding of the mechanism of osteogenic induc-
tion by chemically modified titanium.

MATERIALS AND METHODS

Chemical treatment of titanium disks

Titanium disks (grade II commercially pure titanium, 33.5
mm  diameter, 2-mm thick) were supplied by Nakashima
Medical Co. (Okayama, Japan). They contain over 99.3075%
of titanium, and their surface roughness (Ra) is 0.4 um.
NaOH treatment was performed by soaking the disks in 5.0
mol/L NaOH aqueous solution at 60°C for 24 h and then
washing gently with distilled water. CaCl, or Ca(OH), treat-
ments were performed by soaking the NaOH-treated disks
in 0.1 mol/L CaCl; or 0.01 mol/L Ca(OH), at 60°C for 24 h
and then gently washing with distilled water. Untreated tita-
nium disks served as controls.

Scanning electron microscopy

The topography of the chemically modified titanium disks
was characterized by Scanning electron microscopy (SEM)
performed with a JSM-5800 microscope (JEOL, Tokyo, Ja-
pan). Images were recorded with 15 kV accelerating voltage.

Calcium ion incorporation and apatite formation

To investigate apatite formation on the titanium surface,
untreated or chemically modified disks were soaked in
Hanks' balanced salt solution that included calcium and
magnesium (Life Technologies Co., Carlsbad, CA) for 7 days
at 37°C. The solution was changed every 2 days.

The incorporated calcium ions were dissolved in nitric
acid and their concentration was measured by Agilent
7500ce ORS ICP-MS (inductively coupled plasma mass spec-
trometry; Agilent, Santa Clara, CA) in helium collision mode
with monitoring at m/z 43.

Cell culture

hMSCs derived from bone marrow were purchased from
Lonza (Walkersville, MD). The hMSCs were cultured in
MSCGM BulletKit, a mesenchymal stem cell basal medium
with mesenchymal cell growth supplement, 1-glutamine, and
gentamycin/amphotericin-B  (Lonza Walkersville, MD), at
37°C under a 5% CO, atmosphere. The medium was
changed every 3 days. The cells were detached by mild
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treatment with trypsin/ethylenediaminetetraacetic acid so-
lution for hMSCs (Lonza Walkersville, MD) and subcultured
when they were just subconfluent (approximately 80-90%
confluence). Cell passages 2-4 were used for experiments.
hMSCs were cultured on each surface-modified titanium
disk for 1, 4, 7, and 28 days.

Cell morphology and immunofluorescence staining

To analyze the morphology of hMSCs cultured on the chemi-
cally modified titanium disks, the cells were stained with Cell-
Tracker (Lonza) according to the manufacturer’s protocol.

To examine the expression of OCN, cells stained with
CellTracker were fixed with 4% paraformaldehyde in phos-
phate buffered saline (PBS) for 15 min at room temperature
and permeabilized with a blocking solution [10% normal
donkey serum (Jackson ImmunoResearch Laboratories, Bal-
timore, PA), 0.1% Triton X-100, and 0.01% NaNj3 in PBS].
The cells were stained with anti-OCN antibody (Abcam,
Cambridge, MA) in blocking solution without Triton X-100
for 16 h at 4°C for primary staining and were secondarily
stained with Alexa Fluor 647-conjugated donkey anti-mouse
antibody (Jackson ImmunoResearch Laboratories) for 30
min at room temperature.

Images were collected and analyzed by confocal micros-
copy (FLUOVIEW FV1000; Olympus, Tokyo, Japan).

Cell proliferation

The proliferation of hMSCs on titanium disks for 7 days was
determined by using a cell proliferation assay reagent, Tet-
raColor ONE (Seikagaku Co., Tokyo, Japan). Cultures were
incubated for 2 h in medium containing the reagent. The ab-
sorbance was read at 450 nm (reference at 600 nm) on a
plate reader (SH-9000, Corona Electric Co., Ibaraki, Japan).

Preparation of total RNA and real-time polymerase
chain reaction

hMSCs were seeded on untreated and chemically modified
titanium disks in 35 mm culture dishes at an initial seeding
density of 1.2 x 10* cells/ecm? and cultured for 7 days
before evaluating transcript expression of osteopontin
(OPN), OCN, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The housekeeping gene GAPDH was used as a
control. Total RNA was extracted from hMSCs with the
RNeasy Mini Kit (QIAGEN, Valencia, CA). Total RNA was
eluted in RNase-free water and quantified on a NanoDrop
1000 spectrophotometer (Thermo Scientific, Wilmington,
DE). Total RNA was reverse transcribed with the
SuperScript I First-Strand Synthesis System for real-time
polymerase chain reaction (RT-PCR; Life Technologies Co.,
Carlsbad, CA). Amplification of OPN, OCN, and GAPDH was
performed with LightCycler Primer Sets {Roche Applied Sci-
ence, Basel, Switzerland) and LightCycler Fast Start DNA
Master SYBR Green 1 (Roche Applied Science) in a Roche
LightCycler instrument (software version 4.0).

Microarray analysis

Whole genome expression was analyzed after 7-day culture
of hMSCs on chemically modified titanium disks. Total RNA
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FIGURE 1. SEM images of the surface of untreated, NaOH-, NaOH + CaCl, (CaCl,)-, and NaOH + Ca(OH), (Ca(OH),)-treated titanium disks (A).
Images are representative of three independent experiments. The amount of Ca?" incorporation into the chemically modified titanium disks (B; left)
and the amount of Ca?' adsorption onto the modified disks after soaking in Hanks’ balanced salt solution including calcium and magnesium at
37°C for 7 days (B; right) were measured by ICP-MS (n = 3). Significant differences between groups are shown as *p < 0.05 and ***p < 0.001.

quantity and quality were assessed on an Agilent 2100 Bio-
analyzer (Agilent, Santa Clara, CA); 100 ng of total RNA was
used to generate biotin-modified amplified RNA (aRNA) with
the GeneChip 3'IVT Express Kit (Affymetrix, Santa Clara, CA).
Reverse transcription of first-strand complementary DNA
(cDNA) with a T7 promoter sequence was performed with T7
oligo(dT) primer. Second-strand cDNA synthesis was used to
convert the single-stranded cDNA into a double-stranded
DNA template. The reaction employed DNA polymerase and
RNase H to simultaneously degrade the RNA and synthesize
second-strand cDNA. In vitro transcription of biotin-modified
aRNA with IVT Labeling Master Mix generated multiple cop-
ies of biotin-modified aRNA from the double-stranded cDNA
templates. The aRNA was purified and quantified; after frag-
mentation, it was hybridized to the GeneChip Human Genome
U133 Plus 2.0 Array (Affymetrix). The arrays were stained
with phycoerythrin and washed at the GeneChip Fluidics Sta-
tion 450 (Affymetrix). The microarrays were scanned and
data extracted using GeneChip scanner 3000 7G (Affymetrix),
image analysis was performed using the Affymetrix GeneChip
Command Console Software and digitized using Affymetrix
Expression Console.

Data processing and pathway analysis

Data analysis was performed with GeneSpring GX 11.0 soft-
ware (Agilent Technologies, Santa Clara, CA). Raw data were
normalized to the 50th percentile per chip and the median
per gene. Normalized means for the four kinds of titanium
disks (un-, NaOH-, CaCl,-, or Ca(OH),-treated) were gener-
ated for the experimental interpretation. Differentially
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expressed genes were selected and flagged for further anal-
ysis. To determine whether particular osteogenic differentia-
tion functions were significantly overrepresented, the data
set was analyzed using Ingenuity Pathway Analysis (IPA)
9.0 (Ingenuity Systems, Redwood City, CA).

Statistical analysis
All results are shown as means * SD. Significance was eval-
uated by the Student’s ¢ test.

RESULTS

Surface characterization of chemically modified
titanium disks

Titanium disks were treated with NaOH (NaOH treatment),
NaOH + CaCl, (CaCl, treatment), and NaOH -+ Ca(OH),
(Ca(OH), treatment; see Materials and methods section). SEM
demonstrated a porous network structure formed on the surface
of the disks after chemical treatment [Fig. 1(A)]. There were no
significant differences between the chemically treated surfaces.

Calcium ion incorporation and apatite formation on the
titanium surface
We measured the amount of calcium ion incorporation on
the surface of the modified titanium disks [Fig. 1(B)]. As
expected, no calcium ions were incorporated into the
untreated or NaOH-treated disks. Significantly more calcium
ions were incorporated into the Ca(OH),-treated disks than
the CaCl,-treated disks.

To investigate the effects of chemical treatments on apa-
tite formation on the titanium surface, the disks were
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