J P4 5Ky g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?ﬂiﬁ:\.l

Sr**/NO/OGP 1 [E)12 & $X &R H TiO,
ARSI EERETR

HRir!, BE?, TH=", RKAkm?, 2k
(L WK PR TR SRR BE, %M 213164;
2. B T2 BV T IR R AT B RS B T AT 7 TR o, 122 223003)

ME Hk, RIS PR AR AR BR8] 57 i) #5480 S 1 TiO, AR 191 5 SRJ5 , SRRk
TR ARG R AR P ST IR CMCS)IR 2 s )T, HRIRTEDIKAE 38 NO B 43T+ (IV- P il - N-
HIEFR AR RS E A R BK(OGP), dlad S NO A+ LA R OGP i W RN i B A A R M | A= K g
Fik . WRFR LRI, ThREA IR E BESIAURT LA SR B0 A (HA) P O 2R DU, 3B W] DA i S il
NO M550, 135 Lk i A M A B | 345 LA B B RR (A LP) . B85 22 (OCN Al Runt AH G SR K F- 2
(RUNX2)23A . 7E44R OGP Ji5, BUH AR A RE M AR KRN D B 2R HE— 2D 4k g . DRI, S ST 2R ThT ek P SR m]
TAEER G G R B A UL R WA PR A TG R 2, AT s B B AR B B

KR B mCE A NORIRS T

FESES 069 XEFRERG A doi: 10.7503/cjcu20240523

Synergistically Improving Osteogenic Properties of
TiO, Nanotubes on Titanium Surface by Sr**/NO/OGP
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Abstract In this study, anodization and hydrothermal treatment techniques were first employed to prepare Sr**-loaded
TiO, nanotube arrays on the titanium surface. Then, carboxymethyl chitosan (CMCS) coating was fabricated on the
nanotube surface by electrophoretic deposition. Finally, NO-releasing molecules ( N-Nitroso-N-phenylhydroxylamine
ammonium salt, Cupferron) and osteogenic growth peptides (OGP) were sequentially loaded into the nanotubes,
achieving synergistically promoting osteoblast adhesion, proliferation, and functional expression by Sr**, NO gas
molecule, and OGP. The results indicated that the functionalized nanotube arrays could not only induce biomimetic
deposition of hydroxyapatite (HA ) , but also continuously release Sr** and NO gas signaling molecules, significantly
promoting the adhesion and growth of osteoblasts, as well as the expressions of alkaline phosphatase (ALP) , osteocal-
¢in(OCN), and Runt related transcription factor 2(RUNX2). After loading OGP, the osteoblast adhesion, growth,
and functional expression were further enhanced. Therefore, the surface modification strategy of the present study can
be used to construct the bioactive coating with excellent biocompatibility on titanium alloy surfaces to improve the

bone integration ability of titanium-based bone-substituted materials.
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L AIE AR B E SR8 ) A HE . 8 T Y BBl A2 Oy v R SR T A T R L N A T
WL B TFEAR L MRS O | A TR A [ E | BRI E S IR R AE,
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AT AR A B A i) 25 Z AL 50, A R FEETHERA RN B G B8 T . [FIRT, PRAR SR R 4ok
FLEEH T LA — 2L 7 2045 R 25 . AR W e S Al Kok, DT AT DLt — 3 i AR A= AR 25
A RARE) . —SH LA (NO) & —FhEE AR B ™ A TR AR 5 T, AR S
A B NO AT DA R R 4 M B AT R34k, Wb 2H 20 AR KRB 52 HA 22 0 T A RE ) R VR R, NO
WA 12807 b = e o1 o e A = o A T B = e 2N 0D | 7 A < YT R D R i = e 0
SRR A I BT AT A2 A IE AR AR L A, NO IR AT DA 1 3 20 A A% S i 7 £
PEEPTRA M AL E . I, 78 BIREACTE B 9 KA 8 T B NO B A A o, 74 3
AT R RBINO, 7T LUA S E LU0 R KA, M s R B A ae 7. s B KK
(OGP)J&—FP IR AT LAV B A BRI R A AR 0 M 4111, OGP AT LA A58 = 40 e 0 7% RN 286 B
fE71, MIMRERS A AL HE B L ST e

AR SCHE BHAR SRR JEAE i 45 TiO, 9N KA BES A SERE I, 7 SRR B 2 38 mT DA ki A
) Sr**, SR Je 2 LUK ORI 5 i AR AR OKAE R 8 v il 28 42 FR LSS R (CMCS) TR 2, — 2538 3ot 5 v A
HAEFAE CMCS &1 1 98 KA 252 38 NO B0 (N-SE A i -N- 2R L2 M B4 &y, Cupferron) F1OGP, M
T DM R A 2 L ) A R RN BB R, S BRI B A AR I A AR 1 . 25 SRR, DBy 4K
BALAT LS SR IEE A (HA) 2 AT, 18] LU S, NO AT OGP BRI 4R i il -4 it it 25 B A
KMeRe, It LR E AR DI RE s .

1 SEIEES

1.1 RAFI 5

BRI (TA2), TSER A R A 5 5 L7 R BE(CMCS) . U A KRR (OGP) . NOIRF & . /NRIE
Jif B A BT ARG (MC3T3-E1) | B E i D BEFR B 0GR & (ALP, OCN FIRUNX2) | 2 A s 57 5k K 4
M RE IR AR, R AR R O PR w1 5 N-30fil§ - N-2E FE 8 e 43 (Cupferron) , 23 #rali, E
Bl T A2 BRA AL 5 Griess 3R, I3 & RAMIHE AL A E] HAailin (Grdral) 35 B E 25
SR IR A ]

X-Max 20 B X G GERE (X (EDS ), 9 [ 4= HAU AR 23 v 3 Quanta 250 BYFH LT WA EE (SEM) , [
FEIA F] 5 Scientific K-Alpha % X 46 H FHEIE{L (XPS), 32 [E Thermo Fisher 22 F 3 Scintxtra i X 54k
T (XRD) , %l ARLZSE] 5 DSA25 BUFEfil f i 1A%, fE[E Kriiss GmbH 23 R ; Tensor27 B B2 42 2
S AR L LA GIE(L (ATR-FTIR ) , 5 416 5023 F] 5 Optima 7000 DV %Y 8GR 555 24 1A &
Y, & [E PerkinElmer 23 A ; Eons BUGALAR 53 G EET, S [E Bio-Tek /A Fl 5 Zeiss A2 BRI E 9 't ik ik
B, TE[E Carl-Zeiss 2] .

1.2 XIifE

12,1 AKE T TiO, 40 K % Wl & K A o e ot BRIE R 0. 1 mm MBRTE (BRiCoh TOIEWE . TG
RBEF 250 mL LA 5T [ 5T 3£ 0. 5% A NHLF A 2585 50K (5 mL)-2 (245 mL) W, FTiAE
PR , A7 B IR, 7645 V ELTHIE FAAL 1 h, S AL R b R R Bt PE s g A he s, B . PR
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T E N 4 om, FPERAE FUKIR IR . XIS IFRE S T UE . T 44 0 TNT. BHAR 4
A2 R R N B A R T A L T AR A G Scheme 1 FTZIN . WG HL 7 40 5 2 DR ) A Bk 2 T Bl AL T i
HOEEALZ MR 5 765 min J5 T TRE , B2 B R 9 X 480277 28 T ZI VR R F AR
FAE AL A 2 i 2 (R IR BN S A7 . OB TNTIRIEAE 0. 02 mol/L Sr(OH), AKIEHH, F200 CF K
1 h, 5. ﬂ;ﬁa{ﬁmdﬁ TNT@Sr; f 1 i — 48 Sr S QUKEZE G 1, B TNT@Sr 7E 450 °C23 S FR
BErp b 3 h, B2 M5 A4 TNT@SrA.
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Scheme 1 Schematic diagram of the device for preparing TiO, nanotube arrays by anodic oxidation(A) and

the curve of current change with time during the oxidation process(B)

APREIL NO F1 OGP A4 KA ] 45 B 2R AN Scheme 2 7 . 17 S5 A FH HLIK TR VA AE TNT@SrA i T
R ELSTRME, AR 5 me/mL R H 70 S W (pH=6. 0) , LAFE i TNT@SrA R B, LR
5 VAR E B AR, UKD 10 min 53R T, IrAS AR IE 8 TNT@CMCS. kT 2 31 NO Bl 4
¥, ¥ TNT@CMCS (10 mmx10 mm) # T 1 mL V& BE hy 2 mg/mL i N- Vi - IV- 2R 5L 52 i 2 6 1) 7K v W
H, 75 2~8 ‘CRYPREE T 77 B 10 min fE IR T4, X — i B 852 39K, JRHHE i 44 4 TNT@CIR. i
— 544 50 WL BESA 1 mg/mL Y OGP ¥ (A= 3R /K FL i) ¥ 51 7% InAE TNT@CIR 31, JF7E 2~8 ‘C Ik
T, B TR 24 4 TNT@QOGP.

TNT@CMCS

Physical adsorption
Cupferron

TNT@OGP TNT@CIR
© st || CMCS coating @ Cupferron @ ocp

Scheme 2 Schematic diagram of the preparation route of Sr*’/NO/OGP-modified TiO, nanotube
arrays on titanium surface

122 FERAE @ik SEM SRR TN S EEES , I455 EDS o Hr#im yo R A 5 ARG
T (VP2 4544 R T ATR-FTIR (147 B R 650~4000 em™ ) 11 XPS 47434 5 2R XRD FAE A RHERT
J5 ) AR SE R AR AL, FFRE R Ry 15°~85° 5 38 1 I 5 F2 /K Hefih fy FAE R AT eV

123 STEFEHENOBHATH S BEFRMATHN : B S iy iz A 10 mL 37 “CHY PBS(pH=7. 4)
VR, TEARRIRFRIIBORE 0. 5 mL, FFAMFE0. 5 mLBT6f PBS VAR, 8 3k L JEGRI 45 25 18 1R A Sl i S
SE SrE TR, ARAR TN 255 S B TR B I 2l et £k .
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NO BEIAT A+ K Griess I 2 5 TNT@CIR HI TNT@QOGP 1) NO Bt iE il . BHAE i A 10 mL
PBSY AT, JF4r A& T (37£0. 5) “CH2~8 "CIUMSEH , ZEAR[AIIE] 25 850 WL PBS i in 1 96 £L Ak
o, RIS NS0 WL Griess 3R AT IL 38 2 fFLAR 20 Y66 BE T E 540 nm A ARG RS, AR FR o Hh
LRI NO BRI .
124 ZERKEEFH KGN ERSBRUKLR (SBF, 5 1 L SBFIF K & A 8. 00 g NaCl,
0.40 g KCI, 0.35 g NaHCO,, 0. 14 g CaCl,, 0. 06 g Na,HPO,- 12H,0, 0. 06 g KH,PO,, 0. 01 g MgSO,+7H,0
F1.00 g A0 ) , JF83Y pH=7. 40. FE A [FAE S (10 mmx10 mm) 43 HE A AE 10 mL SBF %%, 18
37 CHE MR 4, 7, 21 F128 d(SBFIEWEE2 d BT, T AL FH L7 P FL i ARk . Xhi=ifs
7 dJE PIRE SR HEA T SEM XES , X 11 R LWl KA (R TE SR A5 A A TR AE . Tl 42 XRD RAE TNT@OGP
FESIZ 21 d J5 B 20 SRS
125 i KATH Roohtb ks ANMEAOFGHT: B K G RS B F 24 FLES SR, FEREAFR S
FIA 0.5 mL(5x10*/mL) MC3T3-E1 20 i 2% A 1. 5 mL 353535, 7637 °C. 5% CO, 118 3R 43 31
KRR 13 d, FHPBSUERFE i 3 UK. FF it 22 181 26 B 20 e FH 200 L &' FFBA (10 we/mL, PBSEW ) 1
200 wL DAPI(500 ng/mL., PBSYEH ) 43 kG YL €8 20 F1 3 min. YL@ )5 (RE S >R FH 266 B A0 43 B 4
M B FIIEZS .

N5 . 1 SENE MC3T3-E1 A i e AN Rl Rk 2R 1T, SR A R R 5 =0 B RE 5% 1 R 3 d
Ji, HIPBS BEGEAEAL 3. MA 0. 5 mL CCK-8 i (10%, A FRERAKAENER) , 7637 CREFRA46 H L
3.5hJa, WHC200 L SO 96 FLAR T, PUE 450 nm AL PGS (A) R FAE A L 38 5 16 7k

AT e IA . AUH NI AY ALP, OCN A RUNX2 235 2 5% FH BRI 5 028 W Bk (ELISA) Il i .
i M LA bR AH R 7 UK 95 13 d S, WIBCAN i 8% 5% R, O SR PR R RCKS T VR R 5 A
F37 “CHFE 30 min, FREAAESHIEVES WU, IIA S0 wL kR, 4642 T 37 “CHFH 30 min, ZJ5 FTE
VDR 5 K e Je In A B850 A B 45 50 L, F 37 “Cil G2 10 min S5 A 50 pL Z81bB28 1k
Wi R PR AR 23 60 BE T A2 450 nm &b WG EEAE , AL AR B A9 bR v 261158 ALP, OCN FiI
RUNX2 [k i .
1.2.6  Git et XFTAURE KRR |« BCE g0 5 & ALP . OCN AT RUNX2 %35, i 5 4 FAT

Foil, Z5RBOT- YA HFR AP EEARERE (SD). S5 5 A FH SPSS FA4 R A HL IR 2y 2 4 il A T e vk

3T, * P<0. 05 HA G4 L.

2 GR5H

2.1 RMERIE

B LR T ORTRIRE i RO R TS . A0A SEM B LA B LR i . TR, BI EALS 1
KR R T N2 J9 100~110 nm ., KB 210 3~4 wm FIEREE KA 4540, IR RIS A T R E A
JLE AP R IHFICE , X B T B A R Al A S R A R R S TR R T
TiF B ZEE. KA A% 3 A0 DU SGR KA HLS , RS OKRE B AR A W8N, (HR AR AR
KRR AORAE S5 R, IF H S FEGORAE N A i 3457, [RIB EOC R L oe ik, iR T el
RIS T BT R B PR R Uk TRV —F A F re 35/ A f ORI TR A FE A
FMH A, CMCS ZEBRPEIAEE 47 IE sy, PR ] DACR L Sk TR CMCS DAL B Tio, 98 K 5 1) 46
1. TR X CMCS R HLARAES 2 1 L B K $AAh 385 9 K A8 2R 1T 17 L far 2 56 55 CMICS 1) LA
HAEA, HIKDTE ] IR SE R R Y A RAFES A 1100 CMCS TR 2 . HLUK TR 45 CMCS 1R )2 DL &
) FERLRG FF [ R V-l 35 - V- R R RN OGP, 4NOKAE 2 1T 2R T A8 A LR , 4 KA AR R o
/N A, EDSEI B T B Z I NIGE, R NO BT H OGP J5 NJTR S &I . i TR
VLS ST A RAE AN T NJT R, DA EZ5RITUEHE CMCS . NO BT 1 OGP 8 i U128 2 21 44 K

L
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Fig.1 Surface sectional(A,—F),), cross-sectional(A,—F,) morphologies, and distribution mappings of major
elements determined by EDS(A,—F;, A,—F, A,.—F,, D—F) for different modified samples
(A,—AS) TNT; (B,—B,) TNT@Sr; (C,—C,) TNT-SrA; (D]—D6) TNT@CMCS; (EI_E6> TNT@CIR; (F,—F,) TNT@QOGP.

B2, B3I 12058 T ASRIRE S 2 10 XPS 4 . F 80 KA & 70 FER XPS 1% 18 F1 XPS 43 #r
(AR T S AR B i BKERIET R T AR SAL, SR ZMAITE , 1 IR AL AETE BN KA 1 [7) Bsf 4,
BIAT KREWAEICE, I H BB F ICE RIS . TNT@Sr 2 T H) BRI 58 119 Sry, 45 1E s (B SR 205k
11.83%) , T FICRERNA, X5 EDSHIHE R —8. TNT@Sr KM Ti,,, O, C,F7r#E XPSiE Y
TNT HEARAL, WL FEAT WAL, Sry, 19 XPS 3 AT LA 5 132. 91 F1 134. 64 eV b 1) 2 NMFRIEI , 3X 22
FER T ERREB AL, 1B AL PR TS HE S A 5 0 XPS TE R R Sk & B B A8k . TNT@CMCS %
T N U5 CBE IR BCR 5. 24% ) 1) BRUEIH STl £ T CMCS ¥R 2, #4338 XPS 3% - 398. 99 eV 4b [y
X N—H/C—N; C, () XPS A DLl 4A 4 284. 00 eV

Cis

Oisrpn.

B By C—C/C—H, 285.69 eV fb fy C—O/C—N fl  |TNT@oGp i[ENe G So |
287.12 eV AbHI C=O Wil . 1 FRRF e RMng  [TV@CR L
JRE0B 3%, TNT@CMCS 3 [ Sr,, FI Ti,, Hy Wi s | TNT@CMCS B ]
A T B . TNT@CIR 3% [ 1 C,, XPS AJ LAl & A% —Tﬂ@fs’ﬁv“fﬂ//“ﬁ”wédﬂ J

TNT@Sr 5
284. 64 eV (C—C/C—H) , 286. 12 eV (C—0/C—N),
287.99 eV (C=0) 1 291.77 eV ( 2K ¥R ) 4b (1) 4 4
A0 N LAY XPS I H B TR 45 4 1B 399. 23 11 400. 96

eV &b, 4 51 i N—H/C—N il N=0/N—O 1) §# fiF 1200 1000 800 600 400 200 0
I, %54 EDS #1XPS Z24F 19 N ST £ 454k, 7840181 Esia

NO B TR 3 390 K4 b . TNT@OGP ) C,, Fig.2  XPS survey spectra of different samples’ surfaces
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Fig.3 High-resolution XPS spectra of different samples
(A,—A,) Ti; (B,—B,) TNT; (C,—C,) TNT@Sr; (D,—D,) TNT@SrA; (E,—E,) TNT@CMCS; (F,—F,) TNT@CIR;
(G,—G;) TNT@OGP.
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Table 1 XPS elemental analysis results of different samples’ surfaces

Molar fraction (%)
Sample )
Ti 0 C F Sr N
Ti 22.40 47.72 29.88 — — —
TNT 17.89 35.71 40.53 5.87 — —
TNT@Sr 10.23 31.62 46.32 — 11.83 —
TNT@SrA 11.36 30.01 46.51 — 12.12 —
TNT@CMCS 11.46 35.88 37.59 — 9.83 5.24
TNT@CIR 10.31 31.30 40.10 — 8.25 10.04
TNT@OGP 6.97 32.72 41.65 — 6.94 11.72

A 65 TNT@CIR M HL AR AL AN K, N, WEFESS 456 399. 40 eV AN F OGP #1283 (—NH,) H g1,
ZEARE401. 44 eV AEXTI T OGP H R IEEERE . A 4h, AR, hTHR 0oGP IE R A
FRER KA TEC R, Nat5 OGP 45 & 530 7E 975. 12 eV I T Na IR AR . Bl mIhE 2k NO B4+
FIOGP, Ti, #1Sry, 1) XPS VSR T HE & it 3 T [, Rk T axX mii B oS I

B 4(A) HATRIEE S B XRD 35 & . T AE Y, IR SR, 5 TiAHE, TNT /9 XRD 3% )L 7% 28
fb, R E SR ZSH A —2 . 7 TNT@Sr /1, Kl 31 1 SiTio, 7 260=22. 82° (100) , 32.43°(110),
46.45°(200) , 57.77°(211) F1 67. 75° (220) AT 5F 06, R WK AL FRAE &R 43 S 5 9K K A= A7
MIEIE T SrTi0;, X5 XPS (BT 25 R — 8. TR Kb PSS , TNT@SrA /) XRD 3 H H BT o-Ti Fl
SETiO, ORI, DA KA 4R 4 Ti0,(A-Ti0,) 1 (101) F1(004 ) & 11 ORGSR , 108 IR K AL FRAA AT LA
I Sr B TR S5 Aok i, el T KA I AR ZE R L AR YKL E CMCS . N-3I0 il - V-8 58 i i 5
OGP J5, 5 TNT@SrA A, XRD 1% &I b (1) F= LA S A B R & AR 784K, B o-Ti L SrTiO, AR 4T S
WA P85 R AT T2 TV 55 P R B, 3 TR SR TR i 2 R B T3 (s A5 XRD AN A7 5 B A T RAIR

A oTi o STi0s o A-TiO: (B) Cc=0

TNT@OGP § .. . o B

TNTGCR ¢ fo . o -
mraemes | e o f . [

™NasA L he . ..
on -

TNT@SrA

TNT@Sr ¢ i i ;
& o O OB a2} '
T T TNT@Sr!
TNT o q] o T i TNT
Ti @ T m ® T ) Ti : L T T
1 1 1 1 1 1 1 1 ! ! UL
10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000
20/(°) v/em™!

Fig. 4 XRD patterns(A) and ATR-FTIR spectra(B) of different samples

E 4(B) NATEIFES B ATR-FTIR 5%/ . Ti, TNT, TNT@Sr HI TNT@SrA A B i (21 AR g, 33
W LR T AT A AU F LA, (BRI DU CMCS J5 B T B B A 2420 AR i, 1046 em™ 4k
H C—O0 BP0, 1612 11393 em ™ &b HYUE 73 BT 1 TR 5L (—COOH) By AR X FR A 46 i 2 A1 25 Hh
PRz, 2900 cm™ Ab Sy 1 3k (—CH, ) FIE FH 3G (—CH,) 8981 45 4% 30z i i, xStk e B sl sh il 45 1
CMCS & JZ . 76 TNT@CIR ) ATR FTIR %K 7, 1250 em™ 4b >k N-3 At 3 o () S0 BB (X 08, 1482 em ' 4b
(1) U6 5 55 B A1) C—N A 45 iR sl AH G, X R BH NO B0 T I o e 4 B 4K 8 b . TNT@OGP & [fii £
1062 em ™ Zb SR B S A P 4E iR B, 10 5 R FERIFE AR ¢, FR I H Ok A Z KR IEA i, 1 FE
LN A OGP A IS E R BN IR FEHE 25 1625 em™ b N R R AR L h i 3k (C=0) U HrA4iR 50 iy i
a5 A BT IR 1 3L AR OG5 3273 em™ b 2R 11 5 H R M sl P 2 SR IR BR AL 1 PR B iR e, R OGP
L [ B AR R 1
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[ 5 JR AN RV i B K Bl A 0 e 85 5 . B AR AL 5 AR ) K 2 ks, 3k 5 3R 1T BHAR 481k 5 |
AR EEICREFTE B T RIR AR E 5 5 Fon R N5 ABEIN T R 05, R g8k
EEEH R T B AR AT A ISOK 43 AGORAE DRI S 25 840 T 2K PERE . (RIS 2 TR B 1)
AR T 5K LR TR, WA — R B3N TR KRR . KRR IS B R 450 “C
RKAE— R EiE— 0ok T SRR R RE
X5 R ICR N A KD 35K R L e
WA, FA, KA SE 4 B T B K 2 i JROT
R, WARTEI R SR KRS, TR kAL HE
WP JCE T 1 TiO, B A8 1 3 /K A B B 4 1) S k™ 4%
¥, TG T MR 25K PERE . FR FH 352 R4y
T8 B AK IR EEAR L, 15 TNT@CMCS i 7K 42
i £y E— 2L REAIR . 42K Cupferron J&5 , TNT@CIR
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Fig. 6 Sr**(A) and NO(B) release behaviors of different samples in PBS

Three parallel samples were measured and the values were averaged.
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Fig.7 SEM images of different samples immersed in SBF for 7 d(A), weight changes of different
samples during the immersion experiments(nz=3)(B), and XRD patterns of TNT@OGP after
immersion for 21 d in SBF(C)
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Fig. 8 Fluorescent images of cells attached to the different surfaces after being cultured for
1 d(A—G) and 3 d(A'—G’), respectively
(A,A’)Ti;(B,B") TNT; (C, C") TNT@Sr; (D, D') TNT@SrA; (E, E) TNT@QCMCS; (F, F') TNT@CIR; (G, G') TNT@QOGP.
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Fig. 9 Cell numbers(A) and CCK-8 values(B) for different samples
The cells were cultured on different surfaces for 1 and 3 d. Statistical significances are indicated

by * P<0.05(n=15) compared with Ti and TNT.
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Fig. 10 ALP(A), OCN(B), and RUNX2(C) expressions of cells on different surfaces after 1 and 3 d of growth
Statistical significances are indicated by * P<0.05(n =5) compared with Ti and TNT.
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