30 % 4510 1 R [E £ #3L i3 R Vol. 32 No. 10
2013 4E 10 A MATERIALS CHINA Oct. 2013

#HUHEE)
A W) 1 R R E A S F X R B AR 5k 4 el B9 2 i
e ', B k', H5 A, A B

(1. PO ACHE K EM RN S TAR2ABE MR e R R B E W E S LR =, I i#S 610031)
(2. HFWHBERFYM TR, Fik 999077)

H E: EWEAMEREERE, AFEREIESE ShSEN, MiESEHSUEROME S %A B EEEM . QAT R0 5t
Ji 2 Y AL B s v e e TRV PR R D RE SR T A M . R /N 22 41 1 DN SR A8 W 4 B 3 T A ) 5 A A DG 98 o 7t
B T7 T, 45 G WO TR R 0 3 1 A T 4 Hh 1 32 Bl I R Rl s R VS I — BRI 5 2 I s BB AR 45 & i J7 vk il 4 T Tio,
EIE 5 SRR H Ak 2= B0 T AR R S e A 22 3om T 4R, TERRER Ll ZFLMEIE,; Ml H sk 5 A 4l
KR ARG R, BERERES S MEEAZGMEY . EYOREM T, KA B ER S, K15 —EERmERN
TEACERGOKRE . TERINZ RE T, A5G m RO SE AL R PR AL 8 T I 2 R AR R T . BR T H IR AN 45 1
PTG N Z AN, B R T NS F AL S5 A TR AL O U RIS, BIAE B T 4 454 69 AR Wk kL T 8 0 )2 )2 H 412 S T B
THE Wtk o foe e Al o A A DG A0 B3 R S SR A A 288, B 8845 B AR W TG k. BT 3R, ARIOR R SR i e
B ARG B . A, AR RT S5 L R 2 R ST A ) fE LG M — SR R . NS ik S R T se b
A AEAT PRI RN o X SERIF 5T 45 5 M Tl K AR R FH F AR A A S 343 T 8 7 17

KB MR ARAT N ORGSR aikEE R

HMESHES: R318.08  TEEARIEES: A XEHS: 1674 -3962(2013)10 0611 - 12

The Effects of Micro- and Nano-Structured Biomaterial
Surfaces on Osteogenetic-Related Cells

LU Xiong', FENG Bo', WENG Jie', LENG Yang’

(1. Key Laboratory of Advanced Technologies of Materials ( Ministry of Education) , School of Materials Science and
y ry g ry
Engineering, Southwest Jiaotong University, Chengdu 610031, China)
(2. Department of Mechanical Engineering, Hong Kong University of Science and Technology, Hong Kong 999077, China)

Abstract. Surface properties including topography and chemistry are of great significance in deciding the response of tis-
sue to implants. Our group has been engaged in researches on micro/nano structured biomaterial surfaces for a long time.
This article reviews our series works on osteogenetic cells behavior on biomaterial surfaces with micro-and nano-structures.
For micro-patterns, hydroxyapatite microgrooves were prepared by combining micro-fabrication technology and magnetron
sputtering technology; TiO, micropatterns were obtained by combining sol-gel and replica molding; Micro-patterned Ti
substrates were prepared by using a through mask electrochemical micromachining and a jet electrochemical micromachin-
ing technology; chitosan /bovine serum albumin micropatterns were prepared on functionalized Ti surfaces by micro-trans-
fer molding combined with self-assembly. For nanostructures, titania nanotubes with various diameters and lengths were
prepared by a electrochemical anodic oxidation treatment. For micro-nano hierarchical structures, titania micropores modi-
fied with nanotubes were obtained by high voltage micro-arc oxidation and low voltage anodization. In addition to consider-
ing the effects of micro-nano structure alone, the synergistic effects of struturalization and biofunctionalization of biomateri-

al surfaces were investigated, which were realized through
layer-by-layer self-assembly and other means of biochemical
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modification on micro/nano structured surfaces. Finally, in
vitro osteogenetic cell culture and in vivo study were conducted
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differentiation, and gene expression. The micro/nano hierarchical surface structures further enhance cell activity. The mi-

cro/nano structures and biofuctionalization with biomolecules and biofilms have synergistic effects on cell behaviors. These

studies provide a potential new direction for the application of micro/nano technology on implant surface modification.

Key words : Biomaterial surface; osteogenetic cell; micro-structure; nano-structure

il

1 B

LY EARLE R T 2w, 6T B B0k
NRHA, 355 a8 I RER S BOR PR, W RALTT
NHIRERE, JERBE AR T ah o BEHE B BRI
Vo = g S E i SE 7 v U S R
HERI U Z —, SZ BB R B 22 TAEH 1) 2 B
WHLAEYIARE, WG G R AEWBE TR > T4, TEIR IR
AR TIZ T, SR AR I A T B G fef e e
RIESNE S, WA RRE DG, A
PR APy i, A EH AU FEAE S8 5, 22k
YRR R SRS 2 — o T GRS LE Y B A W0
PERIAEWI DN RENE, 75 B 1 AR ATRL R T O B A G 40
JE) 0

PR R B — LSS AN T, R kAt RE S
R B o AT 5 F 32 WAL~ 123 4 40 i
MM, bR T LN 45 A A G ST ik B
FORE A T 3 A8 AT A I B 52 ) LU A2 2%, HLPL o
TERRZ o H AT HEAR 3% 52 19— > BE 2 1 M i 2
e, ARt 2 B A ILEhE B RS sh B — A R it i
i, Z R IR E A AR R, A R WLsh &
F 22 [ 8l £ 905 52 50 14 Rl e/ B9 7 1) 1847 45 AT &
gy, DRI A A T 2 PR AR P i ek 4
IR — R, AR5 PG 3 2 5 20 B A A f
POARMIA , S AR MO L TR P, DT 2 0 400 RS B L 344
GEANGME, LA BCHEDR 335 5 A S R AR 1k IR,
WFFE NSNS BB A HRIE B R, X e BE B S A
RS MTRENE, By ISR AT R A F 2 X

FM AN 45 F R SR pE T UR B ok . 44
Ko AR Z RIS 3 DT, A5 FIE U A AT
RN AR o VEE GG AN N TAE, 23k
T AR T K G5 R X B ARG R A 4y
G E AL AT

2 KGR RETT AR

2.1 HENHEHRE

TOKR R T S5 F A ) T5 A0 M HORG 55 A5, fle itk
HRALEES, 5B UL RPRE & 5
FFE— B b T LRI T BEAT 2 B9 ROK SRS
T, WG O, WAL b B Y BE AL A T

Deligianni 25 A" 755k 4 4 7 11 % %€ 3 TDHURE 15 Xt 3
A B R, ok BT ML RE BE Ra oA 0.320, 0.490,
0.874 wm 3 AN RUBEE, W5 & 040 B 0] KRS B2 B0, Bl
A RELRE 110 1100 200 Y ) R % 346 5 ek B S8 8 7 ol
R HE VRN B A B V2 5 Liithen 25 A X4l gk g 17
P . BN T L B R BRI LA B AN 4 A mE D Ak B
52 1 2 THDHLURS B2 43 308 0.19, 054, 1.22, 6.07 pum,
5 FREAC R 40 M A MG63 2B 240 it 1) #4166 4K (3 7E KBS
FEARX A K A 5 = Rh i A s B R T RO
(Ra=0.19 pum) Bk3RTE . AAT17R & BURLRE B 52 e 41 i 5
WHR IR R (RS R AR, ZE AT 3 RO i FR T L AR
A LA 4RO S B, T 7E BORLRE (1 2R 1 (Ra =
6.07 wm) WA # LT itk . Ronold 25 A" 75 KRS FiF
Ra 4> % 4 0.63, 0.89, 1.25, 1.30, 1.80, 2.02,
3.62, 5.52 pm gkFE W LM E BT SHAENE GHRE,
AT & RS G 5 I RELRE 32 ) 34 i 4 B2 3R 3]
I B8 5, 25 & B B w0, B R 2
3.62 pm, ZJi, Renold % A" SUAEMLKE EE Ra 2351
3.90, 5.07, 11.03 pum f)BRAR A AR I 2 500 A
TR SE AR, 45 AR W25 5 o 3 Tl 2 KR 52 1) 348 Jonn i
W, B AERSF R 3,90 wm, X 5 AT IS 2] A S
Hp3.62 pm L5 RFEA—F, Kim'" %A% B MG63 3
B 0 A KL BBE 43500 0. 608, 1.012, 1.443, 2.139,
3.217 wm BRI R BT, PLD1 EH
BECRHE RS B 1 33 Jin T 3 I, 7€ 8% i B2 ( Phosphatdic Acid,
PA)fETEMITE AL, UE A ALP SB35 2 6
It 2 TR J35 7 239 DT S 3 49 0, Ponader 25 A i 1
HL - SR il 7 7 Tig ALV 2T 45 3 HLBE JE Ra =45 ~
100 pm [ AREEH, & BB 4IMI7E Ra 2 0. 07 pum JE 1%
T AR EECE P S HFZ /NI H Ra=24.7 um
(1) 22 T ELAT o 5 R B SRR A L e, R R 290 %%
P F T AN MR GE A7 BRI . 28 DA, R TR LS
TE—EMRTIEE N (1 ~ 10 wm ) £2 5 B 20 A5 B 5
5 .
2.2 N ER

DL AR ) R T ORI S K 2 R BEALE L, ks
W E e — RPN ES . il S5 om TR
( Microfabrication and Micromachining) i) %& JE 1 B, H
il 25 B R il 2 LR GE— IR FME SR 2 T i EDE 5
ik, RGAk  REB AT ST 0 X A5 A 20 it B



55 10 43 B MESE  AMIBIORE R T AN A R XS R A S 2 B B R ) 613

AE AN i 25 B . Az R R TR ) (9 52 ma 4 41t T A R
DU 2 1T VA RE R RDIE | AR [ 2] 552 D) i 6% 552 JI0RS 1 48
Ml ZR I EE TR R AR, IS BT 5 41 fie 2
] ) o FR i £

TEMF S8 H 00 3% THT TR 550 %8 240 AT Sy 100 5 el SCiik ey, )
FETE AR A S U 1 75 BB ) B A i L o R0 R 3 5 A
R BT A I A% RN AR A0 B r e FUB A, SO R
FERE . TREE 5 A A 1) B A1 23 5 0 240 B 1) A5 ) FUB AR
Wil 2 Y R RS B /0S40 L 4 B8 L3 I, 40 Chen 4§
N B TR B A 60 pm B 20 pm B, ACE A
9% ( Human Osteo-Sarcoma, HOS) 41 il (19 K 5 LV AH M b
3HGINEN 6, YaIkE KT A/ N A AL TR Y,
SR 224 [B) By RS 1 DRI, &40 8 1] 7 1€ 1) 9 A8 114 A0
B G I A

RIS T X5 40 S R B 7 S U 1
FHAN, BTN BETE . SrAe . 0TI A M ) R R Gk
PR R B RL R T T o e A Y 1
55504k, R EHLUE K" . Thomas 45 A0
2 A% P TS TR L2 47 1 200 L ) i R 3R AR RN 1 B
b 170388 3 i o B S5 T 1 RS SR/ 42 1 4 L )
JEARASA i, BEAE RCT R/, /DN B 40 A9 e ) 2 1
B B ST A0 T 240 D ) 3 58 2 00 98 /). Khakbaznejad
25 N5 B R A R R A B B B AR K, R
5 PR AT AE | i /N VAR A U o X R WL R
AN T A) 4 B At 7 A 4 S B T X S T 2 BT Ak TS
YR P R o Zinger S5 A R B MGO3
T A AE AL B A/ LRI R 2 L Ry 1 TR 35w
10 wm 5 30 pum ROF A 3L X 40 Ae 1 5 HL oA A iEVE
1M 60 pum [ RLFLINBAT 20 . YL A S ALIRIRG Z Lt
96 B, 30 pm 5 60 wm % {5 FL X 20 4 B kA 2 1
HI, 010 o (5L 4 A3 58 1R 52 .

B ERTRAE I, 0GR T LA S B 4 A ) 2
s [l o 3 2 20 ) 14 58 5 A o 5 DA A £ 2 4
LB A B AL RS Y L 2 1~ 10 o, TR 326 15 4400
OISR RS HETIEAFTE L, ARG /N Ry it — A0 AF
UG XS S AHOC AR M R S, JF e T LRI,

RUATE BT/ INE R IO T A T 428 I 45
R A5 0 07 AR B o SCIR 2 TR0 DR 25 ) 45 4 11 2
FEBE KA R IA A, PPN T A el ke 3R T A
P, ST AN R 2 T 40 A S Y R B AR A, B oG
TEAE 2 T ) 28 T 0 AL RDIE SR 0 ok 42 D S v T Ak
R £ — )2 500 nm MIEKIRE, M4
HERRmMAEIE, HERTZLBILE 1, XFEkaT
NEF T & 45 Fhobr B 4 )8 RO A 4L PR SR Y TR
W, gk 5 o P2 B B ] A JRE RS 5 006 2 e Al R

DRIEEANHI 1 wmo [ 2 Sk 20 i il 4 (9 fEASASG

Sputtering Ti

ﬁ

Photoresist
oxide layer X

H o
ot 2

P ez S SR I S T T2 R K (a) BEOE,
(L) B3, (o) FMEZM, (O)BABHE, (e)h
afE 2, () BALZEER, (o) BRI IRE

Fig. 1  Schematic overview of photolithography and radiofrequency

(a) UV light
Mask
(C)

magnetron sputtering process: (a) UV light exposure,
(b) photoresist development, (c¢) oxide layer etching,
(d) photoresist removing, (e) silicon etching, (f) oxide

layer removing, and (g) titanium layer sputtering

B2 SRGOARE: () S0EA 8 pm, WRIE4 pm; (b) R
24 pm, HE8 um

Fig. 2 Typical SEM micrographs of the microgrooves: (a) width
8 wm, depth 2 pm and (b) width 24 pum, depth 8 um
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Fig. 3 Typical SEM micrographs of osteoblasts on HA substrate

after 2 days of culturing: (a) on a flat surface, (b) on
grooves of width =24 pum and depth =4 pm, (c¢) on

grooves of width =38 pm and depth =4 um, and (d) on

grooves of width =8 pm and depth =4 pm"'*!
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Fig. 4 The process of TiO, micropattern fabrication; (a) titanate

<+—— Substrate

+— Sol-gel TiO,

<+— Microgrooved TiO,

sol-gel was coated on the glass substrate, (b) PDMS mi-
crostamp was embossed onto titanate sol-gel, and (c¢) mi-

cropatterned TiO, was obtained by heat treatments after re-
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Fig. 5 (a) SEM micrograph of TiO, microgrooved surfaces and

(b) calcium phosphate mineralization on microgrooved
TiO, surfaces
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Fig. 6 (a) SEM micrographs of osteoblasts on the TiO, micro-

grooves and (b) on flat surfaces
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Fig. 8 (a) SEM micrograph of micro-hole array obtained from EMM, (b) single micro-hole, and (¢, d) micro-hole di-
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mensions from surface profile measurement '
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Fig. 9 Histological micrographs of specimens implanted for two-months

after toluidine-blue staining ( original magnification; x 20 ).
(a) Ti plate without any treatment, (b, ¢) micro-patterned

Ti plates, (d, e) micro-patterned plus alkali-treated Ti

plates, and (f) alkali-treated Ti p]ates[w:
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Fig. 10 Schematic drawing of Jet-EMM setup
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Fig. 11 Micro-holes produced on a Ti6AI4V cylinder using Jet-EMM 2!
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Fig. 12 Osteoblasts cultured on different CS micropatterns after 3 d: (a)
cylinder, (b) square, (c) groove, and (d) sine wave !
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Fig. 13 The proliferation of osteoblasts on different CS surfaces??]
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Fig. 14 ALP activity of osteoblasts on different CS surfaces
(C: cylinder, S: square, G: groove, W: sine

wave, F: flat surfaces, Control; blank) [22]
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(a) schematic drawing of the preparation of CS/BSA co-micropatterns by micro-transfer molding (nTM) , (b) fluorescent micrographs

Fig. 15

of CS/BSA co-micropatterns on Ti surfaces, and (c¢) morphology of Osteoblast on micropatterns after 7 days of culture
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Fig. 16  In vitro and in vivo characterization of TiO, array: (a) Titanin nanotube array; (b) protein absorbance on nanotubes more than on Ti

surface; (c)higher cell viability on nanotubes than on Ti surface. The highest viability on fivrnectin ( FN) -loaded nanotubes; and

(d) bone matrix deposition, capillary proliferation and high eqpression of collagen, osteocalcin (NOC) and vascular endothelial growth

factor ( VEGF) at 14 d implants
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Fig. 17 (a) Ti surfaces with micro structures, (b) Ti surfaces with mi-

cro/nanopore structures, (c¢) Ti surfaces with micropore/TiO,

nanotubes, and (d) porous Ti with micro/nano structures
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Fig. 18  Osteoblasts on Ti surfaces with micro/nano structures after
3 d and 7 d culture
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Fig. 19 H&E-stained slices of different implants after 3 months im-
plantation in dog femur: (a) porous titanium, (b) porous
titanium with nanostructures, (c) heat treated porous tita-

nium with nanostructures, and ( d) the retrieved im-

plants3!
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films for 3 d and 7 d
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