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ABSTRACT: Titanium and titanium alloys are widely used as biomedical materials due to good biocompatibility and
mechanical properties. After surface treatment, titanium dioxide nanotubes array can be obtained on the surface of titanium and
titanium alloys. The diameter and length of the titanium oxide nanotubes array are controllable and nanotubes usually have a
large surface area, strong adsorption and super hydrophilicity, which can improve biocompatibility and corrosion resistance of

titanium and titanium alloys and lay the foundation for conversion of more biological functions. After one more time of surface
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modification, the titanium and titanium alloy nanotubes can have better osseointegration, antibacterial and anti-inflammatory

functions, drug-stimulated responsive release, biofluorescence imaging, etc., showing great potential in biomedical applications.

The preparation method of nanotubes on the surface of titanium and titanium alloy was introduced, the biological characteristics

of titanium oxide nanotubes on the surface of titanium and titanium alloys were analyzed, the effects of the physical

characteristics of nanotubes on the cell behavior were discussed, the research progress of secondary surface modification

technologies (including base treatment, hydrothermal treatment, electrochemical deposition, and sol-gel method) affecting the

biological functions of titanium oxide nanotubes was reviewed, the research onbiological functions of titanium oxide nanotubes

as drug carriers in drug sustained release, responsive release, and disease detection was summarized, some questions about the

biological functionalization of titanium oxide nanotubes were proposed, and the future development direction was prospected.

KEY WORDS: titanium and titanium alloys; nanotubes; biofunctionalization; biocompatibility; surface modification; drug

carriers

AR, BURES . Bkl AYE S EE
SRR AR NG R MBI, WA B AR
RS TARKRHER . SR A 2 HATL R
LEA 1 RRE . RAT T e R R E AR, ©
ST HI N TRAT HBEE MR R AR 55
HPAUEE Y, (DL RS A A S IZ I R I
I, ERRIERA £ r R Rz d R, Bl =44
W, TAEMALFV A2 REAEYENE. ME
BEEREA R . dbEA RS m AT i R R kA
SRS, W ASGE ) S Re AT BE R . SR A
BHAR S804k 55 0 v T LATE SR BBk A 4 3¢ 1 AR i S fb ik
Y4k 4% ( TIO,NTs ), TiO,NTs i i & HA #2EK 1,
AR TANHRERE . k. BB AN G shT), A
KRB RE S, AR TFEEE T . %
EE L U A2 R B A gk S AN, wE
TiO,NTs K i fT kR w5, ol IR HE 2
A 2 RO,

AR T AR R G & Rl 25 TiONTs [
G, B2s T TiOoNTs B M BARAE X T 240 7 H
FIS I, HE S PEIR T X TiO,NTs 28 1 #E 17 F- R 2 1 ek
PERYFSE R, DL TiOoNTs 1F N 25 M) s AR e 25 ¥ 2%
e M 7 P BRSO R 0 G I 2 T B A A A O

1 KRR AERANARENFES
LEFREE

TiO,NTs {9l 75 7k E E ALK IAGL | BEAGE A
BHA SR ATk o AR PR R A v il e e T e AL BR AN
THERMERR G, R B, Kk
TiONTs f975 1% o IX A5 1% S BE (] 85, il 4 #Y)
TiO,NTs 42 . AR E) Hf LI, BidRr i
BYK TiO, A FIBAR T, Lk Yy el i 7 T7 AR
PE R A IR ZE M, FEBR KRR, & A B
TiONTs JEHL Al 45, JrAidys), (AR T L HEE I,
H/INRSE TiO,NTs il £ sl B8R BHAR S Ak v il &
ZRKAE Y B R R PR S BR  F R BT LR I

Wb, AR BRSO, FE B AR SR 4R
T A= A TiO,NTs o 1% Ff 777325 5o 490 A A5 T2 8 %) T 4 e
PRI . AR, J2& H ATl A LBk GRE B8
R R

FHAR SR AR TE il 25 1Y TiIO,NTs 1] LA i i 4% H i
JER L H R R I B ) 45 PR 2Ok 4% TIOLNTs B
Pio HFFRFEZAHE NHF/C 8 (EG). NHF/A
=W, HF/_ WM (DMSO) & ®mAERK., mT
=B G T RERRE B R, P LB 4 s B IR
RGN K A 1Y A2 BGHRAAIR, 1T DMSO R 2 B2 i AIX
T EG, FrLIZERLE TiO,NTs &i4ract'4"!, TiO,NTs
A S HER R K S REE R, BEE K S =,
TiO,NTs W70 A7 O R B 2%, il 2 7E 3 R AR 1S
LT, BTE AN AR RO 2, HRK & ik
2xffi TiO,NTs AAF AR AU AR IR B AR A A T
HL PR AT E— @ LN (B 10~30 V) 3038, — kil
TiO,NTs M 7Rk % HL A 3G i3 %, (HU& H et
1R 1 ) TiOoNTs Wiz, a3 iG] 25 580 TiO,NTs JE 5
A K reL

2 HRHASREMKE LN

TEBK S BR A3 45 43 Ji LK b3 A= Y TiOoNTs
W B i 2B TiO,, WA R e B B R 5 G i 2R
PR R ) TIOONTSs M A2 5 3%
THLRE FE | SO | SRR AR A A AR
A, MR ARDRERE | IR SR A b AEF A A
SRR A2 2 A RS BRI DR AR Y B 2022,

21 MAERBENRIN

B IEK A 4 3R TIONTs 250900 MAE S &40
A ALK A R = Fh S HURAE B TiONTs — i
AR, b, H LSS AR AT
ST A AR BRSBTS BS ,  AG RAE Sl
TiO,NTs FEARYE H A i 6t e Be 3G 5, A A5 il 4 s



F49% £

RIREE  BRBR A G R AR A 19 A W) D RE AL ST e ©3-

BTG, e T rERIER, SR AR
it P E], R Tk Rk A 4 R B AR A A P
FRILBEI A (HA ) 2B s 8% 2 15 2 2209 el
WAy, WREERMAENESHT, AEBE. Tik
5 PR B A AR A0 MU, AR RS
BB SBRT 5 2 aAMIEAY TiONTs
FLAE SRS AR, RENS T A RO F HA 78 H R
AR, X T B R | HA B T BEME T
AR 22 [0 14 235 & DC i J3E o g 27280

2.2 MAERFAIZIT

TiO,NTs MBS A YR EE R . HK . FE)R
JE | GUORE RS, aT A R LR | &
T ARG . VR L AT SR R, R
HEFRAE Y PR R, S AT B TiO,NTs B34
XA AL e e A SR VE R, OB AR RS | R
FERAEALE ), R E 3G 7F TIONTs £1H, H
A0 B B R B ( ALP ) 36 PEATES TR RE ) B 4F,
FirLA TiO,NTs R4 e THAY S HBHL a4
FaoE k. b4 Jm AR 35 1w o R A AR Y 2
21930 TiO,NTs B AR 2T 40 AT A 5 i fe K A TE 30
K2, #4015 nm RGPS E T T4l 501k,
30 nm ERYORE B AT T 40U Ff, 70~100 nm
BRPOREA R TARMEK, ERKT 120 nm 1)
QKA BREERE %, BEEES T A TR0
TiO,NTs 3 1 49 K P L A% £ 338 R H 3 1 499 K SOk R
T A 2 mDRLRE B T AR S 20 B R, an - 9
e RO P = v N N 118715, = g U o A
TiO,NTs FIGKRHIE it 3 R T H 1 F i aE, M
T AR L B E S AL A R, X
JEH AU F-A4 e 75 W B 5, i ELIA ]
0 B TR RS R A, OB R A IR A P
TiO,NTs F[H 2 7 B fop, 45 BE 1 2% 0l o 25 FE 401y
Tl A 0 K AE 1 25 Ah T ) 1B A0 BRORG BR L BT AR — v
BRI, B TR P R GROK A AR /DN, 67 R 43 A
WA WA R T A0 A RS B, TIO,NTSs 45 Kt
TANMAT B I WA, (A R RS K2
S HA BIRIER VIR, 2 um KM PORE K
F 500 nm & K A48 K4S T LA B s & HA OB,

— KU, TiO,NTs 2% 1 AT DL A 20 Jfd i Al B
A RKAR A FIZ 0, BB A AE TiO,NTs 21 R H
EHIRE S S BEEEIETE . ALP 35 AR I R DR
PE o TiO,NTs A5 5 | i B A% 40 it 114 18 M 4 i sl £F 24k
J PO, (EAS RS, ANFEIFZEANHAE TiONTs
AT N AT e 8K 2% 5 Peng ZBERK FE N 1 um .
SEH1FLAE M 30 nm B TiO,NTs 2% 11 23 9 5% 9% 4 - sh ik
N Rz 4IE( BAEC A1/ BRUALAE -1 LA I MOVAS ),
KIMAKIC T BAEC 40 5y T3 58 A1 ™ A 41 A S
B, [RIEEAA S RS R s 1 MOVAS BYZi i IE
202 R RN SR AR A, R B FN AR A A2 B BRI 1 A5

PN B AT 5 JCRIRE T 2 Tl N B AT A B9 U PR TR, 3
AL I B R OR3P MRS AB S S Z AR, TiONTs A 4
T LA N B AR A AR A AS , AT 5 A A
R B, B E A AR b,

3 HREUKEEREAKRENZRE
TH Ut A Y ThEE 4L B 1E A

3.1 WALIE

i Ak TR T o K O A 2 T AR 4 OK A 1 K
FER G AR AR PR A W T, fiff TIONTs REAEA
SA4kH (NaOH ) SR AE AT fi i i HTiO -nH,0,
HTiO* -nH,O 1 Na'45 4 J5 78 40K 5 % 1 v] I Ak R
FKEER)Z, I B A2 2E TiO,NTs Y 3R HIFE
PP IR AEROE I & A B AL PEAY TIO,NTs
233 500 CHULHE S, TiO,NTs £ ¥ mifa 2 )5k R
BT, B B 2R BRI B IR 8 0 K A I 91 A AR AEL AR T
R KB, KA T A Na ™ SEUAR 5 H BEfT
T, AAEYRAE REDE AL Ti-OH, JFi5 S8 kA
W%, Ao, AR TiO,NTs b4 7 FE 1Y HTIO
S 5 ARl IE LAY Ca", il i SV 5 |
PO, WAAEANKAE T TR RR S 8, i #2
TR, oh FHUIBF LB, # TiONTs 2
HTE NaOH Y, AUE T 900K A8 R 1 1 B WiG
P, WA TR A T AN A 4 K 41 4R BB R A 1L
H Y, R E E R 1ZE T LA R v A AN )
KB, R AR T FR A5 R A B AR K, A
JfL 403 5 B 1 B A BRI 4 S DO AR A T R 8 T
A

3.2 Kk

SR BRI AN KA 1R 7K A A B LUK R
A, FEAEE A G A SR (100~374 °C) ZIH],
HIESA 0.1~22 MPa kA Rfka b . HH &
fifi TIO,NTs F i fazket . 4. . &6, 4. 4F. #0845
LR, HisE, B 8. S5 MEcEaMTEKR
JRE AR, GERAER . BE . BB S R R HA U LE
FHUZ4 - Cheng 251504 TiO,NTs 7E 0.1 mol/L BSHR %
HREAT 200 COKHAEHR, LIA 4B A Zn JTCE MUERYH
KA KB 3 h 5, WK E I ARS8 A Zn,
P 9 KA H AR RN K AL BRA ) S & B ZE B AR Zn
T, T Zn %) TiOoNTs i HA 5 09 4 P AH 250
R0 o AR R . 2 A MO ) A K i A
TiO,NTs i A B T, BEFYRAE 2 1Y B Al
PRHA He Al Bk AR R LA AR B 25 A PERE, PR E TR
B BRI B R R . Zn AR AR Y
TG E, 7€ DNA A, ZmARE. st £
WALSE A Y2 E T Reh R A AR, 0T LAl 4
B (04 250 BR TR AN KA AT B A BG5BT A LA A 4



4. EN TR NN

2020 4 7 H

PERPURE TG, S P9 E R MR SRS S
BRI R A P 808 2 A T W 09 i RS K
4815 0,02 mol/L & E AL AR YA M A TiO,NTs 78
200 C 7K 1 h 5, AIA B & 584 TiONTs.
XAPOKRE RSB BT R Kk — 1A, R Al
TRECEBET 40 (bMSC ) FROREF . 3454 Fn4r 4k
WA F)F bMSC B o4k 0 B 4, HAT LR g
"B 40 M B B e g

3.3 RUAFAR

AL ZE VI BUEIR RSN E T, e i
fiff O P AE T B IR AR A B R AR AT R
T SR S5 T I 2 1 AR T Kakoli 2514
F AL PRI (0.01 mol/L Al FRAR I +5 V HL
JE+2 min) fE TiO,NTs EUUELT Ag", fidk Ag'fl
TiO,NTs XoJ 4 23 {5 5L 0 TR 7% 1) A= K BAT R 3 99% 1)
PUBETE . £ H 5P RSRAS (Ca(NOs),4H,0 )
FBEREE ((NH4),HPO, ) NHRRIA, FEE . B
JE2R 3V, pH K 4.5 4T, 7€ TIONTs EUIAER
BT ARSI 9K 2 HA , Kar 2B S R b ( LA
NH,H,PO, 5 K,HPO, ) Fl1 5% £5E: ( CaCl, 5% Ca(NO3), )
LR SRR, 7E TiO,NTs F44) F YT HA B2
ZIRZEE AT 600 CHALEE 30 min J5, HE5G#H
/5 40 MPa, fE TiO,NTs FHLJUFE HA 4)Z M HeAE
KRR A A R HIEVUR HA R Z A T R4s 4o
J¥ . Huang %P2Uifi Fi oL fb 24 URL 7E TiIO,NTs 5 1 1l
MBI HARE , KBGO E R E DUE M,
AT DL S g KA B L Z R A, fEt
I E AT P B 5 RN 4
3.4 BE-BRE

VR - I e O AL B & B B AR TR A T
YISPRA, i W, W . B miE AL, Fa T
AL E, B n] AT HIRZED . g pe Pk
FHYA IR -BEIEHE# 45 TIONTs FIAFL4r T ( MCM-
41) MZ5E M Z BB, MCM-41 B AT HL0
HIFLIEZE R . AR LA KN A . AT LA R

L BREHERER, v RGP It T R,
TiO,NTs/MCM-41 & & 18 AR A 2048 5 4w L4k
T 25 P 1, [ BAT R AR TiO,NTs R 1 1) 2% &
HOR, X THEAYAR GG A EZ IR E .

Samuel 250N Ti-6A1-4V #E4T BAML S0 LATE R T4
B TiO,NTs, HA%K K 800~900 nm, FLAYTEIE N
(90+12) nm, #R J5i FH i ¢ -5k S 1A /E TIO,NTs 2% [ A= A
HA B, 4 HA WRIZMEEH 60~90 um, FRIR %
WE-BERETE, KRB AR HA BRIZNKE [, R&EL
53548 HA 182 TiONTs,

3.5 {a%i%

PiE A PR AR R R A R B LAY R G
PEFEAT I TR 54, Bl InTEER S Bk G 4 9K 48 R K
FEEAPUR . RREAT T MRS+ 4K
KT 50, AT T 2% e I A Y04 D dg . BB
BRAEHA (BMP) & —F £ K KN F-B ( TGF-B)
A, EEEENMEEPREETEMN, BAaEN
VS AR AR R A £ 7P, Ganesan 2557
4 TiONTs E M A IAb 58 L 2K, X FhZ k] LI
FENEESKEEN (BMP-2), RIMNLEIEH £k
A5 B TIONTs JH 40 B ARG B P38 i o [RIs, 7E
TiO,NTs FaFEFE W BMP-2 J5, b HAG X E R4
MR SESE R RAE R, 72 B R E AW G H A AR & )
Ve D FHAN A . Lai 28 APSH I £ Bl BMP-2 JL4
TE TiO,NTs 1 , it BMP-2 HI¥ DNA & 8 Fi 4 fifd
HABH, MR 2E (] 5 T 40 A Ak R B A e, B R
BAEEH,

3.6 EHft7ix

BR T W RO BAL BE . kPG | AR DR
JBe -8 e 1k 7 ik b, b AT — S S i BV Ok AT T
TiO,NTs I #Y KA ME, BIANEIDEIRSS | R
HWHRT . FLB-E R 2 00K 5, AN R 0 3 e 5 1%
AAFE R A A DR (IR 1), 't
BH A5V B AL TR 7R SRR T ) 4 TIOONTSs Ji7 , K H:
A AgNOs I, e ML IR B R B4R AY

&1 TiONTs AEFREB M EMER RN EY T BEWAEF

Tab.1 Advantages and shortcomings of different surface modification methods for TiO,NTs and biofunctionalization

Surface treatment

method Advantages

Shortcomings

Biofunctionalization

*Eliminate surface stains
*Activate nanotubes

Alkali treatment

Hydrothermal Facilitates metal ion doping

treatment

Electrochemical

deposition *Film thickness is easy to control solution and pH

*Mild conditions

*Corrosive metal substrate
*Destruction of nanotubes morphology *Ti-OH is formed on the TiO,NTs

sImprove surface biological activity

surface to facilitate the next step of
polymer modification

*Destruction of nanotubes morphology *Load metal ions that are beneficial

for bone repair and/or antibacterial

*HA deposition is more uniform +Choose the appropriate electrolyte *HA deposited on the surface

*Metal ion deposition
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Surface treatment

method Advantages

Shortcomings Biofunctionalization

*Favorable ion doping coating
*Mild conditions

Sol-gel method

Bionic processing *Good biocompatibility
*Easy biofunctional design
Dipping method <Simple operation

UV irradiation *Simple operation

*The coating is not tight enough
*Complex operation
*The coating should not be too thick

*Modification method is complex

*Weak bond strength

*Use conditions are narrow

*Prepare HA coating on its surface
*Preparation of multiple drug release
carriers

*Bone morphogenetic protein modi-
fication
*Peptide modification

*Drug loading
*Biofunctional polymer loading

*Metal ion loading

TiO,NTs, fRE T HA RIFM)) TR EERE, &6
R R B SRR SRT I (], AT AR R A OK A R T S AR A
Kodama %V TiO,NTs 32 #:iR L {EAfL FI Ca(OH), Fl
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BRI HE 10 h, M5 28 K HAS 212 59 222, PLGA
Zed AR 2 Ja T AE AR E R EALBR, A R T8 SR Y R
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4 By P AR 2 N
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T, BRI, TEG0R A4S s R 2% 1 R oA A 7 2% 1k

PR 2y, N E AR, 8K TIONTs F L,
AT LB R KA 1 T B R 0 RN 24 W R R 1)
Cai ZEPNEIF T —Fh H A7 5 B MU ) 2k 20 Bk 4l oK
B, EIEPOREERENARAY ., RIEH N-FHH
PEIERE ( NTPAAmM ) FINKBEE ( AAm) BEYTE
YRS F Y K SRS T 35 )2, T T 490 K A8 YR i 7
o XFUKEERZTEAMCT 37 CHEERFERAE, Heh
KT, RS WABAE , TAEAE AR L
S MR R e O P R 25, B v 2 A 3 . Wang
NG T —Fh B pH W N AT R 25 ) BT
TiO,NTs, HHiE 25 YT &= ( DOX ) 9y #LK [ 7F
TiO,NTs I, H1F DOX H 519 pH U, o LIfEA
YR I B2 Y, ARSI . Tia ST E
B, 4lif) TiOoNTs B 2 RR IR 24 F) 2 K T I B iH R 4
P, 1 A PLGA/TiOoNTs 1k 245 P i ml i ) 2 R 1A
FRLE PR A ) R, DA T S B0 A5 A1 P 6 I 38 R B
F4) PR TS ARAC SR, ol B3 X o 300 JRR e 14) 2o 80 s 1 A sl 1
M2 A, 25 ik, TiO,NTs 2549 2k # FH a0 =
A YU RS R BRI I IH R, RYE
TiO,NTs & 1 & 1 47 Jo A T 88 25 M AT, o] LARAS
RIS gk 2 Bk

£ 2 TIiO:NTs fiZF AR5 I BF 38 45 RO+
Tab.2 Research results of TiO,NTs loaded with different drugs®6-%!

Types of drugs Drug loading method

Effect

Non-water soluble Surface coating

anti-inflammatory drugs

Gentamicin

Ibuprofen Freeze-dried after soaking
Antibacterial peptide

GF ( Growth factor )

Lidocaine Nanotubes lumen loading
Quercetin Freeze-dried after soaking
Adriamycin(DOX)

Low-temperature freeze-dried drug loading

Extended drug release time, conducive to cell migration
and adhesion

Bacterial surface adhesion is reduced and beneficial to
osteoblast differentiation

Control drug release and improve cell proliferation

Chemical bonding after surface modification Activated antibacterial and bone conduction activity

Chemical bonding after surface modification Enhance cell expression and proliferation

Prolong the time of local anesthesia and reduce systemic
side effects

Anti-inflammatory function and better osseointegration

Surface adsorption, nanotubes lumen loading Kill tumor cells

TiO,NTs 1 1] LAYE A= 9 B A5 RN 9 4G 0 7 T ¢
FEVER . B, TR R R a4 m 0 2R R R i 4 Y

TiO,NTs ZEAE LR ST | MLk s HAt A i b & B A e
ANM, R AEIK , 2S8Rt ] DA ] s o £ 38 RN R
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FZ5Y) DOX, B AT REsh /), fERK N
405 nm A1 635 nm [ 1] OGRS, B A 254 mT LA
5] M 1O R A AR A A B S C Bl 1 BRR ). S
B UERR | XA SR R A T Y 2R I R A AR

Bioimaging

N\ /N\
N, )(Zn\ N
é)\" J\b

ZnPc deposition

FA attachment

o coH

K1
Fig.1 Schematic diagram of fluorescence bioimaging and DOX delivery of FA/ZnPc@TiO,NTs

AR, A SRR SR A 4 2 T A AL BR K4S 1 F
I8 CL 2 M RVRL 22 40 4 8 3] T Ay B 4 4k, ST
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PRGN S5 4 e B T I ) L FH R S o A X BB A 5 4
WA VLT ILA BT ZE S (1) TiONTs 541
. LU B AR BAE RPLE R 2%, e
RGBSR ML IR T IR AE R ; (2) A%
TiONTs AEWTifefe CUnfe il . 2B AL PR )
FIWFFE T P AER SN S IR B B, L SEBR D) BRI I8
o ARSI T DAtE— 2P 50 0E 5 (3) TiO,NTs fEZ54)
AR | A= A R S I T R B R A ) N
5, RIROUEA RN EBE LR MZ—,

&2k
[1]  GULATI K, AW M S, FINDLAY D, et al. Local drug del-
ivery to the bone by drug-releasing implants: Perspectives
of nano-engineered titania nanotube arrays[J]. Therapeutic
delivery, 2012, 3(7): 857-873.

DAROUICHE R O. Infections associated with surgical im-

g
8
g
)
2
)
5
]
S|

BGRCRART . ELAT 1R A 0 A5 R R [ 2 ) i 12
IR KW 1. Safavipour 2578 T —Fh 7 4834 7
RV AT 595 (rGO ) 1Y TiO,NTs, ] 5 Ak E -1
(MUC1 ) &EREHE, MUCT m] RATEFLUIRE . BT .
o AR g L i R O S0 A T MR g R X
rGO &4 TiO,NTs A LAE iy — B &7 50 H 28 5% = s
TEARALIES T 2P 20 1 8 53 A5 A 2 A
IF H i FHEA R R MERR , DR e
1 T 1 B A ek e A, S B A 6 AR YT o

Photodynamic activity

=K

=50 ym/mL

=100 pm/mL

=200 pm/mL

= 500 pm/mL
PDT

Viable cell feraction/%

DOX loading

'1- OO
o @"‘ o@"\

SN
p o é‘o‘lﬁN

0 ~
“ @,‘\01
1}32

O

Drug delivery

20 pm

FA/ZnPc@TiO,NTs 7AW LR A DOX 33 1% 7 B &1 0

[66]

plants[J]. New England journal of medicine, 2004, 351(2):
193-195.

WANG K. The use of titanium for medical applications in
the USA[J]. Materials science & engineering A, 1996,
213(1-2): 134-137.

JAIRO M C, VALENTIM A R B. Is there scientific evid-
ence favoring the substitution of commercially pure titan-

[3]

(4]

ium with titanium alloys for the manufacture of dental
implants?[J]. Materials science and engineering: C, 2017,
71:1201-1215.

APARICIO C, GIL F J, FONSECA C, et al. Corrosion
behaviour of commercially pure titanium shot blasted with

(3]

different materials and sizes of shot particles for dental
implant applications[J]. Biomaterials, 2003, 24(2): 263-273.

YILDIZ F, YETIM A F, ALSARAN A, et al. Wear and co-
rrosion behaviour of various surface treated medical grade

(6]

titanium alloy in bio-simulated environment[J]. Wear, 2009,
267(5): 695-701.

POPAT K C, LEONI L, GRIMES C A, et al. Influence of
engineered titania nanotubular surfaces on bone cells[J].
Biomaterials, 2007, 28(21): 3188-3197.

MARCEL F K, ROBERTO H, ROSEMARY S A S, et al.
Application of TiO, nanotubes as a drug delivery system

(7]

(8]

for biomedical implants: A critical overview[J]. Chemistry
select, 2018, 40(3): 11180-11189.



F49% £

RIREE  BRBR A G R AR A 19 A W) D RE AL ST e <7

(9]

[10]

(11]

(12]

(14]

[15]

[18]

(19]

(20]

[21]

(22]

KIM H W, KOH Y H, LI L H, et al. Hydroxyapatite coat-
ing on titanium substrate with titania buffer layer processed
by sol-gel method[J]. Biomaterials, 2004, 25(13): 2533-
2538.

OUYANG J, SUN X, CHEN X, et al. Preparation of laye-
red bioceramic hydroxyapatite/sodium titanate coatings
on titanium substrates using a hybrid technique of alkali-
heat treatment and electrochemical deposition[J]. Journal
of materials science, 2014, 49(4): 1882-1892.

KASUGA T, HIRAMATSU M, HOSON A, et al. Form-
ation of titanium oxide nanotube[J].
14(12): 3160-3163.

LAKSHMI B B, PATRISSI C J, MARTIN C R. Sol-gel
template synthesis of semiconductor oxide micro- and na-
nostructures[J]. Chemistry of materials, 1997, 9(11): 2544-
2550.

ZWILLING V, DARQUE C E, BOUTRY F A, et al. Str-
ucture and physicochemistry of anodic oxide films on tit-

Langmuir, 1998,

anium and TA6V alloy[J]. Surface and interface analysis,
1999, 27(7): 629-637.

XUE C, YONEZAWA T, NGUYEN M T, et al. Cladding
layer on well-defined double-wall TiO, nanotubes[J]. Lan-
gmuir, 2015, 31(4): 1575-1580.

YORIYA S, PAULOSE M, VARGHESE O K, et al. Fabr-
ication of vertically oriented TiO, nanotube arrays using
dimethy] sulfoxide electrolytes[J]. Journal of physical ch-
emistry C, 2007, 111(37): 13770-13776.

ZHAO 'Y, LI Y. Nanostructured titanium dioxide based on
titanium alloys: Synthesis and properties[J]. Journal of na-
noscience & nanotechnology, 2019, 19(1): 26-39.

YIN H, LIU H, SHEN W Z. The large diameter and fast
growth of self-organized TiO, nanotube arrays achieved
via electrochemical anodization[J]. Nanotechnology, 2009,
21(3): 035601.

CAI Q, PAULOSE M, VARGHESE O K. The effect of el-
ectrolyte composition on the fabrication of self-organized
titanium oxide nanotube arrays by anodic oxidation[J].
Journal of materials research, 2005, 20(1): 230-236.
TR, bR, skE R, PR BB A AR R 1k AT
WFFEI]. 278 MR R 2R 245K, 2011, 29(2): 203-205.

YU Wei-qiang, QIU Jin, ZHANG Fu-qiang. Study of cor-
rosion behavior of titanium with anodized oxidation film
[J]. West China journal of stomatology, 2011, 29(2): 203-
205.

PENG L, ELTGROYH M L, LATEMPA T J, et al. The ef-
fect of TiO, nanotubes on endothelial function and smo-
oth muscle proliferation[J]. Biomaterials, 2009, 30(7):
1268-1272.

KULKARNI M, MAZARE A, GONGADZAE, et al. Tit-
anium nanostructures for biomedical applications[J]. Nan-
otechnology, 2015, 26(6): pp403-504.

X, 5K AR e 20 T A A R TR B Y
R FERFHEF BF4=E, 2007, 17(11): 667-

[24]

[25]

[26]

[27]

[31]

[32]

671.

ZHAO Lin-zhou, ZHANG Yu-mei. Factors influencing
the osteoblast adhesion on implants[J]. Chinese journal of
conservative dentistry, 2007, 17(11): 667-671.

Tz, EEE, AR, % HlAlE & Ak
BRYPREEIIMBIR ] LR SR A, 2010, 22(1):
14-17.

NING Cheng-yun, WANG Yu-qing, ZHENG Hua-de,
et al. Study on preparation of TiO, nanotube arrays by
anodizing processes[J]. Chemical research and applica-
tion, 2010, 22(1): 14-17.

KA, HE. RIS Tio, AR RIZAEYIEE].
JINAE T, 2013, 41(10): 94-96.

ZHANG Rui, BAI Yu. Biological activity of TiO, nano-
tube coating after heat treatment[J]. Guangzhou chemical
industry, 2013, 41(10): 94-96.

JIN S. Significantly accelerated osteoblast cell growth on
aligned TiO, nanotubes[J]. Journal of biomedical materi-
als research part A, 2006, 78(1): 97-103.

KIM K H. Crystallinity of anodic TiO, nanotubes and
bioactivity[J]. Journal of nanoscience & nanotechnology,
2011, 11(6): 4910-4918.

FARZAD N, IMAN Y, ELNAZ M, et al. Tuning surface
morphology and crystallinity of anodic TiO, nanotubes
and their response to biomimetic bone growth for implant
applications[J]. Surface &coatings technology, 2017, 315:
163-171.

KOKUBO T, KIM H M, KAWASHITA M. Novel bioac-
tive materials with different mechanical properties[J]. Bi-
omaterials, 2003, 24(13): 2161-2175.

YANG W, DENG C, LIU P, et al. Sustained release of
aspirin and vitamin C from titanium nanotubes: An exper-
imental and stimulation study[J]. Materials & engineer-
ing, 2016, 64: 139-147.

AT, AR AR BR AN AR AE RSB A S SR ST D).
g S TZEBERAE, 2013,

GU Xin. Study on self-ordered nanotube titanium for ost-
eogenesis and antibacterial applications[D]. Shanghai: Se-
cond Military Medical University, 2013.

ZHOU L, DING X, WANG J, et al. The effects of hierar-
chical micro/nanosurfaces decorated with TiO, nanotubes
on the bioactivity of titanium implants in vitro and in
vivo[J]. International journal of nanomedicine, 2015, 10:
6955-6973.

WEBSTER T J. Biomimetic helical rosette nanotubes and
nanocrystalline hydroxyapatite coatings on titanium for
improving orthopedic implants[J]. International journal of
nanomedicine, 2008, 3(3): 323-333.

MARTINZEC M, MANSO S M, RODRIGUEZA, et al.
Surface micro- and nano-texturing of stainless steel by
femtosecond laser for the control of cell migration[J]. Sci-
entific reports, 2016, 6: 36296.

IGLIC A, GONGADZE, KABASO D, et al. Adhesion of



EN TR NN

2020 4 7 H

[35]

[36]

[37]

[38]

(39]

[40]

[41]

[42]

[44]

[45]

[46]

osteoblasts to a nanorough titanium implant surface[J].
International journal of nanomedicine, 2011, 6: 1801-1816.
SCHMUKI P. Hydroxyapatite growth on anodic TiO, na-
notubes[J]. Journal of biomedical materials research part
A, 2010, 77A(3): 534-541.

POPAT K C, LEONI L, GRIMES C A, et al. Influence of
engineered titania nanotubular surfaces on bone cells[J].
Biomaterials, 2007, 28(21): 3188-3197.

PENG L, ELTGROTH M L, LATEMPA T J, et al. The
effect of TiO, nanotubes on endothelial function and
smooth muscle proliferation[J]. Biomaterials, 2009, 30(7):
1268-1272.

TANAKA M, TAKAYAMA A, ITO E, et al. Effect of pore
size of self-organized honeycomb-patterned polymer films
on spreading, focal adhesion, proliferation, and function
of endothelial cells[J]. Journal of nanoscience & nanotec-
hnology, 2007, 7(3): 763-772.

HEE, HFE, XDy, %. TiO, KGRI HRE
PE ARG TR SET]. WA 48 PR, 2006, 25(4):
15-19.

TIAN Tian, XIAO Xiu-feng, LIU Rong-fang, et al. Study
on thermal stability and biological activity of TiO, nano-
tube array[J]. Journal of rare metals, 2006, 25(4): 15-19.
KIM S Y, KIM Y K, PARK I S, et al. Effect of alkali and
heat treatments for bioactivity of TiO, nanotubes[J]. App-
lied surface science, 2014, 321(1): 412-419.

OH S, FINANES R R, DARAIO C, et al. Growth of
nano-scale hydroxyapatite using chemically treated titan-
ium oxide nanotubes[J]. Biomaterials, 2005, 26(24): 4938-
4943.

LI Y, LI Q, ZHU S, et al. The effect of strontium-
substituted hydroxyapatite coating on implant fixation in
ovariectomized rats[J]. Biomaterials, 2010, 31(34): 9006-
9014.

LIY, ZOU S, WANG D, et al. The effect of hydrofluoric
acid treatment on titanium implant osseointegration in
ovariectomized rats[J]. Biomaterials, 2010, 31(12): 3266-
3273.

ALGHAMDI H S, BOSCO R, BEUCKEN V D, et al.
Osteogenicity of titanium implants coated with calcium
phosphate or collagen type-I in osteoporotic rats[J]. Bio-
materials, 2013, 34(15): 3747-3757.

CHENG H, MAO L, WANG L, et al. Bidirectional regu-
lation of zinc embedded titania nanorods: Antibiosis and
osteoblastic cell growth[J]. Rsc adv, 2015, 5(19): 14470-
14481.

B REH, DR, G REFYORE AR (2
A INERIIT]. 2R DR TR, 2018,
5(33): 7-13.

LI Ying, SONG Yun-jia, MA Ao-bo, et al. Study on Zn-
incorporated titania nanotube modified titaniumimplant
improve osseointegration in Vivo[J]. Journal of general
stomatology electronics, 2018, 5(33): 7-13.

[47]

[48]

[50]

[52]

[53]

[54]

[55]

[56]

GAO C, LI C, WANG C, et al. Advances in the induction
of osteogenesis by zinc surface modification based on
titanium alloy substrates for medical implants[J]. Journal
of alloys and compounds, 2017, 726: 1072-1084.

BHRWH, PRI, SR, BRI BN AR AR R BRI
FETCT A AR R PR FE ()], LRt R BE A,
2019, 27(2): 61-66.

HAN Tian-xiao, HU Feng, ZHANG Yu-mei. Effect of
strontium nanotubes on titanium surface on osteogenic
differentiation of rat mesenchymal stem cells[J]. Beijing
journal of stomatology, 2019, 27(2): 61-66.

DAS K, BOSE S, BANDYOPADYAY A, et al. Surface
coatings for improvement of bone cell materials and
antimicrobial activities of Ti implants[J]. J biomed mater
res B: Appl biomater, 2008, 87B(2): 455-460.

TR, M, s, —AbERGURE bR TR S
BEIRA[I]. BORIRLA 5 TR, 2007, 25(2): 249-252.
WANG Yue-qing, TAO Jie, HE Ping-ting. Hydroxyapatite
electrodeposited on titanium dioxide nanotubes[J]. Journal
of materials science and engineering, 2007, 25(2): 249-
252.

KAR A, RAJAK S, MISRA M. Electrodeposition of hyd-
roxyapatite onto nanotubular TiO, for implant applications
[J]. Surface & coatings technology, 2006, 201(6): 3723-
3731.

HUANG Y, ZHANG X, ZHANG H, et al. Fabrication of
silver- and strontium-doped hydroxyapatite/TiO, nanotube
bilayer coatings for enhancing bactericidal effect and ost-
eoinductivity[J]. Ceramics international, 2016, 43: 992-
1007

Patts, HREIVE, FRVERS. SRR WM B0 2 4 ik
R[], BEHR, 2007, 23(4): 58-61.

YANG Mei, SHAO Zhong-cai, CUI Zuo-xing. Research
on preparation methods of bioceramic coating on titanium
[J]. Nonferrous mining and metallurgy, 2007, 23(4): 58-61.
MRUPRE, BORPY, BIRLL, SF. HRMRAREEI TiO, 49K
EFESI/MCM-41 731 525 B2 W) s A O R o I 613
BT W R G e BEVERET ST (7], AR BE 2y 2%k, 2017,
39(1): 57-61.

LIN Miao-kuo, HUANG Er-dan, HUANG Xiang-hong,
et al. Construction of TiO, nanotube array/MCM-41mole-
cular sieves compound drug carrier on orthopaedic titan-
ium plate surface and study on sustained-release perform-
ance of alendronate sodium supported on the composites
[J]. Fujian medical journal, 2017, 39(1): 57-61.
SAMUSEL F, ROBERTSON A, BANDYOPADHYAY K,
et al. Titania nanotube interface to increase adhesion stre-
ngth of hydroxyapatite sol-gel coatings on Ti-6Al-4V for
orthopedic applications[J]. Surface and coatings technol-
ogy, 2019, 372: 140-147.

MAXIM B, GADI P, DAN G. BMP gene delivery for sk-
cletal tissue regeneration[J]. Bone, 2020, 137, 115449.

( MHeH 34 50)



© 34 -

TR NN

2020 4 7 H

[44]

[47]

(48]

ZHANG L, TAN Y X, NING C Y, et al. Effects of
titanium self-assembled silanization on biomimetic min-
eralization and cell proliferation[J]. Rare metal materials
and engineering, 2012, 41(11): 1985-1989.

o, RN BRESEY R EROR M. BRI h
AR A, 2013,

LUO Yong, CHENG Gang. Biological surface modification
technology of titanium alloy[M]. Xuzhou: China University
of Mining and Technology Press, 2013.

HOSSEINKHANI H, HOSSEINKHANI M, TIAN F.
Osteogenic differentiation of mesenchymal stem cells in
self-assembled peptide-amphiphile nanofibers[J]. Biom-
aterials, 2006, 27(22): 4079-4086.

WAN Y Z, XIONG G Y, LIANG H, et al. Modification of
medical metals by ion implantation of copper[J]. Applied
surface science, 2007, 253(24): 9426-9429.

LENG CY, ZHOU R, ZHANG X. Corrosion resistance of
Ta'-implanted Ti6A14V alloy in Hank’s solution[J].
Nuclear techniques, 2012, 35(2): 14-19.

XIA C, MA X, ZHANG X, et al. Enhanced physic-
cochemical and biological properties of C/Cu dual ions
implanted medical titanium[J]. Bioactive materials, 2020,
5(2): 377-386.

[49]

[50]

XIA C, CAI D, TAN J, et al. Synergistic effects of N/Cu
dual ions implantation on stimulating antibacterial ability
and angiogenic activity of titanium[J]. ACS biomaterials
science & engineering, 2018, 4(9): 3185-3193.

HAN X, JI X, ZHAO M, et al. Mg/Ag ratios induced in
vitro cell adhesion and preliminary antibacterial properties of
TiN on medical Ti-6Al-4V alloy by Mg and Ag imp-
lantation[J]. Surface and coatings technology, 2020, 397:
126020.

YUY, JIN G XUE Y, et al. Multifunctions of dual Zn/Mg
ion co-implanted titanium on osteogenesis, angiogenesis
and bacteria inhibition for dental implants[J]. Acta biom-
aterialia, 2017, 49: 590-603.

LIQ,ZHAO M, LI L, et al. Co-regulation of Cu/Zn contents
enhanced the biological and mechanical properties of TiN
coated Ti-6A1-4V alloy[J]. Surface and coatings technology,
2020, 395: 125943.

R, JRoE, SR, . Ag Ml Ta B FXEAME
Ti6AI4V & & B PERE[Y]. &)@ %4l 2009, 45(6):
764-768.

LENG CY, ZHOU R, ZHANG X, et al. Improvement of
wear resistance of Ti6Al4V alloy by Ag and Ta ion double
injection[J]. Acta metalica sinica, 2009, 45(6): 764-768.

( B2 8 L)

[57]

[58]

[59]

[60]

BALASUNDARAM G, CHANG Y, WEBSTER T J. TiO,
nanotubes functionalized with regions of bone morphog-
enetic protein-2 increases osteoblast adhesion[J]. Journal
of biomedical materials research part A, 2008, 84(2): 447-
453.

LAI M, CAI K, ZHAO L, et al. Surface functionalization
of TiO, nanotubes with bone morphogenetic protein 2 and
its synergistic effect on the differentiation of mesenchy-
mal stem cells[J]. Biomacromolecules, 2011, 12(4): 1097-
1105.

KHERH, TARIT, 324, 5. 2R Tio, JURE RS DG
PR PEREDT I )]. T & Jm AR5 TR, 2014,
43(9): 2285-2288.

XIA Jin-yang, FU lJi-jiang, PENG Xiang, et al. Study on
photocatalysis and antibacterial properties of silver-loaded
TiO, nanotube array[J]. Rare metal materials and enginee-
ring, 2014, 43(9): 2285-2288.

KODAMA A, BAUER S, KOMASTU A, et al. Bioactiv-
ation of titanium surfaces using coatings of TiO, nanotu-
bes rapidly pre-loaded with synthetic hydroxyapatite[J].
Acta biomaterialia, 2009, 5(6): 2322-2330.

ESLAMI H, LISAR H A, KASHI T S J, et al. Poly(lactic-
co-glycolic acid)(PLGA)/TiO, nanotube bioactive compo-
site as a novel scaffold for bone tissue engineering: In
vitro and in vivo studies[J]. Biologicals journal of the inte-

[62]

[63]

[64]

[65]

[67]

rnational association of biological standardization, 2018,
53:51-62.

WANG Z, XIE C, LUO F, et al. P25 nanoparticles décor-
ated on titania nanotubes arrays as effective drug delivery
system for ibuprofen[J]. Applied surface science, 2015,
324(1): 621-626.

CAI K, FENG J, ZHONG L, et al. Temperature-responsive
controlled drug delivery system based on titanium nano-
tubes[J]. Advanced engineering materials, 2010, 12(9):
B565-B570.

WANG Y, YUANL, YAO C, et al. Cytotoxicity evaluation
of pH-controlled antitumor drug release system of titan-
ium dioxide nanotubes[J]. Journal of nanoscience & nano-
technology, 2015, 15(6): 4143-4148.

JIA H, LEI L, KER. Kinetics of drug release from drug
carrier of polymer/TiO, nanotubes composite-pH depend-
ent study[J]. Journal of applied polymer science, 2014,
132(7): 41570.

FLAK D, YATE L, NOWACZYK G, et al. Hybrid ZnPc
@Ti0O, nanostructures for targeted photodynamic therapy,
bioimaging and doxorubicin delivery[J]. Materials science
& engineering, 2017, 78: 1072-1085.

SAFAVIPOUR M, KHARAZIHA M, AMJADI E, et al.
TiO, nanotubes/reduced GO nanoparticles for sensitive
detection of breast cancer cells and photothermal perfor-
mance[J]. Talanta, 2020, 208: 120369.



