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Research progress in titanium alloy in

the field of orthopaedic implants
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Abstract: Owing to the excellent biocompatibility and corrosion resistance of titanium and its alloys in
the biological environments., they are one of the best materials in the medical implant applications.
Moreover, it has a lower elastic modulus (comparable to bone) than traditional metal implant
materials which is an influential property due to the stress-shielding effect. There are some
requirements for implant materials according to their clinical use and the periphery tissues. Hence,
some factors should be considered. such as metal degradation, toxicity issues, surface characteristics,
biocompatibility, and fusion with bone. Considering the above-mentioned information, titanium
material design with superior performance to meet the essential clinical needs is an important challenge
and attracts much attention from the academicians in the biomaterial field. This paper discusses the
structural and performance characteristics of medical titanium alloys and the current research status in
the direction of orthopedic applications. Furthermore, in future research, through changing the
elemental composition, increasing the surface modification, and optimizing the production process,
titanium alloy materials could have the excellent comprehensive performance to serve human beings
better.
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Table 1 Preparation processes and mechanical properties of various titanium alloys
Yield Tensil
. . Elastic 1€ cnstie Hardness/
Material Preparation process Alloy type . strength/ strength/ . Ref
modulus/GPa GPa
MPa MPa
Cortical bone — — 15-30 30-70 70-150 — [7]
Ti-13Nb-13Zr High-pressure torsion B+« 59.6 — — 3.73 [8]
Ti-20Nb-0. 5Ru Cold crucible levitation melting B 70+1 780+ 20 900100 4.9040.08 [9]
Ti-20Nb-1Ru Cold crucible levitation melting B 60.5+0.5 920+60 810490 4.29+0.05 [9]
Ti-24Nb-4Zr-8Sn Powder metallurgy+ quenching B 56.9+1.1 — 76047 2.16+0.04 [10]
Ti-25Nb Pressure-assisted sintering § 80 — — 3.1 [11]
Ti-25Nb-1Sn-2Cr Cold crucible levitation melting 8 6612 463430 — 2.36+£0.13 [12]
Ti-29Nb-2Mo-6Zr Arc melting + quenching + cold B+a 79.3240.55 — — 2.84740.03 [13]
rolling+ annealing+ quenching
Ti-30Nb-32Zr Cold crucible levitation melting + B+« 57+2 629+10 692418 — [14]
solution treating+20% cold
rolling reduction rate
Ti-30Nb-32Zr Cold crucible levitation melting + 8 6945 899438 961450 — [14]
solution treating+86 % cold
rolling reduction rate
Ti-30Nb-32Zr Cold crucible levitation melting+ j 62+3 7104+10 722411 — [14]
solution treating + 86% cold
rolling reduction rate+annealing
Ti-32Nb-2Sn Solution treating +quenching B 60+2 665+25 780+5 2.6+0.1 [15]
Ti-32Nb-2Sn Solution treating -+ quenching + B+« 8242 960+5 1070415 3.24+0.2 [15]
500 °C aging treatment
. Solution treating -+ quenching + B+« — 560+30 685420 2.440.2 [15]
Ti-32Nb-2Sn o
600 ‘C aging treatment
Ti-35Nb-7Zr-5Ta High-pressure torsion B 43.6 — — 3.06 [8]
Ti-35Nb-2Ta-3Zr Arc melting + cold rolling + B+« 55 — — — [16]
annealing
Ti-35Nb-2Ta-3Zr Laser-remelting B+« — — — 2.53 [17]
Ti-7Mo Directed energy deposition B+« 105 579 686 — [18]
Ti-15Zr-15Mo Argon arc melting + hot rolling+ 8 71.0+3.1 — — 3.94+0.17 [19]
annealing + water quenching +
aging treatment
Ti-15Zr-20Mo Argon arc melting+ hot rolling + 8 80.1+£5.1 — — 3.01+0.17 [19]
annealing + water quenching -+
aging treatment
Ti-20Zr-10Mo Argon arc melting+ hot rolling B 7944 — — 3.65+0.03 [20]
Ti-10Fe-10Ta Cold crucible levitation melting B+« 92.5 — — 3.38 [21]
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Table 2 Preparation processes, pore size, porosity and mechanical properties of various porous titanium alloys

Preparation Alloy

Material Pore size/pm

Porosity/ %

Compression

Elasti
astie yield strength/ Ref

Compressive

process type modulus/GPa strength/MPa
MPa
Porous Ti-3Cu Microwave a 130 21.08-27. 25 7.02-11.94 488.51-1062. 34 — [25]
sintering
Radial gradient Spark plasma a+f 105 13-49 16.8+1.6 1248442 — [26]
porous Ti-Ag/Ti sintering
Porous Spark plasma  « 460 43+5 (6.240.1)- (2064+10)- — [27]
Ti-2Cu-4Ca sintering (12.24+0. D (325410)
Porous Powder B (229.9+5.6)- (51.4%+1. - (1.840.5)- — (79.7%3.5)- [28]
Ti-35Zr-28Nb metallurgy (427.4+10. D (64.9+1.6) (6.940.6) (230.5+7.6)
Porous Ti Ink jet 3D — 97426 41. 34 4.5+1.0 — 126+12 [29]
printing
Porous Selective laser — 305+11 45.5+0.01 10.440.2 — 146.6+2.8 [30]
Ti-6 Al-4V ELI melted
Porous Ti Selective laser — 459.5427.9 60.6+3.9 5.42%0.07 — — [31]
melted
Porous 3D inkjet - 8.9 0.52 4.140.3 222.6+32.2 — [32]
Ti-6Al-4V printing
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porous samples reconstructed by MicroCT data3!
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Fig. 2 Polarization curves of three coated samples in SBF solution**]
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Table 3 Different corrosion-resistant coatings and their corrosion potential and corrosion current density

Coating Base material Method Eeown/V Teorr/(pA » em™?) Ref
CS-BG Ti-6Al-4V Cathodic electrophoretic deposition 0.22+0.1 — [38]
HA-1Fe; O,-CS Ti-13Nb-13Zr Electrophoretic deposition — 0. 309 0.059Xx10 ¢ [39]
GO-Ag Ni-Ti Electrophoretic deposition 0.08 0.02 [40]
Si02-Zn0O Ti-6Al-4V Electrophoretic deposition 0.003673 51 [41]
MAO-GLC Cp-Ti Microarc oxidation + magnetic filter — 0.018 5. 38X 10~ [44]
cathodic arc composite sputtering

Graphene Ti-6 Al-4V Chemical vapor deposition —(0.13+0.12) 0.16+0. 03 [45]
Carbon and Cp-Ti Hydrothermal and impregnation 0.19 4,5X10°° [46]
polytetrafluoroethylene

TiO, Cp-Ti Anodization —(0.09+0.03) 0.26X1073 [47]
Ti-Al-N Ti-6 Al-4V Magnetron sputtering 0.023 0.25X10% [48]
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sl B T M A

Li 88073 b oAb 24 0 By ¥k 78 kRS A 9 3% 1 7
i SIC-HA 44Kk, 25045 R WoR, # 1b T =& fk
BRF T L SIC-HA U 1Y — & ALk 3 7T A R0 HE Ak
AR B . SIC-HA W2 bR 40 i S5 3 5 v 45
BT ((16. 01, 5) mg/dL) KB 55 & 4 il &
((61.7£3.1) ng/ml) M b ALK F 1T ((11. 0+
1.4) mg/dL,(13.940. 7) ng/mL) B FHhn, &5
] 76 5 T 40 M AE SIC-HA 3% B (1 — %04k Bk 36 1 2 Fil
J& o BV B R 6 8 A kAR B FRT Runx2 ) mRNA
FIkIKF (4. 69+0. 20,4, 6940, 20,4. 0940, 19) L X}
BE41(1.5240.13,1.30+0. 14,1. 82£0. 13) B & It
B AT RS L ot 3D Wi E R EAR L X 21
KM 54 KA FER/ BAERFIBY/TV) i /N
(Th. N) B /NZ 43 B B (Th. Sp) B /NZ R (Th.
Th) AT B E 4350 R . ((36. 041, 8) %, (50, 7+
2.7%)>),((3.184+0. 15), (4. 07 £0. 20) mm '),
((193+10), (118 = 6) pum), ((208 £ 12), (287 +
16) pm) AH X 4. ((13.04+0.8) %, (21. 0+
1.2)%),((1.4940.09) ,(2.58+0.15) mm '),
((416+24), (326 +16) pm), ((209 +11), (130 +
7 pm) A AL, U SIC-HA %2 MR AT A 2L

et H G .

=
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4.2 BHUHE
HIEEREBAEN BN A A K E T, 7fE1 R
HEAGEFEMKEERTEAEEEH. BES
KM B -2 (BMP-2) B 43 W T LAAT 555000 38 20 g
AL AR HEE LA, Tao 5 ) BMP-2 () 8B
Ktk 4 T TNT-BMP2-LBLg Z &Mk, JefE &K
fRER AN K AS | 11 2 BMP-2, 5 R 3% 2 41 3 3 R e 32
107 5 I R I R PR K & R/ B (ADA-

g Anodization ‘
Ti

Osteogenic activity

% Chitosan

Antibacterial effect

Gen/ChD) Z )2 L5, LI 3, SCEE5 SRR, gk T
BMP-2 F1 ADA-Gen/Chi £ )2 I8 45 ¥4 1) — S AL Bk 40 K
AT R AR 0 R R 40 R DG JE Bl mRNA
Tk K FB ik 5 (P<<0. 01), #pifEfb)m. TNT-
BMP2-LBLg & & # ¥} 3% 1 K5 3% 5B 40 il . Runx2,
ALP,Col-1, OPN, OCN 7£ 14 K J5 ik & 5 9l H .
2.5040.13,2.5040. 24,2, 3040. 22,2. 60+0. 10,
2.8740.20, 3F ] T TNT-BMP2-LBLg & & #1 ¥} %t

g

~%lADA-Gen

1
1
1
1
1
1
1
1
it I ! 2
" ’
o " II
[ ,
| —
NH, / A
1 1
Hoo |
1
1
1

[ S cn

- N
Ol
ADA-Gen ’ '
________________

gigszmmn  PH decrease Ten cycles "
} Release Gen v M
and BMP2 TNT-BMP2-LBLg
Bone morphogenetic protein 2 YIS poly(ethylenimine)

'& Alginate dialdehyde-gentamicin

& 3 TNT-BMP2-LBLg & & # kil % i f2 51
Fig. 3 Manufacturing process of TNT-BMP2-LBLg composite materials 5+’

JE 4 A A3 A A IR

LL-37 22— R A4 9 B P08 AE ) /9 Ik, 76
F B A RN A5 08 2 B R HEAE . R AE Sk, LL-37
PEFE B FAE DI REZ B 56 . He S0 R AT A 1L
FIZK B A B39 20k ) £ A R B K A OB I R BR IS
GERE AR BKIE IR E AR LL-37 IR 2 e, BFSE
S5 WK B LL-37 184 A Bk 25 I A AR S A 1) T 1 B
(i) 72 J5E T 240 L 7 66 B L S B8 M Ak, A AR Y
RERBR T, ) HE e (075 1 50 — @ 4 @1k x5 3h )
Y R HE AT W5, IF X5 B E 8 R i AT = T
4 G AT 2 LL-37 B ek L IR AR sh 4 L
B RAE R (37.3+3.2) % M(35.2+2. 00 % . 5%
T KA DR R R I M AL (26, 442,00 % F1(29. 8+
2.4 Yo M E A U HE B R B (P<<0. 05) .

B TR A B A B R A T I 5
Hb BRI E IR R E BT AR  nE Y BRI 5 B AT

17510, BB AR F —Fh B B S 4 R, K
S B AR R F 23 A 0 R TR s i R R, 3K
BT AN WA A 2R A L R AL B R i Wnt 55
AR R A R P R VR . Chen %55° X B Al AL
B EPURIEAT TS BF5E A B e Bk BL IR B il 4 — %1
PRBR GRS G540 o FH 20 5 B e A0 B 1 P AR I 1) — 41
Ak A K AE 3R 1T A5 21 B Ak 2R BT AR (8 3 1) — AU A R AN
KAFGEH (TNTs-scD) , i 76 H 22 1 #F 17 B2 B FF 4i il
(MLO-Y4) Ki 5%, 45 3 /R, TNTs-scl 5 MLO-Y4 41
FRLAT B 0 A R 25 P [ B A el 2 MILO-Y'4 240 it fi
I i . AL EE T ZE Wit [5 5 1% 5 rfole P
PEA VR R AL B 11 A O B Ak 2R P40 e R A A K
FIFET Wt 5515 5, IR 2F B A OB 11 38 &
SR A Ak HE I AR R R B
4.3 %Y

F4 M (DFO) FE I IR b F 20M: 2ovh & fn g
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PR E RS R ME% AT IR R U DFO 8 i #0s
B - 1a (HIF-1o0) 15 5 38 % 02 3 iH 5 16
M4 AR B . Ran 09T 1F 58 T bk 4 k48 B
4% DFO, 88 J5 i i3 1 2 41 3% (LBL) £ R YT 572 R b
(CHD FI U] I (GeD) J5 . 15 3 2 8025 ¥ 1) TNT-DFO-
LBL Z 2454, L4 R £ W, TNT-DFO-LBL £ 2
S5 T A AR v ] 7 0T T A0 0 8 B B DL R e
Ak A S Ak TR B R T TN B K N R A M A
5 Ti Al TNT 7 40 Al b %, TNT-DFO 41 fl TNT-
DFO-LBL 41 HIF-1o A7 % i B 8 1 BT R A K P (P<<
0.05), TNT-DFO-LBL £ % H i 21 5% 8 A1 ¢ 3% B &
L5 A AR 26 3 DR %) 3 38 7K AT 42 R (P <20, 05)
W T DFO i 3 30% HIF-1o {5 5 30 8% b i 5 A4
B 1 2235 A F B o0 A A O 35 IR Y 238 L T A2
[ 72 5T T 240 ) e 43P R A A

By I R R CAln) FUE & 28 (RaD) J2 IR Y7 B i
BLAA 254 . Mu 55004 T % H IR AR T AR R g ok
Brp TR )2 R ORTE ARG K A R T
HRBT SRS MR L Z R0, & T
TNT/Ral/LBL-Aln 25 ) fii i% & 48, 5290 45 R ©oR
TNT/Ral/LBL-Aln %t G . 3 52 /=5 B 40 A ) 1 5
G4k [) B AT 2508 ] A B 40 B Y R RN oAk . TE R
B A B AL R, Micro-CT ML 2% 7 M /R t TNT/
Ral/LBL-Aln # A ¥ LU 2l 8K F0 — AL BR A K A H
W1 R M BE (P<<0. 01) ., TNT/Ral/LBL-Aln 4§ A
Yk E BV/TV il Th. TH & & 0T 458 0. (26, 3+
2.2)%,(0.148=£0.007) mm,
4.4 MEEHERB

3 AT XRG4 TR AT I BHOK G R A0 K 9 3R T e
AT DL A A ] LB i i R . A TR 3R R K 4
JaE 2% TR AT AN K RUBE A M L BT LA B 0 B P 5 A I B
LIRS 200 PR S DT i R B A B Shin
SRR AR FTE A T O 120 nm ML LA R
10 nm fLAYYY K K % (ENF), WKl 4, 16 %# RE 36
HEAT N B8 8] 7 0 1 40 M 8 3% 05 kB, S5 0 B AL A
ENF 2 1 AJ £ #F A 86 4] 58 57 1 40 B e 434k (P <<
0.05), 14 KJ5 @65 X ALP fl OCN ik &
HEAT 22 o O A o S 06 1 AH B X B 2 48 i R k. (784 +
15) %, (1358 +366) %, UE 35X ENF £ i A& % 8] 72 5+
A ALP A1 OCN 9 2% 35 /K 7 5 3% #2 /=5 (P<<0. 05),
ENF 3R i AT A %002 2 B 3 18] 72 5 1 40 i s 534k

RAWESE 28 3ok 3% T 2 VE Y 45 A i BCE PR BB Huang
S K IR A3 A FE M BE A 1,5,10 mol/L NaOH %
Wbl & T kg R, If a4 o8 Ti-l, Ti-5 Ml T
10, Ti A X BE4H , 1 F- %%, Ti-1 KRB 9 oK &E

Pl 4 FESEM B4 578 T i BH AR S0 Ak T 20 7 4l Bk 3% 1o ikl 45 1
FLAE K 10 nm IR R SF 4 120 nm (585 BE A 90 oK [ 28 L63)
Fig. 4 FESEM images show highly ordered nanopatterns of 10 nm

pore size and 120 nm dimple size prepared on the surface

of pure titanium by the anodizing processt®3

AL Ti5 FTi-10 FRBUE QUK AE IR S5 . W IR 5, 55 5
FOR R R Ti5 feA Fl T MG63 20 i 19 B 434K
SUERAH L, Ti-5 187 w8y 7K 1 5 e i 2 1 il 0% 1 (P <<
0. 01) FI S £ B (ALP, Runx-2, OPG) % ik | (P<<
0.05), fE1K.3 K.7 K ALP,Runx-2,0PG )ik
Sk 2.1840. 17,2, 84+0. 26,1.53+0. 18;2. 19+
0.10,1. 50 +=0. 13, 1. 44 +0. 12; 1. 86 0. 10, 1. 65 +
0.06,1.550. 14, 7ERBCEBRELBI AL, 12 JH )5,
Ti-5 40 H 4 K F (BV/TV.: (18.0+0. 8) %, Th. Th:
(0. 15540. 006) mm) A LX) B 20 & 2 TH R (P<<0. 01) .,

Li SE IBEAl 1 N 18] 78 50 T 40 i 78 R ) B
RGN KA T L BE Ak e 7 R 98 N 5138 i HL Ak
2B S AL T AE Ti-6A1-4V ELL &40 il &5
BRI S5H . fE 20 V A 40 V BB R AL .
BTl kS HARA R 39 nm Fl 83 nm., MWL EE A
5 () 30 5T 1 40 LA B R TR 2 R T L R A
DUl B o A AR DG B 1 CRPS & B R 2R FD R e R
WY RBEN . 21 R, HEHR 39 nm 9K E 55
A CEREA RO B E SE o 19670+
2330,13809+1446,13919 3154, 2 B HL X A 86 ]
Fo 5T 20 AR R o3 A RE T R

LA AR FE R b nT LA B RS 4 6 R
HEE A B R B BRI T HE R v, S B 0 AR Bk Bk
BRA 4 R A T RE TR 2 L 1 A A BF ST R A A 4
JCE il &R RV A A MRk, AT R IR . (D) R B A W
TECEPERER G e R AT H BBk & & &k . th T ot
FHAKIER . Ti # Mg Jo R R RBIE i B 14, 5
HHEREARUE O AE A A WA RS BN (2) 3
LA VA CE PR RE 1 JC 2 P RE AR R SR A b R
JAT SR RE SR AR L WA ST TR Y Ti-Si & 417 o
PEAR R KR TH 55 L 153 306. 9 GPa, A F3E BAE AL A
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B 5 R 9 NaOH 3 i il 4 69 94 K 2 g 10
() Ti; (b) Ti-1; () Ti-55 (d) Ti-10

Fig. 5 Nanostructures prepared in NaOH solutions of different concentrations ")

(a)Ti; (D) Ti-15 (o) Ti-5; () Ti-10

YIkERLs (3) 402 Il 5 HAT R PERE IR 2 L AT 5T
W A JRBR T A ICHLICER , Al in A E 2 0 180E )
Jot AN ML B 245900 45 5 (4 B ) 2 T 1) 45 U )2 45 A
7 (S8 A ) AR S 0 S ) A A7 R TR R L 8 AT AR A
PEEBEME AR, BRI Z A BAT e H 1 RE A
K G5 R T AL %5 ) BRI S B TR A S

5 MEMHEMR

R WA S IR SR AR A R WY 2N 22— Tl

A VUM RR MR A A b kLS DLW D 41 TR B B X K R
AR R RE S B 5T B S T U A 22 R
WINPLE 4R Pk R BURE RS G kAT
T, DA S G 4 R TR 4 DU TR B2 5 1R )2 (BT 25 4
AT 1k B A ] B E 4 7 TR AR
5.1 &Bx=E

BRI R &8 K AL E Y. 5N Ag, Cu,
Zn JCE AR BB REAK U8 L AN TR 0 R A B
BLAT, W2 4 Hp RE R E A eS8 2
%

R4 ARERBETFRENS

Table 4 Antibacterial mechanism of different metal ions

Metal Antibacterial mechanism Ref

Ag Silver ions can destroy the structure of bacterial membranes. release silver ions and generate ROS to destroy [68-69]
enzymes in the oxidation respiratory chain, and regulate the signal transduction pathway of bacteria

Cu Copper ions can catalyze the formation of ROS and destroy the permeability of bacterial membranes, resulting in the  [70-71]
leakage of reducing sugars and proteins from cells

Zn Zinc ions can destroy bacterial membranes and promote the formation of ROS [72-73]

. 1 — s = s
5011 & KB B 38 . 45 R B os, B 380 %80 10 4R 98 oK JB0RE 19

Sarrafl %7 58 2k 4 B ASAH DT AR 32 0 A5 PH A 4R
e Ti-6 Al-4V & & I il £ 1 2% S0 Ak AR 90 oK R i
Ta, O; YK E 258, W T H YT & Mg, JF 78 H 3R w17

HIEMBE IR 24 h 5 AT A K. Ul W T il 45 44
BEEA RAFPURETERE . 7R R R TR AT A A 40 i
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B 1 R.3RM 7 KRG A7 B R 3 g, 251
7 A A AR 0K BURL ) Ta, O; 99K 8 AT Ta, Os 44
KA W G B A 0 e (2209 3. 1) %, (42, 0 +
3.8)%,(82.045.6) % M (20. 0+2.5)%,(38. 1+
3.3) %, (75,04, 2) Y, $i 7w B 2k S AR 40 K AB0RE (1)
Ta, O; 94 K4 Ta, O; 9 K & WO LG 2 &
SCLIE B 48 Ak AR g ok R X 40 IS R C 35 S
Yuan S FEER LIRS T A AR 9 K UKL 19 4 A SR
PORE S (TNT-Ag) . Bk B )2 A AR A E
AR GIK A B TR 5T RO R 38 2 WU A W) s M 2
JZRELE R CTNT-Ag-LBL) . FH LA il 48 B F A0 B il .
MR FE 6 h J5, AW IH 80k E T TNT-Ag,
TNT-Ag-LBL X % B 240 P& (4470 181 26 , W3 Bl b4 ) % 4
0047 25 BR A AN K FF TR 9 T TR 43 1 Dk 98 96,93 %6 N
96%.87%, B fiE 1B TNT B F &, il
TNT #1 TNT-Ag-LBL £ M350 4 KM 7
K.iEid CCK-8 S5 & e PFAh 1 A B 40 M 09 A= 47 77 .
S5 IR TR ) 3R TG % BE AR 43 2 0. 66420. 07,
1.2740.13 F10.7340. 12,1. 1340. 09, Fi & Z a1 3% A
it m X, U] TNT-Ag-LBL BT AY H 25 1 X 1B
AR KB A R, B R AP AE YA A

BRFIH Ag il £ DUk 2 40 3t P fk T2, il 2%
HA&ERMPIEBRN Ti-Ag & R EZE M.
Lei S5 R A 45 B8 TR HER Wil & T A F Ag &
HI Ti-Ag B4 A 4. Ag 2 0%, 1%,3% M 5%
(& 4 B BL 23 90 FR R s-Ti, Ti-lAg, Ti-3Ag # Ti-
5Ag, i Fl & R R FIAS IR W2 %) ok & 4 M ORH1E B s-Ti
(AE), Ti-1Ag (AE), Ti-3Ag (AE) #l Ti-5Ag(AE),
FERRE R T HE AT 4 v €0 5 248 K 1R 85 % L R R T A4
FAFMPIE R . SRR, 1 K5, Ti-3Ag(AE) #
Ti-5Ag CAE) & 4 M Kot W R 5 3 97. 13% M
99. 10 %6 , % ZI it b B J5 4 A i 458 Ak B A BT TR B O BH
W (P<<0.01),Jf HAE 30 K5, Ti-3Ag(AE) fil Ti-
5AgCAE) FE i (1410 T 24T B DR 457 75 B R 7K P, 43 3l oy
96.53% 1 99. 04 % ., F MR 1k ZI 4b 7 B A & & 4
BRI Y K 2 FLORN 0B 25 48, AR 4 X 5 2k Re 3 o pr
S AL o Rk 2 e A G ORI Y AgL T RE
SEAE B AT RA KA B P TR A . A [E R R
LM HEAT MC3T3-E1 4 355 3% , ¥E47 20 B 7% 7 K 4 it
FHEIEAL RN 3 KA 7T K5, 4 Ti-Ag(AE)#+
REFRTE WA TE ) S ek R T X G I E X (P>
0. 05) , UEBHZ & 4 0 B o4t M 35k .
5.1.2 4

Huang %77 38 13 76 8k 3 - FH N4 ik (MAO)
A A5 O B P B R 2 A o B P CuSO, -

5H, 0. 0,0.2,2 mmol/L CuSO, « 5H,0O 4k B 1y #¢
i B MAO, Cu(L)-MAO #1 Cu(H)-MAO, 3¢
BE R B oR, 5 Cu(L)-MAO At Cu(H)-MAO T
A HE— 20 W A W AR B S M RS ORT B R R Cu
(H)-MAO RHE B TR &S WESE FIr%. 5
MAO 1 Cu(L)-MAO B4 . 7 Cu(H)-MAO #
AT 15 7% 1 L 0 40 i % 0 B ) 48 BRURT % KR ((86. 5+
4.8) YO BAE R (P<<0.01), £ Cu(H)-MAO/H I
Y0 A5 1 5 % B T R 0 B A A B B 1
(0. 186=£0. 07) F1 4 Hfy #h J5 Joz 4 fb. 2 (1. 419 0. 018)
B MAO M AHA B EMWF & (P<<0.01), £
Cu(H)-MAO T Al A 250 82 i B 40 B i R T RE )
TCANME B B AT BE B . Huang 5507 6] BE 2R H
OISR AR I i L 76 BRI IS b 8 5 4 00 B/l RO A
Yk % (Cu-Hier-TD R M S5 4, 45 5 R0, il 5 45 ¥
L FE-AM e a3k F1 CCK-8 ¥k WAl b4 kL 22 1 .k 40 g
I RN B L 5k S E A EE D A0 7E Cu-Hier-Ti
FUEE 1 KA 7 R0 1S 5 RS A 1S 5 (P <<0. 05), 7E
Cu-Hier-Ti F 1 A= K 19 5 W 40 i H 5% 5 7 e gk &
T (74 15 3 24 A A% VR B 5 (P <<0. 01) , % T 635 3
T(72.0£5.3) % ., biRE5 ARG B ALY MR
AT DU T A4k 4 E 1 R 0 A 0 B AT, 3 5
A A RN % T P B

Wang 86 38 1 B UG BR B AR H & T % 3%0.5%
M 7% Cu ) =70 Ti-Cu & 4, IR R R kT
2 o IAE 740,830 C A 910 °C FiB k., TE45 KL
AT AT 4 B €0 2 BRI 8% 9%, 24 h JE L R FHOE AR 2L
DRAEAT TR R IE TR, S5 BoR L LA BRAE S X IR AL,
740 °C FiB k9 Ti-3Cu, Ti-5Cu il Ti-7Cu 541 &
AN BT B BT AR PR AR F) 9520 DL B, HiA
Ti-Cu B 5 B9 T s R T 36 2 90 % LA b, £ B Ti-Cu
G4 Cu Tt ZE WU Nl LA 850k 8 28 3 76 H L 9F ]
i i T X B R AT
5.1.3 4

Deng 55"V £ SL 4T 2 R 5 By 38 3V e 6 e A
B B A R 5 e AR T 4B B Y 9 K IR 25 4 B R
JAS ) 9 BE (0, 0. 1,0. 3 mol/L Fl 0. 4 mol/L) 1y
ZnCl, BF il # B9 B¢ 5 2 % R Ti-Zn0, Ti-Zno. 1, Ti-
Zn0. 3 1 Ti-Zn0. 4, i 4] 43 0606 B2 1+ I & A [m] B A
B4 KT R RCE A A . R R B Ti-
Zn0. 3 FH Bb il AE 5 A 2l Bk B A B 0 A i s
(P<0.01), M & {H 4 %] 4 0. 8740.09,1.2040. 10,
PSR S 72 PBS 3 W rh = A W B B Al (0, 1,4 K
T KD o 4 v 005 % 3K R AT TR S SR A R
5 Ti, Ti-Zn0, Ti-Zn0. 1 A k., Ti-Zn0. 3 fl Ti-Zno0. 4
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AAHERMPEERE. A AL = 4 FE &, Ti-Zno. 3
Al Ti-Zn0. 4 A 23 BIRFF 4 K (P<<0. 01 F1 7 R (P<
0. 01 BYHT A PERE » 4366 FE T T 4 B 07 2 K 7 AR
i 1 B8 I 2 {8 43 591 F : Ti-Zn0. 3 (4 K 0. 85+ 0. 06,
0.86+0. 04), Ti-Zn0. 4 (7 K:0. 79+ 0. 08,0. 85 +
0.05),

5.2 mAER

EiINa c o L R VR 7 el s P
FH il 28 22 0 A PUAE E RS &M RE 7E BT LA K
BT AE A AR G IER e B URR O . AR A R DL B0k
20 TR RN S, 3 FH A0 T SO G B AR 2R AT S B R4 Y i
AR . EEHMITAEROE. T ER KKER.
S 70 Ath g 45

Fathi 4815 38 1 £ 2% BH B S0 Ak 7 78 Bk 3L IS B 1
£ ARG A S5 K, H AR 110~120 nm, KN
40 pm, E A AL RGO SR o A T R EOR
24 F R VYN K £ 4 7 T e AR B Al ok A Y e,
DR HERZNRER. HREV. ST HERN
YK AE T A RO D 4 B0 R A KT 00 AT R R i
T RE PR g m RF (R AL (345, 584 £
98.174) nm.FE S B: (283, 641464, 279) nm. k4 C:
(176. 362434, 216) nm) ¥ 7 J5 7 8 E Bt fal, A
i C 7R 24 h Ji b 4 v 00 3 %9 3K 00 40 T e A
11£2 nm KR C AT 8 3R 6 h 4 & Bl i
81% FREE] 29 % , B RELAT 2 30 RUA b, Al ik 5
WA FFSE T AR . David 55 & 7 HIR-52E &
FREEBE KA (HG) LB M2 0.5 M 1% T & E
() 7 M-I I R L i B &2 6 0 5 W IS5 0 & 4 R
TRA S BREE AR HVL M HV2, 3 5 £ B e b B0k
THEGEERR R R . LI EE R BoR, HV1 S8
X i F A P AR 4 B A R I R N A K e
BH I (R A VR L A SRR B 85, 47 % . T HV2 S48
Xof T FE 42 P bR 4 % 0 4 2 K TR R HR AR P MRS 4 1 £,
] 7] BR T TR R B 0 243 0 R 99. 45 %0 F 98, 2204,
UL HV2 S22 % it FY 420 PG AR 8 €5 ) 7 ok 1 A 1 46
VUMK 4 8 (A A A IR W B RO Pim 2R .
3 A 0 A ) S 4 R SRR T 7 T 4 Y 3 0 Kk
L HV2 440 0E F1 (126, 12450, 9) %) B 5
F HV1((116. 36 =1. 06) %), HG((97. 59 +14. 86) %)
HEEEK ((95. 5943, 12) YOO Ff & . Ui B JT 7y 55 2 X% 40 g
TEMHIEM.

Liu &8 7 BR A IIE 1 FH BE AR 80k 7 il 4 T 4
e E S ISR RER e R ZEZE A4
BT AN 5T RME /TR BN 22 )2 W O AR AR
KAEBES . LIS R BoR, ik CCK-8 & & 4l

BR L AR BR GOK A R R 2 T PR R FIE AR W
I 5 1) — AR AR BR N K A I AN B A A T RN A TR T
SR IR, 5K T R NOK A M L, 4 B (A A A
BREE AR AT R 20 S I TE SRR KT RN 2 )2
FEE S Al B A0 K A 3R T il S B B R IR (P <<0. 01D,
SRR K 0. 248 0. 062,0. 31940. 044, 73 4h, 3@
i LIVE /DEAD & a0 % F1 CLSM [EI§ UE S 55 56 fir
Wl E A AR LA IR TR M . 3 Bl R R 43 S B
FECE ML 4 RE . AR AOR S R R K ER
1Y) 22 )2 R AR A Bk 0 K A 3R THD %) B A A 3 ) L Sk
FTH = (P <70, 05), 6% EAH 5> 3 M. 0. 660 £
0.071,0.63840.061,0.5404+0.057, 7 Kjg =4z
] B A M S A Gt = R

Lee S50 B 206 W e (PED 51 A B R £ 11 i
(PDA) & i i BR FE I b, 15 321 5 8 e (9 4 Bl 2 1 4R
Ji 2 1 Sk i fth BE (CFT) #F 47 1& ifii . 45 8] Ti-PDA-
PEI-CFT 4544, 253 WoR AR EE 5% 24 h )5, Ti-
PDA-PEI-CFT #4 e} 2 T il £ 1 5 f 7 A 4 2 € 3 %
BREAN A AR B4 90 18, (1744+10) mm 2. A 1L
F- 4l Bk 2 1 41 B A7 T B 208 2> (P<<0. 001) . Ti-PDA-
PEI-CFT # B R H AT RE DT IR T A MR 9% 1 R.3 K
M7 KIg. WMAE R ((107. 6 1. 1) %, (172. 9+
2.8) % ,(294. 015, 6) %0 AH bk F 4l Bk 3= 1 (%) 20 il 77
R (100 £ 3.2)%., (136.7 &£ 1.1)%, (254+
15.7) Yo F W F A (P<<0. 001) , 6 BT iZ 44 G 40
J Pk
5.3 %4l

VT JLAE SR F 9 K 45 70 45 7 240 T A2 08 19 AL A
Y& 77 DA S SCHBE T 9 B R A= Wy BOR 12 8132 ¢
T 33X B 99 K 5 40 gt 527 30 W B | g e B 45 L HOSB RS 1
KRB 9ok 3% H S5 R AT A RO BB 45 Bl A T Y )
R VR 20t 58 2 3 0 A [ O ik R0 R ) SR il
B IX PR A bR

Sjostrom 45 H A AL TR TE Ti6 A4V & &
T M F HAL 20 nm WY KET S50 . 5 X I8 4 A
It , LIVE/DEAD %t (25 5 /R 4 K 5T R 1 LT 2 1)
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