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Abstract: Nitinol vascular stent can trigger thrombosis and restenosis, but lacks the ability to rehabilitate with injury
still to the blood vessel wall. Thus, surface modification to the stent is indispensable for nitinol surfaces to realize
biological functions of anticoagulation and accelerate endothelialization. Here, tantalum ions were implanted into
nitinol surfaces by plasma immersion ion implantation and deposition (PIII&D). Physicochemical and biological
characteristics of the modified nitinol surfaces were analyzed. The results show that the Ta, Ta/Ta,Os, and

Ta/Ta,0s5_/Ta,0s-containing modified layers are formed on nitinol surfaces with extension of implantation time.

Among all samples, the modified surface containing Ta/Ta,0s_,/Ta,O5 phase possesses better hydrophilicity and
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provides more sites for cell attachment to promote initial cell adhesion and proliferation. Compared with the solely

Ta-bearing surface, the modified surface containing Ta/Ta,0s_,/Ta,Os shows superior hemocompatibility, on which

fewer adhered platelets are observed, maitaining an inactive and original spherical shape. Besides, the hemolysis rates

of all samples are far below the threshold value of 5%, indicating that hemolysis hardly happens. The results indicate

that Ta ion implantation modified nitinol stent has a potential application in reducing thrombosis and accelerating

endothelialization.

Key words: nitinol; tantalum; ion implantation; hemocompatibility
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Table 1 Process parameters of tantalum plasma
immersion ion implantation and deposition

Parameter Target Cathodic arc
Voltage pulse duration/us 500 800
Pulsing frequency/Hz 10 10
Implantation voltage/kV -15 -
Implantation time/min 30, 60, 120 -

FH, Hd 30Ta-NiTi. 60Ta-NiTi. 120Ta-NiTi 73 7 %%
7N Ta & FHEAN 300 60 Al 120 min FRIFE M
1.2 REAEREHRD R

K5 R 5 T B (FE-SEM; SU9000,
HA)TEA A5 50 R WA RE RSN, KA X 4
LEATHHU(XRD; D/Max, Rigaku, HA)RAEFE SR
MRS, R X S48 7 R8I (XPS; AXIS
Supra, JEE) TR SR CRA D 5HFENA,
1.3 REEEMERE

% A2 ik /11X (SL200B, Solon, China)ZiF
B T 3 7K 1 4 2 L Bl 7K T B SRR S R 1
TR AR E S I8 3 4 AR A3 R % B A = AR
HH VB ek A
1.4 TS MR R

T AR A 2R o M R SR TR e RE . SR A
= HM HLAL 2 TAESE(CHIT60C, iR A 384T TR
AFDIEAE A 2R, BB 0.9% % A
W, FESAEN TAE Bk, SR EN RS K,
B AR A S LA F % R R 400 s i EAT IR,
TAEHEIEEZ-1~1 V, F#fEZEN 10 mV/s, FH
FHKHN 1 mV,
1.5 41T AIFEM
1.5.1 ZHpaEsF

WRESH 75% CBEEIOR W, TREH . A
ik N B 4 BB(HUVECS, Cell Bank, 1 EFRFEE) LA
10% cell/mL )% B P70 K B FE S 10, A MEE S
W 1 mL AHMETEIR, BTA A MR TG B A0 s 9
FarRE IR — eI E .
1.5.2 ¢RBaZhH

MG FE) 1. 4. 24 h i), BEFEEHRE H
T 2 2% 14 (Phosphate Buffered Saline, PBS)Z% ik
G, FH 4%% K HEE(PFA, Sigma, 3E)[EH 2,
BT 4 COKFE R PBS JH¥EE I 0.1% Triton
X-100 (Amresco, 3% [E)EFE4 P, PL 1%H7 4 1ML
5B A (BSA, Sigma, 3% [E)E A0, TR
43 A9 677 FITC bric 1) W 2E R BE (Sigma, £ H).

4',6- kL -2- K FE M| W (DAPI, Invitrogen, 3 [ )4
A B AR . R, TEBORIE R E R
(TCS SP8, FHE[E) M EAS [F] i HH 20 ffa (1) 3 P T3S
1.5.3 &/ LR E
Hiar4dfa, BEEREFRW, H PBS HMEME.
K FH ¥ /R4 B G 2455 & (Bio Vision, 3¢ [E)PEAN A
il % T (A M B 1, 30 IR R B B 225k ¥ PBS #
B i N BB L 3R T, 37 CEELIFE 30 min,
TR PBS 22l e =i, @It 2 ' A e W 8%
TE /Gt 25
1.5.4 ¢HpEIEIE
RS BB FRR) 1. 4. 7 d I, EBEE IS
10%F /R ¥4 % (AlamarBlueTM, AbD serotec Ltd, T
ED R 7 3L, AR RIS 2 h, #B4
JEWHL 100 pL IR E] 96 FLAR, I EEbRAX
(Synergy H4, Bio-Tek, 3% )il =526 5m .
1.6 Mmi&HEBEFN
1.6.1 &AM
P 5 B A B A 5 i R ) N AR A i, L VR B
FUE 228 22 R K B 0 AR B L b
FEmE T 24 L, BFLINA 1.5 mL 0.9% % 4k4H
W, RS BN ISR 0.9% FALENE T
AR 2K 3 A S B 6 R ZEL AN BE 1 o R 4, 37 C e
TEAE AR 30 mine BEFLANN 30 pL i BEHT & A
A, $E5)JE AR 1 he BUFLBOR ST B8
L, 3000 r/min B0 5 min, B 100 uL _Ei&E BN F]
96 FLI, Wi EEARXAE 545 nm K AL L
FE o MRHE DU A KR 2
Hemolysis rate (%) =
ODtest - ODnegative control
ODpositive control OD

1.6.2  I/MMEFEHMIFIR

P AR A7 1500 r/min R B0 15 min, WREX
W E R B E /N I 2R, RN A 2R TR N
60 uL, BT 37 CHEIRF AR 30 min, MIA 2.5%
I (E R, Rig)EE e, BT 4 CUKAE
R HBREEREE R CREK . /7S A
e iR K, 7R o7 R T % I /N AR B it
U2
1.7 HBESZITHH

I F 43 HT 8% £F GraphPad Prism #H47 £ 4t 115
Bro I —4ET7 2 AP B LI AR B 2 R 2 S
fTEERENES, BHLEZR /DAL 3/MNE 8.
BE B VEZE R KE p<0.05 12 <+, p<0.01 i K
“rEk? n<(),001 0N CEER,

x100% (1)

negative control
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FE X L (1 T S5 U 38 5
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BX NiTi. NiyTi 422

Ni+Ti—NiTi+67 kJ/mol )
Ni+Ti—Ni;Ti+140 kJ/mol 3)
High magnification

Low magnification

NiTi

60Ta-NiTi 30Ta-NiTi
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Bl R ETESR SEM Ut
Fig. 1 SEM images of surface morphologies of different
samples
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Fig. 2 XRD patterns of different samples
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XPS A3l 45 5 (K] 3(a)) R B, Ta B FRUIIEAN R
PR, 30Ta-NiTi. 60Ta-NiTi. 120Ta-NiTi ¥ ¥
[FIZRTH Ta JE T &0 3N 0.67%-1.72%- 1 6.45%
MPEERAK R Ta JLE XPS w4 ¥ Bl R,
30Ta-NiTi. 60Ta-NiTi. 120Ta-NiTi #£/# ) Tadf =
I3 R A7 AE W 5 22 5 (B 3(b~d)). 30Ta-NiTi £ 1Y
TEAEALT 22.37 eV I Tadfy, FRAEUE, KT 85
Ta™). 1 60Ta-NiTi FE & & A7 7ELL T 26.05 eV
(Tadfy))Fl 27.94 eV (Tadfsy) IR AE IR, Xf 5 T
Ta,Os. FR Ta H1 TayOs X871 4RFFEUE, 120Ta-NiTi A
AIBAFAERL T 24.35 eV ] Tadfy, FRAEE, XN T
Ta,0s >, VENK Y 30 min, Ta BT EEHAE
BARRE, LR Ta JEXAETE; FEARAIEK 2
60 min, fREKRME S PEZ N Ta & RIS EMIFHTH,
B S N B AR RSB TE L TapOs; 33 NI [A]
FEKZ 120 min, OPEERERRIE Ta PIAT H S —20
WK, B AR A 11 AL S M LUK AR ER 3 T 1) B2 Ta 56
SR, OB A R AL TagOs o IREE SRR,
T AR E], MES R TS Tay Ta/TaOs
Ta/Tay0s_,/TayOs = Fi AN [H] 25 7 1) S0P Bk 2 T

oA ARk 2R T Y42 V0 A 2 S e A 1 RN B R4 i A K
TR SHFEMPEAAWE 4 PR, BRI
30Ta-NiTi £ il B F 5379 9 75.82°F1 64.37°, it
BHYE N Ta & 1 0] 6 0 B AR SR THI S K 1, IX nT e A2 2
FHENEN T HRERR T 520 60Ta-NiTi F it F2 fih £
J/NZ 60.18°, PR H K M7 4E Ta,0s, Ta—O Bl it
KEVER R Ta-OH L[, ¥HR|F K51 H
120Ta-NiTi A 4% M/ ik — BN E 45.67°, X
T RE S R T AR R R AL, 7K T W I 72 SR 25 B Ak
TR, AR FRFEPO i K G .
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Bl 3 (a)FE MR XPS 421 Al (b~d)Tadf 573 JF P itk
Fig. 3 (a) XPS full spectra and (b-d) Ta4f high-resolution XPS spectra detected from samples’ surfaces
The color figures can be obtained from online edition
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Fig. 4 Contact angles of various samples
The color figures can be obtained from online edition (**: p<0.01)
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Fig. 5 Polarization curves of various samples in physiological
saline.

The color figure can be obtained from online edition
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Table 2 Corrosion potentials and corrosion
currents of various samples

Sample E.on/V Iwrr/(A~cm’2)
NiTi -0.288 5.65x107°
30Ta-NiTi -0.288 6.37x107°
60Ta-NiTi -0.261 6.69x10°°
120Ta-NiTi -0.251 6.62x10°°

o WFR L haE, AT ARG Y UM R R T, SR ER
R, SAFEMPRINES A REZR, KV Ta &
FHEANRFERNR KB B 770 B K F) 4 h, 4000
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Btk AR BB TR FEfE Ta &1
NS AR R L, iR 2 2R 2,
i P TR ARURE K, 3R Ta B8 -3 N e w1 2t &40
Bt e, X 0T REL Ta R 040 MR AR 2 1 DA R o it 36
TH] 584 1R S K A R

iEH HUVECs PN % 4LRE 5 3R TH 10 40 B 35 14,
HIEEA gt 2 (- 7 EoR, 9% 4 d Ja R
NiTi Ff R A K R4, KK B8 BI040 jy,
30Ta-NiTi. 60Ta-NiTi. 120Ta-NiTi ¥ 5 BB
gt gt B, R Ta B FIEA MR E A R T
LR e v, Lt

4 0 7E B ) 2% THD 855 77 A [R] B (8] 1) 386 B 9 14 G
B 8 iR 1598 1 d 5, 2% 4LRE 2% 1T 40 B ) 48 B v
PSR W 22 5 K BRI A ) 4 d B, Ta & FiE

60Ta-NiTi

NiTi 30Ta-NiTi

120Ta-NiTi

24h @

Kl 6 HUVECs fEFEMRIIIEFR 1. 4. 24 h (56
Fig. 6 Fluorescent images of HUVECs adhered to various
samples at 1, 4, and 24 h

The color figures can be obtained from online edition

NiTi 30Ta-NiTi

60Ta-NiTi 120Ta-NiTi

Bl 7 FESRTIES: 4 d 1 HUVECSs W& /040 i 4% .98 %
K&
Fig. 7 Live (green)/dead (red) cell staining fluorescent

images of HUVECs seeded on samples for 4 d
The color figures can be obtained from online edition
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2x10°

1x10° -

Fluorenscence intensity

1 4 7
Culture time / d

K8 HUVECs #FEGRERETR 1. 4. 7d 9IS
Fig. 8 Cell viability of HUVECs cultured on sample surfaces
for1,4and 7d

The color figures can be obtained from online edition
*: p<0.05, *: p<0.01, ***: p<0.001
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W ZDAH . I /NER S IR 43 5 Ta RT3 £
Hfr, 3 HAHHERR, D8/ R A 23 IRORL B, BRI
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A RAARME - PR 4R AR S TayOs fih
JG, BT #HAETW E R RE FRIE L, Hi
HAMRY TaOs [ H T #H, & A AL,
Kt 44 Ta,Os 1) 60Ta-NiTi F1 120Ta-NiTi £f i %
T 5E ) T B A1 a2 B 3 ot % 005 % R 4 P 9(b)
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B9 (a)bF: i 2 T ¥ L /INASOR B SEML HE J 11 (b) & 2L i 11
RIS

Fig. 9 (a) SEM images of adhered platelets on sample surfaces
and (b) hemolysis rate of various samples

Arrows indicate the stimulated platelets; The color figures can be
obtained from online edition
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