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Zirconia Reinforced Trace Element Co-doped Hydroxyapatite Coating
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Abstract: Zirconia is a kind of prospective hard tissue implant materials, which possesses superior mechanical prop-
erties and excellent biocompatibilities. To promote the stable osseointegration between Zirconia implants and tissue,
zirconia-toughened trace Sr-, Si- and F- co-doped hydroxyapatite (ZrO,-DHA) was coated by plasma spraying on zir-
conia. The phase composition and structure of coatings were characterized, and the mechanical properties and in vitro
biological properties were investigated. The results show that co-doping of trace Sr, Si and F enhances the biological
properties of coatings on adhesion and differentiation of osteoblasts through the signal transduction pathway of osteo-
genic differentiation. All of ZrO,-DHA coatings promote the cell viability and gene expression in osteogenic differen-
tiation of MC3T3-E1. On the 7th day of cell culture, the relative expression levels of Alp and Col-I in the ZrO,-DHA
coating containing 70% DHA (7DHA) were about 2.8 times and 2.3 times higher than those in the ZrO, substrate
group, respectively. Mechanical properties of ZrO,-DHA coatings are improved with the increment of zirconia ratio.
Hardness of DHA coating and 7DHA coating are 250.8 and 313 HV respectively and their bond strength are 25.1 and

31.8 MPa, respectively. 7DHA coatings with network structure possess both excellent mechanical and biological per-
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formance for the implant coating application.
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SUE NP2 3B 7RG, 78 O A AR J7 TH 1 8L
G N A A M B AR R B i . 5
PR S Bets I A2 K gy, AR YA b R
S REESE, ghah, AR RE s L B H
PRI BIR, k4B Tl A T e AR R
p NN e P TN U 0 A AN N [ E AR AR -
TR &, 78 H AR )& AR IR JE 2 e
BN AR R B S A 75

¥ 3% K A (hydroxyapatite, HA)/E MM AR iR
MBI CH ZEImIKSE, £S5 AR KA
SERI AN N T B B B BE ARl o T R AR B 1o
IRAEGHBRESBH LN M Z M ETLER, MEIGHR
B9 (1) 32 5005 KA (DHA) 5 N A4 B8l 2K A 45 7 TR 42
T, H A UE B A S R P A 3 A B D R A
NP FE B, BT HEAT R T R B A R
IRATHFFCENE T 3 W st SR, B A 1 v
JEE e P A8 A 0 S A A A7 A S A T P S R B
H, R IR A SN R R
BPIM R &SGR E, & H oo — s iE ) a
o iE!,

RIS s TR Ry DN I RSB b N S R
RIS H ok WAL BN AR A R B K A IR
JEAIRWE S . AWFFORBER . fE. B EB AR
KA (DHA) 5 A B A R LL B B &, it 555+
W IR VEAE A RS S b & S A G WD AR
R EB AR K A (ZrO-DHA)E &R 2, FEXT
W E 0 77 Re AR AN A W 2 VE R AT T AR .

1 LWHZE
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FAEEFENT $10 mm*2 mm FT ¢25.4 mm=2.5 mm.
AR R 43 90 T B 75 M BT 9% 28 AT 95 S I8 A+
34 Ca(H,PO,),-H,0. Ca(OH),. SrO. SiO,. CaF,
MAY % A-TEFEFEBERE — 51 (PNPP). MEME T (MTT).
T HEEPUDMSO)E B BT R T A 7 o /N B
HUR4H A MC3T3-E1 14 5 &L 40l 2, o-MEM 5
FrHE . H-FENPUIE EFRERCHER, R4 IS e B A
NV, - H B EREA(B-GP) PLIRIMAR(AA) H
PORGFD B B2y R S Pt H AL R EE.

1.2 KWAZE
1.2.1 AREHHE

A Ca(OH), M1 Ca(H,PO,), H,O AJE KL, LA SrO.
SiO, Fl CaF, NI E G E 5| N, KL S B HA Fl
DHA. =Mt &SRB BT R,
HAE DHA )i &5 805 RN E 0 KA R ¥ —
F SR Bk % Ak, JEeP, DHA
M ZrO, 73R E L N 7:3, 5:5. 3: 7T HEE
Hro AL EE B AT 2D 1 2R THDHURE B, AR5 16
KA E F W5k %% (Dualumsch. Wasser, Sulzer
Metco, Switzerland) % 18 £ 1 A B ik = H il &
HA/DHA IRZMRE 338 7:30 5:5. 3: 71
ZrO,-DHA ¥ )Z (43 Aic A 7DHA. SDHA. 3DHA).
BB ERERTE 650 C b AbEE 2 h, .
1.2.2 FTIEF N E 4R

X R ATHMX (UltimalV, Rigaku, Japan)Fll{é 5
AR 3 21 A 6 12X (IR Affinity-1, Shimadzu, Japan)f&:
WUFE SAHZH R . 4347 HL45%.(s-4800, Hitachi, Japan)#il
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1% % 7DHA. SDHA. 3DHA % /2525641 F1 DHA ¥
JE 5 IR . 4k Al B 1T (HMV-G21DT, Shimadzu,
Japan) f1 /7 f& ik 56 #L (UTM  5592-F2-G2, Instron,
USA)AI i 2 48 FE AN 25 & o B2 Al 2 Al o L ik
FRIRJZ R 10 A SOINAE FEAE, 3 fe il ae LA I 45 20
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Table 1 Plasma spraying parameters

HA/DHA  ZrO,-DHA

Parameter

coating coatings
Primary gas flow rate/(L-min™") Ar/40-41  Ar/40-42
Auxiliary gas flow rate/(L-min") H,/6-7 H,/8-9
Carrier gas flow rate/(L-min ") Ar/6-6.5 Ar/6-6.5
Powder feed rate/(grmin ") 18 20
Current/A 650 570
Gun transverse speed/(mm-s’l) 500 500
Standoft distance/mm 100 100
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A KRS BT . 20 E K bRk GBT16886.12-2017,
il %R BRI -
(2) AHRIE ) S50 A EEPE VT2

WERER K G BT 24 L, MC3T3-E1 L 4x
10* Cells/well 4570, 4N BE J5 B #1375 4 97 4%
B 0.5%MA2F L35 HIFE RS 7R 55 24 h, @
A 100 uL ¥ EEN 5 mg/mL ) MTT BER, 40 i 4k 4
9% 4 h JEWCHEFL AR, BIN 500 L DMSO 743
TEAREE S, WL 300 pl 8 (AR 2 96 FLIR, BEEAR{X
(Multiskan FC, Thermo Fisher)f&ll 490 nm FJH% %
£ o I v H A B AR X 1S {E %6 (Relative Growth Rate,
RGR)KVFN IR Z 40 EE 1%, B RGR=(}% Z 4 W
JEE AL/ 3 4 X6 HE AL BE ) < 100% 0 57 RGR =100%,
U A C SN
(3) 2 ML P S 58

FHIF D700 2 LA, FE3EFP 1.6 AT 12 h J5 )
FREFRWL, AN 500 uL 4%% EHEEEE 15 min,
PBS 1 2 ¥k, BESEHI 300 uL DAPI %6 4k, 13
B 6B (TH4-200, Olympus, Japan) M52, &F
ANFERBENLIER 5 NS [F) A0 40 HE S E v St i, 48
L (ets) 73
(4) TP Tl T ol s 2 S 5

KA IR 7 92 B M 22 FLAR, 4T B 0 B i o 48 i i 75
SO RE, B2d Bk, TH 1.7d &R
35, NN 0.2% 4738 200 pL ZEAR40 M, Y S o 2
RS 0, WRE F3EWR 50 uL & 96 LK, A
100 puL #E N 1 mg/mL [f) PNPP T/ETK, 4% 77
ZAF S E 30 min J5 FEEAR ORI 405 nm TG
J% ODarp BCA £ RG] GG M 4L 4 2R (1 i (mg),
ODpp/ 2 8 FME H (x£8) £
(5) JH A AH DR JE R 3Rk s 56

HH IR 7 V2B Rl 22 FLAR, 4T B G B 5 o 4645 5 40
TR, B2 d ¥R —IR, F58 1.7 d&IbREFE,
A 1 mL Trizol #2240 M RNA, S 554 A cDNA,
% I & PCR 1Y (Step one plus, ABI, USA)J $4 pli &
SHAAHSRIEEIA Alp. Col-1 NS IR Gadph (51907
I 2), 133 Ct1E, 1 ACtIETH &4 &3

x2 3F5
Table 2 Sequence of primers
Gene Sequence
4l F: 5-AACGTGGCCAAGAACATCATCA-3
7 R:5-TGTCCATCTCCAGCCGTGTC-3
Col-I F: 5-CCAGAAGAACTGGTACATCAGCAA-3
o7 R:5-CGCCATACTCGAACTGGAATC-3
F: 5-GGCATTGCTCTCAATGACAA-3
Gapdh .

R: 5-TGTGAGGGAGATGCTCAGTG-3

(R RIL
(6) BUE W b Ge S

FHIEI 7 V5400 22 FUAR, 20 B U B i o 0 2 0%
PR, B2 Al —k, T58 14 d &b, AL
A 4%% EHEE 500 pL [E % 15 min, PBS JE¥E 2 5
IANFE RS Yt 200 pL BEEH D 15 min, PBS
BB LG, TR B R TSR
1.24 FELIE

AT 583 & K14 A Jade6.5.OMNIC32 . Microsoft
Excel 1 Origin2018 X FAb3  /E . 2 2H 2 [H] Eh 3R
F ¢ K05, p<0.05 N EA B EM.
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K’ 2(a~c)73 ) TDHA % 2 £ 1 5% 5 () SEM
TEA K& Ca (4%f8). Zr (W5 €0) 0 R i i) SEM JE
ERIREIXIR(A) N Ca ) DHA, KAGXIEB)A
710y, B 2(d~HF1E 2(g~i)7r %2 DHA. 7DHA.
3DHA IRJZ P IR B, 7T 0L DHA 1 ZrO,
TE 2 I = 4E 45 Kb R FLAS A A SR 25

3(a)s& HA fl DHA ¥ 1) XRD K1, #5557
LW K A bR UETE (JCPDS No.09-0432), 2 A 5256
G T BREEBEKA MR $E By 26=30°~35°1 8
K, W UL DHA WAL B T A8, WHHITRISIA
fif DHA R4 T fAk i A8 . B 3(b) N & 1) FT-IR

1 S ALHEE A (a) 1 DHA %2 K Hi (b)) SEM i )7
Fig. 1 SEM images of ZrO, substrate (a) and as-sprayed DHA
coating (b)



182

R

35 %

K 2 7DHA ¥&JZ1 SEM & Fr (a)F1 70 % 4 A1 133 B8 A (Ca(b)Fl Zr(c)); RJE 1 (d~f)FI#L TH (g~i) 1 SEM B F:

DHA(d, g)» 7DHA (e, h). 3DHA (f, i)
Fig. 2 SEM images (a) and elemental mapping of Ca (green) (b) and Zr (blue) (c) of 7DHA coating, and
SEM images of surface (d-f) and cross sections (g-i) of DHA (d, g), 7TDHA (e, h) and 3DHA (f, i)
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Fig. 3 XRD patterns of HA and DHA powders with inset showing the enlarged parts (a), FT-IR spectra of HA and DHA

powders (b), and XRD patterns of 7DHA, SDHA and 3DHA coatings (c) with enlarged pattern of 7DHA coating (d)
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23.1 REXMMEE R
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MC3T3-E1 4 U3 /1 1)5% 0. DHA 21, 7DHA 4.,
HA ZH AL B T4 217 OD 18 2 1 4(0.460.02)
(0.44+0.02)~ (0.39+0.01)F1(0.37+0.01), %20 %= 747
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Fig. 4 Microhardness and bond strength of coatings (a), and
the section image of stretching test (b)
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Fig. 5 OD values of cell viability test (*p<0.05)
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F& 1y 7 d Ja MR s B B v PEA R B o mT L B s 77
] ZEK, ALP 35 MEIZ #4558, 7628 7 d, DHA 41
F1 7DHA 4 (1) ALP 3 4 43 714 1 (0.96+0.02) F1(0.89+
0.01) OD/mg, PH & =T HA 2H£(0.82+0.01) OD/mg,
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Fig. 6 Fluorescence images (a-f) and cell numbers of cell
adhesion test (g) (*p<0.05)
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Fig. 7 Optical images of MC3T3-E1 cell Alizarin red S
staining (a-f) and comparison of ALP activity (g) (¥*p<0.05)
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Fig. 8 Osteogenesis-related genes expression with culture time
(a) Alp expression; (b) Col-I expression (*p<0.05)
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WER RSB YEREIR T I R R R . SRS 1Y AR T
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SEVE TR 3R m s Y, Bs R EU PO,
i HA 7 A A G A B 22 (1 S R >, S &
3l HA G R Ca(2)a e, 51 SAx Ghia! . AT
A ) DHA (1) XRD Bl A, KRN &K A T4
2, R ER I G N KA g, RS
T ORGSR . IR O R N R A R
R T DHA FEVRIASE P (AR, Bl s
A T By 20 M 43 WA A e AR R o, A R
YRR TEE L JR B IR AL B O R T AR Si
FORF U 3k B 200 M 8 5 AT 3 A 142032 Ak AR
YR OB L 4E SRR W, ASHIE 7T i) 4% 1Y) DHA
R B PRI iy T B A £ e R RVE RN,
AHEET HA R ZERIH B

B o A DG IR DR R RIS H R, AL AR A
WE T PR B PERE SIS SR . ALP AT Col-1 &
BCE AR EEDIREER H, A E R AR AR
oy B R B RY S T R HE T EEAEA . R4
Mu¥57%56 7 d, DHA REM Alp Fl Col-I1 FRik =2
ZrO, M1 3~4 £, RS T HA BRE. Buin
5| 2 BA Runt A58 5% K7 (Runx2) LA & Wnt/B-catenin
GBS T p-IE N E H (B-catenin) F 45
8 (Fzd8)) ERDY iiizfs S @maeEsRE
KB R RIEOVER . Honda 5B NI B & ik
B4 HA W] _F e 7 A 08 A Alp Col-1. Opn.,
Ocn Fl Runx2 3215, Sun 20— 3580 T 12k
I HA X 2235 20 M BUE 70 4045 5 38 B AH O B A 1)
Fik, KIL Mapk3. Fzdl. Wntl. Lrp6 F Bmp2 1
w2k o Li 2PV SIE A Y SR B 4 HA A B ALP.
COL-I. RUNX2 #1 BGLAP I{)%%i%, Wang Hf 5"
R MEEIB S HA A[8 00 Bmp2 1 Bmp4
1315 . ZrO,-DHA WESHM. . WM EFigE
JUE, — Mot ERE A A LS R
ZrO,-DHA ¥ 2 1 BB I 1
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ZrO,-DHA ¥ 2 IR BB P Be 53 = 1 DHA 1Y
FEEIEMG, DHA MEEZ, REEDELE
BT . MTT SEe 45 SR EK B, DHA iR /21 ZrO,-DHA
WEXT MC3T3-E1 8 PFH N 0; 115 ZrO, 2414
tt, DHA 42 #1 ZrO,-DHA 15 /2 EAN R L fE _E 1 an
TG ST AR CE A SE AR SE, DHA ¥R )Z
ZrO,-DHA ¥ 2 1) - BA0E s B VE R B AR T ZrO, 2
F. iXsesk B oK ZrO,-DHA 15 NG EMBHER
AR B 1 Re 7 T B A B A .

ZrO,-DHA IR JZ 1125 RE S ZrO, B 2 IEA R,
Zr0, SR Z, WREJIF R . SRR
TR B ZrO, I PIEH, SR A LS B R
1) ZrO, ISR, 58 EM ML S TR
DHA 5%, DHA Fl ZrO, ¥y R 7E % 5 . W42 557 TH
GHEES, WAREANELE 8, EEIEEM L
DU M B AZ 2R . BS54, T = 4E IR &5/
XL ZrO,-DHA IRJERT TR RIS J1. KL
IR F7 B & 32 68 1% DHA 29 2427, S
NI EERTZH 2N R HE K I B B 3

ZrO,-DHA & JZ W AW iE v B A B gy, H
T7DHA 32 W BB S I T HA WRE. 45
B EERE T T RS, TDHA 27 5 IR %
B RN 6 RN AR B2 B R 2 AU T P A T
HA &2, & —MEAERAEYEEREME .
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A S0 I T S B R A LR AR A ) %
THL. BE. FMES AR K AR A A A
AL, B B ESERIESIKAORE, NEMLES
FENAR R T O PR AL T8 Ak . @ iR E I )
2k RE VAR SN E W) S RE BT T A5 B DL 2518

1) DHA & EEARAMG 5B S et T HA
WM ZrO, Fobt .

2) ZrO,-DHA /2 AR e 1 e B AR T ZrO,
Fbt, XREHEE TR DHA 45 YL g 1. ZrO,-DHA
HEWREMRERE RS DHA & & 2 IEH.

3) ZrO,-DHA iRJZ 117 Eae W] B0 T DHA
WE, WEF 7210, 5 DHA B AR =4k
ZrO,-DHA 2 15 R85 ZrO, & 8 2 IEF %,

4) MXHT HA )2, TDHA &2 ERSME i
PEREAN Sy 2R R T A B B R 3 . 7R AL A
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