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BA e AR AEYRE B S A, IF
VE Ry AT 0 W R A B R T S 52 6T A N 1%
(by mass ) FJEEF5 & 4 (Mg-1.0Ca) 5 A A8 % 14 B
Je PERE FIHLAR P REAH ) 48171, Mg-1.0Ca & &4
AR IR 5 o 38 il 2R PR, M S A A Y
A R A DT ECE) N ST AR IR IR N EE S 4
JE3 ek 5 i 3 23 T 45 R M T Y — A TR AL

LG DU (Mytilus edulis ) J& 22 W $& B E g DL 2
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1.1 ik #
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1% (by mass) Fr g FR A H 4 °C BEEAELE, IFH 1 %
FEERIEI (pH 4.6) Hii B Mefp-1 BB E 1
mg-mL" B BEES G 4 R TR LT R A T T 4 TR
B 1 h & 10 mmol-L* NalO, i& i EALFE 4 1 h, Al
S E AL FS ( Mefp-1 A IE)Z.

1.2 &

{8 i S-4800 471 4% HL 455 A1 JXA-8100 HL F R4
BB W Mefp-1 8 112 T8 550 A0 I )2 4k =% ml
gy R 1 W05 (CSPM-5500, AFM) A JI5 )2
AR RERE 5 R 3 T R AIE |, B AT AR 4R AL, FL R R 300
kHz, 5 2 %0 40 N-m™, 5 @i #5520, 938 1 Hz, [
1% F1 CSPM Imager Analysis 4k 14547

& F Nicolet-8700 I df HE I o 21 4h S 1% AX
DR i A 20 A0 615, 3 B 2 em™, FHHE IR
1024 ¥, 32 S5 F 1000 ~ 1800 cm'™.

fdi F§ Autolab PGSTAT30 Hi, fk 2% T 4E ui k17
HL A2 I, = AR &R (BE S & & TAEH A 40
J %l B AR FNAR A H SR 2 HE ), 0.9% (by mass)
NaCl %5 W -5 004 3R K ), = 3 ((25£2) °C)
DAt R AT A A il £ Fl A7 1 6 Y D -0.2 ~ 0.25
V CHREFF B AL ), S 3% 2 mV s, DL AR T
FHHT I R 1 10 mV, SR [l 10° ~ 107 Hz,
ZSimpWin {44814 .

2 RS
21 FRERIHE

K1 HEERS A 4 R T Mefp-1 IR 2 A Ak b
FRATIE A9 SEM JESR B . BE Bl B/ o, kb
BB R SR kA T B AR k. R T (]
1A, 58 )2 3 18 A7 7 FL I AN G 249 60 J22 L) 2 22
P R 1R B A R R S A A BT R N 1 R
B, 2R AR TR R fa 51 . Nalo, & ik
A FE S (] 1B) , Mefp-1 8 1 IR )2 FL IR 75 2%, 28 15
BNV FETE B R 0 DR 25 4 SR T )2 L 2

1 AL A 43R0 Mefp-1 1R )Z A AR BERT (A) S
(B)y SEM it
Fig. 1 SEM images of Mefp-1 film on Mg-1.0Ca alloy be-
fore (A) and after (B) oxidation by NalO,

FEVER R AR 09 T8 B R B 4 K, NalO, %
FEAE X Mefp-1 J5J2 52 mi 4 K.

AFM A B 58 58 2 e 1 4. 18 2 o
AACALFRFT IS Mefp-1 2 1 I8 JZ R 10 1 AFM JE 51
K. RSB (B 2A) , Mefp-1 % 11 5 R AETE
— S R G SR /NS BB A 4T RO (T8 2A)
A, R E BT Y X sk URE R B i
Y B4 B T SRR AL B S B Mefp-1 B H B2 (K
2B) SR AR A W 25 S L2 5 B R 4 T
WU JE AR 0 e B . /N L AFM OB SR (1A
2B) AT Y, X S HE AR W) — 26 /)N 0 JORE 2H .
SFALR IR, Mefp-1 B2 SR, PR /N, 2
IR IE S R Mefp-1 43 )/ P9 A 156 11 2R 1 B
V58 1y 1] 25 0 5 L SEML B 9 LR 45 4y

1 5 BEES A 4 3R I AR M A R RE
AT A Ak T 2 v R A KL A
NI HLRE 2 850(S,) A 38 nm 3 Jin £ 47.8 nm.
Xt /N B I TET R, A SR A L IR R
H/N(9.4 nm) | 1M A AL AL B S EIEE N E 21.4 nm, P
2R B2 o Mefp-1 BOS5H) % 4 T I A1k
22 RERBETEN

K 3 NEEES A 4K Mefp-1 A IE)ZR C.O.
Mg .Ca Fil N JC R Ai . m] W Mg & BB AR A ROIR

Bl 2 BEAS G 4RI Mefp-1 8 M IEZ S AL FLTT (A, A" J5 (B,B)AFM IR J1
Fig. 2 AFM images of Mefp-1 film on Mg-1.0Ca alloy before (A, A') and after (B, B') oxidation by NalO,
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1 OWBL Mefp-1 BEE5 & &R m A LA PEAT (A ADJE
(B.B") M HUEEEE (55181 2 X))
Tab. 1 The surface roughness of Mefp-1 film on Mg-1.0Ca

alloy before and after oxidation (data from Fig. 2)

Sample  Fig. 2(A) Fig.2(A") Fig.2(B) Fig. 2(B")
S/nm 38 9.4 47.8 21.4
S/nm 57.8 12.4 60.2 28.5

X35 R B S A 4 19 LA A (B-MgyCa Fll a-Mg)!, iy
HEAE N,O Al C U M & w4 i, Uiz &
W T AL 210 Mefp-1 B 1. X H TEES G &0
M &G Bl AR S & 2k T IR A, B0 4 B pH (E 3
w, PRHET Mefp-1 AR A. B2 6 &t i
B Mefp-1 MR ATIALEEAH NITEMN
Yot I N Je R 2 53 43 A ATARER Mefp-1 B A
AL 23 534 . N TG 2R BRAE LI FHAL & 5078 i 4, 3
KRR 5], U Mefp-1 8 2 B K B T
BEES A ek, B ¥ 5.

Bl 4 45 AL A H S BE S A & SR 1 Mefp-1 2K
FIE)Z C.O N Mg il Ca JL &K 143 #i 8. H: C N,
O JCE Mo B 3450, 1 B 8 Ak Ak B A 6 Tl 2 1
L B P 2 — DG i A AR AR AR T T N JE R
1) e AR R S AR AR B TR AN, X T
5 A A R A R R AR A AT O
2.3 Mefp-1 EEHE

&5 7R Mefp-1 8 11 B2 AT 5 L0 A1
. AL, Mefp-1 25 RS2 7E EAL AT S i 2050
jElE F %A 1082 cm™ 1153 em™ . 1260 cm™ 1408
cm™ Fl 1580 e, 43 Bk A f B 42 B9 8k 31 . CH, 19
PR sl SRR HEh C—O BRI S IR 3 R R IR
Sl 4 S U0, AR BES (Hh 4k a) , 1260
om Ak 1 ik 04 5 R R MR RIS 1633 em”! b BT
— R T g B C=0 MR 351k B
HEAMBITE ZHEEMA K2 X FEHEE
2R R (1260 em 15 16 ) B A4k 2R T (1633
em’ 1) GIGR. IR R B 1% W — 7 T 1532 ~
1706 cm! 22 [a]122) 77 A 48 Ak A BEARE o 1 5 1 LA —
A~ 1580 em B i, X 2l T LA IR B A D
R Y & AR s 7 B 30 T R AR A A fkab
RS H 1633 e A BE T i 3R E C=0 Y 4k 3
T IS A N (B 4 22 LR b i R B R 8N, A
JiKEEH C=0 By TTHk. Mefp-1 B ATEBESS & 4 R 1H
() B A ARl 2 71 4 1) g R AR SR IRE A
XA SR R EOLE L LA 3 [HP
2.4 BUZESH

1) 4 Ak T £&

Kl 6 25t BE S A 4 HL A (a) MR B Mefp-1 1Y
BERS A 4 i (JCEABAL R b, EALAL ] ¢) 7E 0.9%
NaCl ¥ ¥ H i W Ak i 28 . 1E T 1) 336l 0 1 Ak il 28
A T B 4 A Ak it 45 T £ 07 el 4 1Y
e A 2 ) Ay 2% T I ok S R A 4 A Ak i R, X

& 3 KA AL A BREEAS A 4 R 1T Mefp-1 8 B2 C.O N Mg fil Ca JG % 1Y 41 &
Fig. 3 Elemental maps (C,0O,N, Mg,Ca) of Mefp-1 film on Mg-1.0Ca alloy without oxidation
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4 FALAL FEEE5 5 4 R Mefp-1 & B2 C.O N Mg Ml Ca JTE R 1943 A1i 4]
Fig. 4 Elemental maps (C, O, N, Mg, Ca) of Mefp-1 film on Mg-1.0Ca alloy after oxidation

K5 IR Mefp-1 BESG & G B8 i (TCE AL AL 2R 2 SH AL AL
b)Y LA G
Fig. 5 IRAS of Mefp-1 film before (a) and after (b) oxida-

tion

TETJ7 T I 2R, 25 1 BEES 5 &2 B Tl FEL A (B o)
h -1.646 V., Ji il L I % B (j) i 34.58 WA em?, AN
T (Eg) R -1.591 VIR E FH Eee N -1.592
V., 4 30.14 pA-cm?,E, A -1.532 V. A 0L, A
2 (i B 5 4 4 O o (7 IE RS, L o el 3 %
FEREAG, UL IR E X EES & & — R B
VEF. i 404k A 38 1 A 1k i 48 5 oK Ak i S A
G R Eer A1 jBCA W AR AL (0 LA AL X B 8 AR
Vi, By (ERS R T 0tV R B AR A A B S 1 R
P23 X6 B 5 5 4 114 J 0 S ok A B S VR
IXF AR T AR R AR A IR G ol R 2 3%

i G5 ) A A 2R BEAS A 8 B M -1.649V,
A ol PR 3 2 N 381.8 A -em?; 2K PR R Ak Ak
B BEAS 5 B 1 Ecr 3900 -1.661 V F1 -1.681 V
M 64.62 pA-cm? Fl 131.3 pA-cm™ A HIE J7 )
ek, —FMESE SN B B0, 5
G SRR Eor BENEBUN, FALAL IR Mefp-1
BB BN B 75707 MBS R 2. KA ISR
B Mefp-1 BEE5 G 400 j 3R AI%, M BEES & S k5 j A7)
SR e, UG AR 5 JFERE 2 A BT B IR | (AT X 6 45
B 4 0 A — 8 (DR APE T = FhoRE i X AN A
TEAR A HL AL (B , 150 W BE 15 5 4 30 T 32 28 52 05 1

6 B E B (a) FIRE Mefp-1 RYBESG & & B
(LRI a, S AL AL 2T ¢)7E 0.9% NaCl ¥ i iy
et ith £

Fig. 6 Polarization curves of Mg-1.0Ca alloy (a), Mefp-1

film on Mg-1.0Ca alloy before (b) and after (c) oxi-
dation in 0.9% NaCl solutions
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AR X L R A ALY, 7 AR TE Mefp-1 35 H R JZ A 5 KAk
2) BHAL I 5] 5 S5 6 4 R AE 0.9% NaCl % (9 Ha Ak 2%

7 BEASG B i (A A TR Mefp-1 HUEESS & & il (CEEALAL 3 B B, & LA B C.C')7E 0.9% NaCl 7 W A [6]
T3 U 1] ey B 3
Fig. 7 Nyquist and Bode plots of Mg-1.0Ca alloy without protein film (A, A'), with Mefp-1 film before (B, B') and after (C, C")

oxidation in 0.9 % NaCl solutions during the exposure for 7 days
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BELBTIE. QBB 7R BS54 0 B 03 [ 38 R 2L
PIASZEB0OIR, 4300 T IO B 05 5 4 ol 5 ik 1) L 4K
SRR Mefp-1 H2 1 B2 1998 1 5Ly #0742

8 7~ M EEAS & & AR MR T Mefp-1 HYEEES
G Ak P BET A A0 #, HoH Ry R Al Ry 4390
FERVS WAL PH | AR )2 E LR LR )2 F fr A S
L. BH, CPE; #1 CPEq 43l Ay 28 1523 OB J2 114
FHALFA TG B AL A T (CPE ) A0 S5 20 i
R AR L S 5 R TP RLRE R R R B A
K. CPE FEIET Y, Mn, Hiy, 5HEHK
INIIE B S W A 5 o F A O 5, (R
H0~1,n=0HK ,CPE N4iHifHl ,n= 1K ,CPE K
Z@ EE. %ﬁ: [25-26] .

25 B A A AR IR Mefp-1 EEES
B A R A BT IE ERG S8 S HBEm G &
REL I FsF ) SEE < T 348 A T 8 4 it o PR 3 2
ST A R T YRR G 2 AL A A AL

8 T GBS & & AR Mefp-1 MBS & 4
HL R BEL 470 33 ) 45 280 B

Fig. 8 Equivalent circuit used for fitting the impedance spectra

AT, WA Mefp-1 BYBEFS & 4 R AR Z HLFH R, 1
HL 167 2 % P L R 127 Wi 52 T B[] B 4 1 3 K B
Mefp-1 #5 FUIR 2 045 G & A — & P ihee )1 ,3
d J5 HBH BT e P2 TE, X BB IR i A B R Mefp-1
R G T BU% M LU Re g B G 4
FUm A RIS E S BB Z Y ORI

F 2 BETS G G ARNR . Mefp-1 HBE S & 4 B 19 BT IS R 8L & S8
Tab. 2 Fitting results obtained from the EIS spectra of bare Mg-1.0Ca alloy, and the alloy with and without Mefp-1 film

CPE; CPE,
Sample  Time R/ " R/ s Y./ R/ s Y./
Q-cm?)  (Q-cm?) f e (Q-cm?) o g
(10° F-cm?- ™) (10° F-cm?-s™")
Blank
1h 24 1185 1.88 0.91 593 1.75 0.85
4h 26 1389 1.77 0.91 676 1.58 0.83
1d 32 1600 3.57 0.88 669 2.30 0.90
3d 31 1594 3.77 0.85 981 1.72 0.82
7d 36 1780 243 0.88 1259 1.28 0.75
Mg-1.0Ca alloy with mefp-1 film (before oxidation)
1h 32 1268 2.48 0.89 657 3.05 0.81
4h 34 1716 2.60 0.89 854 2.55 0.84
1d 32 1993 2.67 0.90 1022 1.66 0.80
5d 29 2568 1.83 0.89 1636 0.95 0.75
7d 31 3975 2.04 0.86 2047 0.55 0.74
Mg-1.0Ca alloy with mefp-1 film (after oxidation)
1h 21 1355 2.76 0..90 558 1.69 0.95
4h 22 2264 3.01 0.89 748 1.64 0.99
1d 28 3265 4.08 0.85 802 1.35 0.99
5d 28 4142 3.55 0.82 1369 1.10 0.99
7d 25 2938 2.85 0.83 1500 1.10 0.92




. 64 - B otk F 2015 4F
W A B)ZM Y IR KR TSR Y, E, &N [7] Waite J H. Adhesion a la moule[J]. Integrative and compar-

2R BRAN Z2 AL, WY o Bl 32 9 BT [R] 528 37 9 /)
2 AR SR T B0

AL BRUR B Mefp-1 WBEAS & 4, H R 2
1o, LB TR 9 Ao ) S R L e n 3 d ik B A
A, Bl 2 SOFA TG S Ak Ak BRRT 4 g B2 4T
JEE R R T, s R] PN R R AR e HE R Y T e A
MR BT aE IR A R X 5 R LTS
Mefp-1 & 115 2 1 45 ¥ %% D) AH OGSk Ab 28 5
JRH Yo AEWI BN na (8 5 R Ak A BE AT R IR 1
K, BB B — o i A b v (AR /N
(4 08 BE U5 , VR 7 d B Y (EARRE R 1.10,n, 1H
TN 0.99 FEAREE 0.92, 156 HA K 15 i) 352 9 7T RE ff
JEA TR BT il R IR
3 & g

HIRER T IHE Mefp-1 5SS & 4R
(AL 2E R TR Mefp-1 EANRZR )G A5 H 4
0 Rt R AT S A R S o o S X 1 e
i Fof () 0 347 1 5. AL AL BR S Mefp-1 2R 2 &
T B 30 H ALK 495 4 A2 Sy 387 5 BOR 0 AR 454
Mefp-1 & I AR 3L B R R 3L, 2 3F Mefp-1
I3 F /1) S A B, LA 4 A 8 il g (0 1E A%, 3
WP RE A B T R AR T, T S R
PERER A FEAT.

2 % 3k (References) :

[1T Kim W C, Kim J G, Lee J Y, et al. Influence of Ca on the
corrosion properties of magnesium for biomaterials [J].
Materials Letters, 2008, 62(25): 4146-4148.

Li Z, Gu X, Lou S, et al. The development of binary
Mg-Ca alloys for use as biodegradable materials within
bone[J]. Biomaterials, 2008, 29(10): 1329-1344.

Wan D, Wang J, Lin L, et al. Damping properties of
Mg-Ca binary alloys[J]. Physica B: Condensed Matter, 2008,
403(13-16): 2438-2442.

Gu X N, Li N, Zhou W R, et al. Corrosion resistance and
surface biocompatibility of a microarc oxidation coating
on a Mg-Ca alloy[J]. Acta Biomaterialia, 2011, 7(4): 1880-
1889.

Liu C L, Wang Y J, Zeng R C, et al. In vitro corrosion

[4]

degradation behaviour of Mg-Ca alloy in the presence of
albumin[J]. Corrosion Science, 2010, 52(10): 3341-3347.
Haemers S, van der Leeden M C, Frens G. Coil dimen-
sions of the mussel adhesive protein Mefp-1[J]. Biomateri-
als, 2005, 26(11): 1231-1236.

ative biology, 2002, 42(6): 1172-1180.

[8] Zhang F, Pan J, Claesson P M. Electrochemical and AFM
studies of mussel adhesive protein (Mefp-1) as corrosion
inhibitor for carbon steel[J]. Electrochimica Acta, 2011,
56(3): 1636-1645.

[9] ZhangF, Pan J, Claesson P M, et al. Electrochemical, atomic
force microscopy and infrared reflection absorption spec-
troscopy studies of pre-formed mussel adhesive protein
films on carbon steel for corrosion protection[J]. Thin Sol-
id Films, 2012, 520 (24): 7136-7143.

[10] Harrington M J, Masic A, Holten-Andersen N, et al.

Iron-clad fibers: A metal-based biological strategy for hard

flexible coatings[J]. Science, 2010, 328(5975): 216-220.

Wei W, Yu J, Broomell C, et al. Hydrophobic enhance-

ment of Dopa-mediated adhesion in a mussel foot protein

[J]. Journal of the American Chemical Society, 2013, 135

(1):377-383.

[12] Haemers S, Van der Leeden M C, Koper G J, et al. Cross-

linking and multilayer adsorption of mussel adhesive pro-

teins[J]. Langmuir, 2002, 18 (12): 4903-4907.

Haemers S, Van der Leeden M, Nijman E, et al. The de-

gree of aggregation in solution controls the adsorbed

[11]

amount of mussel adhesive proteins on a hydrophilic sur
face[J]. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2001, 190(1): 193-203.
Haemers S, Koper G J, Frens G. Effect of oxidation rate
on cross-linking of mussel adhesive proteins[J]. Biomacr-
omolecules, 2003, 4(3): 632-640.
Hedlund J, Andersson M, Fant C, et al. Change of col-
loidal and surface properties of Mytilus edulis foot pro
tein 1 in the presence of an oxidation (NalO,) or a com-
plex-binding (Cu*) agent[J]. Biomacromolecules, 2009,
10(4): 845-849.
[16] JungJ Y, Kwon S J, Han H S, et al. Rapid in vitro corro-
sion induced by crack-like pathway in biodegradable
Mg-10% Ca alloy[J]. Microscopy and Microanalysis, 2013,
19(Suppl 5): 210-214.
Guo J B (5850 1%), Tao Z'Y (B 52 4lF), Luo X G (& 2 NI).
Analysis of Bamboo Lignin with FTIR and XPS[J]. Acta
Chimica Sinica (ft*%%4}), 2005, 63(16): 1536-1540.
[18] Doraiswamy A, Narayan R, Cristescu R, et al. Laser pro-
cessing of natural mussel adhesive protein thin films[J].
Materials Science and Engineering: C, 2007, 27 (3):
409-413.
[19] Luo M (¥ £), Guan P (3¢°F), Liu W H (X 3Ci0). The i-
dentification of several saturated fatty acids and their salts

by means of infrared spectrometry[J]. Spectroscopy and



511

P 575 A L BEAT A 4 AR T T DU SIS TR B 4 14 TR A NalO, 46l Ao Ak 8 K 470 I e 1 g - 65 -

[21]

[22]

[23]

Spectral Analysis (61 % 5 6% 4 #7), 2007, 27(2):
250-253.

Fant C, Hedlund J, Hook F, et al. Investigation of adsorp
tion and cross-linking of a mussel adhesive protein using
attenuated total internal reflection Fourier transform in-
frared spectroscopy (ATR-FTIR)[J]. The Journal of Adhe-
sion, 2010, 86(1): 25-38.

Zhang F, Sababi M, Brinck T, et al. In situ investigations
of Fe* induced complexation of adsorbed Mefp-1 protein
film on iron substrate[J]. Journal of colloid and interface
science, 2013, 404: 62-71.

Zvarec O, Purushotham S, Masic A, et al. Catechol-func-
tionalized chitosan/iron oxide nanoparticle composite in-
spired by mussel thread coating and squid beak interfa-
cial chemistry[J]. Langmuir, 2013, 29(34): 10899-10906.

Guo X W, Chang J W, He S M, et al. Investigation of
corrosion behaviors of Mg-6Gd-3Y-0.4 Zr alloy in NaCl

(25]

[26]

[27]

aqueous solutions[J]. Electrochimica Acta, 2007, 52(7):
2570-2579.

Poursaee A. Determining the appropriate scan rate to per-
form cyclic polarization test on the steel bars in concrete
[J]. Electrochimica Acta, 2010, 55(3): 1200-1206.

Cai C, Zhang Z, Wei Z L, et al. Electrochemical and cor-
rosion behaviors of pure Mg in neutral 1.0% NaCl solution
[J]. Transactions of Nonferrous Metals Society of China,
2012, 22(4): 970-976.

Keera S, Deyab M. Effect of some organic surfactants on
the electrochemical behaviour of carbon steel in forma
tion water[J]. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 2005, 266(1): 129-140.

Ye C Q, Hu R G, Dong S G, et al. EIS analysis on chlo-
ride-induced corrosion behavior of reinforcement steel in
simulated carbonated concrete pore solutions[J]. Journal
of Electroanalytical Chemistry, 2012, 688: 275-281.

NalO, Oxidation of Mussel Adhesive Protein Film and
Its Corrosion Protection for Mg-1.0Ca Alloy

HOU Rui-qing', JIANG Ping-1i', DONG Shi-gang?, LIN Chang-jian"
(1. State Key Laboratory of Physical Chemistry of Solid Surfaces, Department of Chemistry,

College of Chemisiry and Chemical Engineering, Xiamen University, Xiamen 361005, Fujian, China

2. College of Energy, School of Energy Research, Xiamen University, Xiamen 361005, Fujian, China)

Abstract: The effect of oxidation of mussel adhesive protein (Mefp-1) film on the corrosive resistance for Mg-1.0Ca alloy was

investigated by scanning electron microscopy (SEM), atom force microscopy (AFM), electron probe microanalysis (EPMA), In-

frared reflection absorption spectroscopy (IRAS) and electrochemical methods. The results showed that the NalO, induced oxida-

tion of the pre-formed Me/p-1 film with porous morphology involved structural change of the DOPA group in the protein and result-

ed in a more uniform film with net-like morphology. The protein film without oxidation had an increasing resistance for the corro-

sion of Mg-1.0Ca alloy up to 7 days exposure. After oxidation, £ largely shifted to positive potential and the protective property of

the film reached a best efficiency at 3 days exposure, while declined slightly for further exposure.
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