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a  b  s  t  r  a  c  t

Phytic  acid  (PA)  conversion  coating  on WE43  magnesium  alloy  was  prepared  by  the  method  of immer-
sion.  The  influences  of  phytic  acid  solution  with  different  pH  on  the  microstructure,  properties  of  the
conversion  coating  and  the  corrosion  resistance  were  investigated  by SEM,  FTIR  and  potentiodynamic
polarization  method.  Furthermore,  the biocompatibility  of  different  pH phytic  acid  solution  modified
WE43  magnesium  alloys  was  evaluated  by  MTT  and  hemolysis  test.  The  results  show  that  PA can  enhance
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the  corrosion  resistance  of  WE43  magnesium  especially  when  the  pH  value  of  modified  solution  is 5  and
the cytotoxicity  of  the  PA  coated  WE43  magnesium  alloy  is  much  better  than  that  of  the  bare  WE43
magnesium  alloy.  Moreover,  all  the  hemolysis  rates  of  the  PA coated  WE43  Mg  alloy  were  lower  than  5%,
indicating  that  the  modified  Mg  alloy  met  the  hemolysis  standard  of  biomaterials.  Therefore,  PA coating
is a  good  candidate  to  improve  the  biocompatibility  of  WE43  magnesium  alloy.

© 2012 Published by Elsevier B.V.
. Introduction

As we all know coronary stent placement has replaced balloon
ngioplasty as the standard of care for percutaneous coronary inter-
ention. But at the same time in-stent restenosis (ISR) has become a
idespread problem because of the permanent nature of the metal-

ic stents, they posed the risk of a continuous interaction between
he stent and the surrounding tissue, leading to long-term endothe-
ial dysfunction or chronic inflammatory reaction. Although the
sage of rapamycin or paclitaxel can reduce late in-stent resteno-
is rates [1],  thrombosis or the inflammatory reaction caused by the
ong-time implanted stent or the polymer restricted the usage of
rug eluting stent still exist.

Stack et al. [2] have taken the lead in developing biodegrad-
ble stent (BDS) in 1988, and the animal experiments revealed that
t can significantly reduce the in-stent restenosis rates. The BDSs

nder investigation mainly include (1): biodegradable magnesium
lloy [3–6]; (2): biodegradable polymer, for example, PLA/PGA
7,8], PHBV [9],  PCL [10] etc.; (3): biodegradable iron alloy [11,12].

∗ Corresponding author at: Center for Biomedical Materials and Tissue Engineer-
ng, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing
00871, China. Tel.: +86 10 6275 3404; fax: +86 10 6275 3404.

E-mail address: xitingfei@tom.com (T.F. Xi).

169-4332/$ – see front matter ©  2012 Published by Elsevier B.V.
oi:10.1016/j.apsusc.2011.11.087
For biodegradable magnesium alloy, the current research mainly
focused on AE21 [13], WE43 [14,15],  AZ91 [16], etc. Di  Mario
et al. [17] studied the in vivo corrosion of magnesium stents
made of WE43 alloy implanted in minipigs. Their animal and
clinical experiment results showed that the WE43 alloy stents
possessed sufficient anti-proliferative properties and drastically
reduced the restenosis rate in comparison to conventional stain-
less steel stents. Loos et al. [18] also found that reduced WE43
magnesium alloy will reduce the viability and proliferation of
smooth muscle cells compared with clinically applied steel stent
(316L). However, the magnesium alloys corrodes too quickly in
the physiological environment. To improve the corrosion resis-
tance of the Mg  alloys, various surface modification techniques,
including alkaline treatment [19], heat treatment [20], microar-
coxidation [21] and electrodeposition [22] have been developed
recently.

One surface treatment technique, phytic acid (PA) treatment
has been investigated as a simple and effective methods for Mg
alloy [23–25].  Firstly, phytic acid (C6H18O24P6) is a natural and
nontoxic, organic large molecular compound which present in
most legumes, including corn, soy beans and nuts [26,27].  On

the other hand, recent studies have shown its ability of alter-
ation in signal transduction [28], stimulation of genes toward
greater cell differentiation [29], antioxidant as food additive
[30,27],  and anticancer [31,32].  Even so, how is about the corrosion

dx.doi.org/10.1016/j.apsusc.2011.11.087
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:xitingfei@tom.com
dx.doi.org/10.1016/j.apsusc.2011.11.087
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Fig. 1. The FTIR characteristic bands of phytic acid a

esistance of phytic acid modified magnesium alloy in simu-
ated body fluid and the biocompatibility of phytic acid are still
nknown.

In this paper, in vitro corrosion and biocompatibility of phytic
cid modified WE43 magnesium alloy was studied. The chemi-
al nature of this conversion coating was investigated by Fourier
ransform infrared spectroscopy (FTIR) and ESEM equipped with
he energy dispersive spectrum (EDS). The corrosion resistance
as examined by potentiodynamic polarization method and the

mmersion test was performed in simulated body fluid (SBF). Fur-
hermore, the biocompatibility of different pH phytic acid solution

odified WE43 magnesium alloys was evaluated by MTT  and
emolysis test.

. Material and methods

.1. Preparation of specimens

The as-extruded WE43 alloy (91.35 wt.% Mg,  4.16 wt.% Y,
.80 wt.% RE, 0.36 wt.% Zr, 0.20 wt.% Zn, 0.13 wt.% Mn)  provided by
hangchun Zhong-Ke-Xi-Mei Magnesium Alloy Co. Ltd., China, was
ut into specimens with diameter of 8 mm and the height of 1.5 mm,
hen polished successively with 800#, 1200#, and 2000# grit SiC
aper, pretreated with acetone and deionized water and dried with
ot air, and treated in phytic acid solution. Phytic acid is chemi-
al reagent, purity > 75%, and the other materials are all analytical
eagent, purity ≥ 99%. The conversion coatings were prepared by
mmerging the substrate in the phytic acid solutions with different
H (pH 3, 5, 8 and 10, adjusted by ammonia water) at 40 ◦C. After

mmersion, the samples were thoroughly washed with deionized
ater, dried overnight at 50 ◦C and the untreated WE43 Mg  alloy

ample is taken as control.

.2. Microstructural analysis of the specimens

The microstructure was characterized using environmental

canning electron microscope equipping with the energy dis-
ersive spectrum and Fourier transform infrared spectroscopy
pectrophotometer (Nicolet 750, Nicolet Co.) in the spectral range
50–4000 cm−1 using attenuated total reflectance mode.
ytic acid modified WE43 Mg  alloy with different pH.

2.3. Immersion test

The immersion test was identical to the hydrogen evolution
method according to Lin [33]. The samples were put into the cen-
ter of the beaker filled with SBF solution, and the hydrogen formed
in the process of magnesium alloy corrosion was collected in the
above volume of the funnel which was vertically laid above the
sample surface. The corrosion resistance of samples could be evalu-
ated based on the change of the rate of hydrogen evolved at interval
time.

2.4. Electrochemical test

The electrochemical measurement was carried out in the
SBF solution and the potentiodynamic polarization curves of the
modified WE43 magnesium alloy samples were obtained on a
three-electrode system and the immersion tests were carried out
in SBF buffer. The working electrode is WE43 Mg  alloy samples
with the exposed area of 1 cm2. The temperature was  kept to be
37 ± 0.5 ◦C using a water bath.

2.5. Biocompatibility evaluation

The biocompatibility of the WE43 magnesium alloy with or
without phytic acid modified was  evaluated by cytotoxicity exper-
iment and blood hemolysis experiment. L929 cells were used to
evaluate the cytotoxicity of the magnesium alloy with or without
phytic acid modified samples by the indirect assay. The extracts
were prepared using Dulbecco’s Modified Eagle’s Medium (DMEM)
serum free medium with the surface area of extraction medium
ratio 1.5 ml/cm2 in a humidified atmosphere with 5% CO2 at 37 ◦C
for 72 h. The supernatant fluid was withdrawn after centrifuga-
tion and then refrigerated at 4 ◦C. L929 cells were incubated in
96-well culture plates at 1 × 104/ml  for 24 h to allow attachment
and the medium was  then replaced with 100 �l extract. After 1,
2 and 4 days culture, 10 �l MTT  was  added to each well cul-
tured for 4 h and then 100 ml  of the supernatant was  measured

spectrophotometrically at 570 nm by Elx800 (BioTek instruments).
The background with MTT  results of extracts was subtracted. In
order to evaluate the blood compatibility of the samples, the sam-
ples were soaked in 10 ml  normal physiological saline in a tube
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Fig. 2. SEM micrographs and the EDS spectrum of the phytic acid modified WE43 magnesium alloy with the solution of (a) pH 3, (b) pH 5, (c) pH 8, (d) pH 10.
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Fig. 3. The hydrogen evolution volumes of the phytic acid modified WE43 Mg  with
different pH and the control samples as a function of the immersion time in SBF.

Fig. 4. Potentiodynamic polarization curves of the phytic acid modified WE43 Mg
samples and the control in SBF solutions at 37 ◦C.

Table 1
The average electrochemical parameters for the electrochemical polarization curves
of  different samples immersed in SBF solutions at 37 ◦C.

Potential (V) Logi (A cm−2)

pH 3 −1.84 5.26 × 10−4

pH 5 −1.79 8.08 × 10−4

pH 8 −1.85 5.08 × 10−4

pH 10 −2.08 3.07 × 10−3

Control −1.85 5.09 × 10−4
C.H. Ye et al. / Applied Surfac

nd kept at 37 ◦C for 30 min. Eight milliliter arterial blood of the
olunteer was diluted by 10 ml  normal physiological saline that
ontained 0.5 ml  potassium oxalate (20 g/l) decoagulant. After that
.2 ml  diluted blood was added into the tube and kept at 37 ◦C for
0 min. Then the tube was centrifuged at 2500 rpm for 5 min. At

ast, the optical density (OD) was obtained by a spectrophotometer
722, Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai,
hina) at 545 nm wave length. The negative and positive groups
ere 10 ml  normal physiological saline with 0.2 ml  diluted blood

nd 10 ml  distilled water with 0.2 ml  diluted blood, respectively.
he hemolysis ratio (HR) was calculated according to the equa-
ion: HR = [(ODt − ODn)/(ODp − ODn)] × 100%. The ODt means the
D value of tested sample. The ODn and ODp were OD value of
egative and positive groups, respectively.

. Results

.1. Microstructure of the specimens

The characteristic bonds of pure phytic acid and phytic acid with
ifferent pH modified WE43 Mg  alloy are shown in Fig. 1. The char-
cteristic bands of phytic acid centers at 995 cm−1, 1462 cm−1 and
302 cm−1, corresponding to PO4

3−, HPO4
2− and OH− respectively.

O4
3− can be identified from the FTIR spectra of phytic acid conver-

ion coating, which was shown at about 1200–940 cm−1. Though
ome bands have shifted a little, the functional groups of conversion
oatings formed in different pH of phytic acid solution are much
lose to the constituent of phytic acid. But as the conversion coat-
ng was dried at 50 ◦C overnight, OH– (at about 3400 cm−1) was  not
bvious on the phytic acid treated WE43 magnesium alloy samples
y FTIR method.

Fig. 2 shows the morphology and the element compositions of
he coatings formed in different pH of phytic acid solutions. It can be
een that the coatings presents bulk feature, and plenty of microc-
acks exist on the surface of the film. But the cracks are much bigger
n Fig. 2(a) and (b) which corresponding the pH 3 and pH 5 modifi-
ation solutions than that in Fig. 2(c) and (d), while the film of the
atter groups are smoother. The chemical composition of the film

as analyzed by EDS as shown on the right of the morphology pic-
ure. From the element compositions we can see that the coatings
as mainly composed of Mg,  O, P, and C elements, and the pres-

nce of P showed that phytic acid was successfully coated on the
g  alloy surface, in the formation of the coatings. But its content

hanged greatly, with the pH of the coating solution changed from
, 5, 8 to 10, P element content (wt.%) changed from 11.47%, 11.67%,
.22%, to 5.87% correspondingly, which illustrated that more phytic
cid were coated on the pH 3 and pH 5 solution, while the solution
f pH 8 and pH 10 formed less phytic acid coatings.

.2. Immersion test

Fig. 3 shows the hydrogen evolution rate of the bare WE43 mag-
esium alloy and the modified WE43 magnesium alloy with phytic
cid solution in SBF solution for about 120 h. The overall corro-
ion reaction of magnesium at its free corrosion potential can be
xpressed as follows:

g  + 2H2O = Mg2+ + 2OH− + H2↑ (1)

One mole hydrogen evolution corresponding to 1 mole WE43
agnesium alloy has been corroded, which can be taken as a good

ndicator to evaluate the corrosiveness of Mg  alloy. The results

howed that (1) the sample modified in pH 10 group exhibit faster
orrosion rate than the other groups; (2) the samples modified in pH

 and pH 3 groups have the similar corrosion rate with the control;
3) pH 5 group has the lowest corrosion rate.
3.3. Electrochemical test

Fig. 4 presents the electrochemical polarization curves of dif-
ferent samples immersed in SBF solutions at 37 ◦C. The average
electrochemical parameters are also show in Table 1. The results
showed that (1) the order of the corrosion rate is similar to the
hydrogen results; (2) the pH 5 group has the best corrosion resis-
tance, while the pH 10 group has the fast corrosion rate.
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Fig. 5. L-929 cell viability expressed as a percentage of the viability of cells in the
control and phytic acid modified WE43 Mg  extraction solution after 1, 2 and 4 days
of  culture.
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ig. 6. Hemolysis percentage of the WE43 Mg  alloy and the phytic acid modified
E43 Mg  alloy.

.4. Biocompatibility evaluation

Fig. 5 illustrates the viability of L-929 expressed as a percentage
f the viability of cells cultured in negative control after cultured in
MEM and the phytic acid modified Mg  alloys extraction medium

olutions for different periods (1, 2 and 4 days). It means that all
he modified groups have a better cell viability than the unmodified
ontrol. Among the modified groups, the pH 5 group has the highest
iability in the three time point ranging from 60% to 75% while the
ontrol group’s cell viability is only from 28% to 34%.

For the hemolysis test, compared with the control group, the
ate of hemolysis decreased (the hemolysis of modified WE43 mag-
esium alloy changed from 9.27% to about 2% as shown in Fig. 6)
fter the WE43 Mg  alloy immersed in the PA solution with dif-
erent pH values. All the hemolysis rates of the PA coated WE43

agnesium alloys were lower than 5%, indicating that the modified
E43 magnesium alloy met  the hemolysis standard of biomedical
aterials.

. Discussion
Our study has demonstrated that phytic acid modified WE43
g alloy has a good corrosion resistance and biocompatibility

ompared with the bare WE43 Mg  alloy. In addition, the aqueous
nce 258 (2012) 3420– 3427

solution pH has a great effect on the modification effect. Especially
when the reaction solution’s pH 5, the modified Mg alloy has the
best corrosion resistance and biocompatibility.

The FTIR analysis (Fig. 1) indicated that phytic acid could modify
WE43 Mg  alloy whether the solution is in acidic or basic con-
ditions. Cui [34] has given the simple mechanism of the chelate
process of the phytic acid on magnesium alloy. In short, a phytic
has 12 hydroxyl groups and 6 phosphate carboxyl groups (Fig. 7),
which makes it have a powerful capability of chelating with many
metal ions in a wide pH scope, for example, copper [35], mag-
nesium [34], zinc [36]. In aqueous solution, the phosphate group
of the phytic acid will ionize to form hydronium ion, phytic acid
ion with different number of phosphate ion (PO4

3−) and hydrogen
phosphate ion (HPO4

2−) according to the different pH condition.
At the same time, a large number of magnesium ions are ion-
ized at the incipient stage when the WE43 magnesium alloy is
immersed in phytic acid solution. These magnesium ions will com-
bine with phytic acid ion to form phytic–Mg phytate complex,
which then deposited on the surface of the WE43 magnesium alloy
substrate (Fig. 8(a)). As the phytic acid have 12 hydroxyl groups,
one phytic acid can chelate with different number of magnesium
ions at different solution conditions which will result in different
modification effect. The reaction can be referred as the following
equation [38]:

−iMgn+ + HjPhy(12−j)− = MgiHj
(12−2i−j)−Phy (2)

in which Phy referred as phytic acid ions, i and j referred as the
different reaction content, and this reaction was influenced by the
following factors [37–40]: (1) the pH of the solutions; (2) the con-
centration of magnesium ions; (3) the conformation of phytic acid.
In brief, the more Mg2+ and more phytic acid ions will accelerate
this reaction to form the chelate complex’s, but the complex was
not stable in a too low pH or a too high pH solution [38], though
this condition will produce more Mg2+ or phytic acid radical ion
compare with the moderate solution. So for a given pH solution
and the magnesium alloy, the conformation of the phytic acid and
the concentration of Mg2+ were the only two  factors that strongly
influence the reaction. But on the other hand, the magnesium ions
can obtained only by the WE43 Mg  alloy corrosion, from the Eq. (1)
we know that the magnesium alloy corrosion rate was  controlled
by the pH and is increased with the decrease of solution pH, Ambat
et al. [41] have also proved this conclusion. In Fig. 2 we can see in pH
3 and pH 5 solution, the coating has a higher content of P which sug-
gests the higher level of Phy–Mg complex on the surface of the Mg
alloy, in contrast the pH 8 and pH 10 solution have the less content
of this complex. This can be explained that in pH 3 solution the
strong acid environment can produce more Mg2+, but Davidsson
et al. [40] have proved that the Phy–Mg complex was partly solu-
ble in pH 3 solution, so under this condition, there will be a little
chelate complex on the surface of the WE43 Mg  alloy. But for the pH
5 the acid of the solution condition was not so strong, this condition
can give rise to enough Mg2+ to react with the deionizated hydroxyl
groups in phytic acid, and the complex–Mg complex is stable in this
pH condition, so we can see the more P content in pH 5 group. But
in pH 8 solution, the basic condition will slow down Mg  alloy corro-
sion rate which will inhibit the Mg2+ release though the phytic acid
can produce many hydroxyl ions groups, which is similar with the
solution in pH 10, so in pH 8 group, there were less Phy–Mg complex
on the coating, the corrosion resistance only slightly higher (Fig. 2)
compared with the two  acid groups. The difference between the
pH 10 solution and the other experimental groups is that the con-
formation of the phytic acid will change to 5 ax/1 eq from 1 ax/5 eq

when the pH changed from below 9.0 to above 9.0 [39] (‘ax’ is the
axial bond which is the bond between a carbon and a substituent
that is projected vertically up or down on a ring conformation. ‘eq’
is the equatorial band which is the bond between a carbon and a



C.H. Ye et al. / Applied Surface Science 258 (2012) 3420– 3427 3425

Fig. 7. The structure of the phytic acid.
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Fig. 8. (a) The mechanism of the Phy–Mg complex formation; (

ubstituent that extends out of a ring of carbons in a ring confor-
ation). As the eq band is unstable, this conformation will change

ack to 1 ax/5 eq when the solution pH below 9.0, so in the reaction
olution, the deprotonated Phy will react with the trace amounts
f Mg2+ to form Phy–Mg complex, but when the modified alloy
as placed into the SBF testing solution, the conformation of the

hy which was deposited onto the surface of the alloy will quickly
everts to 1 ax/5 eq conformation. During this change, the chelate
ond between Mg2+ with phosphate groups, especially the phos-
hate group in the meta position will break, which will result in the
igration of phytic acid to the SBF solution, and because the SBF

esting solution has more Ca2+ than Mg2+ (2.5 mM vs 1.5 Mm)  and
he stability of the calcium–Phy is higher than the magnesium–Phy
37], the Phy after the bond cleavage will react with the calcium in
he SBF testing solution to form Ca–Phy complex. But as the phytic
cid resolved from the coating is very little, so little phytic acid
helate complex will precipitate on the surface, during this balance
eaction, the Phy–Mg chelate complex resolved to phytic acid and

g2+ would be the main form, which will accelerate Mg  alloy cor-

osion. From Figs. 2 and 3 we can see the samples modified in the
H 5 has the best corrosion resistance, but samples modified in the
H 10 has the fastest corrosion rate.
 conformation of the phytic acid in different solution condition.

As the phytic acid is widely present in nature (plants, animals
and soils), mainly as calcium, magnesium and potassium mixed
salts (also called phytines) and its important biological activity
and the high number of applications, since the last century it
has been the subject of investigation for many scientists in dif-
ferent fields, for example, enhanced immunity [42], anticancer
including breast [43], colon [44], liver [45,46],  prostate [47], rhab-
domyosarcoma [48], antioxidant properties [49], etc. Without a
doubt, the biocompatibility of the phytic acid must be very good,
which is also proved by the present results of the MTT  test and
hymolysis.

5. Conclusions

The present study investigated the corrosion resistance and the
biocompatibility of the phytic acid modified WE43 magnesium
alloy. The hydrogen evolution and the potentiodynamic polariza-
tion results show an improved corrosion resistance for phytic acid

treated WE43 magnesium alloy in SBF solution compared with the
untreated sample. For the SEM and EDS results, we  found that the
different solution coating will form a film with different P con-
tents, as the P element was only formed though the phytic acid,
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o in the four modified groups, samples treated with phytic acid
olution with pH 3 and pH 5 have high P contents which corre-
ponding less phytic acid coating, though the surfaces have big
rack compared with the pH 8 and pH 10 groups. But from the
ydrogen evolution and the potentiodynamic polarization results
e know that the corrosion rate of the phytic acid treated sam-
les followed the ranking order pH 5 < pH 3 < pH 8 < pH 10. These
esults also indicate the more phytic–Mg complex on the surface of
he magnesium alloy, the more better corrosion resistance will be
btained in SBF solution. The cytotoxicity evaluation results show
hat the biocompatibility of the phytic acid treated WE43 Mg  alloys
s much better than the blank WE43 magnesium alloy. Among the

odified groups, the pH 5 solution modified has the best cell viabil-
ty which suggests that the modified samples with more Phy–Mg
omplex will have a better biocompatibility. The hemolysis results
lso show that the pH 5 group has the smallest hemolysis rate,
hich proved once more that the phytic acid have a good biocom-
atibility. Therefore, phytic acid treatment might be a promising
echnique to improve the corrosion resistance and biocompatibility
f biomedical WE43 alloy.
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