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The aim of this work was to collect and compare data from different published reports which focused on
the description of the influence of different electrochemical setups for the assessment of magnesium cor-
rosion. Based on this, a comparison with our own results, obtained for LAE 442 and AZ 31, was made and
discussed. As the collection of data has shown, the reported inconsistencies between in vivo and electro-
chemical data depend greatly on the electrochemical medium used, on the alloy composition and on sur-
face preparation. Nevertheless, these differences also exist when comparing different in vitro results
using different methodologies and even different Mg alloys, and need therefore to be discussed more
thoroughly in the future. The simulation of transport conditions of the in vivo interface should become
a focus of research interest in order to gain a better understanding of the influence of connecting pro-

cesses on the degradation of the biomaterials.

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

During the last years, resorbable metallic materials have
increasingly become a focus of interest of research, especially al-
loys of iron and magnesium [1].

Magnesium is an essential element which is a part of the bone
structure. Dissolved Mg ions may promote bone cell attachment,
tissue growth at the implants [2], and can be applied in surgical
as well as in cardiovascular treatments [3,4].

The major concern over Mg alloys is their corrosion behaviour,
and it is necessary to determine the corrosion rate and acquire
knowledge of the corrosion mechanism in order to develop better
adapted biomaterials for practical applications.

Mg and its alloys in aqueous solutions react and produce hydro-
gen according to Eq. (1):

Mg + 2H,0 = Mg(OH), + H, (1)

In the presence of chloride ions the magnesium hydroxide dis-
solves by reacting into the soluble salt, MgCl, according to Eq. (2):

Mg(OH), + 2CI~ = MgCl, + 20H" 2)

* Part of the Thermec’2009 Biodegradable Metals Special Issue, edited by
Professor Diego Mantovani and Professor Frank Witte.
* Corresponding author. Tel.: +49 30 450562769; fax: +49 30 450562923.
E-mail address: wolf-dieter.mueller@charite.de (W.-D. Mueller).

Atrens [5] and Song [6,7] have shown that the quantity of
hydrogen can be measured and used for the interpretation of the
results obtained from electrochemical measurements, and they
have given an explanation of the negative difference effect (NDE),
caused by the different amounts of hydrogen and Mg ions that
do not fit with Faraday’s law.

How and how fast these reactions take place depend on various
parameters, such as:

- the composition of the Mg alloy;

- metallurgical treatments;

- the kind of surface treatment;

- the composition of the contacting electrolyte;

- the pH of the environment and buffer capacity of the electrolyte;

- the mechanical inputs such as compression or bending forces;

- the biological environment, presence of biological molecules,
e.g., proteins;

- transport phenomena associated with the reactants and prod-
ucts of the corrosion reaction.

Some studies [4,8,9] have shown that the dissolution rate of im-
plants in vivo is significantly reduced in comparison to results ob-
tained under simulated in vitro conditions. However, the
information taken from in vitro experiments allows the testing of
newly developed alloys before these are placed in an animal.

Results obtained from electrochemical measurements seem to
be in contrast to immersion tests results [10]. Nevertheless, they
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give the possibility of obtaining information about the corrosion
process much faster than the weight loss tests. Based on the corro-
sion current density and polarization resistance—obtained from
the potentiodynamic curves—the corrosion activity, corrosion rate
and the kind of corrosion process, such as uniform, pitting or filli-
form corrosion, can be predicted.

The corrosion resistance is directly related to the polarization
resistance and inversely proportional to the current density mea-
sured at the equilibrium point. The shape of the curves gives an
indication about the form of corrosion taking place at the surface,
e.g., a constant current range indicates the formation of a passive
layer; a symmetric logarithmic curve around the corrosion poten-
tial indicates clearly the situation of uniform corrosion; pitting or
crevice corrosion can be assessed based on the shape of the anodic
part of the i vs. E curve after the passive layer has been disrupted.

The main problem with the electrochemical assessment of cor-
rosion phenomena is that in most cases more than one kind of cor-
rosion mechanism has to be considered simultaneously. Therefore,
complementary techniques should be used, especially based on
microscopic views of investigated surface areas, to detect changes
to the surface morphology.

In the case of the corrosion of Mg and Mg alloys the major prob-
lem for biomaterial application is not solely the hydrogen develop-
ment: 0.01 ml cm—2 per day is a tolerated level in the human body
according to Zeng et al. [11]. The major problem is the prediction of
the evolution of corrosion rate, since that mechanical stability and
degradation should be balanced so that as long as the healing pro-
cess is going on, the mechanical stability by the biomaterial can be
assured without its premature failure [12,13].

Another essential consideration with regard to corrosion is the
influence of aggressive ions such as chloride ions, and large biomol-
ecules such as peptides and proteins, on the corrosion rate and on the
kind of corrosion process taking place, which might be the origin of
the discrepancies between in vitro and in vivo responses.

In the past, various electrolyte compositions, especially with
various Cl™-ion level were used for corrosion analysis. The concen-
tration of 3.5% NaCl [8] seems too different from the Cl™-ion level
in the body [13,14]. However, even concentrations lower than 0.9%
NaCl can have an critical influence on the stability of Mg and Mg
alloys [15]. Concerning the chemistry of magnesium, the fact that
the reaction with phosphates, sulphates and carbonates can yield
stable compounds, which can cover the surface and thus reduce
the corrosion rate, ought not to be neglected. Xin et al. [2] demon-
strated that, despite this layer formation, carbonates promote a
uniform corrosion of Mg and that phosphates delay the emergence
of pitting corrosion.

The average composition of blood plasma and of artificial body
fluid (SBF), used by various authors is collected in Table 1.

The role of amino acids and proteins was also investigated in
the past; instead of the expected reduction of corrosion and slight
passivation behaviour, an acceleration of corrosion was observed,
depending on the concentration of albumin [14,15,17-19].

The aim of this work was to collect and to compare the method-
ology and data from different published reports, which have fo-
cused on the description of the influence of different
electrochemical setups for the assessment of magnesium corro-
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sion. Based on this, a comparison with our own results was made
and discussed.

2. Materials and methods

The electrochemical measurements for the comparison with
citations were made using the Mini-cell-system setup (MCS). [20]
This is a three-electrode system with a saturated calomel electrode
(SCE) as reference electrode and a working electrode area of
0.8 mm?, which allows measurements at one and the same speci-
men by moving along its surface.

The wrought AZ31 and LAE 442 Mg alloys were tested, for a
comparison with our own previously reported results [15,21].
The tests were performed in sodium chloride solutions of different
concentrations, in PBS and in cell culture medium. The composi-
tions of the electrolytes are collected in Table 2. Moreover, tests
were performed on PBS containing different concentrations of bo-
vine serum albumin (BSA).

The measurements were made at room temperature on pol-
ished surfaces.

3. Results and discussion
3.1. Comparison of literature results

Table 3 contains the data of various published investigations on
corrosion of Mg and Mg alloy concerning biomaterial applications.
This collection covered both the influence of material composition
and the influence of the experimental setup.

The main point of interest is the comparability of the in vitro
experiments with the in vivo observations. A second point of view
is the comparability of the different in vitro experiments especially
concerning the ranking of different parameters on the corrosion
behaviour of Mg alloys.

The collection of the data demonstrates the variability of the re-
sults due to the different experimental conditions and shows the
impossibility of comparing any of them in order to find reliable
limits for prediction of the corrosion rate of Mg alloys. It seems that
only the in vivo data should be relied on.

Even in this case there are some questions arising, looking at the
data published by Witte [1] where, based on in vivo experiments, a
corrosion rate of 1.205 x 10~*mmyear~! for LAE 442 and
3.515 x 10 mm year~! for AZ 91 were determined. According
to Jones [29], such corrosion rates are outstanding from the point
of view of corrosion resistance. In contrast, the corrosion rate ana-
lysed by electrochemical measurements are 6.9 mm year~! for LAE
and 2.8 mm year~! for AZ91 performed in technical sea water. De-
spite this difference, the development and testing of new Mg alloys
using reliable in vitro tests are necessary for the assessment of cor-
rosion rates.

Considering the in vivo corrosion rate calculated by Witte et al.
[1], it is impossible that a rod of a diameter of 1.5 mm and a length
of 20 mm might be absorbed by the body during 18 weeks in a rat
bone. Therefore, taking into account the volume loss over 18 weeks
for AZ91 with 32 mm? and for LAE442 with 15 mm? over the whole

Table 1
Composition of blood plasma and SBF.
Concentration (mmol ") Na* K* Ca®" Mg?* cl- HPO2— HCO3 so2- References
Blood plasma 142 5 2.5 15 103 1.0 27.0 0.5 [16,17,2,14]
SBF 142 5 2.5 15 103 1.0 10.0 0.5 [16,17,13]
75 HEPES (and 0.6% albumin)
SBF 109.5 6 7.5 15 110 3.0 17.5 0 [10]
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Table 2
Composition of the electrolytes used in the tests.
Cl ions (%) Phosphates (%) Carbonates (%) Sulphates (%) BSA (%) Others 1 Others 2
NaCl 0.5-3.5 - - = = - -
PBS 0.8 0.135 - - 0-10% = —
Cell medium?® 0.696 0.058 + HEPES 0.22 0.02 10 Vitamins Amino acids; glucose

2 McCoy's 5A medium.

rod area (97.78 mm?), the corrosion rate for both alloys in vivo is
dramatically higher than reported: 0.95 mm year~! for AZ 91 and
0.44 mm year~! for LAE442.

Concerning the in vitro measurements, from the electrochemi-
cal point of view, a lot of parameters have to be considered, such
as the Cl -ion concentration, the type and concentration of pep-
tides, the buffer system and the type of measurement setup.

The hydrogen evolution reaction, a kind of “galvanic” reaction
at the surface, is an important driving force for the corrosion reac-
tion. It affects the Mg-ion concentration in the vicinity of the sur-
face and it is also known to increase the pH of the interface, even
in the case of buffered solutions.

This pH shift and the Mg-ion concentration influence the poten-
tial at the interface. However, these two factors cannot be resolved
in the in vitro corrosion rate measurements. Therefore as long as
the hydrogen development occurs and the surface of the Mg alloy
is exposed to the electrolyte, electrochemical measurements will
make sense. The question that remains is how close the calculated
corrosion rate is with respect to the in vivo situation.

Concerning the measurement setup, with a reduction of the
measurement area, the scan rate of assays can be increased and
thus the measurement time is reduced, which gives the chance
to exclude hydrogen during the measurements.

Based on this idea, measurements in different CI~ ions contain-
ing electrolytes with and without the addition of BSA were per-
formed. The i vs. E curves obtained using the MCS setup are
presented in Figs. 1 and 2; the corrosion current vs. the Cl -ion
concentration, and vs. the BSA concentration, are shown in Figs. 3
and 4, respectively.

The following graphics show the data obtained for AZ31 and
LAE442 using MCS setup. Fig. 1 shows the influence of surface
treatment, comparing a ground surface (1200 SiC) and polished
surface (6 pm with diamond paste). The measurements were per-
formed in PBS containing different BSA amounts.

For the AZ31 alloy, the curves obtained for the polished surface
are quite distinct from the ground surface curves. A clear passiv-
ation range and lower electrochemical activity can be observed
for the polished surface. In comparison to this, the LAE alloy shows
only little differences in both surface conditions. So it can be con-
cluded that the corrosion rate of LAE442 depends less on the sur-
face conditions than on the alloy AZ31.

Fig. 2 shows the influence of the electrolyte composition on the
electrochemical response of AZ31 and LAE442 measured on the
polished specimens.

It is interesting that for LAE442, the influence of the electrolyte
composition is very small in comparison to AZ31. This is confirmed
also by the electrochemical parameters, listed in Table 4.

The corrosion rate of AZ31 was strongly influenced by the elec-
trolyte composition. In particular, for cell culture medium and Cl™-
free PBS, a relatively high corrosion rate was calculated. This is
consistent with the remarks of Lim et al. [3], that the presence of
a buffer changes the corrosion attack from localized or pitting to
a more uniform corrosion process. Interestingly, analysing the cor-
rosion rates in cell culture medium for AZ 31 and LAE 442 in detail,
these results are also consistent with the in vivo results reported
by Witte et al. [1].

Similar behaviour was reported by Rettig and Virtanen [17],
concerning the corrosion rate of WE43 in SBF, which was signifi-
cantly higher than in simple NaCl solution, showing that this alloy
is also sensitive to the presence of buffer in the solution.

The data of the experiments published in Ref. [15] were newly
assessed, focusing on the analysis of the influence of the Cl™-ion
concentration on the corrosion rate of Mg, AZ31 and LAE 442.
Fig. 3 shows the dependence of i, as a direct parameter of the
corrosion rate, vs. the Cl -ion concentration.

The dependence of i+ on the Cl -ion concentration of the
investigated materials showed that for Mg there was a dramatic
decrease of i with increase of Cl -ion concentration. LAE 442
shows a slightly linear increase of io. For AZ31, ico decreases
very slightly, except for 0.8% Cl -ion concentration.

This attests that it is not possible to compare the electrochem-
ical measurements in electrolytes containing different amounts of
NaCl, and based on it to make predictions about the corrosion
behaviour of Mg-alloy-based devices. Such discrepancies are the
reasons for misfits of electrochemical assessments in in vivo
observations.

Fig. 4 shows the influence of added BSA in PBS. A completely
different behaviour can be observed, in contrast to the influence
of CI™ ions as shown in Fig. 3.

Fig. 5 shows the influence of the amount of calcium in the alloy,
on the corrosion current values in SBF electrolyte, compiled from
Ref. [22]. From this, for low calcium contents (under 1 wt.% of alloy
composition) a reduction of corrosion rate can be expected.

The influence of pH on the corrosion rate in electrolytes con-
taining different amounts of chloride is presented in Fig. 6. This
graphic depiction was made based on the data taken from Ref.
[26]. The authors used different approaches and methodologies
for the corrosion rate determination.

It is interesting to observe that between at a pH of 7 and 11, the
influence of the different factors is much lower than would be ex-
pected. Moreover, these differences are much smaller than at a pH
of 3. An exception is the corrosion rate estimated by hydrogen
development in higher NaCl concentration, at a pH of 7 and 11.

The open question that remains is the difference between this
result and the one obtained by electrochemical measurements, be-
cause at a pH of 3 the results are comparable and relatively similar.
The comparability of the methods is problematic, since it is theo-
retically not possible that the corrosion rate on steady state condi-
tions (as were performed the hydrogen development
measurements) is higher than for polarization measurements on
a fresh prepared surface.

Concerning the albumin presence in PBS electrolyte, for LAE a
higher corrosion rate was observed. This is in agreement with
the albumin influence in SBF reported in Refs. [15,18,19] where
at other alloys, an acceleration of corrosion in the presence of albu-
min could be observed. For the alloy AZ 31 the same result was ob-
served for 1% albumin.

Returning to the comparison between in vitro and in vivo inves-
tigations as reported by Witte [1,8], the results might not be com-
parable because of the inadequate choice of electrolyte, seawater,
rather than an inadequacy of the electrochemical methods for pre-
dicting in vivo behaviour of an Mg-based implant. Comparing our



Table 3
Collection of various published data concerning electrochemical characterization of pure Mg and Mg alloys.
Ref. Alloys tested Surface Degreasing Area Electrolyte  Electrolyte composition OCP cv EIS Amplitude  Ecor icorr Teorr
preparation agent (V) (pA) (mm year™')
volume
[2] AZ 91 4000 P US ethanol 225 mm? NaCl; NaHCOs5; OCP 1mVs™! 100kHz 10 mV
K;HPO,4; NayS0O4 (SCE) 10 MHz
[10] 99.9% Mg 800 P Acetone 280 mm? 500 ml SBF Immersion test 3.0
[17] WE 43 SiC/electropolishing DMSO 490 mm? 500 ml SBF OCP 1mVs! 100kHz 10 mV
in phosphoric acid 37°C SBF + albumin 120 h Start: OCP —200 mV 10 mHz
Nacl (SSE)
NaCl + CaCl,
NaCl + K;HPO4
[1,8] AZ91D Isopropanol 113 mm? Seawater Remark: immersion test, no reliable data -03
LAE442 55
No data Isopropanol 113 mm? RT Borax-phosphate OCP 2mVs! No No 2.8
buffer pH 7 SCE Start: -2V 6.9
2 min
AZ 91D The electrochemical data is 3 times higher than the in vivo data for AZ91. In case of LAE442 is there is a factor of 23* 0.9
LAE 442 0.3
[22]  AZ91 2400 P Aqua dest 100mm? 37°C mSBF + HEPES ocP 0.5mVs! 100kHz 10 mV -1.73 657 1.1
AZ91 + 1%Ca us¢ pH 7.4 1h 10 MHz -1.57 17.8 0.3
AZ61 + 0.4%Ca acetone SCE -1.71 365 0.6
See Fig. 3
[21] Mg 1200 Aqua dest 08mm? RT NacCl various oCP 10mVs! 1 MHz 5mV See Figs. 1 and 2
AZ31 3 um diamond 10 ml PBS 5 min Start: —2.25V 1 MHz
LAE442 PBS + BSA SCE
[15] Mg 1200 Aqua dest acetone 0.8 mm?  RT Nacl 10 mV No No
AZ31 3 um diamond 10ml PBS Start: —2.0V
LAE 442 PBS + BSA
[23] Mg-Mn 2000 P US¢ ethanol 350 ml SBF OCP 03mVs! No No -185 57
Mg-Mn-Zn 0.5 um diamond 37°C 20 min Start: -2V -1.51 79
WE43 SCE -1.70 16
[24] AZ31 SC 4000 P 37°C Hanks sol Immersion test 0.7
AZ31 ECAP 0.54
AZ31 HR 0.48
[25] Mg-Y-RE 4000 P 100 mm? SBF (K9) Tris ocP 100kHz 10mV
0.25 pm diamond AP® SCE 10 mHz
[26]  ZE41 1200 P Aqua dest 100 mm? 500 ml 0.1+1 M NaCl oCP 0.25mVs! See Fig. 4 0.09
0.5 um diamond RT pH 3,7, 11 48 h 0.3
SCE 17
[27] AZ91D 1000 P 100 mm? 200 ml 3.5% NaCl oCP 25mVs! 100 kHz 10 mV -1.53 384
AZ 91anodized 20,000 s 10 MHz -138 0.18
SCE
[28] Mg-1.2Mn-1.0Zn D=15 In vivo 18 weeks, loss: 55% 0.55
L=4mm Degradation rate in comparison with [21] 100 times smaller

3 1. The in vivo data of Witte et al. [8] was calculated based on a loss of 30 mm® over 18 weeks, resulting in a corrosion rate of 0.9 mm year'.

CR=AV _ ___ 30mm’
T Axt T 98.7 mm?2+0.338 year

2. The corrosion analysis of in vitro tests was made using Tafel equations. According to this theory the scan rate used was too high. Usually the corrosion analysis should be performed after Mansfeld [29] over a range +20 mV

= 0.9 mm/year.

around E,,, which would produce lower corrosion rate values.
b AP, artificial plasma (6 times more carbonate than SBF).

€ US, ultrasonic.
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Table 4
Electrochemical data calculated from the current density-potential curves (Figs. 1
and 2).

Ecorr Icorr Rp Ebd (V) Tcorr
%) (Acm2) (€ cm?) (mm year™!)
AZ31
Cell medium —1.37 6.43 x 107> 404 -1.13 1.39
PBS —1.44 265x10° 981 -0.93 0.57
PBS+1%Alb  —1.39 343 x10°° 758 -0.94 0.74
PBS + 10%Alb —1.39 2.60 x 107> 999 -0.9 0.56
Cl-free PBS -151 9.75x107° 267 No 2.11
passivation
LAE442
Cell medium —1.44 3.55x10°° 733 -1.19 0.74
PBS —1.47 349x107° 746 -1.18 0.73
PBS+1%Alb  —1.49 496 x 10> 524 -1.24 1.04
PBS+10%Alb —1.44 5.75x10°° 452 -1.25 1.20
Cl-free PBS —1.51 3.57x107° 728 -1.2 0.73
1E-4
8E-5
BE-5 ° A7Q- L oR
- | —9—AZ91+Ca in SBF |
& 4E-5
E Q.
<
8
2E-5
]
T 1 T r T M T L T ¥ T
0.0 0.2 0.4 0.6 0.8 1.0

C. [%]in AZ 91

Fig. 5. Dependence of corrosion rate (icor) vs. Ca concentration in AZ91 according to
Ref. [22].
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Fig. 6. Dependence of corrosion rate of ZE41 on the Cl-ion concentration; estimate
based on different methods according to Ref. [26]. Calc, corrosion rate (rcorr) Was
calculated from hydrogen development measurements; fresh surf, re, was
determined by electrochemical measurements on a freshly prepared surface; w/o
Cl, without chloride.

results in cell culture medium (Table 4) with the in vivo results
from Ref. [1] (in Table 3), it can be seen that the corrosion rate val-
ues for AZ31 was 1.5 times greater than in vivo AZ91, and for LAE it
was 1.7 times greater. However, according to that, AZ31 would cor-
rode two times faster when applied in the body, than LAE442. This
is coherent with the observations made by Witte in vivo, where it
was observed that the AZ91 implant was nearly completely dis-
solved after 18 weeks, whereas the LAE alloy was 70% intact.

Combination of measurement techniques such as electrochem-
ical impedance spectroscopy (EIS), or even measurement tech-
niques with microelectrodes as described by Lamaka [30], and
the use of the SECM technique, as described by Amemiya for bio-
logical applications [31], could complement the CV data, in order
to support the electrochemical in vitro results in comparison to
in vivo experiments. This could help to reduce the use of animal
tests in the initial stage of biomaterial testing.

4. Conclusion

As the collection of data has shown, the reported inconsisten-
cies between in vivo and electrochemical data depend greatly on
the used medium, on the alloy composition and on surface prepa-
ration. Nevertheless, these differences also exist when comparing
different in vitro results using different methodologies and even
different Mg alloys. In the future this should be the subject of fur-
ther and thorough discussions.

The simulation of transport conditions of the in vivo interface
should become a focus of research interest in order to gain a better
understanding of the influence of connecting processes on the deg-
radation of biomaterials.

Appendix. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1-6, are diffi-
cult to interpret in black and white. The full colour images can be
found in the on-line version, at doi: 10.1016/j.actbio.2009.12.048.
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