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1 | INTRODUCTION

The application of membranes is a standard procedure
for guided bone regeneration (GBR) in the area of dental
implant and periodontal surgery, and generally in facial
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Abstract

In the current research, magnesium and its alloys have been intensively stu-
died as resorbable implant materials. Magnesium materials combine their
good mechanical properties with bioactivity, which make them interesting for
guided bone regeneration and for the application as barrier membranes. In
this study, the in vitro degradation behavior of thin magnesium films was
investigated in cell medium and simulated body fluid. Three methods were
applied to evaluate corrosion rates: measurements of (i) the gaseous volume
evolved during immersion, (ii) volume change after immersion, and (iii) po-
larization curves. In this comparison, measurements of H, development in
Dulbecco’s modified Eagle's medium showed to be the most appropriate
method, exhibiting a corrosion rate of 0.5 mm-year'. Observed oxide and
carbon contamination have a high impact on controlled degradation, sug-
gesting that surface treatment of thin foils is necessary. The bioactivity test

showed positive results; more detailed tests in this area are of interest.

KEYWORDS
bioactivity, corrosion rate, degradation, dental membrane, magnesium

surgery. Surgeons use artificial membranes if a new bone
is meant to be rebuild. The principle is based on the
insertion of a barrier membrane to separate regenerative
cell types like osteoblasts, which show relatively slow
proliferation, from connective tissue cells, which show
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TABLE 1 Composition of magnesium foils in m/m%
Al Cu Fe Mn Ni Si Zn Ca Mg
<0.005 <0.005 0.03 <0.005 <0.005 <0.005 <0.005 <0.005 Rest

TABLE 2 Concentrations of ions and components in c-SBF
and DMEM

Ion or component Unit c-SBF DMEM
Na* mmol/L 142.0 154.5
K* mmol/L 5.0 5.4
Mg** mmol/L 1.5 0.8
Ca** mmol/L 2.5 1.8
Cl™ mmol/L 147.8 118.5
HCO;™ mmol/L 4.2 44.0
HPO,* mmol/L 1.0 0.9
SO~ mmol/L 0.5 0.8
Tris g/L 6.118 -
Amino acids g/L - 1.6
Glucose g/L - 4.5

Abbreviations: c-SBF, corrected simulated body fluid; DMEM, Dulbecco's
modified Eagle's medium.

typically rapid proliferation. In this way, membranes
enable a predictable and guided regeneration of a lost or
missing bone tissue by protecting a cavity. The first
generation of membranes was made of nonresorbable
materials such as expanded polytetrafluoroethylene
(e-PTFE), cellulose acetate, and titanium. Those mem-
branes have been widely used due to their ability of long-
term cavity maintenance, demonstrating successful GBR
treatment in many cases.!"! Titanjum membranes in the
form of porous meshes have the advantage of a better
supply of blood and nutrition.””! The second generation
are resorbable membranes made of collagen, primarily of
porcine or bovine origin.[2] Barrier membranes are in-
dicated for only temporary use until the bone regenera-
tion or augmentation is completed. This means that inert
membranes made of e-PTFE or titanium have to be re-
moved in a second surgical intervention. This carries a
risk of infection and/or tissue damage; the latter is not
unlikely in the case of delicate and thin facial tissue
structures. Therefore, resorbable collagen membranes
will be mainly applied in the dental and craniomax-
illofacial surgery. Compared with titanium meshes,
however, collagen membranes show relatively low me-
chanical strength and less ability for cavity preservation.
However, although both resorbable and nonresorbable

membranes appear to promote bone coverage of the in-
itial surface, nonresorbable membranes were susceptible
to higher complication rates in vivo.l”

Requirements for resorbable GBR barrier membranes
include biocompatibility and bioactivity, cavity pre-
servation, and ease of handling for the surgeons. Bioac-
tivity in the case of GBR means the ability of
osseointegration to promote bone growth on the implant
surface. Furthermore, appropriate stiffness for space
maintenance, the ability to prevent epithelial cell mi-
gration, and a tailored degradation time after bone re-
generation is completed are the specific requirements to
achieve maximum bone regeneration. Magnesium foils
allow for new applications in oral and facial surgery as
degradable membranes due to high mechanical stability
combined with resorbability. However, the degradation
process of many magnesium materials still carries the
risk of inhomogeneous corrosion. This means that very
fast corrosion rates, combined with the formation of gas
bubbles and strong pH increase, are locally possible. A
strong pH increase may damage cells and tissue. The
formation of gas bubbles may separate the tissue, and
such a separation will take time to disappear and can
cause pain for the patient.

Although many corrosion studies of magnesium
materials in electrolytes similar to body liquids have been
carried out, for example, Refs. [4-21], this study brings
into focus the in vitro degradation behavior of thin
magnesium foil samples with a greater relation of surface
area to their volume. Using pH-controlled fluids similar
to body liquid as electrolytes, extensive insight into the
applied corrosion test methods will be included to con-
tribute to the scientific effort to establish reliable in vitro
test methods similar to in vivo conditions and to allow
other labs to reproduce tests easily. Besides the de-
termination of corrosion rates, the surfaces will be
characterized to get a deeper insight into degradation and
bioactivity behavior.

2 | EXPERIMENTAL METHODS
2.1 | Immersion corrosion tests

Magnesium foils (99.9% [m/m] Mg; Goodfellow) having a
diameter of 8 mm and a thickness of 0.1 mm (volume of
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5.0 mm?®) were used to allegorize dental membranes. The
composition according to the manufacturer is shown in
Table 1. Immersion tests and electrochemical tests were
carried out in Dulbecco's modified Eagle's medium
(DMEM) (SH30585-02; Merck) and in corrected simu-
lated body fluid (c-SBF) according to Kokubo and
Takadama®”! to study the degradation behavior of the
magnesium foils. The compositions of the applied elec-
trolytes are shown in Table 2. Working with cell medium,
approximately sterile conditions were applied in every
step. Before testing, each sample was ultrasonically
cleaned for 10 min in isopropanol. During the immersion
tests in c-SBF and in DMEM, the temperature control of
the incubator (ICO150med; Memmert) was set to
37.7 £ 0.3°C to achieve the temperature of 37.4°C within
the electrolytes. The relation of electrolyte volume (EV)
to sample surface area (SA) was set to EV:SA =225
ml-cm™ for both systems. Kirkland et alll re-
commended EV:SA > 50 ml-cm ™2, because smaller ratios
affect the corrosion rate.!! The ratio was the same in all
corrosion tests to secure the comparison of data. Fur-
thermore, every 24 h, the electrolyte was renewed by
taking a new test setup and changing rapidly the sample
from one to the other setup.

The pH of DMEM solution during corrosion test was
regulated using CO,/HCO;™ buffering system. For this,
CO, gas was added during the immersion periods into
the atmosphere of the incubator chamber (Figure 1). The
pH of DMEM was monitored and kept at 7.4 by adding
constantly 7.3% CO, into the chamber. The pH of the
c-SBF solution was buffered with Tris to 7.4 and also
monitored during tests. The experimental setup of the
immersive corrosion tests (Figure 1) was based on the

marker of evolved gas after preheating
without magnesium sample

T=37.7°C

classical setup of Song et al.!**! Cell sieves with pore sizes
of 100 pm were used to carry the foils; as a result, the
entire surface of the foils was in contact with the elec-
trolyte. The evolving gas was measured in regular inter-
vals. However, before a 24-h immersion test with
renewed electrolyte was started, the electrolyte and test
setup were preheated for 2h in the incubator without
magnesium foil. It was observed that some gas already
evolved without immersed magnesium sample. This can
be attributed to the decreased solubility of dissolved gases
in the electrolyte and the increase of water vapor during
the increase in temperature. This gas evolution was
marked first before starting the corrosion test. Then the
gas volume (Vi,eas) €volved during corrosion of magne-
sium could be measured from the difference of the
markers (Figure 1).

To calculate the corrosion at a pH of 7.4, it was as-
sumed that the following reactions take place at the in-
terface of magnesium and electrolyte:

Anodic reaction: Mg — Mg?* + 2e~, 1)

Cathodic reaction: 2H,0 + 2e~ —» 20H™ + H,. (2)

In this way, the mol amount (n) of corroded mag-
nesium is equivalent to the mol amount of evolved
hydrogen. It needs the application of the ideal gas
equation and the norm volume (V) of H, to calculate the
amount of mol H,:

Vo X
n= o2, 3
RXT,
where po=101,325Pa, T, =273.15K, and R =ideal gas
constant.

%C0,=17.3

marker of evolved gas during corrosion test

marker of liquid level in the beaker

T=374°C

magnesium foil

d

pH and
temperature
measurement

pH meter

FIGURE 1 Schematic depiction of Dulbecco’'s modified Eagle's medium immersion test setting measuring the H, evaluation. First, the
test setup was preheated for 2 h without sample to release the dissolved gases (red marker). Then, the corrosion test was started. The evolved

gas volume due to the corrosion process was measured by the difference between the two markers (red and blue) [Color figure can be

viewed at wileyonlinelibrary.com]
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The normal volume V, was calculated with the

following equation:
X Vi, X Tg
Vy = M, )
po X T’Eest

where Vi, = Vipeas = gas volume evolved during immer-
sion test and Tiest =300.15K (temperature during im-
mersion test).

The partial pressure of H, (py,) was determined by
the following approach:

sz =P X gX h + patrn_pvapor’ (5)

where h = measured height (see Figure 1), p.=0.99333
g-cm_3 (density of the electrolyte at T = Tieg),
g=9.81m-s™?, pum = atmospheric local pressure at the
testing dates, and pyapor = 6265Pa (saturated vapor
pressure at Tiegt)-

The partial pressure of evolving gases other than H,
and water vapor during the immersion time was ne-
glected. Therefore, there might have been less hydrogen
gas evolved than considered in calculation. On the other
side, the solubility of H, in the electrolyte was also ne-
glected. This means that the initially evolved hydrogen is
taken by the electrolyte until saturation, and it does not
escape as gas bubbles. In this way, the measured gas may
reflect less than the entire amount of H, molecules,
which have developed during the immersion test.

Using Equation (3), the amount of mol (n) for each
measurement was calculated, and from this, the volume
and mass loss (W) of the corroding magnesium were
determined:

Mass loss (W) = 1 X My, 6)
n x MMg
Volume loss (W,) = ———=, 7
0

where My, =24.305g-mol ™" (molecular mass of mag-
nesium) and p = 1.738 g-cm™> (density of magnesium).

Finally, the rate of corrosion (CR) in mm-year™
could be calculated according to ASTM G31:

_ Wn
Axpxt

1

CR ®)
where A=1cm? (magnesium foil surface exposed to
corrosion) and ¢ = period of immersion.

2.2 | Microcomputed tomography
(micro-CT)

Magnesium foils before and after immersion were stu-
died using micro-CT. For this, the immersed samples
were first carefully rinsed in distilled water and then

dried in the incubator before micro-CT investigation. All
scans were performed on the system phoenix vitomelx s
240/180 research edition from Waygate Technologies
Digital Solutions Baker Hughes. Scanning parameters
were as follows: 50—55kV voltage, 450-750 pA current,
1000-ms time, 3000 images, and voxel size 12 pum.
Reconstructed volumes were processed using software
phoenix datoslx 2 reconstruction 2.4.0. Three-
dimensional (3D) images and surface area and volume
parameters were determined using software Volume
Graphics VG Studio Max 3.1. The threshold value de-
fining the material and background was set to 0.10 ab-
sorption coefficient. Volumes and surfaces were
determined before and after the immersion test. Volumes
according to higher and lower absorption coefficients
were evaluated after immersion to correct the volume
loss for calculation of CR:

_ Vv
Axt

CR )
where AV = the loss of Mg volume after immersion and
A =evaluated surface area.

2.3 | Electrochemical studies

For electrochemical studies of three magnesium foils, the
mini-cell  system  (Ibendorf), the  potentiostat
PGSTAT204, and Software Nova 2.1 (Metrohm) were
used. The measurements were performed at room tem-
perature with the electrolytes DMEM and c-SBF. To fa-
cilitate electron conduction, three foils were glued with
silver conductive epoxy adhesive to aluminum plates. A
scan rate of 10 mV-s~' was used to measure a polariza-
tion curve; this fast scan is possible by application of the
mini-cell system.!”*! Polarization resistance R, was de-
termined at the corrosion potential E.,, + 30 mV. For the
calculation of the current corrosion density i, the Tafel
constants were assumed to be 0.12V-dec™'. The CRs
were then calculated according to ASTM G102:

Mo
CR = K X %, (10)

where z =2 assuming Equation (1) and K = the factor to

convert in unit mm-year .

2.4 | Bioactivity studies

The immersion tests were performed according to a pre-
vious study”’ to evaluate the bioactivity behavior of
magnesium foils. The c-SBF composition is shown in
Table 2, and the pH was adjusted to 7.4. The EV:SA ratio
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was set to 100 ml-cm ™2 for all bioactivity tests. After pre-
heating the electrolyte, the sample was placed vertically
into the vessel. Samples were immersed for 2 and
28 days. The electrolyte was changed when the pH
increased to pH >7.5.

Long-term tests, ideally some weeks, are necessary to
study bioactivity because the formation of hydroxyapatite
may need up to 4 weeks. It was observed that the thin
foils degraded too strongly during this time needed and
could not be considered for 28-day immersion tests.
Therefore, cylinders were cut from magnesium rods
(99.96% [m/m]) with a diameter of 10 mm and a height of
10 mm, and then embedded in epoxy, grinded, and po-
lished to achieve a defined surface.

2.5 | Additional characterization
studies
2.51 | Scanning electron microscopy (SEM)

To study the magnesium foil surface before immersion,
SEM images were acquired using a Zeiss Auriga FE-SEM
at 3kV acceleration voltage using an ET-type detector for
secondary electron detection. The system is equipped
with an EDX system (80 mm?) from Oxford Instruments.
Energy-dispersive X-ray spectroscopy (EDX) data were
collected at 3 keV beam energy using the INCA software
package. The helium ion beam of a Zeiss Orion Nanofab
Helium Ion Microscope (HIM) was used to acquire sec-
ondary electron images at an energy of 30keV and a
beam current of 0.2 pA. The cross-section of corroded foil
samples after immersion in DMEM was studied using
SEM Leo 1455 VP at 4-kV acceleration voltage.

2.5.2 | X-ray photoelectron
spectroscopy (XPS)

Surface layer composition before and after the immersion
tests was qualitatively determined by XPS PHI 5700 XPS/
ESCA. In addition, the surfaces were sputtered with an
argon ion beam of 1.5kV for 30 min to remove some of
the surface impurities.

2.53 | X-ray diffraction (XRD)

For phase analysis of the grown Ca-phosphate surface
layer after bioactivity test, XRD measurements were per-
formed at Fraunhofer Institute for Silicate Research (FHG
ISC), Wuerzburg (Germany), using PANalytical Empyrean
S2 (Malvern Panalytical). Thereby, survey scans of samples

before and after immersion in c-SBF were performed.
Furthermore, measurements with a constant gracing in-
cidence at 0.5°, 1.0°, and 1.5° were carried out to increase
the interaction with thin surface layers.

3 | RESULTS

3.1 | Study of magnesium foil surfaces
In slow-operating SEM scans of Mg foils before immersion
tests, many large charging spots on the surface could be
detected. A corresponding EDX mapping study revealed a
correlation between the high concentration of oxygen and
the bright spots in the SEM picture (Figure 2, left). This
translates into an inhomogeneous oxide distribution.
Hence, spots with high oxide concentration cause an in-
sulating effect during electron microscopy. Using HIM, the
artifacts appear dark and suggest that there are regions that
contain oxide and carbon, whereas the bright areas contain
probably only very thin oxide layers (Figure 2, right). In
both microscopes, a nonhomogeneous surface composition
was observed on the micrometer scale.

XPS has an information depth of at most 10 nm. The
spectra directly after inserting foils from ambient condi-
tions are mainly composed of carbon and oxygen
(24%-57%) from the atmospheric environment (Figure 3).
After a soft surface treatment by Ar ion sputtering, the
spectral composition changes in the sense that the carbon
peak strongly decreases, the magnesium peak intensity
increases, and the oxygen concentration settles between 41
and 56 (Figure 3). In Figure 3, the remainder to reach 100%
corresponds to the oxygen content.

3.2 |
tests

H, evolution during immersion

Seven Mg foils were immersed in DMEM and two in
c-SBF for various periods. Figure 4a demonstrates the de-
creasing volume of magnesium calculated by the observed
gas evolution, depending upon the immersion time. The
volume loss in c-SBF was much higher than in DMEM.
The volume decrease in DMEM appears to have a lower
gradient, whereas the SBF shows corrosion attack that is
more aggressive in the initial period. The higher corrosion
attack found in c-SBF is probably caused by the higher
amount of chloride ions as compared with DMEM
(Table 2). Chloride ions are known to have a significant
impact on the increase of corrosion rate.[**"!

Calculation of degradation rates reflects also the high
initial attack of c-SBF as compared with the initial attack in
DMEM (Figure 4b). In both electrolyte systems, the
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GFIS Field Of View Scan Dwell Time Scan Size —
500 Microns 10 ps 1024 x 1024 50 pm

Working Distance Beam Current Magnification 4x5 Acquisition Timestamp
228

8.806 Millimeters 0.107 pA 18-Aug-20 5:25:03 PM

FIGURE 2 Left: scanning electron micrsoscopy (SEM) picture of the foil before immersion test and energy-dispersive X-ray
spectroscopy mapping of magnesium and oxygen at the same place. Bright spots in the SEM picture correlate thereby with low magnesium
and high oxygen concentrations. Field of view: 125 X 100 um. Right: helium ion microscope picture shows the inhomogeneous surface of
foils before immersion test. The dark areas correlate with thicker oxide layers than bright areas [Color figure can be viewed at
wileyonlinelibrary.com]

80

70

60

X A Mg at%
40 A

at %

A Mg at% after sputtering
A XC at%

A X C at% after sputtering

A A A A A X

0 1 2 3 4 5 6 7 8 9 10 11 12
measurements

FIGURE 3 X-ray photoelectron spectroscopy analyses before immersion tests show a low magnesium content and a high carbon
content. After sputtering of 30 min, the concentration of magnesium increases
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immersion time (d)

FIGURE 4 Calculations from H, data. (a) Decreasing foil volume during immersion corrosion tests in Dulbecco's modified Eagle's
medium (DMEM) and simulated body fluid (SBF). (b) Mg foils show a decreasing corrosion rate over time of immersion; thereby SBF
produces higher corrosion rates and furthermore, the approach of constant corrosion rates appears faster in DMEM than in SBF

corrosion rate is approaching a value of about 0.5 mm-year '

with increasing time, respectively, after 4 days in DMEM and
after 10 days in c-SBF. This means the approach of constant
corrosion rates appears faster in DMEM than in SBF. Gen-
erally, the decrease of CR was also found in other stu-
dies.l”**>?° Alkalization of the electrolyte during immersion
can be a reason for decreasing CR, but this can be excluded,
as the pH of the electrolyte was constant during experiments.
It appears that a partially protective layer built up during
immersion is responsible for reduced corrosion rates. Typi-
cally, a very high degradation rate can be found at the be-
ginning, which then decreases and finally becomes constant.

Comparison with a degradation study of Mg-0.3Ca alloy
in DMEM showed a similar behavior.'*! However, the CR
appeared lower than in the present Mg foil study. In the
present study, magnesium foils showed at the beginning a
CR in DMEM of about 4-8 mm-year ', compared with
0.6 mm-year ', and in long term of about 0.5 mm-year ",
compared with 0.2 mm-year_l.[xl Reasons for the higher
corrosion rates might be the composition of the magnesium
foils, the composition of the DMEM used, and the micro-
structure. The magnesium foils have a purity of 99.9%
(m/m), which means that the impurity levels are higher than
the tolerance levels and accelerated corrosion rates can be
expected.””*! Compared with the study of Nidadavolu
et al.l*! the 10% fetal bovine serum was not supplemented to
DMEM electrolyte, and thus a higher corrosion rate can be
expected because those proteins reduce the reaction and
corrosion rates.”” Finally, microstructural features like grain
size have an effect on corrosion rate.'***! However, the grain
sizes and the typical grain shape within the foil bulk were
not determined in this study. Furthermore, this information
is also often missing in other studies, and therefore com-
parisons are limited.

Figure 4b demonstrates the decreasing corrosion
rates, considering that the reason for the decrease of the
corrosion rates over time is oxidic corrosion products,
which have already built up in DMEM after 4 days but
not in c-SBF. However, during immersion tests in c-SBF,
protective corrosion products can obviously form after 10
days to slow down corrosion.

3.3 |
tests

Micro-CT study after immersion

Six foils tested in DMEM and one tested in c-SBF were
analyzed via micro-CT before and after immersion.
Figure 5 (upper level) shows the reconstructed 3D data of
some foils before and after immersion tests, and it de-
monstrates the more aggressive as well as different at-
tacks in c-SBF as compared with degradation in DMEM.
The geometry of the foils has only slightly changed after
DMEM immersion. On the contrary, the disc shape has
changed in a rapid and significant way after degradation
in c-SBF. As the 3D reconstructions of samples immersed
in DMEM do not show a significant change after im-
mersion, the CT volume data of those foils were analyzed
in more detail. Two approaches demonstrate the volume
decrease over immersion time, first by measuring the
entire volume and second by correcting this volume due
to the setting of other absorption coefficients. Figure 5
(lower level) shows that the decrease of the corrected
volume data is slightly stronger than that of the entire
volume. Calculations of the corrosion rate in DMEM
from the corrected data show a mean value of
0.5 mm-year‘l. This value is in accordance with H, data;
however, the variation of CR was found to be very high
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FIGURE 5 Micro-computed tomography (mico-CT) data. Upper level: The depiction of the 3D reconstruction of CT data shows foils
having a diameter of (a) 7.9 mm before immersion, (b) 7.8 mm after 1-day immersion time in Dulbecco's modified Eagle's medium (DMEM),
(c) 7.8 mm after 4-day immersion time in DMEM, and (d) about 6 mm after 4-day immersion time in corrected simulated body fluid. Lower

level: Volume before and after immersion in DMEM shows a decrease with immersion time

(about 50%), and furthermore, the data showed no de-
creasing tendency with immersion time. A closer look at
the absorption data showed the difficulty to distinguish
between the volume of metallic magnesium and oxide
phases. Therefore, the arising oxides during immersion
could mostly not be detected.

The volume CT data evaluated after 4 days of immersion
in c-SBF are also in accordance with H, data. It appeared
after 4 days that less corrosion products formed on the sur-
face in comparison with DMEM and furthermore, due to the
difference in corrosion products, corrosion products might
have been easier to distinguish in micro-CT. The calculated
CR was 1.6 mm-year_l, and no data were available for
10-day samples to compare with H, data.

3.4 | Electrochemical results

Polarization curves were measured on three foils, and on
each foil, three measurements in DMEM and three
measurements in SBF were performed. Figure 6 presents
the resulting curves of one foil as an example; the other
two foils showed similar behavior. Table 3 summarizes
all electrochemical data and shows the strong influence
of the electrolyte on the corrosion data. The magnesium

foils in DMEM have higher corrosion potential Eg,y,
higher polarization resistance Ry, higher breakdown po-
tential Ey,, and lower corrosion current density i, (and
thus lower corrosion rate CR) than in SBF. Corrosion
potential and current density in SBF were found to be
similar to other studies in SBF.!'"!

The evaluated corrosion rates of 0.6 mm-year ' in
DMEM and 1.5 mm-year " in c-SBF are similar to the ones
found by micro-CT and H, evaluation after 4-day immersion
tests. That means that the build up of a protective oxide layer
in DMEM takes place very quickly, therefore some protec-
tion is given even during polarization. On the contrary, the
build up of a protective layer in SBF occurs in long term and
cannot be captured by polarization measurement.

3.5 | Degradation products

3.5.1 | Immersion in DMEM

After immersion for 3 days, cross-sections of the sample foil
13 were studied using SEM. Figure 7 shows the grown
conversion layer, which reveals various thicknesses between
0 and 20 um. By assuming a uniform degradation, the cal-
culation from H, volume loss data of sample foil 13 results in
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FIGURE 6 Polarization curves measured from one magnesium foil in different electrolytes; gray, Dulbecco's modified Eagle's medium

(DMEM); black, corrected simulated body fluid (c-SBF)

TABLE 3 Data calculated from polarization curves

DMEM SBF
Ecorr (V) versus SCE —1.61 +0.05 —1.74+0.03
R, (Q-cm?) 16,761 + 6255 6649 + 1558
icorr (MA-cm™2) 26.61 +7.43 65.31 + 20.68
Range of E;, (V) Between —1.4 Between —1.5
versus SCE and —1.2 and —1.3
CR (mm-year ) 0.61+0.17 1.49 + 0.47

Abbreviations: c-SBF, corrected simulated body fluid; CR, corrosion rate;
DMEM, Dulbecco's modified Eagle's medium; SCE, saturated calomel
electrode.

an effective thickness of corrosion product layer of 5pm.
Although the converted layer thickness in Figure 7 does not
appear to be homogeneous, comparison with the calculated
value shows the same range of order. The composition of
those corrosion products was discussed in other studies; the
main degradation product in DMEM appears to be magne-
sium carbonate!''*”! beside magnesium oxide and hydro-
xide.""! Using secondary electron mode (Figure 7), the
contrast of the magnesium foil is lighter than of the corro-
sion product layer. However, due to charging effects, the
contrast of the degradation layer turns mostly white. This
confirms the oxide character of the corrosion products.

3.5.2 | Immersion in c-SBF

Two types of immersion tests in c-SBF have to be dif-
ferentiated: first, corrosion tests to compare the corrosion

behavior in c-SBF and in DMEM, and second, bioactivity
tests according to Kokubo and Takadama.!””! The latter
imply to place the surface of interest vertically. The test
according to Kokubo and Takadama!*’! is supposed to
predict the bioactivity of a sample in vivo from the for-
mation of hydroxyapatite on its surface during in vitro
immersion in SBF within 4 weeks.

In the first step, magnesium foils were soaked for 1
and for 2 days in c-SBF to study corrosion; the test setup
was similar to Figure 1. After immersion, surface mod-
ification by a powdery, partially white substance de-
posited on the surface was observed. Possible products
are again magnesium oxide, hydroxide, and carbonate,
and furthermore, calcium carbonate as well as phos-
phates of magnesium and calcium.!">'*! XPS studies
showed the presence of Ca and P on surfaces both after 1
and after 2 days of immersion in c-SBF, and no Ca and P
before immersion; as an example, the XPS spectrum after
1 day of immersion is presented in Figure 8 (upper level).
Thereby the Ca:P relationship increased from about 0.96
after 1 day of immersion to about 1.67 after 2 days of
immersion. The latter correlates to the relation of the
stoichiometric composition of hydroxyapatite.

The magnesium foils did not survive long test periods of
28 days under the aggressive conditions of c-SBF. There-
fore, in the second step, instead of magnesium foils, some
thick magnesium cylinders were inserted vertically for
long-term bioactivity tests. XPS spectra of those samples
after immersion for 2 days and for 28 days were performed.
The spectra revealed the same peak positions (Ca and P) as
observed on the foil samples shown in Figure 8 upper level.
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FIGURE 7 Scanning electron
microscopy picture of Mg foil cross-section
after immersion in Dulbecco's modified
Eagle's medium for 3 days shows various
thicknesses of degradation. Using secondary
electron mode, the contrast of the embedding
materials appears very dark and the contrast
of the Mg foil appears very light. The contrast
of the degradation layer appears mostly
white due to the charging effects of the
corrosion products
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FIGURE 8 Study of the degradation layer after immersion test in corrected simulated body fluid (c-SBF). Upper level: X-ray
photoelectron spectrum of a magnesium foil after 1-day immersion test in c-SBF shows Ca and P peaks. Lower level: X-ray diffraction
spectrum of the surface after 28-day immersion test in c-SBF reveals a new diffraction line on the surface at 26.29°. In addition, increasing
incidence angles indicate an increasing intensity of this line (marked by arrow)

However, the intensities differed, intensities measured on
cylinder samples after soaking for 28 days increased, com-
pared with those measured on foil and cylinder surfaces,
which were immersed for only two days. The grown layers
were additionally studied by XRD to indicate the formation
of apatite. The XRD study included the surfaces of three

magnesium cylinder samples: (i) before immersion test,
(ii) after immersion in c-SBF for 2 days, and (iii) after im-
mersion in c-SBF for 28 days. First, a survey of the X-ray
scans was performed, which revealed clearly that in com-
parison to the pure magnesium substrate, an additional
crystalline phase had not yet formed after 2 days but after
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TABLE 4 Approached corrosion rates of magnesium foils

DMEM c-SBF

1 1

Immersion and H, evolution 0.5 mm-year™ 0.5 mm-year—

1

Immersion and CT analysis 0.5 mm-year— -

1 1

Electrochemical results 0.6 mm-year— 1.5 mm-year™

Abbreviations: c-SBF, corrected simulated body fluid; CT, computed
tomography; DMEM, Dulbecco's modified Eagle's medium; -, not sufficient
data available.

28 days, indicated by a peak at 26.29°. An XRD scan using
very flat angles resulted in more details of the crystalline
character of this surface layer, as shown in Figure 8 (lower
level). The diffraction line at 26.29° thereby indicated in-
creasing intensity with the increasing incidence angle. This
means that the outer surface of the layer has more char-
acter that is amorphous, whereas the layer between the
outer layer and magnesium substrate shows a crystalline
structure.

4 | DISCUSSION

41 | Corrosion rates

The determination of corrosion rates is challenging for thin
magnesium foils, considering nonuniform and pitting cor-
rosion.*! In this study, the loss of magnesium volume and
mass was evaluated using three different methods: (A)
measuring the amount of evolving H, gas during immersion,
(B) measuring the change in volume by micro-CT before and
after immersion, and (C) determining the corrosion current
density by measuring the polarization curve. The analysis of
the data (Figures 4-6 and Table 3) showed that the corrosion
rate of the magnesium foils over time approaches
0.5 mm-year_l, which is summarized in Table 4. The CR of
0.5mm-year ' relates to both results from tests in DMEM
and in c¢-SBF. Comparison with other studies!®'**”! showed
that CR of 0.5 mm-year ' is in a common range. The CR
determined by electrochemical results appears higher. One
important reason is that the polarization method cannot
reflect the barrier effect of corrosion products on corrosion
rates. Furthermore, the results correlate better in DMEM
than in c-SBF. This means a rapid barrier effect due to oxides
or carbonates can be observed in electrochemical testing, but
a barrier that needs 4 days to be built up during immersion
cannot be reflected by those measurements. Electrochemical
results resemble more the initial stage of the surface. Con-
sidering that the electrochemical tests were performed at
room temperature, even higher corrosion rates can be ex-
pected at 37°C. The determination of the corrosion rate in
mm-year~ " is the conventional method according to ASTM

G31-72. However, volume loss might be a better approach
for thin degrading foils.

4.2 | Corrosion tests

Considering the CR results, the immersion tests in DMEM
appeared to be the most reliable method. The pH stabiliza-
tion during testing was possible, which is the base to carry
out such in vitro tests. DMEM was chosen as an electrolyte
because the composition and buffering system show a high
similarity to blood plasma and the human pH regulation."”!
To receive reliable results using cell medium DMEM,
handling in conditions as sterile as possible was essential.
The variation of CR determined by H, collection is partially
caused by reading errors; the main reason, however, appears
to be the inhomogeneous oxide layer and carbon con-
tamination on the foil surface before corrosion test. The
variation of CR received by micro-CT measurements was
even higher. CT data could not precisely distinguish the
growing layer thickness from the metal phase. Furthermore,
CT did not detect any possible thin oxide layer, which al-
ready existed before immersion. A great disadvantage of CT
data compared with H, data is that the data set of one
sample can only be collected at the end of the corrosion test
and not at several times during the test. Moreover, CT is
more time-consuming and expensive than gas collection.

4.3 | Surface modification

CR measurements respectively volume loss values, which
were a result of immersion tests in DMEM and c¢-SBF, show
a variation in data from one foil to the other (Figure 4). The
study of the foil surface before testing showed a variation of
oxide and carbon composition from foil to foil (XPS study,
Figure 3) and a variation of oxide distribution within the
surface (Figure 2). Therefore, it is concluded that the varia-
tion in CR measurements is caused due to variation in the
quality of the foil surface. Foil surfaces having an in-
homogeneous oxide distribution may have a higher corro-
sion rate than more homogeneous foil surfaces.
Furthermore, high carbon or oxide content may increase
inhomogeneous surface layer growth. However, more foils
have to be studied to draw a direct correlation between a
high or low corrosion rate and a specific surface state. In
addition, the grain size and shape may vary from foil to foil,
and could also cause a variation in CR, which also needs to
be addressed in future studies.

The degradation velocity during immersion was very
quick at the beginning. These observations lead to the con-
clusion that besides the long-term corrosion rate, which can
be adjusted by the alloy composition, the treatment of the
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surface of magnesium membranes will be a key step for
successful controlled application. Considering the greater
relation of surface to volume and the fragile thin structures
of foils, appropriate surface treatments will be a challenge.

The degradation products play an important role in
the biocompatibility of the implant. On the one hand, it
might be a risk if insoluble phosphates and carbonates
arise. On the other hand, as it was indicated by the XRD
studies, the formation of a bioactive layer may take place
in parallel to degradation, which appears as an important
property. The advantage of the good mechanical prop-
erties of magnesium materials, compared with resorbable
polymers and collagen, has been already discussed in
Section 1. Furthermore, this advantage is also evident by
the comparison with bioactive ceramics and glasses, as
those materials are known to bond to living bone and
also show very limited mechanical properties.
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