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Abstract: The degradation rate of magnesium (Mg) alloys is a key parameter to develop Mg-based
biomaterials and ensure in vivo-mechanical stability as well as to minimize hydrogen gas production,
which otherwise can lead to adverse effects in clinical applications. However, in vitro and in vivo
results of the same material often differ largely. In the present study, a dynamic test bench with several
single bioreactor cells was constructed to measure the volume of hydrogen gas which evolves during
magnesium degradation to indicate the degradation rate in vivo. Degradation medium comparable
with human blood plasma was used to simulate body fluids. The media was pumped through the
different bioreactor cells under a constant flow rate and 37 ◦C to simulate physiological conditions.
A total of three different Mg groups were successively tested: Mg WE43, and two different WE43
plasma electrolytically oxidized (PEO) variants. The results were compared with other methods to
detect magnesium degradation (pH, potentiodynamic polarization (PDP), cytocompatibility, SEM
(scanning electron microscopy)). The non-ceramized specimens showed the highest degradation rates
and vast standard deviations. In contrast, the two PEO samples demonstrated reduced degradation
rates with diminished standard deviation. The pH values showed above-average constant levels
between 7.4–7.7, likely due to the constant exchange of the fluids. SEM revealed severe cracks on the
surface of WE43 after degradation, whereas the ceramized surfaces showed significantly decreased
signs of corrosion. PDP results confirmed the improved corrosion resistance of both PEO samples.
While WE43 showed slight toxicity in vitro, satisfactory cytocompatibility was achieved for the PEO
test samples. In summary, the dynamic test bench constructed in this study enables reliable and simple
measurement of Mg degradation to simulate the in vivo environment. Furthermore, PEO treatment
of magnesium is a promising method to adjust magnesium degradation.

Keywords: bioreactor; magnesium; degradation; plasma electrolytic oxidation (PEO)

1. Introduction

In medicine, the right choice of biomaterial in an important aspect for the overall success of a
surgical therapy. Throughout the years, biomaterials have been used in the field of medicine to enhance
the outcome and quality of a procedure. For instance, bony defects require a biomaterial that mimics
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the characteristics of bone, such as magnesium, whereas the regeneration of soft tissue demands fewer
rigid biomaterials, such as polymers and their derivatives [1–4].

Of the various fields of medicine demanding reliable biomaterials, the fields of orthopedic
and maxillofacial surgery, in particular, have been experimenting with different biomaterials to
reach an optimal outcome [5–7]. In addition to the very commonly used metals, stainless steel and
titanium, the degradable metal Mg gets more and more attention [1,8–10]. Magnesium is an important
physiological element in the human body and can be found in skeletal bones, muscles, soft tissues and
in the extracellular compartments as an important regulator of physiological processes [11–13]. It is
further similar to natural bone in terms of not only inherent mechanical and structural properties, but
also biological response, such as osteoconduction or osteopromotion [9]. Since Mg is biodegradable
and soluble in physicochemical fluids, the application of Mg-based materials for different surgical
procedures (e.g., osteosynthesis, screws for surgical applications) is highly desirable and can avoid
secondary implant removal [2,9]. However, the low corrosion resistance of Mg in aqueous solutions
can lead to the evolution of hydrogen gas and a pH-increase, which can counteract proper healing
of hard and soft tissues [14,15]. In aqueous solution, magnesium reacts according to the following
equation [16]:

Mg + 2H2O→Mg(OH)2 + H2 (1)

Thereby, the choice of a suitable magnesium alloy plays an important role. Various
alloying elements make it possible to increase the corrosion resistance of magnesium in aqueous
solutions [1,17–19]. Further improvements are possible using different coatings or geometrical
modifications (e.g., plasma electrolytic oxidation (PEO), scaffold structures) [20–23].

Traditionally, magnesium degradation is measured by physicochemical methods, such as
potentiodynamic polarization, electrochemical impedance spectroscopy or scanning electron
microscopy (SEM) [24–36]. More recently, biological methods have been introduced, such as static
immersion tests with H2 evolution measurement, weight loss measurement of specimens or the
microscopic comparison of magnesium degradation in vitro-in vivo under cyclic stress [30,37–45].
Thereby, the choice of the corrosive medium has a major influence on the overall corrosion
behavior [26,27,42,43,46–50]. However, the measurement of the H2 release represents a major role for
tissue regeneration, since hydrogen gas generated from Mg degradation can lead to swelling, formation
of blisters, organ compression and high levels pH [14,15].

In this study, we developed a simple, yet effective dynamic test bench with several attached
bioreactor cells that captures and measures the evolution of H2 gas during Mg degradation in a
simulated physiological environment under constant flow rate and medium exchange. The Mg alloy
WE43 and two PEO variants of WE43 were included as test samples. For comparison, Mg degradation
was also monitored using Potentiodynamic polarization (PDP), scanning electron microscopy (SEM)
microscopy, cytocompatibility and pH measurement.

2. Results

2.1. Test Bench and Bioreactor Construction

The construction of the test bench with connected bioreactor cells was successfully conducted and
according specimens were realized. In total, ten bioreactor cells were operated separately and combined
to form a fluid-dynamic testing bioreactor system (Figure 1A–D). The dynamic flow conditions were
chosen according physiological model and resulted in a 47% daily exchange of total fluid, which
was collected separately and aliquotated for pH measurement. The evolved hydrogen gas from Mg
degradation was captured by an upside-down funnel and measured in a scaled cylinder placed over
the funnel. Different specimens of the three variants were tested and examined in the bioreactor system,
showing a pronounced difference in degradation behavior.



Int. J. Mol. Sci. 2019, 20, 4859 3 of 14

Int. J. Mol. Sci. 2019, 20, x 3 of 14 

 

placed over the funnel. Different specimens of the three variants were tested and examined in the 

bioreactor system, showing a pronounced difference in degradation behavior. 

2.2. H2- and pH-determination 

The development of hydrogen gas volume of the alloy WE43 increased linearly over time (Figure 

2). The rate of the increase was nearly constant over time. H2-release rates differed largely among 

different reactors, which resulted in high standard deviations. The ceramized test samples PEO-A 

and PEO-B showed a similar and linear increase in hydrogen gas development over time. The mean 

curves of both PEO samples showed a lower H2-release compared to the non-ceramized test samples, 

which was significantly lower for both ceramized test samples over the first day (p < 0.05), before 

turning insignificant for PEO-A. In comparison, PEO-B showed a rather stable and reduced level of 

hydrogen gas evolution throughout the 100 h duration of the experiment. After 24 h, mean gas 

evolution values from PEO-B were significantly different compared to PEO-A. (p < 0.05 or less). 

Overall, the PEO specimens demonstrated low to no deviation in terms of the measured H2-values.. 

The pH values for all samples ranged from 7.4–7.7, most likely due to the continuous medium 

exchange. However, the untreated alloy showed insignificant higher values over time, which might 

be related to the increased degradation rate of the unprotected, yet reactive metal (Figure 3). 

 

Figure 1. Bioreactor design. (A) Each bioreactor cell was independently connected through Versilic 

silicon tubes to tworeservoirs filled with minimum essential medium (MEM) (1). The medium was 

pumped by a multichannel roller pump (2) to each bioreactor (3). To avoid the falsification of 

measurents by foreign gas bubbles in the system, a bubble trap was installed between the first pump 

and the bioreactor itself (4). A second pump (5), in sync with the first one, allows for the removal of 

MEM from the degradation chamber towards a waste reservoir (6). Before the second pump, a split 

line allows for the aliquotation of small volumes of MEM for pH measurements (7). In order to reduce 

the risk of medium contamination, a PTFE filter acts as a particle barrier between the two 

compartments (8). (B) Schematic illustration of a bioreactor. The flow of the medium is shown by the 

direction of the arrows and the holder for the specimens is encircled. (C, D) Illustrative photographs 

of the bioreactor cells before (C), and throughout the experiment (D). 

Figure 1. Bioreactor design. (A) Each bioreactor cell was independently connected through Versilic
silicon tubes to tworeservoirs filled with minimum essential medium (MEM) (1). The medium was
pumped by a multichannel roller pump (2) to each bioreactor (3). To avoid the falsification of measurents
by foreign gas bubbles in the system, a bubble trap was installed between the first pump and the
bioreactor itself (4). A second pump (5), in sync with the first one, allows for the removal of MEM from
the degradation chamber towards a waste reservoir (6). Before the second pump, a split line allows
for the aliquotation of small volumes of MEM for pH measurements (7). In order to reduce the risk
of medium contamination, a PTFE filter acts as a particle barrier between the two compartments (8).
(B) Schematic illustration of a bioreactor. The flow of the medium is shown by the direction of the
arrows and the holder for the specimens is encircled. (C, D) Illustrative photographs of the bioreactor
cells before (C), and throughout the experiment (D).

2.2. H2- and pH-determination

The development of hydrogen gas volume of the alloy WE43 increased linearly over time (Figure 2).
The rate of the increase was nearly constant over time. H2-release rates differed largely among different
reactors, which resulted in high standard deviations. The ceramized test samples PEO-A and PEO-B
showed a similar and linear increase in hydrogen gas development over time. The mean curves of
both PEO samples showed a lower H2-release compared to the non-ceramized test samples, which
was significantly lower for both ceramized test samples over the first day (p < 0.05), before turning
insignificant for PEO-A. In comparison, PEO-B showed a rather stable and reduced level of hydrogen
gas evolution throughout the 100 h duration of the experiment. After 24 h, mean gas evolution values
from PEO-B were significantly different compared to PEO-A. (p < 0.05 or less). Overall, the PEO
specimens demonstrated low to no deviation in terms of the measured H2-values.. The pH values for
all samples ranged from 7.4–7.7, most likely due to the continuous medium exchange. However, the
untreated alloy showed insignificant higher values over time, which might be related to the increased
degradation rate of the unprotected, yet reactive metal (Figure 3).



Int. J. Mol. Sci. 2019, 20, 4859 4 of 14Int. J. Mol. Sci. 2019, 20, x 4 of 14 

 

 

Figure 2. Comparison of the H2 gas evolution of PEO-modified and unmodified test samples. The 
evolution of hydrogen gas varied less for the two PEO ceramiced samples compared to the untreated 
samples. PEO-B showed an almost linear curve shape and performed better in terms of degradation 
resistance than PEO-A. 

 

Figure 3. Measurement of the pH within the different cells linked to the degradation rate; time-
dependent pH values for Mg WE43, PEO-B and PEO-A samples are shown in the graph. Values are 
displayed as means ± SD. 

2.3. Surface Topography of the Mg Specimens 

Figure 4 shows the specimen surfaces before and after the degradation experiments. Before 
testing, Mg WE43 test samples revealed a smooth surface, showing no topographical structure except 
single grooves from the mechanical preparation procedure. In contrast, the PEO treatment 
introduced microscopically visible patterned structures onto the surfaces of both PEO-B and PEO-A, 
while PEO-A showed irregularities in morphology depicted by small protrusions of the ceramic 
filiforms. After degradation, the Mg WE43 specimens exhibited a pronounced uniform layer, 
showing severe cracks and fissures. While after degradation both PEO variants showed fewer signs 
of corrosion than the unprotected WE43, PEO A showed both, a visible uniform attack on the 
microstructure and distinct pittings protruding the PEO surface layere. In contrast, PEO-B almost 
retained its initial topography with only an uniform and reduced deepening of the microporosity. 
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degradation resistance than PEO-A.
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Figure 3. Measurement of the pH within the different cells linked to the degradation rate;
time-dependent pH values for Mg WE43, PEO-B and PEO-A samples are shown in the graph.
Values are displayed as means ± SD.

2.3. Surface Topography of the Mg Specimens

Figure 4 shows the specimen surfaces before and after the degradation experiments. Before
testing, Mg WE43 test samples revealed a smooth surface, showing no topographical structure except
single grooves from the mechanical preparation procedure. In contrast, the PEO treatment introduced
microscopically visible patterned structures onto the surfaces of both PEO-B and PEO-A, while PEO-A
showed irregularities in morphology depicted by small protrusions of the ceramic filiforms. After
degradation, the Mg WE43 specimens exhibited a pronounced uniform layer, showing severe cracks
and fissures. While after degradation both PEO variants showed fewer signs of corrosion than the
unprotected WE43, PEO A showed both, a visible uniform attack on the microstructure and distinct
pittings protruding the PEO surface layere. In contrast, PEO-B almost retained its initial topography
with only an uniform and reduced deepening of the microporosity.
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Figure 4. Scanning electron microscopy (SEM) of the surfaces of the Mg specimens (WE43, PEO-B
and PEO PEO-A) before and after degradation, revealing a accelerated corrosion attack of the Mg
WE43, followed by PEO-A and PEO-B showing almost no change in surface morphology. For the
surface of the unprotected Mg WE 43 specimens a smooth surface can be observed, whereas the
degradation resulted in a corrosion layer comprising cracks and fissures. In contrast, the PEO treated
samples show a micro-structured surface with a microporosity. After degradation, the cavities of
the PEO microstructure became more pronounced, while fissures appeared and the surface of the
PEO modification turn into a comb-like surface structure with single pittings. These features were
significantly more apparent on the PEO PEO-A samples.

2.4. PDP Measurements

Table 1 displays the degradation rates in µm/year, which were calculated using the equation by
Stern and Geary [50,51]. Thereby, the untreated magnesium test samples showed a manifold higher
degradation rate compared to the PEO-treated test samples.

Table 1. Calculated degradation of the Mg WE43 specimens with and without PEO coating in µm/year.
The results show a manifold higher degradation rate for the untreated MgWe43 samples compared
to the PEO modified samples. In concordance with the hydrogen gas production measured in the
bioreactor system, PEO-B shows the lowest degradation rate.

Sample Degradation Per Year/µm

Mg WE43 118

PEO-A 5

PEO-B 3

2.5. Cytocompatibility and LIVE/DEAD Staining

In the XTT, BrdU and LDH-assays, the untreated WE43 alloy showed a cytotoxic effect, comparable
to the positive control (Figure 5). In concordance, gas bubbles and nearly no cellular viability or cell
proliferation could be detected (Figure 6). The two ceramized surfaces PEO-B and PEO-A exhibited no
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cytocompatibility indicated by enhanced viability, proliferation and metabolic activity of the tested cell
culture, being comparable to the negative control (Figure 5). Thereby, values for PEO-A and PEO-B
were highly significantly different from Mg WE43 in all assays (p < 0.01). In the BrdU assay, PEO-A
showed higher values compared to PEO-B (p < 0.05). Live/Dead staining revealed a large number of
viable green cells were visible on both ceramized specimens (Figure 6). The cells on PEO PEO-B and
the negative control showed a spindle-shaped morphology as a sign of cellular attachment, whereas
cells on PEO-A showed rounded, not adherent, morphology.
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Figure 5. Cytocompatibility assessment of the Mg specimens WE43, PEO-B and PEO-A. (A) XTT assay
indicating cell viability; (B) BrdU assay indicating cell proliferation; (C) LDH assay indicating the
cytotoxicity of the material. Mg WE43 shows the greatest release of cytotoxic agents; accordingly,
low cellular viability and proliferation can be observed. Both, PEO-B and PEO PEO-A demonstrate
givenoverall cytocompatibility as depicted by the significant elevation of viability and proliferation
values, complemented by a minor release of cytotoxic substances during degradation. Asterixis mark
significant differences (* p ≤ 0.05, ** p ≤ 0.01).
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Figure 6. Live/dead staining of L-929-fibroblasts on the surfaces of Mg WE43, PEO-B and PEO-A.
Green- and red-stained cells denote viable and non-viable cells, respectively. Cells populating PEO-B
specimens showed the highest percentage of viable (green) cells, while those cultured on the Mg WE43
specimens exhibited the lowest viability.

3. Materials and Methods

3.1. Mg Variants

A Mg-Y-RE-Zr based magnesium alloy (WE43MEO, Meotec GmbH, Aachen, Germany) nominally
containing app. 4% yttrium, 3% Rare Earths and less than 0.6% zirconium with magnesium being the
remainer was included in this study. Samples were cut-grinded from a rod (Secotom, Struers GmbH,
Willich, Germany), followed by chemical polishing in nitric acid (HNO3) (65% in volume). The samples
with a final diameter of 18.8 mm and 0.2 mm height were washed in water and ethanol and preserved
in a dry-air closet to prevent further oxidation. Prior to the degradation experiments, test samples
were degreased in an ultrasonic bath of ethanol for 10 min. Mg WE43 samples further underwent
PEO treatment in a stainless-steel container forming the counter-electrode. A layer thickness of 9 +/−

6 µm was targeted for both PEO variants by adjusting current density between 1.35–3.5 A/dm2 and
the corresponding treatment time between 8–25 min. As electrolytes, two phosphate-rich electrolytes
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supplemented with different conductivity agents were used (Table 2). For each experiment, n = 11 test
samples of Mg WE43 and the two types of PEO treatments (PEO-A and PEO-B) were used each.

Table 2. Magnesium variants used in the experiments. PEO, plasma electrolytic oxidized.

Variant Name Brand Name Composition

A PEO-A - phosphate + potassium hydroxide

B PEO-B Kermasorb® Phosphate + ammonium hydroxide

3.2. Test Bench and Bioreactor Design

A test bench allowing for simulated body fluids (medium) to embrace and stream over the different
Mg test specimens was designed and realized by conventional manufacturing methods (Figure 1).

Due to its similar chemical composition and ability to simulate human blood plasma, MEM
(minimum essential medium) supplemented with 10% fetal bovine serum, penicillin/streptomycin
(100 U/mL each) (all from Life Technologies, Carlsbad, CA, USA) with 4 mM L-glutamine (Sigma-Aldrich,
St. Louis, MO, USA) was chosen as both, degradation and cell culture medium. Comparisons of
different culture mediums to simulate in vivo conditions, hence suitable for degradation experiments
on magnesium, were published by the authors in advance [50,52]. The whole set of the dynamic testing
cells was placed in an incubator at a constant temperature of 37 ◦C, 6% CO2 and an 85%–95% humidity
(further referred as to as physiological conditions).

The different cells of the bioreactor comprised a corrosion chamber, in which the specimens were
fixed to a holder in order to expose both sides of the discs to the medium stream. Two synchronized
multichannel roller pumps (Ismatec® IPC, Wertheim, Germany) were used before and after the
corrosion chamber to enable the flow. Hence, each bioreactor was constantly and independently feed
with fresh medium through versilic silicon tubing (Biologic inert USP XXIII Class 6) having a flow rate
of 53 µL/min, which equals physiological interstitial flow. A bubble trap was used immediately in
advance to the entrance of the individual corrosion cells, thereby eliminating foreign bubbles gassing
off peripheral components and potentially falsifying the volumetric measurements.

A bifurcation in the tubing leading away from the corrosion cells allowed for aliquotation of small
volumes of the used MEMto measure the pH before discarding the medium to the waste reservoir.

Within the corrosion cells, an upside-down funnel was placed in immediate adjacency to the
sample in order to capture the evolving hydrogen gas during specimen degradation. The hydrogen
gas was further guided into a graduated burette to determine the exact amount of accumulated gas
measurement. pH buffering was guaranteed by a open gas exchange between the individual corrosion
cells and the incubator’s CO2 atmosphere. In order to reduce the risk of medium contamination,
a sterile PTFE filter acted as a particle barrier between the different compartments.

All corrosion cells were initially calibrated by injecting 10 mL of O2 to the bottom of a single
cell followed by measuring the released gas volume in the burette. The degradation experiment
was limited to a duration of 100 h total. A total number of 10 bioreactor cells were manufactured
and operated simultaneously. Every experiment tested two single variants, each in 4 bioreactor cells.
The remaining two corrosion cells served as additional controls to measure false gas evolution from
the plain medium within the cells and was used to adjust the measurement results.

After the degradation experiment, specimens were washed in water and ethanol, followed by
preservation in a dry cabinet to avoid further degradation until further characterization (PDP, SEM) at
a later time point.

3.3. Surface Characterization of Mg Specimens

Before and after degradation experiments, surfaces of all utilized Mg specimens were facilitating
a scanning electron microscope (SEM/Philips XL30, Amsterdam, Netherlands) and energy dispersive



Int. J. Mol. Sci. 2019, 20, 4859 9 of 14

X-ray (EDX, integrated with SEM) to evaluate the microscopic features and chemical state as well as to
analyze the progress of degradation after the experiments.

3.4. PDP Measurements

Mg specimens were fixed in a specimen holder at the bottom of a corrosion chamber adding 100 mL
of MEM. The lower-side of the Mg specimens were mechanically connected to a working electrode, while
its upper side was exposed to the simulated body fluid with a defined area of 1 cm2, as done in previous
studies of our group [52]. Within the corrosion cell, a reference electrode (Ag/AgCl) and a counter
electrode (graphite) were placed, providing an electrochemical three-electrode setup. The electrodes,
forming a potentiostatic circuit, were placed into an incubator under physiological conditions (see above).
Using a potentiostat (SP-150, Bio-Logic Science Instruments SAS, Seyssinet-Pariset, France), the open
circuit potential, the electrochemical potential reached by a redox reaction in dynamic equilibrium
was measured for 45 min before subjecting the specimens to potentiondynamic measurements at a
range of −400 mV to +400 mV in reference to the OCP. The resulting Tafel plot was used to calculate
the corrosion potential (Vcorr) and current (Icorr) at the intersection of the tangent lines to the anodic
and cathodic branches using the Bio-Logic EC-Lab V10.31 software. Degradation rates in µm/year
were derived equally using the Stern and Geary equation as previously described [51].

3.5. Cytocompatibility and LIVE/DEAD Staining

For the cytocompatibility experiments, L-929-fibroblasts (ATCC, Wesel, Germany; obtained from
the Department of Osteology and Biomechanics, University Medical Center Hamburg Eppendorf,
Hamburg, Germany, 16 February 2013) were used. Cell culture was performed under physiological
conditions, as described in 2.1. Cell passaging was accomplished at 80% confluence every 24 h
according to EN ISO 109983-5/-12.

For direct testing, specimens and reference materials (negative control, positive control,
glass control) were sterilized in isopropanol for 5 min and seeded with 2.4 × 105 cells in 1.88 mL cell
culture medium in 12 well plates. Cells were seeded directly onto the surface of the materials. Assays
were carried out after 24 h incubation under cell culture conditions. XTT-, BrdU- and LDH assays were
performed as previously described and according to the manufacturer’s instructions [50].

For live/Dead staining, 60 µL per ml medium propidium iodide (PI) stock solution (50 µg/mL
in PBS) and 500 µL per mL medium fluorescein diacetate (FDA) working solution (20 µg/mL in
PBS from 5 mg/mL FDA in acetone stock solution) was added to each well (12 well plate). After
a brief incubation for 3 min at room temperature, specimens were rinsed in prewarmed PBS and
were immediately examined with an upright fluorescence microscope (Nikon ECLIPSE Ti-S/L100,
Nikon GmbH, Düsseldorf, Germany) equipped with a filter for parallel detection of red and green
fluorescence. Images were taken at 4-fold, 10-fold, and 20-fold magnification.

3.6. Statistical Analysis

Data are expressed as means ± standard deviation. The Software GraphPad Prism (Version 7.05,
San Diego, CA, USA) and two-way ANOVA were used to test for significant differences between the
groups and time points. p-values of ≤ 0.05 (*) and ≤ 0.01 (**) were considered as statistically significant.

4. Discussion

The goal of this study was to design a dynamic testing setup for the in-vitro measurement of
magnesium degradation by H2-evolution measurement and thus mimicking/simulating the in-vivo
degradation behavior under physiological conditions. Further objectives were to demonstrate a
proof-of-concept by subjecting unprotected as well as surface modified magnesium specimens to
the experimental setup and measure the difference in degradation behavior over an exaggerated
time period.
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The fluid dynamic testing was established by considering physiological body temperature (37 ◦C),
a corrosive medium similar to the human blood plasma (MEM + 10% FCS and Glutamine) and choosing
a reasonable methodical approach to determine the degradation of the magnesium by measuring the
evolving H2-volumes.

Studies have shown that the choice of a corrosive medium can have a major impact
on the degradation rate [30,37–45]. For example, components, such as 4-2-hydroxyethyl-1-
piperazineethanesulfonic acid (HEPES), vitamins, high concentrations of chloride and amino acids can
act as corrosion accelerators, while the addition of bicarbonate (HCO3−) at concentrations of 27 mM/,
H2PO4− and Albumin can slow down corrosions rates [43,53–55]. In our opinion, regardless of the
composition used, the utilized medium should be as similar as possible to human blood plasma,
prevent bacterial contamination, be affordable and easy to produce or source in order to ensure ease
of use and comparability with other studies [50,56]. MEM, supplemented with 10% FCS, 10 U/mL
penicillin/streptomycin and 4 mM L-glutamine, was met those requirements and was hence used in
this study. The corrosion cells used for the testing within our study were installed in an incubator to
guarantee physiological conditions at 37 ◦C, 6% CO2 and 100% humidity. Former studies investigated
and implemented methods to measure magnesium degradation by using either static measurement
methods, non-physiological measurement methods (PDP, SEM, pH) or environmental modalities
offside from physiological conditions, e.g., corrosion mediums like saline solution [24–45]. Especially
using static immersion testing to evaluate the degradation behavior can lead to falsified measurements
when testing magnesium specimens. The rather high degradation rates of this material class usually
lead to the accumulation of magnesium ions in the corrosion medium and to a severe shift in pH.
Former studies facilitating static immersion testing have tried to compensate pH levels by either a
recurring exchange of the corrosion medium and/or the use of pH buffers. However, most studies lack
a frequent monitoring of the pH within the corrosion medium and corresponding results indicate the
occurrence of pH shifts towards an alkaline milieu. While the human body is able to maintain the
pH in the tissue surrounding an implant at least to a certain extent, this unphysiological conditioning
during static testing not only shows to by unphysiological, but also do decrease the degradation rates
of magnesium and thus distort the measurement in terms of in-vivo comparison. For this reason, we
chose to facilitate dynamic single corrosion cell testing. Despite higher efforts to setup the experimental
procedure, e.g., sterilization, flushing and installation of pumps, tubes and other components, we were
thus able to keep the pH on an almost constant level within the corrosion cells. Due to the continuous
exchange of the corrosion medium within the cells physiological conditions could be achieved and the
physiological limits for pH levels were not exceeded during testing.

By mimicking the in vivo situation as closely as possible, it is important to correlate in vitro results
with in vivo results. Therefore, we propose the use of previously described physiological modalities,
a constant measurement of H2 gas evolutionrates as well as pH monitoring under dynamic flow
conditions, which should further be complemented by other methods as, PDP, SEM or cytocompatibility
assessmentsin order to allow for a comprehensive analysis and validation of the testing results.

Consequently, H2-derived degradation rates of not only unprotected Mg WE43 specimens, but also
PEO treated samples (PEO-A and PEO-B) were determined and the results were correlated with other
methods (cytocompatibility, SEM, pH measurement).

Our findings show, that these ceramized samples showed a significantly improved degradation
behavior in terms of a reduced H2-release, when compared to the untreated test sample. This reduction in
degradation rate could also be confirmed by pH measurements and SEM images of the according surface
topographies, hence validating the experimental dynamic setup and providing a proof-of-concept.
As measurements under static conditions showed to be invalid in previous studies, no comparison to
static immersion testing was included in this study [57].

The examination time of 100 h showed to be limited by bacterial and fungal contamination.
This limitation could be solved by increasing the concentration of antibacterial agents or adding
antimycotic supplements to the corrosion medium. Furthermore, the installation not only of
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the bioreactor, but also the whole environment under sterile conditions, e.g., in a laminar flow
bench, could potentially improve conditions and hence allow for further elongated testing periods.
The relatively high standard deviations of the Mg WE43 H2-release in our study can mainly be explained
by the corrosion mechanisms of untreated magnesium samples, where minor surface damages or
impurities lead to increased pittings and cracks on the surface, and thus leading to an stochastical and
exponential increase of the H2 release [11,17,18].

Our test bench simulates the degradation of magnesium materials under unloaded conditions.
However, the introduction of loading as shown by Koo and Yang et al. would have a beneficial impact
on the overall degradation rate, thereby representing a meaningful addition to the facilitated testing
setup [38,39].

Furthermore, as shown in previous studies by our group, magnesium corrosion products
can interfere with certain chemical agents of differents cell culture assays to determinine
cytocompatibility [50,52]. Thus, it is mandatory to adjust the level of interference by incubation
of the magnesium specimens without cells in order to determine the overall interference levels. In this
context, the interference of the corrosion products of different magnesium alloys and their interference
on cytocompatibility and cytotoxicity assays should be investigated [58]. Furthermore, more research
should be done concerning the influence of pH changes and corrosion products of magnesium on the
overall cell survival in cell culture testing [59].

Further studies regarding the development of degradation test benches to evaluate the degradation
of magnesium alloys should, above all, precisely correlate the in vivo-degradation of magnesium
alloys with the in vitro-test situation. Beside different load-bearing and not load-bearing implantation
areas, the choice of an adequate animal model should focus on large animals and the proximity of the
model to human conditions.

5. Conclusions

In order to establish a magnesium testing setup that efficiantly approximates in-vivo degradation
of bioabsorbable magnesium, a fluid-dynamic bench setup with H2-detection under physiological
conditions was established and validated by measuring the degradation behavior of untreated and PEO
treated magnesium WE43. The facilitated setup showed to be a promising method to in vitro simulate
in vivo conditions by maintaining the pH level in the corrosion cells within physiological boundaries.
PEO treated specimens exhibited a significantly improved (lower) degradation rate compared to the
untreated magnesium reference. Other methods as electrochemical measurements (PDP), monitoring of
the pH levels and cytocompatibility cell culture testing were conducted complementary and confirmed
these results. To mimic the in vivo situation more accurately, further investigations should consider the
influence of mechanical load and the corrosion medium on the degradation behavior and aim to further
increase the maximum duration of magnesium corrosion experiments by improving sterile conditions.
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