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Abstract: Mg and Mg alloys are of interest for biodegradable
implants as they readily corrode in biological fluids, and dis-
solved Mg ions are nontoxic. Even though it is well known that
Mg dissolution leads to pH increase in the surroundings, the
effect of the corrosion-induced alkalization on the biological
environment has not been studied in detail. We therefore
explored the interactions between corrosion-induced pH
increase and cell growth on Mg alloy AZ91D surface. Cell adhe-
sion and spreading on the alloy surface is unimpeded initially.
However, with time a large fraction of cells de-adhere. We at-
tribute this to the observed increase of the pH in the cell culture
medium in the process of alloy dissolution. Cytotoxicity tests

with Hela cells grown on glass surfaces confirm that cell death
increases with increasing alkalinity of the cell culture medium.
We also show that a the cells that adhere on the Mg alloy sur-
face act as a corrosion-blocking surface layer. In consequence,
a slower pH increase in the medium takes place when the alloy
surface is covered with cells. Electrochemical impedance spec-
troscopy measurements (EIS) verify that a cell layer slows
down the corrosion process. © 2011 Wiley Periodicals, Inc.
J Biomed Mater Res Part B: Appl Biomater 99B: 276-281, 2011.
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INTRODUCTION
Mg alloys have long been considered for use as biodegrad-
able implant materials,"™” but it is still difficult to control
the degradation (corrosion) rate of Mg alloys in the physio-
logic environment of an organism such that the desired
structural and mechanical properties of the implant are
maintained over a desired time window. On the basis of use
of Mg alloys in other type of applications, many facts are
known about Mg corrosion, such as the alkaline pH shift of
a surrounding electrolyte, corrosion resistance in different
types of inorganic electrolytes, or effects of alloy composi-
tion and microstructure on dissolution rates and modes.®™°
Yet the influence of biomolecules or living cells on the cor-
rosion behavior of Mg alloys in vitro or in vivo is not well
understood (see'’ for a review). The converse question
regarding the influence of Mg corrosion and corrosion prod-
ucts on cell function, although it has been recently
addressed in numerous in vitro cell culture studies,'*** is
also not yet answered to satisfaction. Materials, cell lines,
and methods vary considerably between different studies,
and it is difficult to draw general conclusions on the critical
factors of cell adhesion and survival.

Even though the alkaline pH shift in the vicinity of cor-
roding Mg surfaces is well known, the effect of this has not

been systematically studied in view of the biomedical appli-
cation of Mg. Therefore, one aim of the present investigation
is the elucidation of Mg alloy corrosion-induced pH effects
on biocompatibility. Generally, strong pH changes in cell cul-
ture medium are known to influence cell growth. For
instance, maximum growth of HeLa cells and human liver
cells cultured on glass was observed in the pH range of
7.38-7.87, followed by a gradual decline of cell growth at
higher pH and an abrupt induction of cell death at a pH of
8.0-8.2.2* Exposure time to higher pH also matters, as ex-
cessive cell death was observed when HelLa cells were
exposed to alkaline pH of 7.8 for more than two days.?®

Exposing magnesium alloys to simulated body fluids
(SBF) or to cell culture medium, in spite of buffering, can
lead to strong increase of the pH value far beyond the phys-
iologic pH of 7.4.'?2° Moreover, the pH development
depends on many experimental parameters such as the
alloy composition, buffering capacity of the medium, and
alloy surface/medium volume ratio. But regardless of such
details, impeded cell growth and induction of cell death can
always be expected when cells are cultured on corroding
Mg alloy surfaces.

In this study, the effect of alkaline pH shift in medium,
caused by Mg alloy AZ91D corrosion, on cell adhesion, and
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TABLE I. Composition of AZ91D Cast Alloy
Al Zn Mn Si Cu Ni Fe Mg

wt% 85 0.6 0.25 0.005 0.25 0.001 0.004 balance

spreading on the alloy surface was investigated. In addition,
the effect of cell adhesion layers on Mg alloy corrosion was
studied by electrochemical impedance spectroscopy (EIS)
measurements in absence and presence of cells on the sur-
face. We chose the Mg alloy AZ91D for these investigations,
as it is possible to culture cells on a corroding surface of
this alloy (in contrast to commercially pure Mg, in which
case the surface is too reactive for initial cell adhesion with-
out surface treatments'?). Moreover, the alloy AZ91D is one
of the most used Mg-based alloys, with improved mechani-
cal and corrosion behavior as compared to pure Mg. The
corrosion behavior of AZ91D has been previously studied in
simulated body fluids,?®*”*® and in vitro cell culture testing
on this alloy has also been carried out.®*?

MATERIALS AND METHODS

The Mg alloy used for the experiments was cast AZ91D,
with the major alloying elements of approximately 9% Al
and 1% Zn (for composition see Table I). The samples were
cut from sheet material to a size of 1.75 x 1.75 cm?, ground
with 1200 SiC grinding paper, then polished with 6, 3, and
finally 1-um diamond paste and cleaned in an ultrasonic
bath with ethanol. For pH measurements, an o-ring (4 0.8
cm) was attached to the surface, defining constant contact
geometry between the sample and the electrolyte. For the
measurement of the pH development, simulated body fluid
SBF 522 was used (for composition, see Table II).

The pH development with time was studied with three
different pretreatments of the samples. The samples were
(a) either left untreated (bare), (b) they were incubated in
Dulbecco’s Modified Eagle’s Medium (DMEM) with addition
of 10% Fetal Bovine Serum and 100 U/mL and 100 U/mL
Penicillin/Streptomycin as culture medium for 2 h at 37°C,
to simulate the chemical effects that occur on the surface
while growing cells on a sample (DMEM pretreatment), or
(c) 300,000 HeLa cells were grown on the sample for 2 h.
After these treatments, a tube was connected to the o-ring
and filled with 10 mL SBF; then the pH change of the solu-
tion was measured with a pH-Meter (Knick 763 Multi Cali-
matic) for 24 h.

For cell culture experiments, the Mg samples were steri-
lized under UV irradiation with a wavelength of 260 nm. Cells
from a human cervical cancer cell line (HeLa) were cultured
in an incubator (5% CO,, 37°C, 95% relative humidity) for
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different times (2-24 h) in 24-well plates containing the Mg
alloy samples. About 300,000 cells were seeded on the sur-
face. HeLa cells are a standard cell line used in many labora-
tories worldwide; they show robust growth under a range of
conditions and form a dense monolayer when grown onto a
flat substrate, which makes them suitable for cell attachment
and spreading area quantification. Again DMEM, prepared as
mentioned above, was used as a cell culture medium. After 2-
24 h in the incubator, the cells were fixed in 2% paraformal-
dehyde and stained with Alexa red phalloidin to visualize the
actin cytoskeleton of the cells, and with Hoechst 33342 to vis-
ualize the cell nucleus. Fluorescence microscopy of the
stained cells was carried out with a Leica CTR 6000 model
microscope. A minimum of three samples was measured for
each condition. For each sample, images recorded with a 10x
objective from at least three randomly chosen field of views
were analyzed.

To examine the influence of increasing pH value on the
cell behavior, DMEM was alkalized with 0.1 molar NaOH,q).
Solutions with pH values of 7.4, 8.0, 9.0, 10.0, and 11.5
were prepared. For each experiment, 100,000 cells were
seeded on glass, and cultured for 24 h in an incubator. Fixa-
tion, staining and fluorescence microscopy was carried out
as explained above.

To evaluate the influence of a cells layer on the corro-
sion behavior of AZ91D, 100,000 or 300,000 HelLa cells
were cultured for 2 h or 5 h on UV irradiated AZ91D sam-
ples as described above. Afterwards, the samples were
transferred to SBF 5 medium and analyzed at 37°C with EIS
using an electrochemical workstation (IM6ex, Zahner Elek-
tronik, Germany). The frequency of the measurements
ranged between 10 mHz and 100 kHz, at an amplitude of
10 mV. All EIS measurements were performed at the open
circuit potential (OCP). For comparison, only pretreated
samples within 200 pL of DMEM culture medium for two
hours were tested. It is known that pretreatment with
DMEM causes the formation of a passivation layer on the
sample surface.®°

RESULTS AND DISCUSSION

pH development in SBF

The pH in the medium increased with time for all AZ91D
samples, with the polished samples showing the fastest
increase and the sample with the cell layer showing the
slowest increase (Figure 1). Scanning Electron Microscopy/
Energy Dispersive X-ray Spectroscopy (SEM/EDX) measure-
ments of AZ91D samples pretreated with culture medium
revealed partial, inhomogeneous coverage of the surface
with a carbonated calcium phosphate layer (data not
shown). This layer partially blocks the dissolution of the

TABLE II. Composition of Simulated Body Fluid (SBF 5) Used in This Study in Comparison With Human Blood Plasma?®

lon Na* K* Mngr Ca%* CI- H;CO™ HPO,%~ S0,%"
Plasma 142.0 3.6-5.5 1.0 2.1-2.6 95.0-107.0 27.0 0.65-1.45 1.0
SBF5 142.0 5.0 1.0 2.5 131.0 5.0 1.0 1.0
Concentrations are given in mmol/L.
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FIGURE 1. pH-development of differently treated AZ91D samples in
SBF as a function of time. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

sample, and therefore limits the pH increase by reducing

the size of the effective surface. With additionally cells
attached, the freely exposed surface is even smaller; conse-

1200

[Cell density [cells/mm?]

mpH7.4 mpHS8.0

1000

800

600

400

- AHEn
: —

quently the pH increase is less pronounced. These results
suggest that a cell layer acts as a kinetic barrier against dis-
solution and therefore plays an important role for corro-
sion-induced pH changes.

Cytotoxicity in dependence of pH value in medium
Figure 2 shows the effect of the pH of the culture medium
on HeLa cells grown on glass. The cell density decreases
with increasing pH of the medium. The effect was gradual,
however, and even at a very high pH of 10 we observed
that a considerable fraction of the cells remained attached
to the alloy surface. A dramatic decline of the cell density
and spreading area was only observed at pH > 10, suggest-
ing that cells are not viable under these conditions.

Cell density and spreading on the Mg alloy AZ91D

Figure 3 shows the time dependence of cell density on
AZ91D. In the first 5 h of culture, the cell density on the alloy
surface remains constant (Figure 3). In this time period, we
observe even an increase in the cell spreading area, which
indicates that the cells are viable and function normally. After
8 h, cell density has dropped to about 30-35% of the initial
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FIGURE 2. A: Density of Hela cells cultured on glass for 24 h as a function of the pH value of the culture medium. B: Cell spreading of HelLa cells
on glass at different pH values. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3. A: Density of cells grown on AZ91D as a function of time. B: Actin staining of HelLa cells grown on AZ91D for 2, 5, 8, 20, and 24 h.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

value. Many cells show a spherical shape. For the final 16 h
of the experiment, the cell density remains approximately
constant but low, and most cells show a spherical shape.

The 8-h time point at which cell density declined drasti-
cally cannot be explained with an excessive pH of the me-
dium (Figure 1). Rather, we speculate that the local pH at
the interface between the alloy surface and the cell layer
was substantially higher than in the bulk of the medium.
Nevertheless, a substantial fraction of cells (30%) can sur-
vive for one day on corroding AZ91D surface. A locally high
pH at the cell-material interface can contribute to a further
passivation of the alloy surface and may explain why the pH
increase in the bulk of the medium was substantially slower
compared with untreated samples (Figure 1).

Electrochemical impedance spectroscopy

The hypothesis of a cell-layer induced passivation was fur-
ther investigated with electrochemical impedance spectros-
copy. Previously, electrochemical measurements in the pres-
ence of cells on surfaces have been carried out on passive
materials such as Ti alloys or stainless steels.3'™3° Typically,
an increase of the polarization resistance as determined by
impedance spectroscopy is observed in the presence of cells
on the material surface. These effects were explained by an

additional resistance over the metal/electrolyte-interface
that is introduced by the cell layer. However, as the imped-
ance of passive metals is several orders of magnitude higher
than the resistance through the cell adhesion layer, the
influence of cells is not very well visible in such measure-
ments. In contrast to these previous measurements on pas-
sive metals, due to the high electrochemical activity of
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FIGURE 4. Nyquist plots of the electrochemical impedance spectra of
AZ91D samples (untreated, pretreated with DMEM, and with cells after 2
h of culture) in simulated body fluid at 37°C. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. Nyquist plot of the electrochemical impedance spectra of
AZ91D samples with cells in simulated body fluid at 37°C at different
culture times. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

magnesium alloys, the charge transfer resistance values are
several orders of magnitude lower than for passive metals,
and hence surface blocking effects by the cell layers are
expected to become very clearly visible.

EIS spectra of different AZ91D samples were recorded
and the Nyquist plots for these samples are shown in Fig-
ures 4 and 5. In the Nyquist plots, two capacitive loops with
an inductive loop are observed for all samples, similar to
previously reported data on pure Mg3*~? and on the AZ91D
alloy.*® Most strikingly, the impedance was highest on the
samples covered with a cell layer. This result is in support of
our hypothesis of a cell-layer induced passivation and sug-
gests that a cell layer increases the charge transfer resistance
either directly or indirectly by stabilizing or supporting the
formation of a chemical passivation layer at the alloy surface.

Sample pre-treatment by incubation in cell culture me-
dium, however, also leads to an increased charge transfer
resistance (Figure 4), consistent with an earlier report of a
strong decrease of the corrosion rate of pure Mg upon incu-
bation of the sample in cell culture medium.?° It is therefore
important to separate the effect of cell growth from the
effect of the cell culture medium. We observed a further
increase in the impedance with longer cell culture time of
5 h (Figure 5), consistent with the better cell spreading at
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FIGURE 6. Bode plot of electrochemical impedance spectra of AZ91D
samples in simulated body fluid at 37°C for different initial cell seed-
ing densities. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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this time point (Figure 3a). Moreover, a higher number of
cells initially seeded on the surface leads to a larger
increase of the impedance (Figure 6). A presentation of the
impedance spectra as Bode plot (Figure 6) indicates a shift
of the interfacial capacitance in presence of cells; this effect
is especially noteworthy in the case of the highest number
of cells seeded on the surface. The increased charge transfer
resistance as well as the shift of the interfacial capacitance
indicate that the cell adhesion layer may not only act as a
physical barrier for electrochemical reactions by partially
blocking the electrochemically active surface, but that the
cells may have altered the chemical composition of the Mg
alloy surface towards a more corrosion resistant passivation
layer. To test this possibility in future studies, we propose to
measure the changes in the impedance spectra after proteo-
lytic removal of the cells from the alloy surface. Bode plot
was chosen because of the big difference of the transfer re-
sistance and the benefits of a logarithmic scale in this case.

CONCLUSIONS

Adhesion and spreading of HeLa cells on AZ91D magnesium
alloy is possible but limited by the ongoing corrosion pro-
cess, foremost due to an alkaline pH shift in the medium.
During Mg alloy corrosion, the pH in the vicinity of the sam-
ple surface is increased, but the pH increase in the medium
is significantly smaller when cells were present. Electro-
chemical impedance spectroscopy showed higher impedan-
ces for samples with an adherent cells layer that acts as a
physical barrier and slows down the electrochemical reac-
tions during corrosion.
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