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Abstract: 

High-resolution analytical methods, including synchrotron infrared microspectroscopy 
combined with wavelength-dispersive X-ray emission spectroscopy were applied to 
study the structure and chemical composition of the oxidized layer of pure and Ag-
alloyed Mg exposed to cell culture media without and with osteoblasts. Comparative 
analysis has been done on pure Mg immersed in two different cell culture media: 
Dulbecco’s Modified Eagle’s Medium (DMEM) and Roswell Park Memorial Institute 
medium (RPMI), whereas Mg-xAg binary alloys (x = 2, 4, 6, 8 wt. %) were studied after 
immersion in DMEM. It is shown that the physicochemical formation of degradation 
products as well as the activity of the biological component is influenced by the addition 
of silver. It could be demonstrated that the presence of Ag in the Mg alloy enhances the 
chemical reaction between Mg and C to form amorphous and/or crystalline MgCO3 on 
account of CaCO3. As a consequence, the further available P and Ca react easily to 
form Mg-poor amorphous calcium phosphate phases. Osteoblasts actively adjusted 
these phases towards hydroxyapatite-like phases.
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Introduction 
Biodegradable magnesium (Mg) based alloys are considered as a new generation 
materials of orthopaedic implants, which have the potential to eliminate possible post-
surgical complications and can be especially helpful in bone fixation for children. 
Besides the degradability, magnesium alloys exhibit good mechanical properties 
comparable to those of bone and good biocompatibility features [1-4]. Additional 
favourable properties can be induced by selecting smart alloying elements, such as 
using silver to introduce antibacterial properties. This specific role of silver has been 
widely investigated and implemented in different biomedical applications [5-7]. For Mg-
Ag binary alloy, it has been shown that the addition of silver to a magnesium cast 
followed by solution heat treatment leads to acceptable levels of degradation and 
improves the mechanical properties [8]. Therefore, silver is beneficial for functionality as 
well as for the property profile. Beside the influence of the alloying elements and the 
material production methods on the alloy microstructure and hence on its degradation 
[9-13], studies show that magnesium degradation can be influenced by many 
physiological factors and parameters. This includes the presence of proteins [14, 15], 
the pH value, the buffering effect of bicarbonate salt in combination with CO2 [16, 17] as 
well as other inorganic salts existing in the body fluid [18, 19]. Many in vitro studies are 
concerned with the influence of magnesium on cells by indirect methods using highly 
dissolved salts of Mg [20-22]. However, it has been demonstrated that the cell 
behaviour is better characterized by the use of an extract prepared directly from the real 
degrading material or even better, by mimicking the in vivo conditions via a direct 
preparation of cell cultures on the material surface [23]. Yet, there are fewer reports 
based on such direct methods to study the influence of various types of cells on the 
chemical composition of the degradation interface [24]. The effect of osteoblasts is 
particularly important to be understood when studying the transformation of Mg alloys 
into complex metal oxides. In our former study, the direct interaction between two 
different binary magnesium alloys (Mg-2wt%Ag and Mg-10wt%Gd) and primary human 
osteoblasts was investigated for the first time [24]. The emphasis was put on studying 
the surface morphology and chemical composition via scanning electron microscopy 
and energy-dispersive X-ray emission spectroscopy (ED-XES). It was demonstrated 
that the osteoblasts mediate the mineralization process in a different way, depending on 
the alloying element [24].  
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Recently, it was demonstrated that normal-incidence infrared reflection (NI IRR) 
microspectroscopy in combination with wavelength-dispersive X-ray emission 
spectroscopy (WD-XES) has the great capacity to discriminate the mineral phases 
developed in the degradation layer to study the developed radial chemical zoning in the 
oxidized layer [15, 19, 25]. On one hand, WD-XES can quantify the amounts of different 
chemical elements with much higher precision than ED-XES, while on the other hand, 
NI IRR can directly detect carbonate and hydrous species, which cannot be quantified 
by either XES method, and also can distinguish between amorphous and crystalline 
oxide phases. The lateral resolution of in-house NI IRR microspectroscopy is however 
restricted to about 50 m because of the requirement for a relatively flat surface of the 
probed region to produce a sufficient signal, which is often hampered by the heavy 
porosity of the degradation layer. The use of synchrotron IR radiation can improve the 
spatial resolution because the beam can be focused to approximately a 10-m spot 
size, which enables better analyses of the heterogeneity of the degradation layer. 
Besides, the utilization of a synchrotron infrared source ensures acquisition of as high 
as possible quality of NI IRR spectra. Attenuated total reflection infrared (ATR IR) 
spectroscopy is another surface sensitive technique used to study micrometer-size 
spatial areas. Its application is sometimes hindered by the requirement to have a very 
good contact between the sample surface and the ATR crystal, which may be hardly 
achievable for heterogeneous materials containing micrometer-sized areas with 
different hardness. The latter is unfortunately exactly the case of cross sections of 
corroded metallic rods or disks, comprising multi-zone oxide layer next to the metal 
inner part. However, ATR IR spectroscopy compares favourably to NI IRR spectroscopy 
by the fact that the collected ATR IR spectra are only subtly impacted by reflection 
phenomena and hence, reveal directly the infrared absorption by vibration modes, 
which makes their interpretation straightforward [26]. 

The aim of this article is to further extend the study of the effect of osteoblasts on the 
degradation interface of Mg alloys by analyzing the chemical composition of the 
corrosion layer via synchrotron infrared microspectroscopy combined with wavelength-
dispersive XES. First, we have analyzed pure Mg samples treated without and with 
osteoblasts in two cell culture media with a different Ca/P ratio, which was previously 
shown to affect the precipitation of calcium phosphate products [27], to elucidate 
whether the Ca/P ratio impacts on the osteoblast-induced mineralization processes. 
Then, we have studied different Mg-xAg binary alloys (x = 2, 4, 6, 8 wt. %) exposed to 
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the same cell culture medium without and with osteoblasts, to check to which extent the 
presence of silver changes the effect of osteoblasts .

2. Materials and Methods
2.1. Samples
Raw materials, magnesium 99.99 wt.% (Xinxiang Jiuli Magnesium Co., Ltd, Xinxiang,
China) and silver granules (99.99 wt.%, ESG Edelmetall-Handel GmbH. & Co. KG,
Rheinstetten, Germany) were applied for the preparation of Mg-xAg alloys with x = 2, 4,
6, and 8 wt%. Pieces of high purity magnesium were put into a steel crucible together
with the corresponding amount of silver. Melting was done at 750°C with protection of
98 % argon (Ar) and 2 % sulphur hexafluoride (SF6), and then stirred at 200 rpm for half
an hour. After the temperature decreased to 730°C, the melt was transferred into a
permanent steel mould. The mould was held for 15 min at 680°C under protective
atmosphere and chilled in flowing room-temperature water directly at a speed of 100
cm/min. The high purity magnesium ingots were recast following the same solidification
procedures. Table 1 shows the chemical composition determined by spark emission
spectrometry (Spectrolab M, Spektro, Kleve Germany) for Mg, iron (Fe), copper (Cu),
and nickel (Ni), and the concentration of Ag determined by X-ray fluorescence
spectrometry (Bruker AXS S4 Explorer, Bruker AXS GmbH, Karlsruhe, Germany). Heat
treatment was performed in a resistance furnace (Linn Elektro Therm AK 40. 06, Bad
Frankenhausen, Germany) at 430°C for at least 6 hours followed by quenching in water
at room temperature. For extrusion, the ingots were heated up to 300°C and processed
by hot extrusion (Strangpresszentrum Berlin, Berlin, Germany) in which the extrusion
ratio and stamp advance rate were 108 and 0.7 mm/s, respectively.

Discs with diameter of 10 mm and thickness of 1.5 mm were machined from the 
extruded bars (Henschel KG, Munich, Germany). The samples were subsequently 
sterilized using gamma radiation at a dose of 29.2 KGy (BBF Sterilisationsservice 
GmbH, Kernen, Germany).

Table. 1. Chemical composition and impurity levels of the studied alloys.

Alloy Chemical composition wt. %

Ag Fe Cu Ni Mg
Pure Mg - 0.0042 0.0021 0.0006 Bal.
Mg-2Ag 2.4 0.0048 0.0017 0.0007 Bal.
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Mg-4Ag 4.4 0.0028 0.0014 0.0011 Bal.
Mg-6Ag 6.3 0.0021 0.0010 0.0011 Bal.
Mg-8Ag 8.5 0.0018 0.0010 0.0011 Bal.

2.2 Immersion procedure
Pure-Mg samples were immersed in two different basic corrosion media: 
Dulbecco’s Modified Eagle’s Medium (DMEM; Life technologies, Darmstadt, Germany) 
and Roswell Park Memorial Institute medium (RPMI-1640; Sigma-Aldrich, 
Taufkirchen, Germany) containing 10 % Fetal Bovine Serum (FBS; PAA 
laboratories, Linz, Austria) and 1 % Penicillin/Streptomycin (P/S; Invitrogen, 
Darmstadt, Germany). The Ca/P ratio of DMEM-based and RPMI-based corrosion 
medium was 2 and 0.07 respectively (Table 2). The Mg-xAg alloys (x = 2, 4, 6, 8 wt
%) were treated only in DMEM-based corrosion media. The immersion was performed 
resembling the procedure described in details in [24]. First, the samples were pre-
incubated for 24 h under cell culture conditions (37°C, 20% O2, 5% CO2, 95% relative 
humidity). Then, the medium was removed and 100 000 human primary osteoblasts 
were cultured in 50 µL medium on the surface and allowed to adhere for 30 min in 
the incubator (Heraeus BBD 6620, Langenselbold, Germany). After that, 3 mL 
medium was added to continue the immersion under cell culture conditions for up 
to 14 days [24, 28], with a complete medium exchange every 2-3 days. Primary human 
osteoblasts were isolated according to the Declaration of Helsinki as previously 
described [29]. For each material treatment control samples without 
osteoblasts were also prepared by the same protocol (see Table 3).

Table. 2. Concentration of inorganic salts in the used cell culture media.Concentration
[mM] DMEM Glutamax RPMI-1640

Bicarbonate 44.1 23.8
Calcium 1.8 0.4
Chloride 117.5 108.0
Magnesium 0.81 0.4
Potassium 5.3 5.4
Phosphate 0.9 5.6
Sulphur 0.8 0.4
Sodium 155.3 137.0
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Table. 3. Sample nomenclature and treatment conditions. (C) refers to control samples 
and (O) to samples treated with osteoblasts. Immersion time was 14 days for all 
samples after 1 day preincubation.

Sample Metal Basic medium Osteoblasts
MgRPMI-c Mg RPMI + 10% FBS + 1% P/S No
MgRPMI-o Mg RPMI + 10% FBS + 1% P/S Yes
MgDMEM-c Mg DMEM + 10% FBS + 1% P/S No
MgDMEM-o Mg DMEM + 10% FBS + 1% P/S Yes
MgAg2-c Mg-2Ag DMEM + 10% FBS + 1% P/S No
MgAg2-o Mg-2Ag DMEM + 10% FBS + 1% P/S Yes
MgAg4-c Mg-4Ag DMEM + 10% FBS + 1% P/S No
MgAg4-o Mg-4Ag DMEM + 10% FBS + 1% P/S Yes
MgAg6-c Mg-6Ag DMEM + 10% FBS + 1% P/S No
MgAg6-o Mg-6Ag DMEM + 10% FBS + 1% P/S Yes
MgAg8-c Mg-8Ag DMEM + 10% FBS + 1% P/S No
MgAg8-o Mg-8Ag DMEM + 10% FBS + 1% P/S Yes

2.3. Sample preparation for spectroscopic analyses 
In order to study the structural and chemical changes across the degraded surface layer 
by infrared microspectroscopy and wavelength-dispersive electron-induced x-ray 
emission spectroscopy, the treated disks were cut in half using a precision diamond 
wire saw (Well Walter Ebner, Le Locle, Switzerland). One half of each dry sample was 
then embedded in resin (Reckli Injektionsharz, Reckli GmbH, Herne, Germany) with the 
cross section oriented upwards and subsequently polished with 0.1-µm colloidal silica 
suspension at the final stage of fine polishing. The other half was used for the analysis 
by micro X-ray fluorescence spectroscopy. Such a sample handling excludes the 
possibility of artificially induced mechanical cracks and post-treatment chemical 
changes in the examined area. The only plausible contamination may come from the 
aggregates of amorphous silica nanoparticles used for final polishing in cavities in the 
degradation layer, which, if any, are well distinguishable from the degradation products 
by both spectroscopic methods. 

2.4. Degradation rate by the mass loss method
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The degradation rate of pure Mg upon different treatment conditions was determined 
based on the mass loss after 14 days of immersion, whereas that of Mg-2Ag alloys after 
7 days of immersion. Before sample sterilization, the initial weight of the samples was 
recorded. Six samples were immersed in 2 mL of immersion medium. The immersion 
medium was changed every 3-4 days to facilitate a semi-static immersion test and 
prevent saturation effects. After immersion, the subsequently formed products were 
removed by treating the corroded disk with chromic acid (180 g/L in distilled water, VWR 
international, Darmstadt, Germany) for 20 min at room temperature. The degradation 
rate (DR) was calculated in mm/year using the following equation:

(1)
ρtA

g1076.8DR
4






where Δg is the mass change in grams, A is the initial surface area of the sample in 
cm2, t is the immersion time in hours, and ρ is the alloy density in g/cm3.

2.5. pH measurements of the treatment solution 
The pH was measured continuously throughout the immersion period using the SDR 
SensorDish reader system (PreSens GmbH, Regensburg, Germany). Special 24-well 
plates were used with an integrated pH sensor (HydroDish, PreSens GmbH, 
Regensburg, Germany). The measurement method is based on a non-invasive 
luminescence detection. The detectable pH values in this system ranged from pH 5 to 9. 
The experiments were performed by incubating 6 samples of each group (each alloys, 
with and without cells) in 2 mL of the immersion medium for 14 days. During the 
immersion and prior to the medium exchanges, the pH values of the supernatants were 
measured after shaking (pH-meter Titan X, Fisher Scientific GmbH, Schwerte, 
Germany) to compare values and ensure the validity of the online pH measurement.

2.6. Cell viability by LIVE/DEAD (Viability/Cytotoxicity) staining assay
The cell coverage and viability were assessed using a LIVE/DEAD (Life Technologies, 
Darmstadt, Germany) assay after 14 days of immersion. The staining solution was 
prepared by adding 4 µL Calcein AM (LIVE) and 10 µL Ethidium homodimer-1 (DEAD) 
to 10 mL of phosphate buffered saline (PBS). The samples were washed with PBS  to 
eliminate the non-adherent cells and staining solution was added (1.5 mL / sample) 
under cell culture conditions for 20 minutes. The staining solution was then replaced 
with DMEM, and the samples were visualized by fluorescent microscopy (Nikon, eclipse 
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Ti, Düsseldorf, Germany). The following filters were used: Fluorescein Isothiocyanate; 
FITC (Ex: 465-495 nm; Em: 515-555 nm; Mirror at 505 nm), and Texas red (Ex: 540-
580 nm; Em: 600-660; Mirror at 595 nm).

2.7. Powder X-ray diffraction
All treated samples were subjected to powder X-ray diffraction (XRD) in reflection mode 
to check whether crystalline phases were formed in the oxidized layer. The XRD 
patterns were collected with Stoe Stadi-MP powder X-ray diffractometer (Stoe & Cie 
GmbH, Darmstadt, Germany) using a position sensitive detector (PSD) and 
monochromatized Cu K radiation  = 1.5406 nm. XRD data were measured in the 2 
range 5° - 50°, with a 2 step size of 0.005°, a PSD step of 1.5°, and an accumulation 
time of 240 s per PSD step.

2.8. Electron-induced X-ray emission spectroscopy
Backscattered electron (BSE) imaging, chemical element mapping, and electron 
microprobe analysis on the cross sections of corroded discs was performed with a 
Cameca Microbeam SX100 SEM-system using a wavelength-dispersive detector 
(Cameca, Gennevilliers Cedex, France). The energy of the electron beam was 15 keV 
and the beam current was 20 nA. The mapping was conducted for carbon (C), nitrogen 
(N), oxygen (O), sodium (Na), calcium (Ca), phosphorus (P), sulphur (S), chlorine (Cl), 
and potassium (K) with a lateral spatial size of 0.1 µm and a detection limit in the range 
of 100-300 ppm. Electron microprobe analysis (EMPA) to quantify the content of oxides 
in wt% was attempted in at least 25 points from each sample, as the probed areas were 
visually free of micro-cracks and cavities. The achieved lateral resolution was ~1 µm. 
The standards used were albite for Na, MgO for Mg, apatite for P, BaSO4 for S, 
vanadinite for Cl, orthoclase for K, and andradite for Ca. The carbon content could not 
be quantitatively determined by this method because of the necessity to coat the 
sample surface with a conductive layer of carbon.

2.9. Synchrotron Fourier Transform infrared (FTIR) microspectroscopy 
Synchrotron-based FTIR spectroscopic experiments were conducted at the 
Infrared/THz microspectroscopy beamline IR2 of the 2.5-GeV synchrotron facility ANKA, 
Karlsruhe. The spectra were measured with a Bruker Vertex 80v spectrometer coupled 
to a Bruker IRscope II microscope equipped with a liquid-N2-cooled MCT detector 
(InfraRed Associates Inc., Stuart, FL) and a KBr beam splitter (Bruker Optik GmbH, 
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Ettlingen, Germany). The microscope was sealed in a home-made N2-purged 
compartment to ensure a humidity level during the measurements less than 3%. NI IRR 
spectra were collected in the range of 600-5000 cm-1 with a 36 infrared objective. The 
area sensed by the detector was varied between 9 and 18 µm, depending on the size of 
the sample region from which the spectra were collected. A background spectrum was 
collected from a clean Au surface. In some cases, to verify the interpretation of NI IRR 
spectra, complementary ATR IR spectroscopy was applied. The ATR IR spectra were 
collected with an ATR 20 objective with a Ge crystal having a 45 inclination angle to 
the incoming beam. The lateral resolution of the ATR IR spectra, determined from the 
aperture used, was 11 m. The background spectrum was collected in air. The spectra 
measured by both the NI IRR and ATR methods were averaged over 512 scans, using 
instrumental resolution of 2 cm-1; the background spectrum was always measured just 
before measuring each sample spectrum in order to eliminate the influence of the decay 
of the synchrotron electron beam current on the signal. For each sample, spectra from 
at least four different points were collected.

2.10 Micro X-ray fluorescence spectroscopy (µ-XRF)
In order to analyse the elemental composition of the degradation layer, μXRF 
measurements were performed on the surface of the Mg-Ag samples. Element analysis 
of the degraded surface (an area of 5 x 2 mm) was performed with a Tornado M4 
(Bruker nano, Berlin, Germany). The X-ray spectrometer was equipped with a Rh tube 
working at a voltage of 50 kV and an anode current of 600 µA and operated under 
vacuum conditions (20 mbar). The material was mapped with a spot size of 25 µm, a 
spot distance of 10 µm and an acquisition time of 1 ms pixel-1. Analyte element 
selection was done according to multipoint measurement and Mg, Ag, Ca, P, and S 
were chosen. Data evaluation and image processing were done with the Bruker 
ESPRIT software (version 1.3.0.3273).

Results and Discussion
Degradation behaviour
The degradation rate was measured after 14 days of immersion using the mass loss 
method (see Figure 1). The results show that the degradation rate values for pure Mg 
samples treated in RPMI and DMEM without cells are comparable. However a slight 
difference in the presence of osteoblast cells was recorded, as the cells slightly reduced 
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the degradation rate in the case of DMEM, while the opposite effect was observed for 
RPMI. The cell effect is negligibly small for Mg-2Ag treated in DMEM. The other silver 
containing alloys showed the same trend (data not shown). The results regarding the 
degradation rate are in accordance with the measured pH values, which are higher after 
the first 72 h of immersion in presence of cells for pure Mg immersed in RPMI (see Fig. 
2a), but lower for pure Mg immersed in DMEM (Fig. 2b) and Mg-2Ag in DMEM. The 
trends in the pH values for Mg-2Ag treated in DMEM are similar to that of pure Mg (see 
Figs 2b and 2c). Interestingly, after 300 h of immersion the effect of the cells on the pH 
values is reversed for both Mg-xAg allows and pure Mg, indicating that a prolonged 
treatment in the presence of osteoblasts leads to a decrease in the pH value in the case 
of DMEM and an increase in the case of RPMI. The strong dependence of the effect of 
osteoblasts on the basic culture medium emphasizes the importance of the ratio 
between bicarbonate and phosphate constituents in the immersing solution (see Table 
1) on the oxidation kinetics.   
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Figure 1: Mean degradation rate [mm/year] according to the weight loss method for 
pure Mg immersed in RPMI and DMEM, and Mg-2Ag immersed in DMEM. 
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Figure 2: Online pH measurements during 14 days of immersion. A): pure Mg samples 
immersed in RPMI, B): pure Mg samples immersed in DMEM and C): Mg-2Ag 
immersed in DMEM. Controls were measured on tissue culture plates. Arrows in gray 
refer to the medium exchange and in green to the end point of immersion. 

Live/Dead staining
Cell viability was determined by Live/Dead staining to make sure, that the analysed 
effects are evoked by the presence of osteoblasts on the material surface. As can be 
seen in Fig. 3, the cells were mostly healthy after 14 days of immersion, showing good 
development and distribution in the different conditions.

Figure 3: Fluorescence images of osteoblasts cultured on metallic disks after 14 days 
of immersion in the corresponding cell culture medium. 

Phase composition of the oxidized layer

According to powder XRD analysis, the oxidized layers of all samples studied here are 
amorphous. 

Pure-Mg samples 
Figure 4 shows typical NI-IRR spectra of the corroded layer for pure Mg samples 
immersed in RPMI or DMEM, without and with osteoblasts. Two main bands are 
observed for all samples: near 1000 cm-1 related to PO4 stretching and near 1400 cm-1 
due to the CO3 stretching. The absence of a second, longitudinal optic component in 
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either band confirms that the formed oxides are non-crystalline [15]. The intensity ratio 
between the two bands reveals that the phosphate phase is dominant over the 
carbonate phase for both samples treated with RMPI as well as for pure Mg exposed to 
DMEM without osteoblasts. In the case of DMEM, the presence of osteoblasts reverses 
the ratio between the phosphate and carbonate phases. The IR spectroscopic results 
are in good agreement with the EMPA data (see Table 4). The latter also reveal that 
phosphate is the dominant oxide in the corroded layer of MgRPMI-c, MgRPMI-o and 
MgDMEM-c, while it is minor for MgDMEM-o. It should be however strongly emphasized that 
the ratio between the content of CaO and P2O5 for MgRPMI-c, MgRPMI-o and MgDMEM-c is 
far lower than that of hydroxyapatite (compare the data in Tables 4 and 5). Therefore, 
the formed amorphous phosphate phase is not chemically related with the desired 
apatite-like phase. The chemical element mappings (Fig. 5) also did not show a clear 
spatial correlation between P and Ca, suggesting that the amorphous phosphate phase 
is a mixed magnesium-calcium phosphate. The ratio CaO : P2O5 for MgDMEM-o is higher 
than compared to the other three pure Mg samples, but it matches better the nominal 
ratio of dicalcium phosphate CaHPO4 rather than that of hydroxyapatite. The PO4 peak 
position in the NI IRR spectrum of MgDMEM-o differs from that in the NI IRR spectra of 
MgRPMI-c, MgRPMI-o and MgDMEM-c, which also indicates the formation of chemically 
different amorphous phosphate phase in the case of exposure to DMEM with 
osteoblasts. 

The NI IRR spectra collected from MgRPMI-o show an additional sharp feature near 1280 
cm-1, which is close to the vibration of double P=O bond in infrared absorption spectra 
[30, 31]. To verify the origin of this peak and to shed light on the amorphous phosphate 
phases, the samples were further subjected to ATR IR spectroscopy. Selected spectra 
ATR IR spectra are shown in Fig. 6. A sharp peak in the range 1250 – 1260 cm-1 was 
indeed detected via ATR IR spectroscopy, including in some areas of samples MgRPMI-c 
and MgDMEM-o, which unambiguously indicates the formation of P=O functional groups. 
Evidences for presence of P=O bonds were not found only in the oxidized layer of 
MgDMEM-c. This, along with the fact that P=O bonds are abundant in MgRPMI-o as 
revealed by NI IRR, implies that osteoblasts enhance the formation of P=O functional 
groups, independently of the basic cell culture medium. It is worth noting that in the 
absence of osteoblasts the two degradation media result in the formation of different 
phase zonation and in particular different amorphous phosphate phases (see Fig. 6). 
The comparison between the ATR IR spectra of MgRPMI-c and MgDMEM-c show that the 
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oxidized layer of pure Mg exposed to RPMI exhibits areas rich of P=O as well as areas 
rich of a non-crystalline phosphate phase containing considerably amount of NH4 and 
hydrous species (H2O, OH-). In contrast, the oxidized layer of pure Mg exposed to 
DMEM comprises a narrow inner zone rich of amides and a thicker outer zone of metal 
phosphate poor of hydrous and ammonium species. 

Early bone mineral formation is a highly disputed process. Three redundant calcification 
mechanisms are thought to play a pivotal role: (I) ion-based nucleation models, where 
charged proteins associated with collagen induce mineral nucleation via ions in solution 
independent of cell presence [32]; (II) Matrix vesicle induced accumulation of calcium 
and phosphate and subsequent rupture of the formed crystals, which is a cell-
dependent process [33]; and (III) transient amorphous calcium phosphate (ACP) 
formation, which has recently been shown to be mediated by complex intracellular 
transport mechanisms of osteoblasts [34, 35]. All these pathways are dependent on the 
secretion of collagen by osteoblasts. In our study it was shown that the formation of 
ACP (in the form of mixed Mg/Ca-phosphates) can also occur via a material induced 
cell independent pathway (Fig. 4, MgRPMI-c and MgDMEM-c). This acellular formation can 
be hypothesized to facilitate and accelerate bone formation, as it is observed also in in 
vivo experiments [36, 37].
 
Since the concentration of phosphorous, magnesium and calcium in DMEM Glutamax is 
closer to that in whole blood [25] than the corresponding inorganic constituents in RPMI 
(see Table 2), the Mg-Ag alloy samples were treated in DMEM, to follow the effect of Ag 
on the degradation processes without and with osteoblasts. Moreover, cell cultivation of 
osteoblasts in RPMI was shown to have a partly inhibitive effect on osteoblast 
differentiation [38]. 
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Figure 4: Representative NI IRR spectra of degraded pure-Mg samples; the spectrum 
of the resin in which the cross-section cuts were embedded is also shown to facilitate 
the identification of artificial signals, if any. The spectra are vertically offset for clarity.
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Figure 5: Backscattering electron (BSE) images and selected chemical element 
mappings of MgRPMI-c, MgRPMI-o, MgDMEM-c, and MgDMEM-o. 
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Figure 6: Selected ATR IR spectra of degraded pure-Mg samples, along with reference 
spectra of apatite Ca5(PO4)3(OH,F,CO3) and struvite NH4MgPO4.6H2O as well as of the 
resin in which the samples were embedded. Spectra measured from different areas of 
the same sample are displayed for MgRPMI-c and MgDMEM-c; peak assignment according 
to [30]. The spectra are vertically offset for clarity. 

Mg-Ag samples 
Representative NI IRR spectra of Mg-Ag disks immersed in DMEM without and with 
osteoblasts are shown in Fig.7. As can be seen, the addition of Ag to the metal alloy 
promotes the formation of ACO3, on the account of phosphate phases. The ATR IR 
spectra (not shown) and EMPA data (Table 4) confirms the dominance of carbonate in 
the oxidized layer. Furthermore, the chemical-element mappings (see for example Fig. 
8) indicate that the spatial distribution of P correlates with that of Ca, which implies that 
the formed carbonate phase is MgCO3. Indeed the amount of measured total oxide wt% 
in zones which are poor of P2O5 (see Table 4, e.g. MgAg6-c, MgAg8-c, MgAg8-o) 
matches within uncertainties the expected value of 47.8 wt% for magnesite (see Table 
5). Most of the samples possess an outermost rim, the NI IRR spectrum of which 
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contains both the longitudinal optic and transverse optic components of CO3 stretching 
(see Fig. 7), indicating the presence of incipient crystalline magnesite [15]. 
Thus the combined analyses clearly demonstrate that the presence of Ag in the Mg 
alloy enhances the chemical reaction between Mg and C to form amorphous and/or 
crystalline MgCO3 on account of CaCO3. As a consequence, the further available P and 
Ca react easily to form Mg-poor amorphous calcium phosphate phases. Furthermore, 
MgCO3 has a higher catalytic activity than the bulk metal [39] and therefore can 
influence the degradation rate. 
The examination of CaO-to-P2O5 ratio of oxidized layer of Mg-Ag samples (see Table 4) 
provides another quite interesting result: the presence of osteoblast in the cell culture 
medium changes the chemistry of the calcium phosphate phases in a way to become 
closer to the CaO : P2O5 ratio of hydroxyapatite (see Table 5). The effect is particularly 
pronounced for MgAg6-o and MgAg8-o, which exhibit areas with CaO : P2O5 ratio ~1.3 
– 1.4, matching very well the calculated value of 1.32 for hydroxyapatite. Therefore also 
the relative element abundance in the degradation layer was analysed by µXRF (see 
Figure 9). Here several effects of osteoblast could be observed: (I) in the presence of 
osteoblasts the formation and ratio of Ca:P was in all cases increased in the presence 
of osteoblasts compared to the control; (II) starting from Mg-4Ag an accumulation of 
silver in the degradation layer can be observed, which is lower in the presence of 
osteoblasts.
Taking all the results together, two mechanisms are responsible for the increase of 
calcium phosphates on magnesium-silver alloys:

1. The acellular chemical formation of calcium carbonates, presumably following the 
reaction route vaterite – aragonite – calcite [40, 41], followed by chemical 
transformation to amorphous calcium phosphates [42] and magnesite, and

2. osteoblasts act as a structure-directing agent, adjusting the chemical composition 
in the amorphous calcium carbonate / calcium phosphate phase to resemble that 
of bone mineral component and secreting their own matrix. 

Further studies should elucidate, whether the degradation environment in the vicinity of 
magnesium alloys can have a direct influence on the above mentioned calcification 
pathways. 
Finally, from an alloy point of view, the major part of the oxidation layer of MgAg6-o 
seems to be relatively homogenous, according to both IR microspectroscopy and 
EMPA, containing approximately 71% of amorphous MgCO3 and 22% amorphous 
calcium phosphate with composition corresponding to hydroxyapatite. This suggests 
that a Mg-Ag alloy of 6 wt% is quite suitable for biodegradable implants from the point of 
view of phase composition. 
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Figure 7: Typical NI IRR spectra of degraded Mg-Ag samples; the spectrum of the resin 
in which the samples were embedded is also shown to facilitate the identification of 
artificial signals, if any. LO and TO stand for longitudinal optic and transverse optic, 
respectively. The spectra are vertically offset for clarity 
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Figure 8: Backscattering electron (BSE) images and selected chemical element 
mappings of MgAg6-c and MgAg6-o. The rest of Mg-xAg samples show similar trends.
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Figure 9: µXRF analysis of the relative element abundance in the degradation layer. 
Given are the alloys and the absence (C) and presence (O) of human osteoblast cells.
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Table 4: Mean contents of the main oxides (wt%) and chlorine measured in the 
degradation layer. Total oxides strongly deviate from the typical value from 99-101% 
due primarily to the presence of light elements such as H and C; porosity of the oxidized 
layer may further lower the total oxide values. Multiple values are given in the case of 
apparent chemical zonation.

MgO P2O5 CaO Na2O K2O SO2 Cl CaO : 
P2O5

Total 
oxide

MgRPMI-c 19±9 25±4 12.3±0.7 1.0±0.3 0.14±0.03 0.4±0.1 0.33±0.05 ~0.5 57±3

MgRPMI-o 16±1 32±1 14.9±0.5 0.60±0.03 0.07±0.01 0.43±0.05 0.20±0.01 ~0.5 67±2

28±6 29±8 5±2 1.3±0.6 0.21±0.05 0.22±0.08 0.11±0.06 ~0.2 64±5MgDMEM-c

18±8 20±6 8±2 0.4±0.1 0.08±0.03 0.4±0.1 0.20±0.04 ~0.4 47±1

MgDMEM-o 28±10 4±2 3±1 0.2±0.1 0.05±0.03 0.13±0.07 0.40±0.02 ~0.75 36±5

MgAg2-c 24±3 1.8±0.5 3.4±0.8 0.23±0.06 0.05±0.01 0.17±0.05 0.29±0.03 ~1.9 30±3

MgAg2-o 29±4 4.4±0.8 5±1 0.27±0.05 0.06±0.01 0.6±0.1 0.15±0.02 ~1.1 40±5

MgAg4-c 23±3 3.5±0.4 3.7±0.9 0.30±0.05 0.03±0.01 0.6±0.3 0.5±0.2 ~1.0 32±3

MgAg4-o 26±4 4.4±0.2 4.2±0.3 0.26±0.04 0.04±0.01 0.77±0.06 0.20±0.01 ~0.95 36±4

MgAg6-c 20±4 8±2 5±1 0.21±0.02 0.02±0.01 0.9±0.1 0.28±0.01 ~0.63 34±2

46±4 0.4±0.2 0.8±0.1 0.11±0.03 0.01±0.01 0.3±0.1 0.06±0.04 ~2 47±4

MgAg6-o 27±3 3.7±0.9 4.7±0.7 0.33±0.07 0.03±0.01 1.0±0.4 0.20±0.05 ~1.3 38±1

MgAg8-c 18±3 6±1 5.0±0.8 0.38±0.09 0.03±0.02 0.9±0.1 0.42±0.05 ~0.8 31±4

42±3 0.4±0.3 0.80±0.08 0.08±0.04 0.01±0.01 0.2±0.1 0.05±0.02 ~2 44±3

MgAg8-o 24±3 5±1 4.5±0.1 0.27±0.03 0.04±0.01 0.80±0.06 0.15±0.03 ~0.9 34±4

43±7 1.1±0.3 1.5±0.3 0.18±0.08 0.05±0.02 0.2±0.1 0.05±0.03 ~1.4 47±7
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Table 5: Theoretical oxide values in wt% for reference oxide compounds that can be 
formed under culture cell conditions simulating those in a human body.

Reference compounds MgO P2O5 CaO CaO : P2O5 Total oxide

MgCO3 (magnesite) 47.8 47.8

Mg(OH)2 (brucite) 69.1 69.1

Ca5(PO4)3OH (hydroxyapatite) 42.4 55.8 1.32 98.2

Ca(H2PO4)2 (monocalcium phosphate) 60.7 23.9 0.39 84.6

CaHPO4 (dicalcium phosphate) 52.2 41.2 0.79 93.4

Ca8H2(PO4)6.5H2O (octacalcium phosphate) 43.4 45.6 1.05 89

Mg5(PO4)3OH 47.6 50.3 97.9

Mg(H2PO4)2 18.5 65.0 83.5

MgHPO4 33.5 59 92.5

Mg8H2(PO4)6.5H2O 37.7 49.7 87.4

CaC2O4.H2O (whewellite) 38.4 38.4

CaC2O4.2H2O (weddellite) 34.2 34.2

MgC2O4.H2O (Mg oxalate) 30.9 30.9

MgC2O4.2H2O (glushinskite) 27.2 27.2

NH4CaPO4.6H2O 28.9 19.5 0.67 44.2

NH4MgPO4.6H2O (struvite) 16.4 24.7 45.3
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Conclusions
Two general conclusions can be gained from the analyses of the phase composition of 
the degradation layers of Mg pure and Mg-xAg alloys.
First, in the case of DMEM (a cell culture medium with Mg, Ca, and P content close to 
that of whole blood) the presence of osteoblasts promotes the formation of MgCO3 and 
modifies the Ca/P ratio in the formed amorphous phosphate phase in a way to become 
closer to that of hydroxyapatite. 
Second, the oxidation processes of degradable Mg-based materials can be tailored by 
appropriate alloying. In particular the addition of silver selectively changes the 
degradation products to relatively pure MgCO3 and calcium phosphate phases, which 
considerably facilitates the activity of osteoblast cells to direct the structure and 
composition of the formed phosphate phases to the desired apatite type. This will be 
further addressed in ongoing studies. 
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