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Abstract:  1 

Bovine serum albumin (BSA) or fetal bovine serum (FBS), as the protein component, is usually 2 

added into solution to study the influence of proteins on Mg degradation. However, the specific 3 

character of proteins used and the interaction between organic molecules in FBS do not draw 4 

enough attention. This study investigated the influence of BSA, fibrinogen (Fib) and FBS on Mg 5 

degradation in Hanks’ balanced salt solution without (HBSS) or with calcium (HBSSCa) and 6 

Dulbecco's modified eagle medium Glutamax-I (DMEM). The results reveal that the effect of 7 

BSA, Fib and FBS on the degradation rate of Mg is time- and media-dependent, as a result of the 8 

overlap of protein adsorption, binding/chelating to ions and interaction between organic 9 

molecules. The binding/chelating of proteins and/or the possible effect of proteins on the kinetics 10 

of products formation lead to the formation of different degradation precipitates on Mg surface in 11 

HBSS. The interaction between proteins and Ca2+/PO4
3- accelerates the formation of Ca-P salts in 12 

HBSSCa and DMEM, thereby impeding the degradation of Mg. Moreover, the interplay between 13 

organic molecules and the specific character of proteins are highlighted by the cooperative (in 14 

media + FBS) or competitive (in DMEM + BSA + Fib) effect of proteins in the presence of more 15 

kinds of proteins and the different effect of BSA and Fib on the degradation of Mg. Therefore, 16 

the addition of proteins to testing medium is necessary for in vitro tests and DMEM + 10% FBS 17 

is recommended as the in vitro testing medium to present an in vivo-like degradation for Mg. 18 

Keywords: BSA; Fibrinogen; FBS; immersion; EDX 19 

1. Introduction 20 

A full understanding of the in vivo degradation of Mg alloys can pave the way for tailoring the 21 

degradation and biological response of Mg implants and can aid at establishing in vitro 22 

evaluation standards for Mg degradation. To achieve this goal, the degradation of Mg alloys has 23 

been investigated under different simulated physiological conditions [1, 2]. Proteins, as an 24 

important component of in vivo conditions, have been investigated to elucidate their roles in the 25 
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degradation of Mg. Bovine serum albumin (BSA, ~66 kDa), the main protein ingredient of fetal 1 

bovine serum (FBS) and the most abundant blood protein in cattle, is used in numerous 2 

biochemical applications due to its stability and lack of interference within biological reactions. 3 

To determine the effect of proteins on Mg degradation, it is normally added as simplified protein 4 

component to testing medium [3-7]. On the other hand, FBS is also used for in vitro 5 

investigations, especially as supplement for cell culture media [8-13]. Although the major 6 

components of FBS are proteins, its composition is fairly complex. Besides albumin (BSA), FBS 7 

contains various inorganic ions, for example Ca2+, and some other important trace compounds, 8 

such as antibodies, growth factors, etc.. These compounds can affect the degradation of Mg under 9 

certain conditions. For instance, Ca2+ reduces the degradation rate of Mg, when hydrocarbonate 10 

and phosphate ions are present [14, 15]. Small organic molecules can promote the degradation of 11 

Mg after long-term immersion [16]. Therefore, BSA and FBS show different influence on Mg 12 

degradation, even under the same conditions. For example, Kirkland et. al [10] reported that the 13 

addition of 10% FBS to minimum essential medium (MEM) decreased the degradation rate of 14 

MgCa alloys, while Walker et.al. [3] reported that BSA promoted the mass loss of Mg-0.8Ca 15 

alloy in MEM. 16 

To compare the results from different literature, the corrosion inhibition efficiency (η) of proteins 17 

for Mg degradation was calculated by the following equation [17]: 18 

η = DR𝑛𝑛𝑛𝑛− 𝐷𝐷𝐷𝐷𝑛𝑛
DR𝑛𝑛𝑛𝑛

= 𝑖𝑖𝑛𝑛𝑛𝑛 − 𝑖𝑖𝑛𝑛
𝑖𝑖𝑛𝑛𝑛𝑛

=  𝐷𝐷𝑛𝑛 − 𝐷𝐷𝑛𝑛𝑛𝑛
𝐷𝐷𝑛𝑛

     (1) 19 

where DRp and DRnp, ip and inp, Rp and Rnp are degradation rate, corrosion current density, 20 

polarization resistance of Mg in medium with and without proteins, respectively. 21 

The inhibition efficiency of proteins for pure Mg is summarized in Fig. 1 [3, 4, 8, 11, 18-20]. It 22 

shows positive efficiencies when FBS is added to testing media, indicating a decrease of the 23 

degradation rate of Mg. However, except the coated Mg (PEO coating or Ca-P salts coating), 24 
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negative efficiencies are found for the addition of BSA to testing media, suggesting the 1 

acceleration of Mg degradation. There are also some reports, showing the decreased degradation 2 

rate for pure Mg induced by BSA [5, 21], which are not summarized here due to the 3 

unavailability of the degradation rate. The difference from various reports is ascribed to not only 4 

the complex composition of FBS, but also the differences of protein concentration, test duration, 5 

medium composition and conditions used [22, 23]. 6 

As stated by various authors [3, 8, 9, 11, 12, 24], the effect of proteins on Mg degradation is 7 

mainly ascribed to the adsorption and binding/chelating of proteins. The adsorption of protein on 8 

surface is determined by the external parameters (temperature, pH, ionic strength), protein 9 

properties (size, structural stability, composition) and surface properties (surface energy, polarity, 10 

charge, morphology) [25]. The adsorption of proteins on Mg surface is believed to enhance the 11 

compactness of degradation layer on Mg surface, subsequently decreasing the degradation of Mg 12 

[8]. Nevertheless, the binding/chelating of Mg2+ to proteins can promote the Mg dissolution 13 

reaction [26], which is largely correlated to some parameters, such as temperature, pH, protein 14 

concentration, Mg2+ concentration and protein structure [27, 28]. Therefore, it is not surprising 15 

that the effect of proteins on Mg degradation is correlated to the specific properties of proteins 16 

(molecular weight, conformation, affinity to Mg2+, charge, etc.).  17 

Due to the great complexity of proteins and the very wide range of proteins in the human body 18 

(e.g. albumin, fibrinogen, globulins), the adsorption of proteins in physiological environments is 19 

rather complex. In protein mixtures, the protein adsorption behavior is often a result of an 20 

overlap of adsorption, exchange, desorption and repulsion processes. Clearly there will be a 21 

competitive adsorption between proteins (known as “Vroman Effect”), which is related to the 22 

mobility and affinity of proteins, the surface and solvent properties [29]. A typical example is 23 

that fibrinogen (Fib) absorbed on a biopolymer surface is replaced by high molecular weight 24 

kininogen [30]. The co-existence of these proteins can affect the influence of single protein on 25 



5 / 25 

Mg degradation, therefore also affect the degradation rate of Mg and/or the degradation products 1 

on Mg surface. However, when the effect of FBS on Mg degradation was discussed, the 2 

complexity of FBS and the interplay between organic molecules did not get enough 3 

considerations. 4 

Furthermore, there is an ongoing process to pursue comparable physiological conditions to in 5 

vivo. This has led to the examination of the influence of proteins on Mg degradation in different 6 

media as shown in Fig. 1. The circumstance (pH, osmolality, Mg2+ concentration) near Mg 7 

surface is definitely variable in different media. All such media-triggered changes of 8 

circumstance can affect protein performance during immersion, thereby affecting the degradation 9 

rate and/or degradation mechanism of Mg. Therefore, it is of great importance to choose an 10 

appropriate medium to analyze the effects of proteins on Mg degradation. 11 

The aims of this study are: (1) to investigate the influence of protein on Mg degradation in 12 

different media in order to elucidate the role of media in the protein-containing degradation 13 

process; (2) to analyze the difference between the influence of BSA and FBS on Mg degradation; 14 

(3) to study the comprehensive effect of proteins on Mg degradation when more kinds of proteins 15 

are present in medium (medium + BSA + Fib or medium + FBS) under cell culture conditions. 16 

2. Materials and Methods 17 

2.1. Materials 18 

Pure Mg specimens were cut out of the ingots (Magnesium Elektron, Manchester, UK, chemical 19 

composition is shown in Table 1) with the dimension of 10 mm × 10 mm × 4 mm. Prior to use, 20 

the specimens were wet ground with 800 to 2500 grit SiC abrasive paper (Schmitz-21 

Metallographie GmbH, Herzogenrath, Germany) to remove the surface impurities. Then the 22 

samples were ultrasonically cleaned for 20 min in N-hexane, 20 min in acetone and 20 min in 23 
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100% ethanol (Merck KGaA, Darmstadt, Germany). Finally, the samples were dried in 12-wells 1 

cell culture plates (Greiner Bio-One, Frickenhausen, Germany) under sterile conditions. 2 

2.2. Immersion tests 3 

The base immersion media are Hank’s balanced salt solution without (HBSS) or with calcium 4 

(HBSSCa, 1.8 mM CaCl2) and Dulbecco's modified eagle medium Glutamax-I (DMEM) (Life 5 

Technologies, Darmstadt, Germany), the detailed compositions is already published in literature 6 

[13, 31]. 1.8 mM CaCl2 was chose to prepare HBSSCa because it is same concentration in 7 

DMEM and other simulated body solution and it is close to the Ca2+ concentration in plasma [32]. 8 

10% FBS (PAA laboratories, Linz, Austria) was added in HBSS, HBSSCa and DMEM, 9 

respectively, to prepare the media HBSS + 10% FBS, HBSSCa + 10% FBS and DMEM + 10% 10 

FBS. The concentration of BSA (Carl ROTH GmbH, Karlsruhe, Germany) was set at a similar 11 

concentration (3.4 mg/mL) as 10% FBS to avoid the difference from proteins concentration as 12 

much as possible. The concentration of Fib (1.6-4.0 g/L in plasma, Sigma-Aldrich, Saint Louis, 13 

USA) was set to 0.34 mg/mL due to the ten times lower concentration than BSA in plasma (35-14 

40 g/L in plasma) [33, 34]. Finally, the media were sterile filtered (0.2 µm pore size, Thermo 15 

Fisher, Karlsruhe, Germany). 16 

The samples were weighed before immersion tests (Waagen-Schmitt GmbH, Hamburg, 17 

Germany). Six replicate samples for each time point were performed in media at a ratio of 0.2 18 

g/L (sample/medium) under cell culture conditions (37 °C, 5% CO2, 20% O2, 95% rel. humidity). 19 

The immersion media were changed every 2 to 3 days to simulate a semi static condition. At each 20 

medium change, changes in pH (Sentron Argus X pH-meter, Fisher Scientific, Schwerte, 21 

Germany) and osmolality (Osmomat 030, Gonotec, Berlin, Germany) were measured. pH and 22 

osmolality of the media incubated without samples were determined as control.  23 
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After immersion for 3, 7 and 14 days, samples were cleaned with sterile distilled water and dried 1 

at 50 °C in air. The degradation products were removed by immersing in chromic acid (180 g/L 2 

chromium (VI) oxide in distilled water, VWR International, Darmstadt, Germany) for 20 min at 3 

room temperature. Subsequently, samples were cleaned with distilled water and 100% ethanol. 4 

After drying, the weights of samples were determined again to obtain the mass loss during the 5 

immersion. The mean degradation depth (h) of samples in μm was calculated using the following 6 

equation: 7 

ℎ = 10000 · 𝛥𝛥𝛥𝛥
𝐴𝐴 · 𝜌𝜌

= 𝐷𝐷𝐷𝐷 · 𝑡𝑡
8.76

   (2) 8 

where A is the surface area in cm2, ρ is the density of pure Mg (1.74 g/cm3), t is the immersion 9 

time in hours, Δm is the observed mass loss in gram and DR is the degradation rate in mm/year. 10 

The mean degradation depth can be transformed into degradation rate (mm/year, presented in 11 

table s2) by using equation (2). The rationale of mean degradation depth used has been discussed 12 

in literature [35]. The effect of chromic acid on the mass loss of pure Mg without immersion was 13 

checked by immersing samples in chromic acid for 20 min. No changes in weight of samples 14 

before and after immersion suggest no dissolution of the bulk material during immersion in 15 

chromic acid. 16 

2.3. Protein concentration 17 

The changes of protein concentration in HBSS and HBSSCa were determined by bicinchoninic 18 

acid (BCA) assay (Pierce Biotechnology, Rockford, USA). Simultaneously, the media without 19 

samples were checked as control. 10 µL solutions of media + BSA, media + BSA + Fib and 20 

media + FBS were taken out from the plates after certain immersion time, then diluted to 25 µL 21 

with distilled water in 96-well plates. 25 µL solution of media + Fib also was taken out after 22 

certain immersion time in a 96-well plate. Subsequently, 200 µL working reagent was added to 23 

each well and the plates were mixed thoroughly on a plate shaker for 30 s. Afterwards, the plates 24 
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were incubated at 37 ˚C for 30 min. Finally, the absorbance at 570 nm was measured on a 1 

microplate reader (Tecan Sunrise TECAN Deutschland GmbH, Crailsheim, Germany). The 2 

concentration of proteins in solution can be deduced from the standard curves (0-2000 mg/L). 3 

Due to the interference of phenol red and some amino acids, the protein concentration in DMEM 4 

cannot be determined by BCA assay. 5 

2.4. Surface characterizations 6 

After immersion, to investigate the surface morphologies and identify the products on the 7 

surfaces, samples after drying were directly examined using scanning electron microscopy (SEM, 8 

Phenom-World, Eindhoven, Netherlands), X-ray diffraction (XRD, Bruker D8 Advance, 9 

Karlsruhe, Germany) and infrared spectrometer (Bruker Hyperion 2000, Ettlingen, Germany). 10 

SEM in backscattering mode with an accelerating voltage of 15 kV was used to analyze the 11 

morphologies. XRD was performed in grazing incidence geometry at an incident angle of 3° 12 

between 2θ = 10° - 75° at 0.01° intervals and with 0.5 s counting time per point. The generator 13 

was set for 40 kV and 40 mA. The BrukerEVA software (PDF-2 Release 2015 RDB) was used to 14 

analyze the data. The infrared spectra were recorded with a resolution of 2 cm-1, taking 512 scans 15 

by using infrared spectroscopy in reflectance mode (Bruker Hyperion 2000, Ettlingen, Germany). 16 

The results were evaluated by Bruker OPUS software version 7.5.18. 17 

2.5. Composition of the degradation layer 18 

The cross sections of samples were prepared by embedding samples vertically into resin 19 

(Demotec 30, Nidderau, Germany), then successively wet ground with 800 to 2500 grit SiC 20 

abrasive paper, subsequently polished with colloidal silica suspension (Cloeren Technology 21 

GmbH, Wegberg, Germany). The cross sections of degradation layers were taken by SEM 22 

(Tescan Vega3 SB, Brno, Czech Republic) in backscattered electron (BSE) mode to measure the 23 

thickness of the degradation layer. At least 80 different sites were examined for each sample. The 24 
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distribution of elements were analyzed by energy dispersive X-ray spectroscopy (EDX) under an 1 

accelerating voltage of 15 kV with a resolution of 256 pixels. Each pixel was acquired for 80 ms. 2 

The diameter of the beam was about 300 nm according to the used beam intensity. The weight 3 

percentages of phosphorus and calcium in degradation products were obtained from the mapping 4 

results by using Iridium Ultra software (Eumex Instrumentebau GmbH, Heidenrod, Germany). 5 

The thickness of Ca/P-rich layer was measured from the mapping results using Adobe Photoshop 6 

CS6 (Adobe Systems Incorporated, San Jose, USA) and at least 10 measurements for each 7 

sample were performed.  8 

2.6. Statistical analysis 9 

The statistical analysis was done by using the software Origin 9.0 (Originlab Corporation, 10 

Wellesley Hills, USA). One-way analysis of variance (ANOVA) on ranks with Dunn’s multiple 11 

comparison post hoc tests was used. 12 

3. Results 13 

3.1. Mean degradation depth, pH, osmolality 14 

As shown in Fig. 2, the mean degradation depths of pure Mg were calculated after 3, 7 and 14 15 

days of immersion in HBSS, HBSSCa and DMEM with or without BSA, Fib or FBS. As 16 

expected, the addition of Ca ions to HBSS decreased the degradation of Mg after 3 days of 17 

immersion and Mg degraded significantly faster in HBSS and HBSSCa than in DMEM. In 18 

HBSSCa, proteins significantly reduced the degradation of Mg, especially when Fib was present. 19 

The addition of BSA / Fib / FBS to HBSS or DMEM also led to a lower degradation depth after 3 20 

and 7 days of exposure, suggesting lower degradation rates of Mg when BSA / Fib / FBS was 21 

present during the short-term immersion. After 14 days of immersion, BSA exhibited little effect 22 

on Mg degradation in both HBSS and DMEM. However, FBS promoted the degradation of Mg 23 

in HBSS, but showed an adverse result in DMEM. More importantly, when BSA and Fib were 24 
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simultaneously present in HBSS or DMEM, the mean degradation depth increased compared 1 

with that in HBSS or DMEM with BSA or Fib alone. 2 

The changes in pH and osmolality of media are depicted in Fig. 3. In HBSS-based media, 3 

changes in pH slightly increased with the immersion time, and the addition of proteins led to a 4 

higher pH compared with the control (HBSS) after 3 days of immersion. In HBSSCa-based 5 

media, changes of pH for the control (HBSSCa) remained stable, while the addition of proteins 6 

resulted in a decrease of pH with the immersion time. A similar decreasing trend of pH could 7 

also be found in DMEM-based media. Moreover, the addition of proteins to DMEM resulted in a 8 

lower pH during immersion except in DMEM + BSA + Fib. The changes in osmolality of media 9 

decreased with the immersion time irrespective of media compositions. The addition of proteins 10 

resulted in a higher osmolality in HBSS, while they had an adverse effect on the osmolality in 11 

HBSSCa and DMEM except in DMEM + BSA + Fib. 12 

3.2. Protein concentration during immersion 13 

To examine the adsorption of proteins during immersion, the concentration of proteins in HBSS-14 

based and HBSSCa-based media were monitored during 3 days of immersion. As shown in Fig. 4, 15 

the initial concentrations of proteins were similar in HBSS + BSA and HBSS + FBS (3.3-3.7 16 

mg/mL). Compared with the controls (media without sample), the concentration of proteins 17 

gradually decreased with the immersion time in HBSS-based media, HBSSCa + BSA + Fib and 18 

HBSSCa + FBS, while no significant decreases of protein concentration were observed in HBSS 19 

+ BSA / Fib, indicating that proteins behaved differently in HBSS and HBSSCa, which is in 20 

agreement with our previous result [24]. The decrease of protein concentration demonstrated the 21 

participation of proteins in the Mg degradation process by adsorption or other ways.  22 

3.3. Surface morphology 23 
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The surface morphologies of samples after immersion in different media are shown in Fig. 5a and 1 

b. In HBSS, macroscopic white precipitates were formed on surface as a conglomerate of very 2 

thin platelets. The addition of BSA led to the formation of needle-like precipitates and both of 3 

these two kinds of precipitates (conglomerate of thin platelets and needle-like precipitates) were 4 

formed on Mg surface in HBSS + Fib. In comparison, only conglomerates of thin platelets were 5 

formed in HBSS + BSA + Fib and there were only few precipitates on the surface in HBSS + 6 

FBS. Moreover, the precipitates changed with the exposure time, especially for the needle-like 7 

precipitates. In HBSSCa-based media (Fig. 5b), the flocculent precipitates were formed in 8 

HBSSCa after 7 days of immersion, while granular precipitates were visible on Mg surface in 9 

HBSSCa + BSA and HBSSCa + Fib. No obvious precipitates were observed on the sample 10 

surfaces formed in HBSSCa + BSA + Fib and HBSSCa + FBS. Similar results were also gained 11 

in DMEM-based media (Fig. s1), indicating little morphology difference induced by the addition 12 

of proteins and little changes with the immersion time, so SEM images of samples immersed in 13 

DMEM-based media are not shown here. Samples showed uniform degradation (no localized 14 

degradation) in all the media due to the high purity of Mg used, which indicated by the 15 

morphology of sample after the removal of degradation product (data not shown).  16 

3.4. Degradation products 17 

XRD results (Fig. 6a) revealed that the conglomerates of very thin platelets formed in HBSS-18 

based media and the flocculent precipitates formed in HBSSCa were mainly composed of 19 

hydromagnesite (reference card 00-070-1177) and dypingite (reference card 00-29-0857 and 00-20 

23-1218), while needle-like precipitates formed in HBSS + BSA were well-formed nesquehonite 21 

(reference card 00-020-0669). The precipitates formed in HBSS + BSA + Fib contained not only 22 

nesquehonite, but also hydromagnesite and dypingite. However, the XRD patterns of samples in 23 

the rest of media only gave the Mg diffraction peaks as shown the spectrum obtained from 24 

DMEM, indicating amorphous or nanocrystaline products on these sample surfaces.  25 
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IR reflection spectra were conducted for the samples immersed in HBSS + FBS, HBSSCa + 1 

protein and DMEM-based media. Only the range from 2200 cm-1 to 550 cm-1 is depicted in Fig. 2 

6b and c, as the major information is located in this range. The band near 1646 cm-1 is attributed 3 

to the OH-bending of absorbed water and/or the amide Ι of organic molecules absorbed on Mg 4 

surface [36]. The broad band from 1600 cm-1 to 1300 cm-1 is a result of the overlap between the 5 

anti-symmetrical CO3
2- stretching and the band ΙΙ/III/VI stretching of organic molecules [13]. 6 

Compared with the spectra from BSA and Fib, the bands from proteins can be observed for 7 

protein-containing media, indicating the adsorption of proteins on Mg surface. The bands from 8 

the asymmetric stretching of phosphate obviously shifted from 1182 cm-1 and 1093 cm-1 in 9 

DMEM to around 1134 cm-1 in DMEM with proteins [37], and a similar shift of bands from 10 

phosphate could also be observed in HBSSCa-based media, indicating the possible different 11 

conformation or compositions of Ca/Mg-PO4 when protein is present. The band at 861 cm-1 is 12 

assigned to the CO3
2- bending vibration [38]. Therefore, it can be concluded that the degradation 13 

products on Mg surface are mainly composed of Mg/Ca-PO4, Ca/MgCO3 and absorbed organic 14 

components in HBSSCa and DMEM. As previously proposed [39], Mg(OH)2 and MgO also are 15 

the possible products on Mg, but they are not detected herein. This could be due to the fact that 16 

only the outmost surface was detected and the signal to noise ratio is high in the low 17 

wavenumber range. 18 

3.5. Degradation layer analysis 19 

To analyze the variations of element distribution in degradation products, chemical element 20 

mappings were performed for samples after different immersion time in different media. The 21 

detection of Na, Cl and S were negligible for all samples. Typical examples are given in Fig. 7 22 

for the distributions of Mg, O, C, P and Ca in the degradation layer (the distribution of elements 23 

for all degradation layer formed in different media are provided in Fig. s2-4). Negligible Ca (< 24 

0.1 wt.%) was present in the degradation layer formed in HBSS and HBSS + BSA / Fib / BSA + 25 
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Fib due to the high purity of BSA and Fib used and the absence of Ca in HBSS. As expected, O 1 

mainly distributed in degradation layer, while C existed mainly in the resin. The obvious 2 

differences came from the distributions of P and Ca. In HBSS and HBSS + BSA / Fib / BSA + 3 

Fib, the existence of P in degradation layer indicated the formation of Mg-PO4 during immersion. 4 

A Ca/P-rich layer could be observed for the degradation layer formed in HBSSCa-based and 5 

DMEM-based media. Furthermore, the addition of proteins generally resulted in the thickening 6 

of Ca/P-rich outmost layer. The consistent distribution of Ca and P in degradation layer 7 

suggested the formation of Ca-P salts on the surface. However, when BSA and Fib were 8 

simultaneously present in DMEM, the formation of Ca-P salts in the degradation layer was 9 

largely inhibited. 10 

The thicknesses of degradation layers are displayed in Fig. 8. It showed the thickness of 11 

degradation layer increased with the immersion time except for HBSS + BSA. Generally, the 12 

degradation layer formed in HBSS-based media was much thicker than that formed in HBSSCa-13 

based and DMEM-based media, especially during the first 7 days of immersion. The addition of 14 

proteins to media resulted in a thinner degradation layer except in DMEM + BSA + Fib. 15 

The weight percentages of Ca and P in degradation layer were calculated according to the 16 

chemical mapping results. As depicted in Fig. 9, the wt. % of Ca and P increased with the 17 

immersion time irrespective of media composition. Generally, higher contents of Ca and P 18 

existed in degradation layer formed in DMEM and HBSSCa than in HBSS, which resulted from 19 

the higher concentration of PO4
3- or Ca2+ in HBSSCa and DMEM. Moreover, the addition of 20 

proteins also evidently promoted the increase of the wt. % of Ca and P in degradation layer. The 21 

presence of FBS generally resulted in a higher content of Ca and P in degradation layer than BSA, 22 

especially during the initial immersion time. The wt.% of Ca and P formed in HBSSCa + BSA + 23 

Fib was higher than that in HBSSCa + BSA, but comparable to that in HBSSCa + Fib. However, 24 
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the content of Ca and P was much lower in degradation layer formed in DMEM + BSA + Fib 1 

than in DMEM + BSA and DMEM + Fib. 2 

Furthermore, the thickness of Ca/P-rich layer in the top of degradation layer formed in HBSSCa-3 

based and DMEM-based media were examined as shown in Fig. 10. Generally, the thickness of this 4 

Ca/P-rich layer increased when proteins were present in media. In HBSSCa, co-existence of BSA and 5 

Fib resulted in a comparable thickness of the Ca/P-rich layer to that formed in HBSSCa + BSA or Fib, 6 

while in DMEM the thickness of this Ca/P-rich layer significantly decreased when both BSA and Fib 7 

were present compared with that in DMEM + BSA or Fib. 8 

4. Discussion 9 

HBSS has been supported to be the simplest medium compared with SBF and DMEM [31, 39]. 10 

In this study, 1.8 mM CaCl2 was added to HBSS to prepare the HBSSCa medium to investigate 11 

the synergistic effect of proteins and Ca2+ for Mg degradation. Generally, cell culture medium, 12 

DMEM, is less corrosive and more complex for Mg than HBSS due to the existence of Ca2+ and 13 

Mg2+, and high HCO3
- and PO4

3- concentration in DMEM [31]. Therefore, in this study, HBSS, 14 

HBSSCa and DMEM were chosen as base media to study the influence of proteins on the 15 

degradation of Mg in different testing solutions under cell culture conditions. 16 

Degradation products in HBSS-based media 17 

In HBSS, Mg(OH)2, MgCO3 and Mg3(PO4)2 as degradation products have been found in the 18 

degradation layer of Mg in previous report [16]. High mean degradation depth, large changes in 19 

pH and osmolality of media indicate the fast degradation of Mg in HBSS. The resulting 20 

supersaturation of Mg2+ in HBSS leads to the formation of crystalline precipitates 21 

(hydromagnesite or nesquehonite) on the sample surface as described by equations (4-7). When 22 

proteins were added to HBSS, either different precipitates (nesquehonite in HBSS + BSA), a 23 

mixture of all (in HBSS + Fib), or nearly no detectable precipitates (in HBSS + FBS) were 24 
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formed on the Mg surface, which is in agreement with the previous result that the organic 1 

molecules can affect the formation of crystalline precipitates on Mg surface [16]. 2 

Mg2+ + CO3
2- → MgCO3       (3) 3 

5 Mg2+ + 5 OH- + 4 CO3
2- + 4 H2O →Mg5(CO3)4(OH)2·4H2O  (4) 4 

5 MgCO3 + 5H2O → Mg5(CO3)4(OH)2·4H2O + CO2    (5) 5 

Mg2+ + CO3
2- + 3H2O → MgCO3·3H2O     (6) 6 

MgCO3 + 3 H2O → MgCO3·3H2O      (7) 7 

Because CO3
2- can be continuously supplied by CO2 under cell culture conditions, from the 8 

thermodynamic view (as shown in supplementary), the pH of the media and the free Mg2+ 9 

concentration become the two dominant parameters for the formation of crystalline precipitates. 10 

There is no evident difference between pH in HBSS-based media during the immersion, while 11 

higher osmolality in HBSS + proteins indicates a higher total Mg2+ concentration [40]. When 12 

proteins are present in media, a part of Mg2+ is bound to proteins as shown in equation (8). 13 

C (total Mg2+) = C (bound Mg2+) + C (free Mg2+)    (8) 14 

At least three binding sites of albumin for Ca2+/Mg2+ have been identified and they possess 15 

variable affinity and binding capacity [28, 41]. Mg2+ competes with Ca2+ for the binding sites in 16 

serum albumin, but with a lower binding affinity (Ka(Ca2+) = 1.5×103 M-1, Ka(Mg2+) = 1×102 M-1) 17 

[28, 42]. Moreover, the binding of Ca2+/Mg2+ to albumin is getting much higher with increasing 18 

ion concentration and increasing pH above the physiological level [27, 41, 43, 44]. Therefore, the 19 

binding of Mg2+ to proteins could be one reason for the effect of proteins on the formation of 20 

different precipitates in HBSS-based media.  21 

On the other hand, in view of thermodynamics (Fig. s5), hydromagnesite should be formed 22 

before the formation of nesquehonite as Mg2+ concentration increases in the range of pH 8-9. 23 
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However, only nesquehonite is observed in HBSS + BSA. The possible explanation is that the 1 

presence of proteins may affect the nucleation of products or the kinetics of products formation 2 

process [45]. 3 

Degradation products in HBSSCa-based media 4 

When CaCl2 was added to HBSS (HBSSCa), CaCO3 and Ca-P salts also could be possibly 5 

formed on Mg surface as following: 6 

Ca2+ + CO3
2- → CaCO3           (9) 7 

x Mg2+ + y Ca2+ + z PO4
3-  → MgxCay(PO4)z           (10) 8 

x Mg2+ + y Ca2+ + z PO4
3- + n CO3

2- → MgxCay(PO4)z(CO3)n            (11) 9 

According to the thermodynamical solubility calculations (as shown in supplementary) [31], 10 

CaCO3, Ca-P salts could be formed on Mg surface before the formation of MgCO3 and 11 

crystalline precipitates, which is in accordance with the result that a Ca/P-rich layer formed in the 12 

top of degradation layer. This Ca/P-rich layer is believed to significantly slow down the 13 

degradation rate of Mg [46]. However, as layer thickness and osmolality indicated, this layer is 14 

still water/ion permeable, which induces a continuous degradation of Mg, eventually leading to 15 

the formation of crystalline precipitates on Mg surface after 7 days of immersion in HBSSCa. 16 

The presence of proteins in HBSSCa plainly inhibit the formation of crystalline precipitates on 17 

Mg surface. It could be ascribed to several reasons: the low degradation rate, the binding of 18 

Mg2+/Ca2+ to proteins and the promoted formation of Ca/P-rich layer in the top of degradation 19 

layer (including the granular Ca-P precipitates). The increase of Ca/P content and Ca/P-rich layer 20 

thickness compared with the control (HBSSCa) (Fig. 9 and 10) demonstrate that proteins largely 21 

promote the formation of Ca-P salts on Mg surface, which is believed to be one of the reasons for 22 

the protein-induced decrease of Mg degradation. 23 

Degradation products in DMEM-based media 24 
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In DMEM, due to the higher concentration of PO4
3- and HCO3

-, the degradation of Mg is much 1 

slower than in HBSS and HBSSCa. The lower increase of pH is ascribed to the stronger buffering 2 

capacity (high concentration of HCO3
- and organic molecules) and slower degradation. None of 3 

crystalline precipitates are detectable, indicating that free Mg2+ concentration in DMEM did not 4 

reach the saturation during immersion. Organic molecules, amorphous carbonate and phosphate 5 

(Ca/Mg-CO3, Ca/Mg-PO4) are proven to be the main degradation products in the top of Mg 6 

surface, which is in agreement with the reported results that outer Ca/P-rich layer always forms 7 

separately from the inner degradation layer (Mg(OH)2, (Mg,Ca)-CO3) [46-49]. Proteins show 8 

little influence on the surface morphology in DMEM (Fig. s1). The obvious feature caused by the 9 

presence of proteins is the thickening of the outmost Ca/P-rich layers in the top of degradation 10 

surfaces, which shows a similar trend to that in HBSSCa but no granular Ca-P precipitates are 11 

visible in DMEM-based media. As reflected in Fig.11, the increasing content of Ca-P salts in the 12 

top of layer and its thickness generally corresponds to the lower degradation rate of Mg. It shows 13 

a similar tendency for samples in HBSSCa-based and DMEM-based media. This result reveals 14 

that the promoted formation of Ca-P products in the top of degradation layer could be one of the 15 

possible reasons for the reduced degradation rate by protein. 16 

The promoted formation of Ca-P salts in HBSSCa and DMEM is related to the complex 17 

biomineralization process. Generally, collagen fibrils provide a framework known as 18 

extracellular matrix, a set of negatively charged phosphorylated non-collagenous proteins attract 19 

Ca2+ and PO4
3- ions through their charged amino acid residues and increase the local 20 

supersaturation to form nuclei of a critical size, which can develop into hydroxyapatite (HA) 21 

crystals [45, 50, 51]. Therefore, the electrostatic interaction between proteins and Ca2+/PO4
3- 22 

could be the reason for the promoted Ca-P salt formation on Mg surface, indicating the 23 

importance of the interaction between Ca2+, PO4
3+ ions and proteins to HA precipitation. 24 

However, other adverse results were also reported that FBS led to a low content of P and Ca in 25 
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the degradation products on Mg surfaces [8, 9]. This discrepancy may derive from the different 1 

detection methods or the different testing environment used. 2 

Effect of proteins on Mg degradation 3 

When comparing the effect of proteins on Mg degradation in these three different media, it can be 4 

found that Ca2+ largely enhance the corrosion inhibition effect of proteins on Mg degradation, 5 

indicating the synergistic effect of proteins and Ca2+ on Mg degradation, especially for Fib and 6 

FBS. This may be related to the high affinity of protein to Ca2+ [42, 43, 52]. Moreover, the 7 

addition of Ca2+ can change the zeta potential of degradation products, thereby affecting the 8 

electrostatic-dominated interaction between proteins and degradation products [53]. 9 

Two main influences induced by proteins on degradation layer of Mg are the thickening of the 10 

outmost Ca/P-rich layer and the adsorption of proteins. They can slow down the degradation of 11 

Mg, however, Mg degradation is still ongoing in media. With the dissolved Mg2+ concentration 12 

increasing in media, the binding/chelating of Mg2+ to proteins increases [41], which promotes the 13 

dissolution of Mg in media. Moreover, protein adsorption is believed to be much faster than 14 

binding/chelation during the initial stage and the binding/chelating effect can provide long-lasting 15 

gradual influence on Mg degradation [6]. Therefore, the combined effect of adsorption and 16 

binding/chelation of proteins results in the time/medium-dependent effect of proteins on Mg 17 

degradation. Similar results also have been found for other Mg alloys, such as Mg-Mn alloy [6], 18 

AZ31 and AZ91 [12]. 19 

In this study, Fib and BSA always show different influence on Mg degradation. This is related to 20 

not only the large molecule weight of Fib, but also the different properties of Fib and BSA. Our 21 

previous result shows a higher adsorption of Fib compared to BSA on possible Mg degradation 22 

products [24], indicating a different affinity of proteins to the same surface. Moreover, Fib has a 23 

stronger effect on the of solution fluidity [54] and the surface tension [55, 56]  compared with 24 
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other proteins. These may be the reasons for the observed phenomenon that bubbles always were 1 

limited to the Mg surface in media + Fib during immersion (results not shown), indicating the 2 

decrease of mass transfer process in the media. This could be another reason for the different 3 

influence of Fib and BSA on Mg degradation. 4 

The organic molecules may interact with each other in the presence of more kinds of organic 5 

molecules, which exhibits cooperative or competitive interaction under different conditions. 6 

Typical examples are the increase of degradation rate when both BSA and Fib are present in 7 

DMEM and the slower degradation of Mg in media with FBS than in media with BSA. Another 8 

already discovered fact caused by the interaction between Fib and serum proteins is that the effect 9 

of Fib in decreasing the fluidity of water is appreciably less in the presence of serum proteins 10 

than in purified solutions of Fib [54]. The organic molecules in FBS own different 11 

physiochemical characteristics, which can largely affect their adsorption or binding/chelating 12 

performance. For example, albumin is a heart-like shaped protein and its isoelectric point (pI) is 13 

about 4.8 [28, 57], while Fib (~340 kDa) is a large rod-like shaped glycoprotein (pI = ~5.8) [57, 14 

58], indicating different electrostatic interaction, hydrogen bonding and hydrophobic/hydrophilic 15 

interaction between proteins and Mg surface. The competitive adsorption between organic 16 

molecules also has been widely reported as ‘Vroman Effect’ [29, 59-61]. Furthermore, the 17 

different structure and conformation result in different binding affinity of proteins to various 18 

kinds of ions, for example, iron (Fe) ion dissolved from impurity. Transferrins (~80 kDa, pI: 19 

~5.2-6.4), existent in FBS, are iron-binding blood plasma glycoproteins with two specific high-20 

affinity sites for reversible Fe ions binding [62-64]. The binding of Fe ions to transferrin may 21 

decrease Mg degradation because the limitation of the Fe re-deposition on Mg surface can 22 

efficiently lower the degradation rate of Mg [65, 66]. Therefore, the effect of proteins on Mg 23 

degradation is the result of an overlap of protein adsorption, binding/chelating to different ions 24 
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(Mg2+, Fe3+, etc.) and interactions between organic molecules. These basic mechanisms are 1 

depicted in Fig. 12. 2 

The degradation layer formed in plasma, blood or under in vivo conditions all shows an outer rim 3 

rich of P and Ca for pure Mg [47, 67, 68]. A similar result also can be obtained in HBSSCa + 4 

proteins and DMEM-based media in this study, indicating a comparable degradation process or 5 

mechanism to in vivo conditions. Furthermore, the degradation rate of pure Mg in vivo is in the 6 

range of 0.10-0.40 mm/year [14, 47, 69], while in this study the degradation rates of Mg are 0.25-7 

0.50 mm/year in HBSSCa + Fib / BSA + Fib / FBS (1.65-1.95 mm/year in HBSSCa) and 0.20-8 

0.45 mm/year in DMEM + BSA / Fib / FBS (0.30-0.60 mm/year in DMEM). Therefore, the 9 

addition of proteins to media generally enables the degradation of Mg to be more comparable to 10 

in vivo conditions and DMEM + 10% FBS is recommended to present more physiological 11 

conditions for Mg samples compared to other media. To fully understand the roles of proteins in 12 

the degradation of Mg, more physiological conditions (dynamic conditions, etc.) and further 13 

detailed investigations about the interaction between different organic molecules are still required.  14 

5. Conclusions 15 

In this study, the effect of proteins (BSA, Fib, FBS) on Mg degradation was evaluated by 16 

analyzing the degradation rate and degradation products. The results indicate that the effect of 17 

proteins on Mg degradation should be studied under more physiological media (DMEM) due to 18 

the different effect of proteins on the Mg degradation in different media. The enhancement of 19 

outmost Ca/P-rich layer in protein-containing media indicates the relationship between proteins 20 

and surface mineralization process, further emphasizes the necessity of the addition of proteins to 21 

in vitro testing media. DMEM + 10% FBS is recommended to test the in vitro Mg degradation 22 

due to the more comparable degradation to in vivo. The different performance between single 23 

protein and protein mixtures for Mg degradation reveals that the addition of a single protein to 24 
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testing media cannot represent the effect of proteins on degradation of Mg under in vivo 1 

conditions, and the interaction between organic molecules in protein mixtures should be taken 2 

into account. Moreover, the comprehensive influence of protein mixtures on Mg degradation 3 

depends on the conditions used and the characteristics of proteins. The further insights should be 4 

gained for the interaction between organic molecules to fully understand the role of proteins in 5 

Mg degradation. 6 
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