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Abstract 

I 

Abstract 

Magnesium (Mg) and its alloys have been widely investigated as biomaterials due to their 

remarkable biodegradability and bioresorbability. However, the discrepancy of degradation 

results between in vitro and in vivo observations demands a much better understanding for 

the mechanism of the degradation processes. Although lots of studies have been performed 

to investigate the effect of physiological parameters, the roles of organic molecules in Mg 

degradation remain unclear. In this thesis, several typical organic components, L-ascorbic acid 

(L-AA), L-glutamine (L-Gln), L-alanyl-L-glutamine (L-Ala-L-Gln), bovine serum albumin (BSA), 

fibrinogen (Fib) and fetal bovine serum (FBS) were chosen to elucidate the effects of organic 

components on the degradation of pure Mg under cell culture conditions. The degradation rate 

of pure Mg was determined by mass loss after different immersion time. The degradation 

products were analysed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

infrared reflection microspectroscopy (IR) as well as chemical mappings. The results reveal 

that the influence of organic components on the degradation of pure Mg is time- and medium-

dependent. Small organic molecules increase the degradation rate of pure Mg after relatively 

long-term immersion, while proteins generally reduce the degradation of Mg. On the other 

hand, they play an important role in the formation of the degradation products. The addition of 

organic components favours the precipitation of crystalline nesquehonite rather than 

hydromagnesite in the ‘outer’ layer with an ‘inner’ layer composed by carbonate, phosphate 

and magnesium hydroxide in HBSS. Whereas, in HBSSCa and DMEM organic components 

accelerate the formation of Ca/P-rich products in the top of degradation layer, accompanied 

by an ‘inner’ layer mainly composed by carbonate and magnesium hydroxide, presenting an 

in vivo-like degradation layer. Moreover, proteins seem to stabilize the top of Ca/P-rich layer 

and protect the integrity of degradation layer, which are of importance to Mg degradation. The 

formation of Ca/P-rich products on Mg surface reduces the surface roughness and changes 

the surface chemistry and charge, eventually weakening the adsorption of proteins. More 

importantly, macromolecules / organic mixtures exhibit larger influence than small organic 

molecules / single organic molecule on Mg degradation. The interactions between organic 

molecules should be taken into considerations when organic mixtures are applied. For 

example, when both Fib and BSA are present in DMEM, the degradation rate of Mg 

significantly increase due to the interplay between BSA and Fib. A promising result is that the 

addition of organic molecules, especially FBS, can weaken the difference of Mg degradation 

caused by the different conditions used, such as the composition of media, the ratio of medium 

volume to sample and the static or semi-static conditions, which enables the results more 

comparable.  
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Zusammenfassung 

Magnesium und seine Legierungen sind wegen ihrer besonderen Eigenschaften – gute 

biologische Verträglichkeit und Resorbierbarkeit – von großem Interesse für die Forschung. 

Von besonderem Interesse ist das mechanistische Verständnis des Degradationsverhaltens, 

da hier deutliche Unterschiede zwischen in vitro und in vivo Studien zu beobachten sind. Trotz 

einer Vielzahl an Studien, die die physiologischen Parameter beleuchten, ist der Einfluss 

organischer Substanzen auf die Magnesiumdegradation noch nicht verstanden. In dieser 

Arbeit wurden daher verschiedene organische Moleküle (L-Ascorbinsäure (L-AA), L-Glutamin 

(L-Gln), L-Alanyl-L-Glutamin (L-Ala-L-Gln), bovines Serumalbumin (BSA), Fibrinogen (Fib) 

und fötales Kälberserum (FBS)), ausgewählt, um deren Einfluss auf die Degradation von 

Magnesium unter physiologischen Bedingungen zu untersuchen. Hierzu wurde die 

Degradationsrate durch Massenverlust bestimmt, und die Degradationsprodukte mittels 

Röntgenstreuung (XRD), Röntgenphotoelektronenspektroskopie (XPS), Infrarotspektrometrie 

(IR) und chemische Analyse identifiziert. Es zeigt sich, dass der Einfluss organischer Moleküle 

Zeit- und Mediumabhängig ist. Kleine organische Moleküle erhöhen die Degradationsrate im 

späteren Zeitverlauf, während Proteine zu einer generellen Reduzierung führen. Darüber 

hinaus haben spielen sie eine wichtige Rolle bei der Bildung von Degradationsprodukten. 

Unter ihrem Einfluss wird in Hank‘ Lösung (HBSS) bevorzugt Nesquehonit anstatt 

Hydormagnesit in der äußeren Degradationsschicht präzipitiert, und die innere Schicht setzt 

sich aus Carbonat, Phosphat und Magnesiumhydroxid zusammen. Im Gegensatz dazu 

werden bei Zugabe von Calcium und in Zellkulturmedium (DMEM) bevorzugt 

Calciumphosphatverbindungen in der äußeren Schicht gebildet, während die innere Schicht 

überwiegend aus Carbonat und Magnesiumhydroxid besteht. Diese Schichtung entspricht 

dem Degradationsverhalten in vivo. Proteine stabilisieren die äußere Calciumphosphatschicht 

und die Integrität der Degradationsschicht. Durch die Calciumphosphatverbindungen wird die 

Oberflächenrauigkeit reduziert, sowie die Oberflächenchemie und –ladung, was zu einer 

Verminderung der Proteinadsorption führt. In diesem Zusammenhang ist wichtig zu erwähnen, 

dass der Einfluss von Makromolekülen bzw. Mischung organischer Substanzen deutlich 

größer ist, als bei Betrachtung kleiner bzw. einzelner organischer Moleküle. Daher sollte die 

Interaktion zwischen den einzelnen Molekülen weiter untersucht werden. Als Beispiel führt die 

Interaktion von Fibrinogen und Serumalbumin in Zellkulturmedium zu einem deutlichen 

Anstieg der Degradationsrate. Ein weiteres wichtiges Ergebnis ist, dass die Zugabe von 

Kälberserum zu einheitlicheren Ergebnissen in unterschiedlichen experimentellen 

Umgebungen führt. 
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1. Introduction 

1.1. Mg as biomaterials 

Magnesium (Mg) and its alloys as one kind of degradable metallic materials drawn much 

attentions and were developed due to their excellent biodegradability and bioresorbability. Mg 

is an extraordinarily light metal with a density of 1.74 g/cm3, which is close to the density of 

bone (cortical bone: 1.8-2.0 g/cm3, cancellous bone: 1.0-1.4 g/cm3) [1]. Moreover, the Young’s 

modulus of Mg and its alloys (41-46 GPa) is closer to bone (0.01-23 GPa) than other metallic 

materials, such as titanium alloys (79-114 GPa), iron alloys (189-205 GPa), indicating a weak 

stress shielding effect [1-3]. Mg is one of the abundant cations in the human body [4], with 

around 25 grams in adult human body, and about two-thirds of the body’s magnesium is 

present in the skeleton and the rest is in soft tissues [5]. It is essential to regulate numerous 

cellular functions and enzymatic systems in human body, and stabilize the structures of DNA 

and RNA [6, 7]. The concentration of Mg2+ in plasma and extracellular fluid is approximately 

1.2-1.4 mM, one-third of which is bound by extracellular proteins (e.g. albumin) or other 

biochemical molecules [6]. The intake of Mg for a normal adult is recommended to 300-400 

mg per day [8], excessive Mg can be rapidly excreted in the urine [5]. During times of 

deprivation, Mg can be conserved in the kidney [9]. Mg depletion remarkably disturbs calcium 

homeostasis and induces some cardiovascular diseases [9-11]. More importantly, Mg has 

been found to have stimulatory effects on the growth of new bone tissue [12, 13]. The 

degradability of Mg can avoid repeated surgery, decreases the costs and further morbidity to 

the patient. All of these characteristics result in promising prospects for Mg-based implanted 

materials.  

The positive therapeutic effect of Mg used as biomaterials has already been displayed by the 

early clinical applications and animal experiments. The details were reviewed in [14]. Some 

valuable experience and knowledge can be gained from these studies. For example, Erwin 

Payr, one of the most influential pioneers, found that the degradation of Mg in vivo is mainly 

determined by the surrounding environment, e.g. water content, carbon dioxide, dissolved 

salts, and so on. Although some successful treatments were reported [15], many surgeons 

still waived Mg products as biomaterials after the middle of last century since the corrosion of 

Mg in vivo could not be sufficiently controlled. 

With the development of metallurgy and recent advances in material science and engineering, 

the availability of ultra-high purity Mg and the surface modification of Mg-based devices have 

enabled corrosion rates and mechanical properties to be controlled [4, 16, 17]. Additionally, 

increasing life expectancy and improving life quality encourage the development of 



1. Introduction 

2 

degradable biomaterials, which should be degradable, biocompatible and do not affect tissue 

healing after surgical implantation. This situation has led to a renaissance of Mg as degradable 

metallic materials (Fig. 1.1). 

 

Figure 1.1: Real/possible applications of biodegradable magnesium implants: (a) cardiovascular 

stents (BIOTRONIK, Berlin, Germany, received CE mark in Europe), (b) MAGNEZIX screw 

(Syntellix, Hannover, Germany, received CE mark in Europe), (c) microclip for laryngeal 

microsurgery (pure magnesium), (d) biodegradable orthopedic implants, (e) wound-closing 

devices (WZ21) [18] (reproduced with permission from Elsevier). 

To improve the mechanical properties and corrosion resistance of Mg, various Mg alloys 

including binary Mg series alloys (e.g. Mg-Sr, Mg-Ag, Mg-Ca, Mg-Zn, etc.), ternary and 

quaternary series alloys (Mg-Ca-Zn, Mg-Zn-Mn, Mg-Nd-Zn-Zr, etc.) were developed in the last 

decades [18, 19]. Furthermore, the biological and degradation performance of selected alloys 

has been assessed by numerous animal studies, which has been reviewed in the literature 

[19-21]. Considering the excellent performance, some of degradable Mg-based implants also 

start the clinical trials and get access to the medical device market, such as AMS stents made 

of WE43 systems [22-25], the first Mg-Y-RE-Zr screw in Germany [21] [26], Mg-5Ca-1Zn (wt%) 

screw approved by the Korea Food and Drug Administration (KFDA) in 2015 [27], and high-

purity Mg screws in China [28]. 

The encouraging and promising results for the degradable Mg-based implants have been 

obtained from in vitro and in vivo evaluations, even clinical performances. They have already 

largely encouraged surgeons and scientists to accelerate the translation of their novel Mg-
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based implants into clinical application. However, prior to their application, it is essential to 

evaluate the new developed Mg-based implants. This evaluation helps not only to avoid the 

failure of implant during clinical application (possibly caused by the uncontrollable degradation, 

mechanical integrity, etc.), but also to promote the use of Mg-based medical devices. 

1.2. Evaluation of Mg as biodegradable materials 

During the process from intensive research to clinical reality, many different complex 

considerations need to be addressed for the clinical translation of degradable Mg-based 

implant materials. How to evaluate the potential Mg-based implants became an important part 

for the process from research to clinical application. 

1.2.1. Safety 

Biosafety should be the general consideration for the development of degradable biomaterials. 

The released metallic ions and the formed degradation products generated by the gradual 

degradation of Mg or its alloys may disturb the local physiological equilibrium at the 

implantation site, inducing systemic toxicity to human and localised toxicity to the peri-implant 

cells. Therefore, the choice of alloying elements is of importance to control the release of 

potentially toxic metallic elements. The alloying element released in the body should be kept 

at very low concentration below its threshold level to avoid such adverse effects. For example, 

excessive amounts of Zn (daily allowance: 15 mg) can induce neurotoxicity, cramps and 

diarrhoea [19, 29]. In vitro cytotoxicity of rare earth elements containing Nd, Gd, La, Ce, Dy, 

etc. often used to improve the mechanical properties of Mg alloys, has been evaluated for 

different cell lines [30]. La and Ce exhibit the highest cytotoxicity, Gd and Dy with high solubility 

in Mg seem to be more suitable than Y due to the better inflammatory and toxicity performance 

[30]. Moreover, the concentration of the released metal ions into tissue varies with the tissue 

type, the implanting time, the distance to the implants and the local micro environments (e.g. 

local pH, local osmolality, local blood supply), which affect the diffusion and transfer of the 

released metal ions and the adsorption of tissue to metal ions [31]. Therefore, the amount of 

the alloying elements in Mg-alloys implants needs to be optimised according to the 

degradation rate of Mg-based implants and the physiological environment at the implantation 

site. 

To estimate the potential hazards of new Mg-based implants, in vitro cytotoxicity tests and cell 

culture assays are suitable tools to give insights into the effect of Mg-based materials and their 

degradation products on cell viability and proliferation prior to in vivo testing. Many different 

cell lines including fibroblasts, osteoblasts, osteoclasts and endothelial cells have been used 

to evaluate the degradable Mg alloys with respect to different applications. For example, 
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osteoblasts and osteoclasts are used to evaluate orthopaedic implant materials [32, 33], while 

endothelial cells are applied to test biodegradable Mg-based stents [34]. Normally used 

cytotoxicity tests contains MTT assays, XTT assays, LDH assays, cell count, cell attachment, 

DNA content and cell proteins [35]. MTT and XTT assays are in accordance with EN ISO 

10993-5, which describes the in vitro cytotoxicity tests for the evaluation of medical devices. 

Determination of LDH activity is frequently used as a good indicator of cellular damage for 

cytotoxicity studies [36]. Cell count is determined by staining cells via different dyes, such as 

DAPI, calcein-AM and propidium iodide (PI) [37-39]. Furthermore, the cell morphology on the 

surface of Mg materials can be analysed [32, 40]. Cell proteins and DNA contents are 

sometimes assessed to get more accurate results in view of the genetic level, it can provide 

more details about the mechanisms [33]. However, when applying these experiments for 

degradable Mg materials, some improvements or problems should be carefully noticed to 

obtain reasonable in vitro results for specific motivations. For example, the diluted extraction 

medium should be used to conduct MTT assays for the degradable Mg materials [41], which 

is not consistent with the ISO standard.  

1.2.2. Mechanical integrity  

Besides the biosafety, Mg-based materials as degradable implants must also have sufficient 

mechanical strength and stable biomechanical function over implantation time. The 

degeneration of mechanical integrity of Mg and its alloys with time should match the healing 

process of tissues during the implantation (Fig. 1.2). 

 

Figure 1.2: The schematic diagram of degradation behaviour and the change of mechanical 

integrity of biodegradable Mg during the vascular healing process (a) and during the bone healing 

process (b) [19] (reproduced with permission from Elsevier). 

Normally, the mechanical properties of Mg-based materials are examined before degradation 

to evaluate the initial mechanical properties. However, this approach cannot satisfy the 
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demands for the mechanical evaluation of the degradable Mg-based materials. One of the 

reasons is that the stability of Mg-based materials is largely influenced by the corrosion and 

stress, which leads to materials cracking (stress corrosion cracking (SCC) and corrosion 

fatigue). Some investigations have already evaluated the stability of the Mg-based materials 

via three-point bending [42-46], four-point bending [47, 48], tensile and compression tests [49, 

50] after in vitro [42, 46-50] or in vivo [43-45, 51] experiments and slow strain rate test (SSRT) 

method [52-54]. A general reduction of mechanical properties can be observed for the Mg-

based materials, which relates to the degradation rate and degradation type (localised or 

uniform) [42, 48, 49]. For example, pitting corrosion largely decrease the performance of Mg-

based materials due to the formation of defects during immersion. 

1.2.3. Degradability 

The degradability of Mg-based materials is not only one of the critical advantages as 

biomaterials, but also a challenge for the clinical applications. As mentioned above, the 

degradation of Mg-based materials affects the mechanical integrity of materials during service 

period, also controls the release of metal ions into the human body. Too fast degradation will 

have an adverse influence on mechanical integrity, and the toxicity to tissues due to the higher 

concentration of metal ions, higher local pH and the formation of gas cavities. Therefore, the 

evaluation of the degradation for potential Mg-based implants including degradation type 

(localised or uniform) is essential prior to their application. 

In vitro degradation rate of Mg-based implant materials can be determined by different 

methods, such as mass loss, hydrogen evolution, electrochemical methods and ion release. 

Each method has its advantages and limitations for the determination of degradation rate, 

which has been reviewed in literature [55]. For example, mass loss can simply provide 

accurate, clearly defined data, but it needs multiple samples for accuracy and offers little 

information on corrosion mechanisms. Recently, a new degradation expression based on 

mass loss, mean degradation depth, has developed since it has a higher probability in 

predicting long term degradation behaviour of Mg [56, 57]. It can be calculated as follows:  

        (1.1) 

where A is the surface area in cm2, ρ is the density of material and Δm is the observed mass 

loss in gram. Volume loss of Mg-based materials is a prominent tool to calculate the in vivo 

degradation rate by using micro-tomography [58, 59]. Based on the in vivo results [60], 

compared with the degradation rate of AZ91D alloys, a hydrogen evolution rate 0.01 

mL/cm2/day (0.02 mm year-1) is proposed to be acceptable for medical implant applications 
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[61, 62]. It should be noted that this value is just a simple reference, since the degradation 

rate of Mg-based materials varies with the in vitro conditions used and the in vivo implantation 

sites [63]. Moreover, although Mg alloys typically corrode faster than this value, even under in 

vivo conditions, some of them still give a good performance in vivo. [18, 59, 64]. Therefore, for 

the success reliable evaluation for Mg-based materials, a systematic approach is needed for 

in vitro tests and it should be able to simulate the desired implantation site and its local 

environment to help screen the suitable Mg-based implants. 

At present, there are several available standards for in vitro tests: the European standard ISO 

10993 [65] and the standards outlined by the American Society for Testing and Materials 

(ASTM G31-72) [66, 67]. The ISO 10993 standards mainly focuses on the biological evaluation 

of materials including the safety and risk management. It still has some limitations for testing 

degradable or corroding biomaterials [1, 41]. The ASTM standard highlights the importance of 

the sample volume to surface area ratio and the immersion time. However, the recommended 

solution volumes are thought to be too small to accommodate the pH change [55]. A new 

standard ISO/TR 37137:2014 [68] (Cardiovascular biological evaluation of medical devices – 

Guidance for absorbable implants) has been published to provide interim part-by-part 

guidance on potential adjustments to various test methods within the 10993 series.  

To predict the in vivo behaviour of Mg-based biomaterials, reliable and reproducible in vitro 

results are of utmost importance. However, the truth is that sometimes the degradation data 

obtained from different literatures are not comparable, even for the same alloy, due to the 

different in vitro conditions used. Staiger et al. have summarised the key aspects of the entire 

discussion and structured the main topics, concerns and comments during the 2nd 

Symposium on Biodegradable Metals [69]. The poor correlation between in vitro and in vivo 

behaviour over time is one of the major challenges in developing degradable metallic implants 

for applications in humans [69]. Initial studies [14, 60, 69, 70] indicate very low relationship 

between degradation behaviour in vitro and in vivo. Sometimes, even opposite degradation 

properties are obtained, such as for LA442 and AZ91D [70]. Walker et al. [71] have compared 

the degradation rate of pure Mg and five alloys (AZ31, Mg-0.8Ca, Mg-1Zn, Mg-1Mn, Mg-

1.34Ca-3Zn) under in vivo conditions (in a subcutaneous environment in Lewis rats) with 

different in vitro media buffered by CO2/HCO3
-. The degradation rate of samples in Earle's 

Balanced Salt Solution (EBSS) is more comparable to in vivo conditions, and the addition of 

bovine serum albumin (BSA) to Minimum Essential Media (MEM) increases the degradation 

rate of Mg and Mg alloys in this study. Sanchez et al. have reviewed the comparison between 

in vitro and in vivo results (Fig. 1.3, [20]). It shows that the corrosion factors for Mg alloys are 
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below 3 for EBSS and simulated body fluid (SBF), while it is in the range between 1.5 and 3.5 

for MEM. When BSA is added, the corrosion factor increases to a range between 4 and 7. 

 

Figure 1.3: Comparison of the averaged in vitro and in vivo corrosion rates of 20 different 

materials (CR: corrosion rate) [20] (reproduced with permission from Elsevier). 

For a valid comparison between in vitro and in vivo tests and to improve the mechanistic 

understanding, besides degradation rate, the degradation mechanism must be the same. The 

general degradation of Mg-based materials can be described as following: 

Mg + H2O → Mg2+ + OH- + H2 ↑   (1.1) 

Due to the release of Mg2+ and the local alkalization, the degradation products including 

Mg(OH)2, Mg3(PO4)2 form on the Mg surface. MgCO3, CaCO3 and Ca-P salts also can form 

on surface due to the existence of Ca2+ and the CO2/HCO3
- buffering in vivo [72, 73]. 

Furthermore, interactions with organic molecules shift the reaction equilibrium towards new 

pathways [72], and the adsorption of organic matters affects the resistance of the formed 

degradation layer [74] and enables cells to grow on the materials [75]. The formation of 

different products on Mg-based implant materials indicates different degradation process and 

possible different mechanism. For example, Mg(OH)2 is found to be the main product on Mg 

surface in simple sodium chloride (NaCl) solution in air, in SBF the main product is amorphous 

carbonated calcium phosphate [76], while under cell culture conditions (5% CO2) crystalline 

nesquehonite (MgCO3·3H2O) also is formed on Mg surface in SBF [77]. Some conditions, e.g. 

low ratio of medium volume to sample or fast degradation, will result in the severe deposition 

of precipitates on the Mg surface, resulting in two sections of the degradation layer: loosely 
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“outer” crystalline layer and “inner” amorphous layer [78]. I. Marco et al. [79] have investigated 

the degradation behaviour of pure Mg, Mg-10Gd and Mg-2Ag in HBSS, PBS and DMEM under 

cell culture conditions. Compared with in vivo tests, DMEM as testing medium, not only 

maintains a physiological pH level and produces a comparable degradation rate to in vivo 

conditions, but also generates the degradation layer similar to that formed in vivo. This 

comparable degradation layer to in vivo contains two layers: the first layer, next to the alloy 

surface, contained Mg(OH)2 and (Mg,Ca)-CO3; the second layer is a thin (Mg,Ca)-PO4 layer 

on top of the first one [79-81], indicating similar degradation mechanism compared to in vivo. 

Therefore, it is reasonable to mimic the in vivo situations, such as simulated body fluids, the 

ratio of medium volume to sample surface, flow rate, to deduce reliable predictions from 

laboratory tests. 

One of the major reasons for the miscorrelation between in vitro and in vivo results is the 

difference of the flow conditions. The commonly used in vitro method is the static test, which 

is performed in a certain medium volume during the whole duration. However, it is hard to 

illustrate the in vivo conditions, especially for long-term tests, due to the lack of the 

consideration of dynamic equilibrium in human body. To simulate the conditions in vivo, some 

investigations have been conducted by entirely or partially replacing the fluid by fresh one after 

certain testing intervals (semi-static conditions) [32, 71, 82, 83], because an average adult 

human has about 2.75 L of blood plasma and excretes 1.5 L of urine per day [84, 85]. The 

semi-static conditions can present more physiological conditions (stable pH, low osmolality 

and fresh medium) for Mg-based material during in vitro experiments. To control the flow rate 

of medium upon material surface accurately, different setups have been built for the in vitro 

tests (dynamic conditions) [29, 86-91]. General results shows faster degradation of Mg alloys 

under dynamic conditions than static conditions due to the faster mass transfer process and 

the increased mechanical force [88, 92]. Moreover, flow conditions also change the 

degradation type (localised or uniform), degradation products and local pH change [86, 93].  

1.3. Simulated body fluid  

Choosing a suitable physiological solution is a critical point to evaluate the degradation of Mg 

alloys and to obtain comparable in vitro results to in vivo trials. Simulated physiological 

solutions with increasing complexity were used to determine the degradation of Mg: from 0.9% 

NaCl solution, Hanks balanced salt solution (HBSS), simulated body fluid (SBF), to cell culture 

medium. Different simulated solutions used result not only in different degradation rates of Mg 

[94], but also different degradation products [76, 82], suggesting different degradation 

chemistry and degradation mechanism. Therefore, the choice of a suitable solution for the 

evaluation of Mg degradation is of utmost importance.  
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A suitable simulated solution should contain three important parts: i) appropriate inorganic 

ingredients, ii) applicable buffering system and iii) organic components. The detailed 

compositions of several common simulated physiological solutions are compared to the blood 

plasma composition (Table 1.1). There are some reports to study the degradation of Mg in 

physiological saline (0.9% NaCl) solution [107, 108], but they will not be discussed, as the 

results obtained with physiological saline solutions are far away or even contradictory from 

that obtained under physiological conditions [109]. 
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1.3.1. Inorganic ions 

To gain closer physiological conditions results, simulated body fluids (SBF) and Hanks’ 

solution are widely used to determine the degradation rate of Mg, as they have a similar 

inorganic ion composition compared to blood plasma. SBF was developed as a solution for in 

vitro measurement of apatite-forming ability on implant materials and several improved recipes 

are available (Technical Committee ISO/TC150) [96, 110]. Compared to other solutions shown 

in Table 1, SBF has a closer composition to blood plasma. However, a large amount of Ca 

and Mg ions present in plasma is bound to organic molecules, which should be taken into 

consideration due to the absence of inorganic compounds in SBF. Moreover, Ca2+ with a high 

concentration of HCO3
- and/or PO4

3- can largely reduce the degradation rate of Mg due to the 

enhancement of Mg/Ca-P salts and/or CaCO3 precipitation [83, 94, 106, 111]. Cl- is one of the 

most concerned factors to magnesium alloy, which promotes the corrosion of Mg in aqueous 

solutions due to the accelerated breakdown of the surface film caused by the competitive 

adsorption of Cl- and OH- on the Mg surface [112-114]. The deleterious effect of Cl− can be 

significantly improved by F- addition to the Cl− containing solution [115]. SO4
2- also attacks Mg 

and stimulates Mg dissolution, but it is not as severe as that by Cl- [112, 116]. However, under 

cell culture conditions the increase of SO4
2- in HBSS+10% FBS showed no significant 

influence on degradation rate of Mg but increased the heterogeneity of the degradation layer 

[111]. Therefore, it is of utmost importance to investigate these factors under more 

physiological conditions and to state the exact composition as a guide for the readers.  

1.3.2. Buffering 

A good simulated body fluid should possess similar buffering capability to that of body plasma. 

Body blood pH is regulated by (a) the open system HCO3
-/CO2 adjusted by the respiration via 

lungs, (b) plasma protein buffers and (c) a low concentration of phosphate [96]. However, the 

most common buffers for simulated body fluids used are (a) 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), (b) Tris-HCl, (c) CO2/NaHCO3 and (d) phosphate. 

HEPES and Tris were introduced in the 1960's by Good et al. [117] for systems without CO2-

buffering. 

Phosphate 

The phosphate buffering contribution in human body is low and only significant in the urine 

and in the intracellular fluid, due to its low concentration. The too high concentration of 

phosphate alters the chemical properties of the degradation layer, as they can produce 

insoluble salts with magnesium ions and eventually precipitate on the surface, thereby leading 

to a different degradation performance compared to in vivo conditions [97, 118]. As already 

found, the degradation behaviour of Mg alloys in PBS shows a large difference to that in blood 
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[118]. Mg alloys in PBS showed a weight gain due to generation of a microscopically visible 

degradation layer, while a more or less distinct weight loss was observed in the blood test 

system [118]. Therefore, PBS is not suitable to simulate or predict degradation behaviour of 

Mg alloys under in vivo conditions.  

HEPES 

Under same conditions, HEPES increases the corrosion rate of pure Mg by a factor of up to 

four times compared with NaHCO3 buffering alone in not only simply salt solution but also in 

EBSS and DMEM [71, 82, 95, 119, 120]. For WZ21 alloy, this factor increased to 

approximately 60 in SBF buffered with HEPES (100 mmol/L) compared to that buffered with 

CO2/NaHCO3 [121]. Moreover, HEPES in testing solutions also reduces the formation of 

calcium phosphate and carbonate in degradation layer by influencing the nucleation 

processes, thereby accelerating the degradation of Mg [95, 119]. The interaction between 

HEPES and Mg is also a possible reason for the effect of HEPES on the degradation of Mg 

[95]. HEPES destabilizes the protective layer, generating a less dense degradation layer and 

allowing the progressive diffusion of aggressive ions like Cl- [122].  

Tris-HCl 

Tris is also one common buffering used in simulated body fluid, which also accelerates the 

corrosion rate of pure Mg by a factor of ten during earlier stage exposure due to the 

consumption of OH- [123]. Moreover, when Tris-HCl is present in SBF, pure Mg is more 

sensitive to pitting corrosion behaviour [103]. Similar to HEPES, it was shown for AZ31 alloys 

that Tris-HCl prevents the formation of precipitates and degradation products due to the lower 

local pH [124]. For WZ21 alloy, the corrosion rate is five times faster in SBF buffered with 50 

mmol/L Tris than that buffered with CO2/HCO3
- [105]. Even the CO2/HCO3

- buffered SBF 

shows a lower pH than Tris or HEPES buffered SBF, the degradation rate of pure Mg in SBF 

buffered with CO2/HCO3
- is the lowest compared to the other buffered SBFs [105]. This 

indicates an increase of Mg degradation caused by the addition of HEPES or Tris (as a pH 

buffer) results not only from the lower pH on Mg surface, but also from possible unidentified 

interactions between HEPES/Tris and Mg. 

CO2/HCO3
- 

It is not surprising that CO2/HCO3
- is preferable for in vitro tests instead of HEPES and Tris 

due to the similarity to the human pH regulation system. The presence of this buffering system 

causes the shift of equilibrium towards HCO3
-, leading to a more stable pH via the equilibrium 

of HCO3
-/CO2. The presence of HCO3

- (27 mmol/L) induce the rapid passivation of AZ91 in a 

simple salt solution due to the fast precipitation of insoluble magnesium carbonate on Mg 
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surface, followed by an accelerated degradation during the early immersion stage [116]. 

Similarly, increase of bicarbonate concentration in Tris-HCl buffered SBF from 4 to 27 mmol/L 

is proven to increase the passivity of the degradation layer and reduce corrosion [106]. 

However, when the bicarbonate concentration increases above 40 mmol/L in SBF without 

other buffer (Tris-HCl, HEPES), the degradation shows a reversed trend [125]. At absence of 

other ions (eg. Ca2+) in solution, the increasing HCO3
- concentration (0.5 - 50 mmol/L) 

accelerates the overall degradation rate of AZ31B alloy [83]. This phenomenon possibly 

relates to the formed surface film, since the precipitation of calcium carbonate, the further 

ionization of HCO3
- and the incorporation of calcium and phosphate affect the resistance of 

surface film.  
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Figure 1.4: Left: Dependence of buffering pH on the amount of NaHCO3 (in mg/mL, inserts) under 

cell culture conditions at different CO2 regimes (adapted from [126]). Right: simplified nomogram 

for the determination of CO2 according to the concentration of NaHCO3 in the medium based on 

acid-base calculations [127]. The line depicts as an example the normal range of CO2 and NaHCO3 

concentrations in a cell culture conditions (reused under creative commons license CC BY-NC-ND 

4.0 [66]). 

Only HCO3
-, like Tris and HEPES, is not able to remain a stable pH as body blood pH (7.4±0.05) 

during long-term Mg degradation. Thus, the use of HCO3
- assisted with CO2 is a relatively 

simple, yet powerful method to control the pH value of the testing solution in degradation tests. 

Under aqueous conditions, the presence of CO2 results in the formation of a carbonated film, 

which is thicker than magnesium hydroxide film formed in the absence of CO2, resulting in a 

slower corrosion [128]. The most used approach is to perform the experiments under cell 

culture conditions (21% O2, 5% CO2 in a humidified atmosphere). The partial pressure of CO2 

above the solution establishes the HCO3
-/ H2CO3 buffer system, hence indirectly regulates the 

pH of the testing solution. At present, many studies were performed under cell culture 

conditions, which also was discussed as physiological environment [39, 99]. Agha et al found 
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that NaHCO3 (4.2, 22, 44 mmol/L) alone does not influence significantly the degradation rate 

of pure Mg in HBSS+10% FBS under cell culture conditions, indicating an equilibrium of HCO3
-

/CO2 buffering system [111]. To ensure a good dissolution of the CO2 in the testing solution, 

a setup with flow conditions for CO2 in the testing container was used for degradation tests 

[61, 90, 102, 105]. The inflow of CO2 enhance their contact with the testing solution, thereby 

increasing the dissolution. Zainal Abidin et al. stressed the importance of the partial pressure 

of CO2 used according to the concentration of HCO3
- in testing solution, to maintain the pH in 

the testing solution constant [61]. The resulting pH under cell culture conditions is directly 

correlated to the amount of HCO3
- and the partial pressure of CO2 in the incubator (Fig. 1.4).  

1.3.3. Organic components 

Organic components play a considerable role in the degradation of Mg, especially for the 

biological performance of Mg materials and magnesium metabolism in organisms. For 

example, a huge part of Mg2+ is present in the form of a complex with ATP, 

phosphonucleotides and phosphometabolites [6]. Moreover, there is a variety of organic 

components in organisms, such as vitamins, amino acids, glucose, lipids, fatty acids and 

proteins. Contact with these substances is inevitable for Mg-based materials after implantation. 

For a full understanding of Mg degradation process under physiological conditions, organic 

components are essential constituents to include in test solution for in vitro investigations. At 

present, the studies upon the effect of organic components on Mg degradation mainly focus 

on amino acids and proteins due to their relatively high concentration. 

Vitamins and Amino acids  

Actually, due to the environmental issues, varieties of vitamins and amino acids have already 

been investigated as green corrosion inhibitor for metallic corrosion [129-132]. For instance, 

the maximum inhibitor efficiency of L-ascorbic acid (AA) can reach 69% for mild steel in 0.04 

mol/L H2SO4 solutions due to the adsorption on the surface [133], similar results also were 

obtained on carbon steel [134]. The amino acids also showed a positive corrosion inhibition 

for the Mg–Al–Zn alloy in chloride free neutral solutions (Fig. 1.5, [135]), which also was 

verified by the results that L-cysteine (6 mg/L) could inhibit the corrosion of pure Mg in 0.9 wt.% 

NaCl solution due to its adsorption [136]. However, under physiological conditions, the mixture 

of vitamins and amino acids in cell culture medium encourages the dissolution of Mg [71, 82]. 

Although the detailed and clear mechanism is still undefined, these results indicate that the in 

vitro investigations about the effect of organic molecules on Mg degradation should be 

performed under physiological conditions to obtain comparable results to in vivo. 
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Figure 1.5: Effect of different amino acids at constant concentration of 1 × 10−3 mol/dm3 on the 

corrosion rate of Mg-Al-Zn alloy in chloride free, stagnant, naturally aerated solutions of pH 7 at 25 

ْC (reproduced with permission from Elsevier [135]). 

Proteins 

Proteins, consisting of amino acid residues, are macromolecules. They widely exist and 

perform various functions within organisms, including catalysing metabolic reactions, DNA 

replication, responding to stimuli, and transport for ions and small molecules. The plasma 

proteins was found to be a vital part for physiologic pH [137]. They can help to keep the blood 

at a stable pH by binding excess H+ ions due to the existence of carboxylic and amino groups. 

It is estimated that plasma may contain up to 10000 different proteins [138], and at least 490 

proteins have been revealed by proteomic approaches [139].  

As shown in table 1.2, albumin is the most abundant class of plasma proteins. It consists of a 

single polypeptide chain of 610 amino acids synthesized in liver and has a molecular weight 

of 66 kDa with a heart-like shape [140]. It comprises three helical domains, each comprising 

two subdomains (Fig. 1.6a) [140]. It is rich in some essential amino acids, such as aspartic 

acid and glutamic acid. The presence of these residues makes the molecule highly charged 

with positive and negative charged regions [141]. One important role of albumin is in the 

maintenance of osmotic pressure and fluid distribution between blood and tissues. It has a 

nutritive role as a transport carrier for various biomolecules including fatty acids, hormones, 

lipoproteins, amino acids and drugs by the binding effect [140, 142]. Fibrinogen (Fib) is another 

important rod-like plasma protein with a molecular weight of around 340 kDa. It is a disulfide-

linked dimer composed of three pairs of non-identical polypeptide chains, two terminal globular 

regions and a compact central domain (Fig. 1.6a) [143]. The major function of Fib is to form 

fibrin clots that prevent the loss of blood upon vascular injury [143]. The molecular 

characteristics between different proteins can lead to different influence on Mg degradation 

due to the different interaction between Mg surface and proteins. For example, BSA and Fib 

adsorb on the same surface with different conformation and different affinity [144, 145]. 
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Therefore, the detailed information on proteins used should be stated during the study about 

effect of proteins on Mg degradation. 

Table 1.2: The main protein composition of plasma [146] 

Protein Amount in Normal Plasma (mg/mL) 

Albumin 35 - 50 
Fibrinogen 2.00 - 4.50 
Fibronectin 0.25 - 0.40 
Transferrin 2.00 - 3.20 

Antithrombin III 0.20 - 0.40 
Hemopexin 0.50 - 1.15 

Immunoglobulin A 0.90 - 4.50 
Immunoglobulin G 8.00 - 18.00 
Immunoglobulin M 0.60 - 2.50 

Haptoglobin 3.80 - 7.80 
α1-Antitrypsin 2.00 - 4.00 

α1-Acid glycoprotein 0.55 - 1.40 
α1-Antichymotrypsin 0.30 - 0.60 

GC Globulin 0.20 - 0.55 
Ceruloplasmin 0.15 - 0.60 

 

 

Figur� 1.6: (a) Domain division in the BSA structure (PDB 4S5F in NCBI database, [147]), (b) the 

view of bovine fibrinogen molecule (reproduced with permission from PNAS, Copyright (2000) 

National Academy of Sciences, U.S.A [148]) and schematic diagram of fibrin assembly and  chain 

cross-linking (reproduced with permission from Wiley, [149]).  

At present, to determine the effect of proteins on Mg degradation, BSA is normally added as 

simplified protein component to testing medium [150, 151]. On the other hand, fetal bovine 

serum (FBS) is also used for in vitro investigations, especially as supplement for cell culture 

media [109, 152]. Although the major components of FBS are proteins, its composition is fairly 
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complex. Besides albumin (BSA), it contains various inorganic ions, for example, Ca2+, and 

some other important trace compounds, such as antibodies, growth factors, etc.. These 

compounds and the interaction between organic molecules also can affect the degradation of 

Mg under certain conditions. They affect not only the degradation rate, but also the 

composition of degradation products [74, 82]. The reported results about the effect of proteins 

on Mg degradation are reviewed in Table 1.3. Except the results presented, there are also 

some studies focussing on the effect of proteins, but the detailed information related to the 

degradation rate is missing [76, 153]. To get a better comparability for in vitro degradation test 

by using different methods, the degradation rates in different reports are all converted to 

mm/year [55], since it is the most frequent used unit in the literature. However, it should be 

noted that different methods used could result in the deviations between different 

investigations. 

As stated by various authors [71, 154], the effect of proteins on Mg degradation is mainly due 

to the adsorption or binding/chelating of proteins. The adsorption of proteins on surfaces is 

determined by external parameters (temperature, pH, ionic strength), protein properties (size, 

structural stability, composition) and surface properties (surface energy, polarity, charge, 

topography) [155]. The adsorption of proteins on Mg surface is believed to affect the 

compactness and/or thickness of the degradation layer on Mg surface, subsequently 

influencing the degradation of Mg [72, 74]. Moreover, the presence of the adsorbed protein 

layer is important in mediating cellular response to the implant. Proteins like fibronectin, 

vitronectin, bone morphogenetic proteins and some synthetic peptides, can regulate cell 

adhesion and subsequent tissue attachment to materials used as implants and this can lead 

to an increased rate of normal tissue regeneration [156]. Therefore, understanding the 

adsorption behaviour of protein on Mg during immersion is a necessity for a clear 

understanding of the influence of protein on the degradation of Mg. 
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Table 1.3: Overview of proteins effect on Mg degradation during in vitro test.  

Ref. 
Sample 

dimension 
Solution 
changed 

Conditions Method Degradation rate (mm/year) 

[71] 
12 mm 
× 4 mm 
× 3 mm 

30 ml 
(14mL 

changed 
per day) 

Dynamic 
(an orbital 
shaking 
platform) 

37 °C  
5% CO2 

Mass 
loss 

 HP Mg AZ31 Mg-1.34Ca-3Zn 

solution 7 day  14 day 21 day 7 day  14 day 21 day 7 day  14 day 21 day 

In vivo 0.39 0.39 0.221 0.335 0.335 0.223 0.786 1.001 1.001 

EBSS 0.572 0.468 0.382 0.795 0.67 0.546 1.62 1.811 1.573 

MEM  0.728 0.676 0.659 1.291 1.018 1.192 4.718 9.889 10.04 

MEM + 40 
g/L BSA 

2.185 1.483 1.37 1.937 1.291 0.944 3.288 4.337 2.844 

 Mg-0.8Ca Mg-1Zn Mg-1Mn 

solution 7 day  14 day 21 day 7 day  14 day 21 day 7 day  14 day 21 day 

In vivo 0.312 0.43 0.351 0.378 0.227 0.164 0.302 0.34 0.252 

EBSS 0.573 0.521 0.382 0.505 0.429 0.303 0.756 0.504 0.722 

MEM 0.937 0.833 0.764 0.959 0.833 0.824 0.856 0.882 0.504 
MEM + 40 
g/L BSA 

2.812 1.901 1.545 1.716 1.438 1.615 2.771 2.116 1.612 

[74] - 
100 ml / 
0.7854 

cm2 

Cell 
culture 

conditions 

Polarization 
curves 

CP Mg  

solution 1 day 3 day 5 day  

DMEM 0.11±0.05 0.12±0.05 0.20  

DMEM+20% FBS 0.12±0.02 0.08 0.08  

[95] 
10 mm × 
10 mm × 
10 mm  

20 ml / 
cm2 

37 °C for 
HEPES  

In incubator 
for 

CO2/HCO3
- 

Mass 
loss 

HP Mg-cast 

solution 7 day  solution 7 day  

MEM (HEPES buffer)  7.14±0.23 MEM (CO2/HCO3
- buffer) 1.58±0.22 

MEM (HEPES buffer) + 40g/L 
BSA  

7.31±0.46 
MEM (CO2/HCO3

- buffer) + 
40g/L BSA  

3.63±0.43  
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[82] 
Ф 9.5 mm 
× 2 mm 

27.5 mL 
(15 mL 

changed 
every 
day) 

37 °C  
5% CO2 

rotated 300 
rpm 

Mg2+ 
concentr

ation 

Pure Mg  

solution 1 d 2 d 3 d 5 d 7 d 10 d 12 d 14 d  

EBSS 1.084 0.765 0.659 0.65 0.601 0.542 0.521 0.492  

E-MEM 2.168 1.881 1.700 1.492 1.385 1.256 1.206 1.184  

E-MEM + 
10% FBS 

0.701 0.51 0.446 0.37 0.337 0.287 0.266 0.26  

[151] 0.8 mm2 - 
Room 

conditions 
Polarization 

curves 

  Pure Mg (99.98%)  AZ31  LAE442 

solution 5 min  5 min  5 min 

PBS 0.18±0.20  0.74±0.27  0.35±0.24 
PBS + 0.1 g/L 

Albumin 
8.06±7.74  0.86±0.14  0.97±0.63 

PBS + 1 g/L 
Albumin 

2.88±1.73  1.00±0.11  1.36±0.72 

PBS + 10 g/L 
Albumin 

0.85±1.24  0.90±0.10  1.50±0.57 

[157] 
12 mm 
× 4 mm 
× 3 mm 

30 mL 
(14 mL 
change
d per 
day) 

Dynamic 
(an orbital 
shaking 
platform) 

300 rev/min 

Mass 
loss 

 Pure Mg(99.99%) Mg-coated Brushite Mg-coated Monelite 

solution 7 day 21 day 28 day 7 day 21 day 28 day 7 day 21 day 28 day 

MEM 1.13±0.03 0.76±0.08 0.62±0.06 1.01±0.27 0.74±0.13 0.60±0.04 0.81±0.220.46±0.11 0.39±0.19 

MEM+ 
40g/L BSA 

2.68±0.39 1.24±0.01 0.95±0.04 0.91±0.16 0.49±0.16 0.45±0.13 0.80±0.150.29±0.07 0.26±0.03 

[158] 
Ф 15 mm 
× 4 mm 

50 mL 37 °C 
Polarization 

curves 

Pure Mg-coated PEO 

solution PBS PBS + 1g/L BSA 0.9 wt.% NaCl 
0.9 wt.% NaCl + 1g/L 

BSA 

30 min 3.72E-04 5.85E-05 4.93E-04 1.65E-04 

[152] 
Ф 12 mm 
× 2 mm 

- 37 °C 
Polarization 

curves 

  AZ31 AZ91 Mg–1.22Ca   

solution 7 day 7 day 7 day   

DMEM 0.34 0.53 0.55   

DMEM+10%FBS 0.10 0.42 0.90   
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[159] 10 cm2 
300 mL 
/ cm2 

37 ± 1 °C 
Polarization 

curves 

10 min Mg0.4Ca Mg0.8Ca Mg1.34Ca Mg5Ca Mg10Ca Mg16.3Ca Mg28Ca AZ31 AZ91 

MEM 0.93 0.75 0.68 0.98 1.88 2.75 3.66 0.59 0.35 

MEM+10
% FBS 

0.26 0.41 0.39 0.56 1.73 2.31 2.88 0.21 0.16 

[150] 
10 mm × 
10 mm × 

2 mm 
- 37 ± 1 °C 

mass 
loss 

AZ91      

 SBF SBF + 1 g/L BSA      

7 day 3.901±0.091 3.923±0.049      

[160] 
10 mm × 
10 mm × 

4 mm 

250 ml 
(0.9 cm2) 

37 ± 1 °C 
Hydrogen 
evolution 

 extruded Mg–1.5Ca  

solution 11 h 24 h 36 h 50 h 53 h 56 h 60 h 70 h 

0.9% NaCl 23.92 13.64 13.66 11.88 11.51 11.19 10.74 9.61 
0.9% NaCl+1g/L BSA 5.79 4.01 3.46 2.98 2.93 2.85 2.78 2.54 

0.9% NaCl+10g/L BSA 3.66 2.50 2.21 1.81 1.75 1.70 1.64 1.47 

[154] 

disk 
samples 
(φ 15 × 3 

mm) 

25mL 
(13.75ml 
changed 
per day) 

Cell 
culture 

conditions 

Mass 
loss 

Mg–2.1Nd–0.21Zn–0.5Zr alloy   
 Medium 199 Medium 199 + 10% FBS   

7 day 0.87 ± 0.02 0.78 ± 0.03   

[161] - - 37 °C 
Hydrogen 
evolution 

M1A Mg alloy  

solutions 0 h 1 h 2 h 4 h 6 h 12 h 24 h  

SBF 23.39 18.41 10.62 7.96 5.64 3.32 3.24  

SBF + 40 g/L BSA 12.94 12.27 11.36 10.29 8.46 6.64 5.56  
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Many studies on protein adsorption have been performed on stable (non-degrading) 

biomaterial surface, for example, titanium (Ti) surface and nanoparticles [162-164]. Thus, it is 

comparably easy to investigate the effect of surface properties including roughness [165, 166], 

hydrophobicity [167] and charge [162, 168] on the adsorption of proteins. Protein adsorption 

and desorption are largely affected by surface condition (wettability, surface change, surface 

energy), pH, ionic strength. For example, BSA was found to lose more -helix conformer upon 

adsorption on CaP surface than Ti and germanium (Ge) surfaces [169]. Ca2+ can induce the 

transition of osteocalcin to -helix conformation, which promotes the adsorption on bone 

mineral crystals with certain orientation [170]. However, for degradable magnesium and its 

alloys, there is an intricate interplay between Mg surface and proteins. Two main processes 

occur simultaneously during Mg immersion in protein-containing media: Mg degradation (Mg 

dissolution and products formation) and protein adsorption. Generally, the increases of pH 

and Mg2+ concentration caused by Mg dissolution result in the formation of degradation 

products covering the Mg surface, such as Mg(OH)2, MgCO3, Mg/Ca-PO4 [77, 80]. Thus, Mg 

surface is changing for protein adsorption during immersion, especially during the initial 

immersion time. All these degradation-induced variations (pH, ionic strength, surface 

conditions, surface chemistry, and so on.) during immersion add lots of difficulties to 

understand the adsorption of proteins on degrading Mg surface. Therefore, the adsorption of 

protein is quite complex process on the Mg implant under physiological conditions, which 

needs detailed and comprehensive investigations. 

On the other hand, the binding/chelating of Mg2+ to proteins can promote the Mg dissolution 

reaction, which is largely correlated to some parameters, such as temperature, pH, protein 

concentration, Mg2+ concentration and protein structure [171]. The studies for other metal 

surfaces, such as stainless steels, aluminum and titanium, suggest that proteins can interfere 

with the formation of a passivation layer by complexing with surface oxides [172]. Albumin is 

the major circulatory protein involved in the handling of Ca2+ (Mg2+) in mammals, controlling 

the ionized or ‘biologically active’ levels of these metals in the blood. Mg2+ is transported by 

albumin with slightly lower binding affinity compared to Ca2+ (Ka (Mg) = 1×102 M-1, Ka (Ca) = 

1.5×102 M-1) [140]. The high binding of Mg2+ to ATP, phosphonucleotides and 

phosphometabolites indicates the importance of other organic molecules to the Mg 

degradation in vivo [6]. Nevertheless, the binding of impurity elements (eg. Fe) to proteins may 

decrease the degradation of Mg. One recent modelled mechanism of magnesium degradation 

is the iron impurity-based re-deposition effect [173]. In a further study, the inhibition efficiency 

of iron-complexing agents was analysed and all used iron complexing agents (CN-, salicylate, 

oxalate, SCN-, 5-Methylsalicylate) efficiently lowered the corrosion rate of Mg [174]. However, 

the primary iron-binding entities in physiological condition are proteins, such as albumin, 
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transferrin and fibrinogen. Therefore, the binding/chelating effect of proteins on Mg 

degradation could be more complex due to the diversity of proteins in vivo and the different 

affinity to different ions caused by the properties of proteins. 

The great complexity of organic molecules and the very wide range of proteins (e.g. albumin, 

fibrinogen, globulins) in vivo indicates that the organic molecule behaviour in mixtures is often 

a result of an overlap of adsorption, exchange, desorption and repulsion processes. Clearly 

there are interactions between different proteins, for example, the competitive adsorption 

(known as “Vroman Effect”) or cooperative adsorption between proteins [175, 176]. A typical 

example for competitive adsorption is that fibrinogen (Fib) absorbed on a biopolymer surface 

is replaced by high molecular weight kininogen [177]. The co-existence of these proteins can 

affect the influence of single protein on Mg degradation, therefore also affecting the 

degradation rate of Mg and/or the degradation products on Mg surface. However, when FBS 

was used to investigate the effect of proteins on Mg degradation, the complexity of FBS and 

the interplay between organic molecules did not get enough considerations. Therefore, a 

better understanding on the influence of protein on the Mg degradation demands deep 

investigations about the protein performance on Mg surface, the composition of degradation 

products under physiological conditions and the interactions between proteins and Mg 

surfaces. 
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2. Motivation and objectives 

More and more complex conditions has been exploited to pursue closest physiological 

conditions compared to in vivo. A proper testing solution, a prerequisite for in vitro test, should 

contain not only comparable inorganic ions to plasma and a good buffering system, but also 

equivalent organic components. Although the influence of proteins or amino acids has been 

studied, the conclusion is still ambiguous, even adverse results are shown in different works. 

Therefore, the motivation of this thesis is to confirm the influence of organic components on 

the degradation of Mg under cell culture conditions and to investigate the effect of commonly 

used proteins (BSA, Fib, FBS) in different media under cell culture conditions. The objectives 

of this research focus on the following questions: 

(1) What is the difference between the effect of small organic molecules and 

macromolecules (protein) on Mg degradation? How do organic molecules affect the 

degradation rate of Mg and the formation of degradation products? 

(2) How do proteins affect the degradation of Mg under different conditions, such as medium 

composition, ratio of media to sample and static/semi-static conditions? Can any 

benefits to in vitro results be obtained from the addition of proteins? 

(3) How to avoid the effect of continuous surface change on the investigation about protein 

adsorption on Mg surface during immersion? What is the difference of protein adsorption 

on Mg surface formed in salt solution and on in vivo-like Mg surface? 

(4) What is the difference between the effect of single protein and protein mixtures on Mg 

degradation? Is it a corporative or competitive effect for Mg degradation in protein 

mixtures? 
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3. Materials and Methods 

3.1. Materials  

Pure Mg (99.94 %, chemical composition (Table 3.1) was determined by a Spark Analyser 

(Spectrolab M, Spektro, Germany) used in this thesis was purchased from Magnesium Elektron 

(Manchester, UK). Rectangular specimens with dimensions of 10 mm × 10 mm × 4 mm were 

cut out of the ingots. Before use, the specimens were successively wet ground with SiC 

abrasive paper (Schmitz-Metallographie GmbH, Herzogenrath, Germany) from 800 to 2500 

grit, then ultrasonically cleaned for 20 min in N-hexane, 5 min in acetone and 20 min in ethanol 

(Merck KGaA, Darmstadt, Germany). Finally, the samples were dried in 12-well cell culture 

plates (Greiner Bio-One, Frickenhausen, Germany) for at least 30 min in air under sterile 

conditions. To examine the microstructure of Mg used, four samples were polished with oxide 

polishing suspensions (OPS, Cloeren Technology GmbH, Wegberg, Germany) after grinding, 

then etched using a picric acid-based etchant (100 mL ethanol, 20 mL distilled water, 6.5 mL 

acetic acid and 12-15 g picric acid). Typical results are displayed in Fig. 3.1a. The 

homogeneity of sample surface after grinding was investigated by profilometer as shown in 

Fig. 3.1b. 

Table 3.1: Chemical composition of pure Mg. 

Element  Ca Zn Fe Cu Si Mn Ni Mg 

(Wt.%) 0.0004 0.018 0.0044 0.0089 0.0014 0.0021 <0.0002 balance 

 

Figure 3.1: (a) Typical microstructure of pure Mg, (b) the surface roughness of samples before 

immersion tests measured by profilometer (Bruker, Karlsruhe, Germany). At least six samples 

were checked for the microstructure and surface roughness, at least four positions for each 

samples were examined for surface roughness (as supplementary published [178]). 
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3.2. Immersion test 

The immersion test used are different based on the experimental objectives. They are 

described according to the aims of study in this thesis as follows: 

Influence of small organic molecules  

Hank's balanced salt solution (HBSS, Order-No. 14715, Life Technologies, Darmstadt, 

Germany) without calcium and magnesium addition (the composition is shown in Table 3.2), 

was used as a base solution for all immersion media. L-ascorbic acid (L-AA, Sigma-Aldrich 

Chemie, Steinheim, Germany), L-glutamine (L-Gln, Thermo Fisher, Karlsruhe, Germany), L-

alanyl-L-glutamine (L-Ala-L-Gln, Biowest, Darmstadt, Germany) and 10 % fetal bovine serum 

(FBS, PAA laboratories, Linz, Austria) as a protein component, were added in a concentration 

comparable to that in two cell culture media, Dulbecco's modified Eagle's medium (DMEM) 

and Minimum Essential Media Alpha (α-MEM). After these components except FBS were 

added into HBSS, the media were sterile filtered by bottle top-filters with a pore size of 0.2 µm 

(Thermo Fisher, Karlsruhe, Germany). Thus, eight immersion media were prepared as 

following: 

A: Base solution (HBSS) 

B: HBSS + 50 mg/L L-AA 

C: HBSS + 292 mg/L L-Gln 

D: HBSS + 862 mg/L L-Ala-L-Gln 

E: HBSS + 50 mg/L L-AA + 292 mg/L L-Gln 

F: HBSS + 50 mg/L L-AA + 862 mg/L L-Ala-L-Gln 

G: HBSS + 50 mg/L L-AA + 292 mg/L L-Gln + 10 % FBS 

H: HBSS + 50 mg/L L-AA + 862 mg/L L-Ala-L-Gln + 10 % FBS 

Six replicate samples for each time point were immersed in media at a ratio of 5 mL/g 

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

an incubator (Heraeus BBD 6620, Thermo Fisher Scientific, Schwerte, Germany). The 

immersion media were changed every 2 to 3 days to present semi-static conditions. At each 

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

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

osmolality of the media incubated without samples were determined as control. 

Influence of proteins 

The base immersion media are HBSS, HBSS with calcium (HBSSCa, 1.8 mM CaCl2) and 

DMEM (Life Technologies, Darmstadt, Germany). 10% FBS was added in HBSS, HBSSCa 
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and DMEM, respectively, to prepare the media HBSS + 10% FBS, HBSSCa + 10% FBS and 

DMEM + 10% FBS. The concentration of BSA (Carl ROTH GmbH, Karlsruhe, Germany) was 

set at a similar concentration (3.4 mg/mL) as 10% FBS to avoid the difference deriving from 

protein concentration as much as possible. The concentration of fibrinogen (Fib: 2.0-4.5 g/L 

in plasma, Sigma-Aldrich, Saint Louis, USA) was set to 0.34 mg/mL due to the ten times lower 

concentration than BSA in plasma (35-50 g/L in plasma): Finally, the media were sterile filtered 

(0.2 µm pore size, Thermo Fisher, Karlsruhe, Germany). Thus, the following media were 

prepared to investigate the influence of proteins: 

a: HBSS 

b: HBSS + 3.4 mg/mL BSA 

c: HBSS + 0.34 mg/mL Fib 

d: HBSS + 3.4 mg/mL BSA + 0.34 mg/mL Fib 

e: HBSS + 10% FBS 

f: HBSSCa 

g: HBSSCa + 3.4 mg/mL BSA 

h: HBSSCa + 0.34 mg/mL Fib 

i: HBSSCa + 3.4 mg/mL BSA + 0.34 mg/mL Fib 

j: HBSSCa + 10% FBS 

k: DMEM 

l: DMEM + 3.4 mg/mL BSA 

m: DMEM + 0.34 mg/mL Fib 

n: DMEM + 3.4 mg/mL BSA + 0.34 mg/mL Fib 

o: DMEM + 10% FBS 

For static immersion test, Fib was not used due to the instability of Fib after one week in 

media, which means that media c, d, h, i, m and n will not be presented in static tests. Four 

replicate samples for each time point were immersed in 80 mL media (~30 mL/g) under cell 

culture conditions (37 °C, 5% CO2, 20% O2, 95% rel. humidity). pH (Sentron Argus X pH-meter, 

Fisher Scientific, Schwerte, Germany) and osmolality (Osmomat 030, Gonotec, Berlin, 

Germany) were measured every 2 or 3 days. pH and osmolality of the media incubated without 

samples were determined as control. 

As for semi-static immersion test, six replicate samples for each time point were immersed 

in media at a ratio of 5 mL/g (medium/sample) under cell culture conditions. The immersion 

media were changed every 2 to 3 days to present semi-static conditions. pH and osmolality 

were determined at every medium-changed time points. 
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Table 3.2: The composition of Hanks’ balanced salt solution without (HBSS) or with calcium 

(HBSSCa) and Dulbecco's Modified Eagle Medium Glutamax-I (DMEM). 

Ingredient 
HBSS HBSSCa DMEM 

mg/L mM mg/L mM mg/L mM 

CaCl2 2H2O - - 264 1.80 264 1.80 

Fe(NO3)3 9H2O - - - - 0.1 2.48e-4 

MgSO4 7H2O - - - - 200 0.81 

KCl 400 5.33 400 5.33 400 5.33 

KH2PO4 60 0.441 60 0.441 - - 

NaHCO3 350 4.17 350 4.17 3700 44.05 

NaCl 8000 137.93 8000 137.93 6400 110.34 

NaH2PO4·2H2O - - - - 141 0.916 

Na2HPO4 48 0.338 48 0.338 - - 

Vitamins - - - - 31.6 0.15 

Amino acids - - - - 1852 10.29 

D-Glucose 
(Dextrose) 

1000 5.56 1000 5.56 4500 25.00 

Phenol red - - - - 15 0.0399 

Sodium pyruvate - - - - 110 1.00 

 

Degradation rate 

Before sterilization, the initial weights of samples (Waagen-Schmitt GmbH, Hamburg, 

Germany) as well as the initial pH (SENTRON ARGUS X pH-meter, Fisher Scientific, 

Schwerte, Germany) and osmolality (Osmomat 030, Gonotec, Berlin, Germany) for the 

immersion media were recorded. 

After immersion, samples were cleaned twice with sterile distilled water and dried at 50 °C in 

air. The degradation products were removed by immersing in chromic acid (180 g/L chromium 

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

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

After drying, the weights of samples (Waagen-Schmitt GmbH, Hamburg, Germany) were 

determined again to obtain the mass loss during the immersion. The mean degradation depth 

(h) of samples in μm was calculated using the following equation: 

   (3.1) 
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where A is the surface area in cm2, ρ is the density of pure Mg (1.74 g/cm3), t is immersion 

time in hours, Δm is the observed mass loss in gram and DR is the degradation rate in 

mm/year. The mean degradation depth can be transformed into degradation rate (mm/year) 

by using equation (3.1). The rationale of mean degradation depth used has been discussed 

in literature [56]. 

Before the use of chromic acid, the effect of chromic acid on bulk material (pure Mg) was 

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

before and after immersion suggest that the bulk material cannot be dissolved by chromic acid. 

3.3. Concentration of ions and organic molecules 

3.3.1. On-line pH 

A 24-well Sensor Dish integrated with pre-calibrated pH sensor spots at the bottom of each 

round well (PreSens Precision Sensing GmbH, Regensburg Germany) was used to monitor 

the change of pH with the immersion time. The pH values are read out contactless with the 

SDR SensorDish® Reader through the transparent bottom of the dish. The measurement 

method is based on non-invasive luminescence detection (see Fig. 3.2). The pH range 

detected in this system is from five to nine.  

 

Figure 3.2: Online pH measurement. (a) 24-well sensor Dish and SDR SensorDish® Reader. (b) 

the pH integrated sensor spot (c) the Illustration of measurement [179] (with the permission of 

PreSens GmbH, Regensburg, Germany). 

3.3.2. Concentration of L-Gln 

The concentration of L-Gln in media was determined by using the glutamine colorimetric assay 

kit (BioVision, Inc., Zürich, Schweiz). The standard curve was prepared by using Gln standard 
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solutions with a successive concentration from 0 µM to 250 µM. At each time point, 10 µL of 

media with or without samples (three replicates) were taken out from well plates, then 

centrifuged at 10000 g (Heraeus Biofuge Pico, Osterode, Germany) for 5 min at 4 ˚C. 2 µL of 

the supernatant was added to 96-well clear plates with flat bottom. The volume was adjusted 

to 40 µL/well with ddH2O. 10 µL Hydrolysis Mix solution was added to each sample well, then 

the plates were incubated for 30 min at 37 ˚C. Subsequently, 50 µL Reaction Mix solution was 

added to each sample well and incubated for 60 min at 37 ˚C. Finally, the absorbance at 450 

nm was measured with a reference absorbance at 620 nm in Tecan A-5082 microplate reader 

(Tecan Sunrise TECAN Deutschland GmbH, Crailsheim, Germany). The absorbance of 

analyte at certain wavenumber satisfies Beer-Lambert law, which can be expressed as 

following: 

     (3.2) 

where A is the measured absorbance, I0 is the initial light intensity, It is the light intensity after 

it passes through the sample, ɛ is the wavelength-dependent molar absorptivity coefficient 

(L/(mol·cm)), b is the path length (cm), and c is the analyte concentration (mol/L). Therefore, 

according to the standard plots (absorbance with different concentration of analyte), the 

concentration of analyte in solution can be deduced. 

3.3.3. Protein concentration 

BCA Protein Assay (Pierce Biotechnology, Rockford, USA). is a colorimetric detection based 

on bicinchoninic acid (BCA) for the quantitation of total protein, which is used to determine the 

protein concentration in this thesis. This method is a combination between the well-known 

biuret reaction (the reduction of Cu2+ to Cu+ by protein in an alkaline medium) and the highly 

sensitive and selective colorimetric detection for the cuprous cation (Cu+) using bicinchoninic 

acid. The purple-coloured reaction product of this assay is formed by the chelation of two 

molecules of BCA with one cuprous ion. This water-soluble complex exhibits a strong 

absorbance at 562 nm that is a function of protein concentrations. In the present study, the 

media without samples as control were checked at the same time. 10 µL solutions of media + 

BSA, media + BSA + Fib and media + FBS were taken out from the plates after certain 

immersion time, then diluted to 25 µL with distilled water in 96-wells plates. 25 µL solution of 

media + Fib also was taken out after certain immersion time in a 96-well plate. Subsequently, 

200 µL working reagent was added to each well and the plates were mixed thoroughly on a 

plate shaker for 30 s. Afterwards, the plates were incubated at 37 ˚C for 30 min. Finally, the 

absorbance at 570 nm was measured on the Tecan microplate reader. The concentration of 

proteins in solution can be deduced from the standard curves (0-2000 mg/L). Due to the 
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interference of phenol red with some amino acids, the protein concentration in DMEM cannot 

be determined by BCA assay. 

3.3.4. Small angle X-ray scattering (SAXS) 

SAXS belongs to a family of X-ray technique, which can determine the size and shape of 

macromolecules. The basic mechanism of SAXS is illustrated in Fig. 3.3. 

 

Figure 3.3: Illustration of small angle X-ray scattering. (I(0) indicates the intensity of initial X-ray, 

s refers to the scattering vector, 2θ refers to scattering angle, λ refers to wavelength, Rg 

indicates the gyration radius of particle in solution) 

The scattering intensity, I(s), derives from the difference in the average electron density of the 

particle in solution ((r)), e.g. protein molecules, and the bulk solvent (s). It is obtained as a 

function of the scattering vector (s). According to the shape of scattering curves and scattering 

intensity, it can be used to deduce the information on molecules, such as size, shape, internal 

structure and molecular mass. For example, at small scattering vector, the scattering curve 

(similar size particles) can be used to calculate the gyration radius (Guinier approximation). 

Furthermore, the comparison between scattering intensity at same concentration and particle 

size can be used to identify the interaction between molecules. 

In this study, small angle X-ray scattering (SAXS) measurements were recorded at the P12 

BioSAXS beam-line of the European Molecular Biology Laboratory (EMBL) at the storage ring 

PETRA III of the Deutsche Elektronen Synchrotron (DESY, Hamburg, Germany) at 20 °C 

using a Pilatus 2M detector (1475 × 1679 pixels, Dectris, Switzerland) and synchrotron 

radiation with a wavelength 0.1 nm. The sample-detector distance was 3 m, allowing for 

measurements in an s-range of 0.03-4.4 nm-1. Twenty diffraction patterns were collected for 

every sample, each with an exposure time of 0.05 s. To avoid radiation damage by subsequent 

illuminations, curves showing deviations were discarded. The final scattering curve was 

obtained using the automated acquisition and analysis by averaging the scattering data 

collected from different frames [180].  



3. Materials and Methods 

30 

3.4. Characterization of degradation products 

3.4.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a rapid analytical technique used to determine the atomic and 

molecular structure of a crystal phase. It is based on the constructive interference of 

monochromatic X-rays diffracted by the ordered lattice structure of crystalline materials as 

shown in Fig. 3.4. Bragg's law (2d sin = n ) is used to explain the interference pattern of X-

rays scattered by crystals. To identify the products formed and deposited on the surface, the 

Mg surfaces after different days of immersion without further treatment were examined by X-

ray diffraction (XRD), performed on a Bruker D8 Advance (Bruker, Karlsruhe, Germany) in 

grazing incidence mode or coupled two-theta mode. The generator was set for 40 kV and 40 

mA. Data was collected between 2θ = 10° - 75° at 0.01° intervals. The counting time was 0.5 

s per point. Data analysis was carried out using analysis software (BrukerEVA and PDF-2 

Release 2015 RDB). 

 

Figure 3.4: Bragg diffraction from a cubic crystal lattice. 

3.4.2. Infrared spectroscopy (IR) 

Infrared (IR) spectroscopy is one of the most common and widely used spectroscopic 

techniques, and is very useful in the identification and structure analysis of a variety of 

substances including both organic and inorganic compounds. It can sensitively determine the 

functional groups of sample since different functional group absorbs different particular 

frequency of IR radiation. As shown in Fig. 3.5, once the vibration can causes a change in 

dipole moment and the energy of the radiation exactly matches the difference in energy levels 

between the vibrational quantum states, absorption of radiation can lead to the transitions in 

vibrational energy levels.  

Therefore, to characterize the amorphous-state degradation products, the infrared spectra 

were recorded with a resolution of 2 cm-1, taking 256 scans by using infrared spectroscopy in 
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reflectance mode (Bruker Hyperion 2000, Ettlingen, Germany). For data evaluation, Bruker 

OPUS software version 7.5.18 was used. 

 

Figure 3.5: Schematic illustration of infrared spectroscopy. (En is the energy level of  excited state, 

E0 is the energy level of ground state, h is Planck's constant, k is the spring constant for the bond, 

m is the vibrational frequency,  is reduced mass) 

3.4.3. X-ray photoelectron spectroscopy (XPS)  

X-ray Photoelectron Spectroscopy (XPS), one of most widely used surface analysis technique, 

can be applied to a broad range of materials and provides valuable quantitative and chemical 

state information for the material surface. Typically, a sample surface is excited by an X-ray, 

leading to the emission of photoelectrons. The energy of the emitted photoelectron is 

measured by an electron energy analyser. Thus, the binding energy of the emitted 

photoelectrons can be determined as shown in Fig. 3.6 [181]: 

 

Figure 3.6: The principle of X-ray photoelectron spectroscopy. (Ebinding is the binding energy (BE) 

of the photoelectron, Ephoton is the energy of the used X-ray photons (for Al Kα X-rays, Ephoton = 

1486.7 eV), Ekinetic is the kinetic energy of the measured photoelectron and ϕ is the instrumental 

correction factor dependent on the spectrometer and the material) 

Due to different oxidation states and different chemical environments, the binding energies of 

a certain element level will shift, which relates to the charge distribution of the surrounding 



3. Materials and Methods 

32 

atoms. Therefore, it can be used to determine the elemental identity and chemical state. 

According to the linear relation between the elemental signal intensity and atomic 

concentration, the quantity of a detected element can be further determined [181]. 

XPS measurements were carried out on a KRATOS AXIS Ultra DLD (Kratos Analytical, 

Manchester, United Kingdom) equipped with a monochromatic Al Kα anode working at 15 kV 

(225W). For the survey spectra a pass energy of 160 eV was used, while for the region spectra 

the pass energy was 20 eV. For all of the samples, charge neutralization was necessary to 

correct the chemical shifts caused by charging. The investigated area was 700 x 300 µm. For 

depth profiling, Ar etching was performed. The etching rate was 10 nm / min related to Ta2O5 

(acceleration voltage 3.8 kV with an extraction current of 160 μA). The evaluation and 

validation of the data were carried out with the software CASA-XPS version 2.3.18. Calibration 

of the spectra was done by adjusting the C1s signal to 284.5 eV. For deconvolution of the 

region files, background subtraction (linear or Shirley) was performed before calculation. 

Element binding energy database used is the NIST Standard Reference Database 20, Version 

3.5. 

3.4.4. Scanning electron microscopy (SEM) and Energy dispersive 

X-ray (EDX)  

After immersion, to investigate the surface morphologies, samples after drying were directly 

examined using scanning electron microscopy (SEM, Phenom-World, Eindhoven, 

Netherlands). SEM in backscattering mode with an accelerating voltage of 15 kV was used to 

analyse the morphologies. 

EDX is an analytical technique used for the elemental analysis or chemical characterization of 

a sample. A high-energy electron beam is used to eject the electron in an inner shell and 

create an electron hole. Subsequently, the electron in outer, higher-energy shell fill it and 

simultaneously the characteristic X-rays are released due to the energy difference between 

the inner and outer shell, as depicted in Fig. 3.7. The analytical depth can be calculated as 

following (Castaing’s formula) [182]: 


     (3.3) 

Wherer Zm is the detected depth, E0 is accelerating voltage (kV), Ec is minimum emission 

voltage (kV), A is atomic mass,  is the density of sample (kg/cm3) and Z is the atomic number. 

Therefore, the nominal acceleration depth for Mg is about 3.5 μm under this condition. 
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Figure 3.7: (a) Depth of quantum emission and spatial resolution of X-ray characterizations, (b) the 

generation of secondary electron, backscattered electron and characteristic X-rays [183] (JEOL 

Ltd, Freising, Germany). 

Before the removal of outer precipitates layer, the cross sections of samples were prepared 

by embedding in resin (Demotec 30, Nidderau, Germany), with the cross sections oriented 

upwards and subsequently polished with colloidal silica suspension (Cloeren Technology 

GmbH, Wegberg, Germany) to a mirror-like surface. The chemical element mapping by using 

a scanning electron microscope (Tescan Vega3 SB, Brno, Czech Republic) equipped with 

energy dispersive X-ray spectrometer (EDX) was conducted for the resulting cross sections. 

Element mappings were performed using an accelerating voltage of 15 kV and the resolution 

was 256 pixels. The diameter of beam was 300-500 nm depending on the beam intensity used. 

The acquisition time was 80 ms per pixel. The area of the scanned surface depended on the 

magnification used. The pixel size was about 400 nm × 400 nm. The minimum limit of detection 

in our experiments was 1000 ppm. The deviation of counting statistics is 3-6 %. The weight 

percentages of phosphorus (P) or calcium (Ca) in degradation products near the Mg matrix 

were calculated from the mapping by using Iridium Ultra software (Eumex Instrumentebau 

GmbH, Heidenrod, Germany).  

At least 80 sites of cross section for each sample were measured for the layer thickness from 

the BSE images of the degradation layer. The thickness of Ca/P-rich layer was measured from 

the mapping results using Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, 

USA) and at least 10 measurements for each sample were performed. 

3.5. Adsorption of proteins 

3.5.1. Adsorption of fluorescent proteins during immersion 

The adsorption of proteins on Mg surface during immersion was directly performed in Hank’s 

balance salt solution (HBSS) and Dulbecco's modified eagle medium Glutamax-I (DMEM). 15 

µg/mL fluorescent BSA or Fib (Alexa Fluor® 594 for BSA, Oregon Green 488 for Fib, Molecular 

Probes, Inc., Eugene, USA) in HBSS and DMEM were prepared before the immersion test. 
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Pure Mg samples were immersed in the media as a ratio of 0.2 g/L (sample/medium) under 

cell culture conditions. Media without samples in well plates (Greiner Bio-One, Kremsmünster, 

Germany) were conducted as controls. After 1 day of immersion, samples were taken out from 

the well plates, then cleaned with distilled water and dried at 50 °C in air. Subsequently, the 

samples were checked by using a fluorescence microscope (Nikon TI Eclipse, Düsseldorf, 

Germany) using Texas Red filter for BSA (Ex/Em: 590/622 nm) and FITC filter for Fib (Ex/Em: 

496/524 nm) to examine the adsorption of proteins on Mg surface. Instrument parameters 

between samples were not changed to compare the adsorption of same protein except 

exposure time (as stated in the captions of figures), while the comparison between BSA and 

Fib was not performable due to the unidentified fluorescent properties, like bleaching time, 

excitation probability, etc.. 

Cross sections of samples after 2 days of immersion were prepared by embedding samples 

vertically into the resin (Demotec 30, Nidderau, Germany), then successively ground by 800#, 

1200#, 2400# SiC abrasive paper, and subsequently polished with colloidal silica suspension 

(Cloeren Technology GmbH, Wegberg, Germany). Finally, the cross sections were analysed 

using fluorescence microscopy. 

3.5.2. Adsorption of fluorescent proteins after immersion  

To circumvent the adsorption complexity during immersion, the experiment was performed in 

two steps to separate the degradation process and the protein adsorption process as much 

as possible. 

a) Immersion process: Mg samples were immersed in different media without proteins for 1 

day under cell culture conditions;  

b) Adsorption process: after immersion, the samples were cleaned with distilled water, then 

immersed in solution (water, HBSS or DMEM) with 15 µg/mL fluorescent BSA/Fib for 1 h under 

cell culture conditions, respectively.  

Finally, Mg samples were cleaned with distilled water and dried in air, then examined using 

fluorescence microscopy. 

3.5.3. Adsorption of proteins on possible degradation products 

Preparation, characterization of the possible degradation products 

The possible degradation products, CaCO3, Mg-PO4 and Ca-PO4 were synthesized by using 

CaCl2 (Fluka Chemie, Buchs, Switzerland), MgCl2 (Merck, Darmstadt, Germany), NaHCO3 

(Merck, Darmstadt, Germany) and K3PO4 (Fluka Chemie, Buchs, Switzerland). The equivalent 
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volume of 6 mol/L CaCl2 or MgCl2 was gradually added to 4 mol/L K3PO4 to synthesize Ca-

PO4 or Mg-PO4. CaCO3 was prepared by adding the equivalent volume of 6 mol/L CaCl2 to 6 

mol/L NaHCO3. After at least 30 min precipitation, the turbid solutions were centrifuged at 

3000 rpm for 5 min (Rotina 420, Hettich, Tuttlingen, Germany) to remove the supernatant. 

Subsequently, the products were cleaned three times with distilled water, then dried at 70 ˚C. 

Commercial MgCO3 (Sigma, Steinheim, Germany) was directly used as MgCO3 degradation 

product. 

X-ray diffraction (XRD, Bruker D8 Advance, Karlsruhe, Germany) operating in the reflection 

mode with Cu-Kα radiation (40 kV, 40 mA) was used to examine the products obtained. It was 

conducted from 15° - 75° at 0.02° intervals. The counting time was 1 s per points. Data 

analysis was carried out using analysis software (BrukerEVA and PDF-2 Release 2015 RDB). 

Dynamic light scattering (DLS) is a widely used method for determining the size and mode of 

aggregation of proteins and other biomolecules in solution. A laser is focused on the sample, 

light scattered by the particles in the solution shows random intensity fluctuations due to the 

interference of the light scattered by individual molecules (Fig. 3.8a). The average frequency 

of these fluctuations can be used to measure the moving speed of particle based on the 

autocorrelation function (ACF, Eq. 3.4). Furthermore, the particle sizes can be deduced using 

the Stokes–Einstein equation (Eq. 3.6). 

     (3.4) 

�




      (3.5) 

��
      (3.6) 

Where q is the scattering vector, n is refractive index,  is the wavelength of light,  is the 

scattering angle, t is time, D is the diffusion constant, kb is the Boltzmann constant, T is the 

temperature, � is the viscosity of the solution, d is the hydrodynamic radius of particle.  

Zeta potential is defined as the potential at the slipping plane, while the potential at the position 

far from the particle surface, as reference, is defined to zero (Fig. 3.8b). The charged particles 

or molecules migrates towards an electrode if a field is applied. The moving speed is 

proportional to the field strength and their zeta potential, which can be determined by the 

changes of laser frequency after scattering. The zeta potential (Z) can be calculated from the 

Smoluchowski equation: 
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�
      (3.7) 

Where ɛ0 and ɛr are the dielectric constants in vacuo and of the solvent, respectively. U is the 

mobility of particles or molecules in solution.  

 

Figure 3.8: (a) Scattering effect from particles (proteins) in solution. Detector optics guide the 

scattered light to the detector which reads out intensity fluctuations over different time intervals 

[184] (Xtal Concepts GmbH, Hamburg, Germany). (b) Electrical double layer of the particle surface 

[185] (Malvern Instruments GmbH, Herrenberg, Germany). When an electric field is applied to 

charged particles in the suspension, particles move toward an electrode opposite to its surface 

charge. It leads to the frequency shift of the scattered light, which can be used to determine the 

mobility and zeta potential of particle.  

In this thesis, the prepared degradation products were distributed in distilled water to 

determine the particle size by using DLS (SpectroSize 300, Xtal Concepts GmbH, Hamburg, 

Germany). The scattering angle was 90˚. The refractive index and the viscosity of the solvent 

were set to 1.33 and 1.006 mPa s. Every measurement was repeated three times with 10 - 20 

runs at room temperature. 

These four different products were distributed in water and 1 mg/mL Fib solution for zeta 

potential measurements, which was performed with the help of Dr.-Ing. Marion Frant at 

Institute for Bioprocessing and Analytical Measurement Techniques (IBA, Heiligenstadt, 

Germany). Three replicates were determined using Zetasizer Nano ZS90 (Malvern 

Instruments GmbH, Herrenberg, Germany). 

Adsorption of proteins on degradation products 

The artificial products were distributed on the well plates with distilled water. Subsequently, 2 

mL 15 µg/mL fluorescent BSA or Fib in water were added to each wells, then the plates were 

incubated under cell culture conditions for 1 h. After that, the solution was carefully removed 
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from the plates. Afterwards, the plates were washed twice with distilled water, then dried at 50 

˚C and analysed by fluorescence microscopy. 

The quantitative adsorption of proteins on different artificial products was performed as 

following: 10 mg artificial products was weighed in a 1.5 mL plastic tube (Carl Roth GmbH, 

Karlsruhe, Germany), then 1 mL 0.68 mg/mL BSA (Carl Roth GmbH, Karlsruhe, Germany) or 

Fib (Sigma-Aldrich, Saint Louis, USA) in water was added. Adsorption was performed for 1 

hour under cell culture conditions. Afterwards, the solution was centrifuged for 5 min at 8000 

rpm (Heraeus Biofuge Pico, Osterode, Germany). Finally, the supernatant was collected to 

measure the protein concentration by using BCA kit (Pierce Biotechnology, Rockford, USA). 

The concentrations of BSA and Fib before adsorption also were simultaneously determined. 

The control was performed in water without protein to determine the mass change before and 

after 1 h incubation. 

3.6. Characteristics of Mg surface after immersion 

3.6.1. Contact angle determination 

Contact angles is used to quantify the wettability of a solid surface via the Young equation. It 

reflects the relative strength of the liquid, solid and vapor molecular interaction as shown in 

Fig. 3.9. 

 

Figure 3.9: Scheme of a liquid drop on a surface showing the quantities in the Young equation. 

Contact angles of Mg samples before and after immersion in HBSS and DMEM with or without 

protein adsorption were determined using a drop shape analyzer (DSA100, Krüss GmbH, 

Hamburg, Germany) at room temperature to evaluate the hydrophobicity of Mg surfaces. For 

each drop (5 µL) of deionized water, a sequence of contact angle was recorded by the 

Advance software (Krüss GmbH, Hamburg, Germany) for 35 s starting from the moment of 

the drop deposition. Finally, the contact angle at 30 s was used.  
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3.6.2. Surface topography 

The Mg surface conditions before and after 1, 6 and 24 h of immersion in HBSS and DMEM 

were characterized using scanning electron microscopy (SEM, Phenom-World, Eindhoven, 

Netherlands) and profilometry (Bruker Nano GmbH, Tucson, USA). SEM was used in 

backscattering mode with an accelerating voltage of 15 kV. Three samples and at least four 

positions for each samples were checked for the surface topography and roughness by using 

profilometer at vertical scanning interferometry (VSI) mode (Fig. 3.10). Under VSI mode, the 

vertical resolution is about 1-5 nm for each objective, the maximum vertical range or surface 

variations can be up to 10 mm. The roughness of samples surface can be expressed as 

following: 

The average deviation of the surface (Sa):      (3.8) 

The root-mean-square deviation of the surface (Sq):   (3.9) 

 

Figure 3.10: Basic white light interferometry scheme with Bruker’s self-calibration HeNe laser. 

Interference microscope combines an interferometer and microscope into one instrument. The 

interferometer divides a beam of light into two beams and then recombines them to create an 

interference pattern. Interference will be constructive at some points, destructive at others, forming 

an interferogram. The imaging lens images the interferogram onto the CCD camera [186]. (Bruker 

Nano GmbH, Tucson, USA) 

3.7. Thermodynamical calculation 

To understand the formation of different degradation products in different media, the critical 

Mg2+ or Ca2+ concentration for different products (Mg(OH)2, MgCO3, MgCO3 3H2O, 
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Mg5(CO3)4(OH)2·4H2O, Mg3(PO4)2 8H2O, CaCO3, Ca5(PO4)3(OH)) was calculated according 

to the products solubility. At 37 °C, the solubility constants of different degradation products 

are listed as follows [77]:  

Mg2++2OH-→Mg(OH)2            Ksp(Mg(OH)2)= [Mg2+] [OH-]2=5.62×10-12   (3.10) 

Mg2++CO3
2-→MgCO3                  Ksp(MgCO3)=[Mg2+] [CO3

2-]=3.09×10-6     (3.11) 

3Mg2++2PO4
3-+8H2O→Mg3(PO4)2 8H2O  Ksp(Mg3(PO4)2)=[Mg2+]3[PO4

3-]2=2.48×10-28 (3.12) 

Mg2++CO3
2-+3H2O→MgCO3·3H2O      Ksp(MgCO3 3H2O)=[Mg2+] [CO3

2-]=3.24×10-5    (3.13) 

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

        Ksp(Mg5(CO3)4(OH)2·4H2O)=[Mg2+]5 [CO3
2-]4 [OH-]2=3.73×10-32       (3.14) 

Ca2++ CO3
2-→CaCO3          Ksp(CaCO3)= [Ca2+] [CO3

2-] = 3.63×10-9          (3.15) 

5Ca2++3PO4
3-+OH-→Ca5(PO4)3(OH)  

       Ksp(Ca5(PO4)3(OH))= Ksp(HA)= [Ca2+]5 [PO4
3-]3 [OH-]=1.70×10-59      (3.16) 

For simplicity, the activity coefficients for all species are taken as unity. Hydroxyapatite, 

Ca5(PO4)3(OH), was chosen as reference for Ca-P salts formed in HBSSCa and DMEM. With 

regard to Mg(OH)2, the critical Mg2+ concentration can be calcaulated as following:  

         (3.17) 

Where K(H2O), the dissociation constant of water is 2.45×10-14 when the temperature is 37°C 

[77].  

In terms of Mg-CO3 products, 

      (3.18) 

                 (3.19) 

                   (3.20) 

where Kα1 and Kα2 are the dissociation constants of H2CO3 and HCO3
- as 1.59×10−4 and 

5.62×10−11, respectively [61]. Here, it should be noted that the concentration of CO2 was kept 
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about 5% in the incubator and the equilibrium solubility is 170 mM [72]. This is the reason why 

Eq. (3.18) contains a part of [CO2]. The concentration of free CO3
2- is obtained by the 

combination of Eqs. (3.18-20): 

             (3.21) 

Therefore, the critical Mg2+ concentration for MgCO3, nesquehonite and hydromagenesite can 

be calculated: 

      (3.22) 

    (3.23) 

 

      (3.24) 

Similarly, the following equation can be deduced to calculate the concentration of PO4
3- in 

solution: 

              (3.25) 

Where, Kα1, Kα2 and Kα3 are the dissociation constants of H3PO4, H2PO4
-, and HPO4

2- as 

5.68×10-3, 6.84×10-8 and 6.61×10-13, respectively [187]. Hence, the critical Mg2+ concentration 

for Mg3(PO4)2 8H2O can be calculated: 

 

   (3.26) 

When Ca2+ is present in media, the critical Ca2+ concentration for CaCO3 and hydroxyapatite 

can be deduced by the following equations: 
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    (3.27) 

 

       (3.28) 

3.8. Statistical analysis 

The data were analysed and plotted using the software Origin 9.0 (Originlab Corporation, 

Wellesley Hills, USA). Standard analysis comparing more than two treatments was done by 

one-way analysis of variance (ANOVA) on ranks with Dunn’s multiple comparison post hoc 

tests. Significance level: (*): p<0.05, (**): p<0.01. EDX mappings were organized by using 

Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, USA). 
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4. Results 

4.1. Effects of small organic molecules on Mg degradation 

Degradation rate, pH, osmolality and layer thickness 

The mean degradation depths of pure Mg after 3, 7 and 14 days of exposure in different media 

are depicted in Fig. 4.1. After 3 days of immersion, there was no significant difference between 

the mean degradation depths in different media. However, after a relatively long immersion (14 

days), the samples immersed in media with organic components showed a higher degradation 

depth than the control (in HBSS), especially for those in media with more than one kind of organic 

components. 

 

Figure 4.1: Degradation rates (a) and mean degradation depths (b) of pure Mg after immersion for 3, 

7 and 14 days in different media under cell culture conditions. (One-way ANOVA, Dunn’s test, 

Significance level: (*): p<0.05, (**): p<0.01) 

The changes in pH and osmolality of the degradation media were measured after each change 

of media, as shown in Fig. 4.2. As expected, both the pH and the osmolality increased irrespective 

of the used media compared to those without samples. The increase in pH was generally higher 

for HBSS than other media, while the increase in osmolality showed an adverse trend, especially 

for the media with more than one kind of organic components. The osmolality of all media 

generally decreased with incubation time, suggesting the decrease of degradation rates with 

immersion time.  

Generally, the thickness of the degradation layer tended to increase with the incubation time (Fig. 

4.2c). Single organic component, like L-AA, L-Gln, L-Ala-L-Gln, led to the thickening of 

degradation layer. In contrast, when more than one kind of organic components was present, the 

layer thickness sharply decreased compared to that formed in HBSS. 
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Figure 4.2: Changes in pH (a) and osmolality (b) after different days of incubation under cell culture 

conditions in different media, Box and Whisker plot of the layer thickness (c) after different incubation 

time in different media. (The boxes (bottom to top) show the 25th percentile, median and 75th 

percentile. The whiskers mark the 10th and 90th percentiles, the rectangular points in the box are 

average values, significance level: (*): p<0.05, (**): p<0.01) 

The concentration of L-Gln during immersion 

To verify the participation of L-Gln in the formation of degradation products, the concentration of 

L-Gln was measured during incubation as shown in Fig. 4.3b. Since L-Gln is not stable during 

incubation and it could deaminate with the increase of pH, pH of media were also determined 

during the incubation (Fig. 4.3a). The range of the on-line pH device (pH: 5~9) limited the 

determination of pH, which led to a vacancy during the first several hours of immersion. However, 

it could be seen that the pH value reached a comparably stable value after about 20 hours of 

immersion. The concentrations of L-Gln were also measured when pH was adjusted to 8.5, 9.5 

and 12 without sample (Fig. 4.3b), it was stable at around 1.4 mM, which indicated after 20 hours 

of immersion the deamination of L-Gln had little influence on the concentration of L-Gln. However, 

the concentration of L-Gln with samples decreased with further incubation (as indicated by the 

grey background in Fig. 4.3b), suggesting the participation of L-Gln in the process of degradation 

by adsorption or other ways. 
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Figure 4.3: The changes of pH (a) and the concentration of L-Gln (b) during the immersion. The 

absence of data during the initial immersion resulted from the range of on-line pH device 

(measurement range: pH 5 - 9), when pH is higher than 9, it can not be determined by the device. 

Significance level: (*): p<0.05, (**): p<0.01. The grey background indicates the stable pH region. 

Surface morphology 

 

Figure 4.4 Optical images of samples after immersion in different media for different time. The 

compositions of media are listed in the above table, + refers to the existence of the component in 

medium, - refers to the absence of the component in medium. (1) refers to the surfaces in HBSS or 

HBSS with one kind of organic component, (2) refers to the surfaces in HBSS with two kinds of organic 

components, (3) refers to the surfaces in HBSS with three kinds of organic components. 

All samples after immersion showed a blackish surface with some white precipitates, as shown 

in the optical images (Fig. 4.4). Two kinds of precipitates with different morphologies can be 

determined. A detailed comparison of the sample surfaces after degradation is shown in Fig. 4.5. 

From the SEM images (corresponding to the optical images), the white precipitates in HBSS and 

HBSS with one kind of organic components showed a conglomerate of very thin platelets. When 
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two kinds of organic components were added in HBSS, a well-formed needle-like precipitate layer 

was present on the surface. However, the needles gradually diminished with immersion time, 

indicating that the needles were not stable under this condition. The addition of FBS had further 

influence on the morphology of the precipitates on the surface. The detailed morphologies are 

shown in the images with a higher magnification (Fig. 4.5). 

 

Figure 4.5: SEM images (corresponding to Fig. 4.4) of samples immersed in different media for 

different time. 

Composition of degradation products 

Since the samples with the same morphology had a reproducible spectrum, typical spectra of the 

degradation layer with different morphology were selected to present the XRD results. As shown 

in Fig. 4.6a, the results revealed that hydromagnesite (reference card 00-070-1177) and dypingite 

(reference card 00-29-0857 and 00-23-1218) were the main components of the conglomerate 

composed of thin platelets, while the well-formed needles were nesquehonite (reference card 00-

020-0669). The precipitates formed in HBSS containing FBS were also identified as nesquehonite, 

although the morphology of precipitates changed after the addition of FBS (Fig. 4.5). However, 

after the removal of the “outer” precipitates, the morphologies of the “inner” degradation layers 

formed in different media showed little difference (SEM images in Fig. 4.6a). In addition, only 

several weak peaks from Mg were examined from the XRD patterns, suggesting the amorphous 

state or the nanocrystals of the “inner” degradation products.  
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Figure 4.6: (a) XRD patterns of samples with different morphologies before and after the removal of 

white precipitates (1) refers to the surfaces in HBSS or HBSS with one kind of organic components, 

(2) refers to the surfaces in HBSS with two kinds of organic component, (3) refers to the surfaces in 

HBSS with three kinds of organic components. (b) IR reflection spectra of the “inner” degradation 

layers on Mg after 14 days of exposure in different media. 

To give an insight into the composition of the “inner” degradation layer, IR reflection spectra were 

conducted for the samples after the removal of the “outer” precipitates by adhesive tape. The 

spectra from the surface of the “inner” degradation layer formed in different media gave similar 

information, indicating similar components of all “inner” degradation layers. The spectra of 

samples in different media are all provided in Fig. 4.6b. The band at 860 cm-1 is assigned to the 
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carbonate bending vibration [188] and the band around 1050 cm-1 is associated with the 

asymmetric stretching of phosphate [189], while strong IR signals in the range of 1400-1550 cm-

1 arise from the anti-symmetrical stretching of CO3
2- and/or amide II of organic components [72, 

190]. The shoulder at 1640 cm-1 is ascribed to an OH-bending mode of water and/or amide I of 

organic molecules [116]. The broad band centred near 3500 cm-1 is attributed to the stretching 

vibration of the hydroxyl group. This broad band stems mainly from strong H bonding of water 

inside the “inner” degradation products, which absorbed on the degradation products or 

embedded in interstitial spaces of degradation products [111]. Moreover, a weak sharp band at 

3698 cm-1 is related to the free hydroxyl group, indicating the presence of Mg(OH)2 in the “inner” 

layer [188]. Therefore, it can be confirmed that the “inner” degradation products were mainly 

magnesium carbonate, phosphate and magnesium hydroxide. As previously proposed [73], MgO 

most probably is also present. The non-detection of MgO in our results is due to the high signal 

to noise ratio below 600 cm-1, while Mg-O vibrational modes give rise to bands below 560 cm-1 

[116]. 

Chemical element mapping 

To validate the variations in the chemical composition of the Mg surface immersed in different 

solutions, chemical element mapping was conducted for the cross sections of degradation layers 

before the removal of crystalline precipitates. The distributions of elements, carbon (C), oxygen 

(O), phosphorous (P), magnesium (Mg) and calcium (Ca) were probed for all samples after 

immersion (Ca only existed on the degradation layer formed in the media with FBS). The detected 

amount of S, Na and Cl was negligible for all samples (< 0.5 wt.%), hence the corresponding 

mappings are not presented in Fig. 4.7. The contrast and brightness of figures were adjusted to 

visualize the qualitative difference. 

To highlight the most important points, element mappings of the degradation layers with different 

morphologies were selected to present the results (Fig. 4.7). As expected, the existence of C, O 

and Mg in the degradation layer supports that carbonate was one of the degradation products as 

revealed by both XRD and IR reflection spectra. Due to the similarity of the compositions between 

the “outer” precipitates and the “inner” degradation layer, it was hard to distinguish the boundary 

between these two layers. However, there was an obvious difference for the distribution of P in 

degradation products near Mg matrix. The existence of P indicated the formation of phosphate in 

the degradation layer. For the samples incubated in media with FBS, a thin P/Ca-rich layer was 

formed after 3 days of incubation, indicating the formation of a more compact layer for Mg against 

the attack of aggressive ions in media with FBS [83]. The distribution of Ca was in accordance 

with that of P for the samples immersed in media with FBS, indicating the formation of Ca-P salts. 
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Figure 4.7: Backscattered electron (BSE) images and chemical element mappings of Mg samples 

exposed to HBSS with different organic components for different days. 

The weight percentage of P in the degradation products near the Mg matrix was analysed 

according to the chemical element mapping to get the quantitative difference of the chemical 
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compositions of the degradation layer. As shown in Fig. 4.8, after the addition of organic 

components, the contents of P in the degradation products significantly increased, especially for 

those media with more than one kind of organic components. Moreover, the values also rose with 

immersion time. However, it should be noted that the content of P is quite low (˂ 6 wt.%) in the 

degradation products. 

 

Figure 4.8: Weight percentage of P in degradation products near the Mg matrix formed in different 

media. (One-way ANOVA, Dunn’s test, Significance level: (*): p<0.05, (**): p<0.01.  refers to the 

mapping results in Fig. 4.7) 

4.2. Effect of proteins on Mg degradation 

4.2.1. Static conditions 

Degradation rate, pH, osmolality 

The degradation rates and mean degradation depths of pure Mg in different media under static 

conditions are displayed in Fig. 4.9. The results showed that Mg degraded much slower in 

HBSSCa and DMEM than in HBSS. The addition of BSA and FBS into HBSS and DMEM 

significantly decreased the degradation rate of Mg during immersion. Moreover, FBS showed a 

stronger degradation inhibition effect on Mg degradation than BSA, indicating the inhibitory effect 

of other components in FBS. However, no significant decrease is visible in HBSSCa when either 

BSA or FBS is present, suggesting the weak influence of protein on Mg degradation in this 

medium.  
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Figure 4.9: Degradation rate and mean degradation depth of pure Mg in HBSS-based (a, b), HBSSCa-

based (c, d) and DMEM-based (e, f) media after different immersion time under static conditions. 

(One-way ANOVA, Dunn’s test, Significance level: (*): p<0.05, (**): p<0.01) 

The increases of pH and osmolality of media during immersion are shown in Fig. 4.10. Generally, 

both pH and osmolality increased irrespective of media used. In HBSS, pH significantly increased 

by about 1.4 after 1 day of immersion, and then remained stable. In comparison, when proteins 

were present in HBSS, pH gradually increased during the first 2-3 days of immersion, especially 

in HBSS + 10% FBS. This can be ascribed to the faster degradation of pure Mg in HBSS than in 

HBSS + BSA and HBSS + FBS and the buffering ability of proteins (carboxyl-group and amino 
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group). In HBSSCa-based media, pH gradually increased with immersion time, indicating the 

continuous degradation of Mg during immersion. No significant difference can be observed 

between HBSSCa, HBSSCa + BSA and HBSSCa + FBS, except a slightly lower pH increase in 

HBSSCa + FBS. In DMEM, the increase of pH was much lower than HBSS and HBSSCa. BSA 

and FBS further inhibited the increase of pH. 

 

Figure 4.10: Increases in pH and osmolality of various media when Mg was immersed under static 

conditions. 

The increase of media osmolality showed a similar tendency to the change of pH. Fast and 

obvious increase of osmolality was observed in HBSS, followed by HBSS + BSA, then it slowly 
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decreased. This should result from the fast degradation of Mg and the formation of precipitates 

(as shown in the surface morphology, Fig. 4. 12). In HBSSCa-based media, the increase of 

osmolality is quite small and it showed no difference between in presence or absence of proteins. 

The addition of proteins to DMEM led to a lower osmolality, which was more significant for FBS 

than BSA. 

Surface morphology 

The optical images for samples immersed in different media are taken after different immersion 

time to present the overall degradation surface, as shown in Fig. 4.11. During the initial immersion 

(3 day), all samples showed a blackish surface. It became white in HBSS-based and DMEM-

based media with further immersion. Moreover, some white precipitates were formed on Mg 

surface in HBSS-based media. However, in HBSSCa-based media, some bright dots were 

formed on blackish surface, and they spreaded over the whole surface after 14 days of immersion. 

 

Figure 4.11: Optical images of pure Mg after immersion in different media for 3, 7 and 14 days 

under static conditions. 

Sample morphologies after immersion in different media for different time are displayed in Fig. 

4.12. In HBSS, the breakage of degradation layer can be observed after 3 and 7 days of 

immersion, with a decrease of the content of P in degradation layer over immersion time as shown 

in EDX results (Fig. 4.12). Afterwards, a conglomerate of very thin platelets was formed on Mg 

surface. In HBSS + BSA, the degradation layer was also broken after 7 days of immersion 

accompanied by the decrease of P from 13.1 wt.% to 7.5 wt.%, then needle-like precipitates were 

formed on Mg surface. However, the degradation layer formed in HBSS + FBS and the wt.% of 

P and Ca were stable during 14 days of immersion. The addition of proteins (BSA or FBS) seems 

to increase the wt.% of P (and Ca in the case of HBSS + FBS) in degradation products and to 

prevent the degradation layer from breakage. 



4. Results 

53 

 

Figure 4.12: SEM images and the corresponding EDX results for the samples immersed in different 

medium after 3, 7 and 14 days of immersion under static conditions. (EDX results are the average 

values obtained from at least 6 points analysis) 

In HBSSCa-based media, normal morphology (Fig. 4.13a) after immersion can be observed 

except some localised degradation (Fig. 4.13b and c). Some large particles (Fig. 4.13b) were 

formed on Mg surface with high contents of P and Ca, indicating the formation of Ca-P salts. The 

top of the degradation layer seemed to dissolve or break during immersion (Fig. 4.13c) with a 

lower wt.% of P and Ca (point E) compared with the normal degradation positions (point D). 

Meanwhile, some small white particles were formed on these positions with a higher wt.% of P 

and Ca (point F), suggesting the formation of Ca-P particles on these positions. Additionally, the 

peeling off of the top degradation layer was found (Fig. 4.13d) and a higher wt% of Ca and P 

were found in the top degradation layer. For the normal positions, average EDX results were 

shown in Table 4.1. It revealed a higher content of P and Ca in degradation layer in the presence 

of BSA or FBS compared to that in HBSSCa. Moreover, the content of P and Ca seemed to 

decrease with immersion time in HBSSCa and HBSSCa + BSA, while the content of Ca increased 

in the degradation layer for samples immersed in HBSSCa + FBS. 
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Figure 4.13: SEM images and EDX results for the samples immersed in HBSSCa-based media under 

static conditions. (EDX results are the average values obtained from at least 3 points analysis) 

Table 4.1: Average EDX results (wt.%, at least 6 points analysis) for degradation surface of the 

samples immersed in different media after 3, 7 and 14 days of immersion. 

Medium time 
Element (wt.%) 

O Mg P C Ca Na Cl 

HBSSCa 

3 d 53.5 ± 2.6 28.9 ± 3.4 6.1 ± 1.7 7.6 ± 0.6 3.0 ± 0.7  0.9 ± 0.4 

7 d 53.1 ± 1.9 26.0 ± 2.1 6.5 ± 2.0 7.3 ± 0.4 4.3 ± 1.1 0.8 ± 0.1 2.0 ± 0.6 

14 d 54.1 ± 4.8 28.6 ± 5.9 4.3 ± 0.6 8.0 ± 0.8 3.6 ± 1.2 0.8 ± 0.2 0.6 ± 0.3 

HBSSCa 
+ BSA 

3 d 48.6 ± 1.1 12.8 ± 1.1 14.6 ± 0.7 9.3 ± 0.9 14.7 ± 0.9 - - 

7 d 50.5 ± 0.5 17.9 ± 1.1 12.4 ± 1.3 9.5 ± 1.1 9.0 ± 1.0 0.7± 0.1  

14 d 46.2 ± 3.4 21.6 ± 5.6 8.7 ± 1.6 14.2 ± 3.3 7.7 ± 2.2 0.8 ± 0.2 0.8 ± 0.5 

HBSSCa 
+ FBS 

3 d 49.2 ± 1.5 21.8 ± 0.9 13.2 ± 1.1 8.4 ± 0.5 7.1 ± 0.8 0.3 ± 0.1 - 

7 d 45.6 ± 3.5 19.5 ± 3.2 10.2 ± 1.0 13.1 ± 1.4 10.4 ± 1.6 0.7 ± 0.1 - 

14 d 45.2 ± 2.1 15.7 ± 1.1 10.8 ± 1.9 15.4 ± 0.8 11.7 ± 0.5 0.8 ± 0.2 0.3 ±0.1 

DMEM 

3 d 50.9 ± 1.7 13.1 ± 1.0 12.8 ± 1.2 8.1 ± 0.3 14.2 ± 1.5 0.9 ± 0.2 - 

7 d 50.6 ± 2.0 12.3 ± 0.6 11.8 ± 1.1 7.6 ± 0.4 13.7 ± 1.5 1.0 ± 0.5 - 

14 d 53.0 ± 2.3 12.7 ± 0.6 10.1 ± 1.0 8.2 ± 0.6 13.1 ± 1.3 0.9 ± 0.2 - 

DMEM + 
BSA 

3 d 54.5 ± 1.6 20.9 ± 1.0 8.8 ± 0.8 8.4 ± 0.6 6.3 ± 0.7 1.0 ± 0.2 - 

7 d 52.7 ± 1.8 18.0 ± 1.4 10.4 ± 0.9 7.9 ± 0.4 9.9 ± 1.8 1.1 ± 0.2 - 

14 d 54.6 ± 1.8 16.5 ± 2.0 11:9 ± 1.3 8.7 ± 0.7 10.8 ± 1.8 1.2 ± 0.2 - 

DMEM + 
FBS 

3 d 54.8 ± 1.6 21.9 ± 1.3 9.2 ± 0.7 8.1 ± 0.4 5.2 ± 0.6 1.0 ± 0.1 - 

7 d 51.3 ± 1.4 15.3 ± 2.0 12.6 ± 1.1 8.3 ± 0.6 11.6 ± 1.7 0.9 ± 0.2 - 

14 d 51.7 ± 1.3 15.2 ± 0.4 13.2 ± 1.0 7.8 ± 0.3 11.2 ± 0.9 0.8 ± 0.1 - 

In DMEM-based media, the surface morphologies of all samples after immersion were similar to 

Fig. 4.13a. Therefore, only EDX results are exhibited in Table 4.1. Surprisingly, it showed higher 

contents of P and Ca in DMEM than in DMEM + BSA/FBS, especially after 3 days of immersion. 

Nevertheless, the contents of P and Ca decreased with immersion time in DMEM, while increased 

in DMEM + BSA/FBS. Moreover, higher content of Ca than P were observed for samples 

immersed in DMEM, but the content of Ca was generally lower than that of P in DMEM + BSA/FBS 

and HBSSCa-based media. 
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Determination of crystalline precipitates 

The precipitates formed on Mg surface were determined by XRD (Fig. 4.14). It showed similar 

results as before. The conglomerate of very thin platelets formed in HBSS is mainly 

hydromagnesite (Mg(CO3)4(OH)2 4H2O), while the needle-like precipitates formed in HBSS + 

BSA is nesquehonite (MgCO3 3H2O). Besides the diffraction peaks of Mg, no crystalline peak is 

visible for samples immersed in HBSS + FBS. Similar XRD patterns were found for samples in 

HBSSCa-based and DMEM-based media, indicating amorphous or nanocrystaline products on 

these sample surfaces. 

 

Figure 4.14: XRD patterns for samples immersed in different media after 14 days of immersion. 

Chemical element mapping 

The element distribution in degradation layer formed in HBSS-based media are displayed in Fig. 

4.15. Generally, O and P were rich and C was present in degradation layer, indicating the 

formation of phosphate and carbonate in the degradation layer. Furthermore, P-rich products 

were mainly formed near Mg matrix in HBSS, but a much lower content of P was observed when 

precipitates were formed after 14 days of immersion. When proteins (BSA or FBS) were present, 

P mainly distributed in the top of degradation layer, which was broken in HBSS + BSA, but 

remained stable in HBSS + FBS. Ca, derived from FBS, was also rich in the top of degradation 

layer in HBSS + FBS, indicating the formation of Ca-P salts. The P-rich top layer seems to be of 

great importance to the degradation behaviour of Mg. 
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Figure 4.15: BSE images and chemical element mappings of Mg samples exposed to HBSS, HBSS 

+ BSA and HBSS + FBS for different days. 

 

Figure 4.16: BSE images and chemical element mappings of Mg samples exposed to HBSS-based 

and DMEM-based media under static conditions for 14 days. 
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Due to the similar distribution patterns of elements in degradation layers formed in HBSSCa-

based and DMEM-based media, only the element mappings of Mg samples after 14 days of 

immersion in different media were displayed in Fig. 4.16. Generally, the results showed a P/Ca-

rich top layer and an inner oxide layer. In HBSS-based media, almost no Ca and P were present 

in the inner layers, while a low content of P/Ca existed in the inner layers in DMEM-based media. 

Moreover, the distinct boundary between these two layers is visible in HBSSCa-based media, 

especially in HBSS + BSA/FBS. Whereas, this boundary was vague in DMEM-based media, 

especially in DMEM + FBS. It suggests that the P/Ca-rich layer might be more dense in HBSSCa 

than in DMEM, thus preventing the diffusion of phosphate and calcium ions into the degradation 

layer. This fact may also be responsible for the lower degradation rate of Mg in HBSSCa-based 

media compared to DMEM-based media.  

 

 
Figure 4.17: Thickness of degradation layer formed in different media after various immersion time. 

(The solid line indicates significant difference, One-way ANOVA, Dunn’s test, Significance level: (*): 

p < 0.05, (**): p < 0.01) 

The thickness of degradation layer formed in different media after different immersion time are 

depicted in Fig. 4.17. In consistence with the previous results, it revealed an increase of 

degradation layer thickness with immersion time due to the continuous degradation of Mg. In 

HBSS-based and DMEM-based media, the degradation layer was thinner when proteins were 
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present, which is in agreement with the degradation depth as shown in Fig. 4.9. The formation of 

precipitates on Mg surface in HBSS and HBSS + BSA after 14 days of immersion seemed to 

largely increase the layer thickness. However, in HBSSCa media, the addition of proteins resulted 

in thicker degradation layers after 3 days of immersion, while the layers were thinner after further 

immersion in the presence of proteins, which might result from the precipitation of Ca-P salts and 

the growth of the inner layer.  

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

chemical mapping results. As depicted in Fig. 4.18, wt.% of P (and Ca) gradually decreased in 

HBSS-based media and HBSSCa, while those values for P and Ca remained stable in HBSSCa 

with protein and DMEM-based media. This might result from the transformation of products on 

Mg surface during immersion. Moreover, the presence of proteins generally led to higher contents 

of P and Ca in degradation layer. 

 

Figure 4.18: Weight percentages of Ca and P in degradation layer formed in different media after 

different immersion time. The solid line indicates significant difference for P/Ca content, One-way 

ANOVA, Dunn’s test, Significance level: (*): p < 0.05, (**): p < 0.01. No significant difference of P 

content between DMEM and DMEM + BSA after 3 days of immersion. 

4.2.2. Semi-static conditions 

Mean degradation depth, pH, osmolality 

As shown in Fig. 4.19, degradation rates and mean degradation depths of pure Mg were 

calculated after 3, 7 and 14 days of immersion in HBSS, HBSSCa and DMEM with and without 

BSA, Fib or FBS. As expected, the addition of Ca ions to HBSS decreased the degradation of 

Mg after 3 days of immersion and Mg degraded significantly faster in HBSS than in DMEM. In 

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

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

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

present in the medium during the short-term immersion. After 14 days of immersion, BSA 

exhibited little effect on Mg degradation in both HBSS and DMEM. However, FBS promoted the 
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degradation of Mg in HBSS, but showed an adverse effect in DMEM. More importantly, when 

BSA and Fib were simultaneously present in HBSS or DMEM, the mean degradation depth 

increased compared with that in HBSS or DMEM with BSA or Fib alone. 

 
Figure 4.19: Degradation rates and mean degradation depths of pure Mg in HBSS-based (a, b), 

HBSSCa-based (c, d) and DMEM-based (e, f) media after different immersion time. (Significant 

differences are depicted by the solid line, Significance level: (*): p < 0.05, (**): p < 0.01). 

The changes in pH and osmolality of media are displayed in Fig. 4.20. In HBSS-based media, 

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

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

changes of pH for the control (HBSSCa) remained stable, while the addition of proteins resulted 
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in a decrease of pH with immersion time. A similar decreasing trend of pH could also be found in 

DMEM-based media. Moreover, the addition of proteins to DMEM resulted in a lower pH during 

immersion except in DMEM + BSA + Fib. The changes in osmolality of media decreased with 

immersion time irrespective of media compositions, indicating a stable degradation rate of Mg. 

The addition of proteins resulted in a higher osmolality in HBSS, while they had an adverse effect 

on the osmolality in HBSSCa and DMEM except in DMEM + BSA + Fib. 

 
Figure 4.20: Changes in pH (a) and osmolality (b) for pure Mg in different media after different 

immersion time. 
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Figure 4.21: Concentration of proteins in media + 3.4 mg/mL BSA (a, e), media + 0.34 mg/mL Fib (b, 

f), media + 3.4 mg/mL BSA + 0.34 mg/mL Fib (c, g) and media + 10% FBS (d, h) during immersion 

under cell culture conditions (One-way ANOVA, Dunn’s test, Significance level: (*): p < 0.05, (**): p < 

0.01) 
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Protein concentration during immersion 

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

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

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

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

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

HBSSCa + FBS, while the significant decreases of protein concentration were not visible in HBSS 

+ BSA / Fib, indicating that different interaction between proteins and Mg surface took place in 

HBSS and HBSSCa. The decrease of protein concentration demonstrated the participation of 

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

SAXS results 

SAXS for BSA and Fib in different media was performed to check their interaction in media. As 

shown in Fig. 4.22, the results showed that BSA is stable in HBSS and HBSSCa, but the gyration 

radius decreased in DMEM (Rg(HBSS) = 3.71 ± 0.004 nm, Rg(HBSSCa) = 3.72 ± 0.006 nm, 

Rg(DMEM) = 3.17 ± 0.004 nm), indicating the influence of small organic molecules on BSA 

conformation in DMEM. In the case of Fib, the higher scattering intensity at low s in the presence 

of Ca2+ indicates that Ca2+ largely increased the aggregation, while the aggregation was weaker 

in DMEM than in HBSSCa, but still stronger than in HBSS, indicating small organic molecules in 

DMEM depress the aggregation of Fib. The comparison between media + BSA + Fib showed that 

interaction between BSA and Fib resulted in the increase of scattering in HBSS and HBSSCa 

compared to DMEM, which possibly results from the conformation change of proteins or the 

formation of BSA/Fib complexes in HBSS and HBSSCa. 

Comparing the fitted average scattering (according to the scattering in media +BSA and media 

+Fib) with the obtained scattering in BSA and Fib containing media, it can be observed that BSA 

and Fib showed slight higher scattering intensity compared to the fitted average in HBSS, 

indicating the possible synergistic interaction between BSA and Fib in HBSS. However, in 

HBSSCa and DMEM, the scattering intensity of the BSA and Fib mixture is lower than the 

average scattering, which may be due to the decomposition of Fib complexes in media + BSA + 

Fib. This indicates that the presence of BSA and small organic molecules decreases the 

aggregation of Fib, which is possibly caused by their net negative charge in media at pH = ~7 (> 

isoelectric point) [140, 143, 191]. This also might be the reason that the reported phenomenon 

that the decreased fluidity of solution is appreciably less in the presence of serum proteins than 

in purified solutions of Fib [192]. 
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Figure 4.22: Small angle X-ray scattering (SAXS) curves for BSA and Fib in different media (upper 

row), and the comparison between the fitted average scattering of BSA and Fib in media and the 

scattering in medium + BSA + Fib (lower row). 

Surface morphology 

The surface morphologies of samples after immersion in different media are shown in Fig. 4.23 

and 4.24. In HBSS, macroscopic white precipitates were formed on the surface as a 

conglomerate of very thin platelets. The addition of BSA led to the formation of needle-like 

precipitates and both of these two kinds of precipitates (conglomerate of thin platelets and needle-

like precipitates) were formed on Mg surface in HBSS + Fib. In comparison, only conglomerates 

of thin platelets were formed in HBSS + BSA + Fib and there were only few precipitates on the 

surface in HBSS + FBS. Moreover, the precipitates changed with exposure time, especially for 

the needle-like precipitates. In HBSSCa-based media (Fig. 6), the flocculent precipitates were 

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

surface in HBSSCa + BSA and HBSSCa + Fib. No obvious formation of precipitates could be 

observed on the sample surfaces in HBSSCa + BSA + Fib and HBSSCa + FBS. Similar results 

were also gained in DMEM-based media, showing little morphology difference induced by the 

addition of proteins and little changes with immersion time, so SEM images of samples immersed 

in DMEM-based media are not shown here. 
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Figure 4.23: SEM images of samples after different immersion times in HBSS-based media.  

 

Figure 4.24: SEM images of samples after different immersion times in HBSSCa-based media. 

Characterization of degradation products 

XRD results (Fig. 4.25) revealed that the conglomerates of very thin platelets formed in HBSS-

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

hydromagnesite and dypingite, while the needle-like precipitates formed in HBSS + BSA were 
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well-formed nesquehonite, which is in accordance with the above results (Figs. 4.6 and 4.14). 

The precipitates formed in HBSS + BSA + Fib contained not only nesquehonite, but also 

hydromagnesite and dypingite. However, the XRD patterns of samples in the other of media only 

gave the Mg diffraction peaks as shown in the spectrum obtained from DMEM. 

 

Figure 4.25: XRD patterns of Mg samples after immersion in different media 

IR reflection spectra were obtained for the samples immersed in HBSS + FBS, HBSSCa + protein 

and DMEM-based media. Only the range from 2200 cm-1 to 550 cm-1 was depicted in Fig. 4.26 a 

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

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

surface [116]. The broad band from 1600 cm-1 to 1300 cm-1 is a result of the overlap between the 

anti-symmetrical CO3
2- stretching and the band ΙΙ/III/VI stretching of organic molecules [72]. 

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

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

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

to around 1134 cm-1 in DMEM with proteins [193]. This shift of bands from phosphate in HBSSCa 

with proteins indicated the possible different conformation or compositions of Ca/Mg-PO4 when 

protein is present. The band at 861 cm-1 is assigned to the CO3
2- bending vibration [188]. 

Therefore, it can be concluded that the degradation products are mainly composed of Mg/Ca-

PO4, Ca/MgCO3 and absorbed organic components in HBSSCa and DMEM. As previously 

proposed [73], Mg(OH)2 and MgO are also possible products, but they were not detected herein. 

This could be due to the fact that only the outmost surface was detected and the high signal to 

noise ratio in the low wavenumber range. 
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Figure 4.26: IR spectra of Mg samples after immersion in different media (the bands marked by grey 

background result from vibration of phosphate). 

X-ray Photoelectron Spectroscopy (XPS) at different depths were performed for samples 

immersed in HBSSCa with proteins after 14 days of immersion to examine the composition of the 

degradation layer. As shown in Fig. 4.27, except the outmost surface (no etching), the 

composition of degradation layer showed a certain tendency over the etching depths. The content 

of elements in degradation layer formed in HBSSCa + BSA was stable within the etching depth 

and the ratio of Ca/P remains around 1. However, the increase of Mg and the decrease of P, Ca 

and C could be observed for HBSSCa + Fib / HBSSCa + BSA + Fib / HBSSCa + FBS, especially 

within 45 min of etching time. Higher contents of P and Ca in HBSSCa + Fib, HBSS + BSA + Fib 

and HBSSCa + FBS than in HBSSCa + BSA were accordant with the higher degradation rate in 

HBSSCa + BSA than in the other groups. Furthermore, the ratio of Ca/P in HBSSCa + BSA + Fib 

(< 1) was different from that in HBSS + BSA and HBSSCa + Fib (~1), which might be related to 

the effect of the interaction between BSA and Fib on the formation of degradation products. In 

HBSSCa + FBS, the ratio of Ca/P was around 1 in the top of layer, but decreases to <1 with 

etching depths. The depth files of C and N indicated the presence of proteins in the degradation 

layer, which largely decreased to near zero with the etching time extended, proving that proteins 

only adsorbed on the top of degradation layer. Due to the non-conductivity of degradation 

products formed in HBSSCa-based media, surface charging could not be totally compensated 

during measurement, which led to the shift of XPS peaks. Therefore, detailed reliable analysis of 

the results is impossible. 



4. Results 

67 

 

Figure 4.27: The compositions of degradation products obtained by XPS at different depth in HBSSCa 

+ BSA (a), HBSSCa + Fib (b), HBSSCa + BSA + Fib (c) and HBSSCa + FBS (d) after 14 days of 

immersion. 

Typical XPS region spectra from DMEM-based media are depicted in Fig. 4.28. Obviously, the 

spectra of C1s, O1s and N1s before etching from DMEM were different from DMEM + BSA and 

DMEM + FBS. Because the only reason for the existence of N is from organic molecules, the 

existence of N for samples in DMEM indicated the adsorption of small organic molecules on Mg 

surface, which is in agreement with the results in Fig. 4.3. The peaks at the highest binding energy 

of C 1s in DMEM simply exhibited as shoulder in DMEM + BSA / FBS, which resulted from the 

different composition of organic molecules (-COOH/-COOR) and carbonate in the top of the 

degradation layer. Similarly, a shoulder at the high binding energy of N1s could be observed in 

DMEM + BSA/FBS, which is caused by the protonated amino groups [194]. It indicates the 

different surface properties (e.g. surface charge) when proteins are present. The shape of O1s 

spectra from DMEM was totally different from that of DMEM + BSA/FBS, which can be mainly 

ascribed to the composition of the top degradation layer, such as, phosphate, carbonate, 

Mg(OH)2 and MgO. The details can be directly observed in the following deconvoluted spectra in 

Fig. 4.30.  
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Figure 4.28: The high-resolution C1s, O1s and N1s XPS depth profiles of degradation products 

formed in DMEM (a), DMEM + BSA (b) and DMEM + FBS (c) after 14 days of immersion 

The change of element contents over etching time in DMEM-based media are displayed in Fig. 

4.29. Obviously, the contents of P and Ca were considerably higher in DMEM + BSA / FBS than 

in DMEM, indicating that proteins can promote the formation of Ca-P salts. The at.% of Mg 

increased with increasing etching time for all the cases and was higher in DMEM than in DMEM 

+ BSA / FBS. The at.% of O in the degradation layer hardly changed with etching time in the 

range of 50-60%. The ratio of Ca/P obviously was lower in DMEM + BSA / FBS than in DMEM 

(~1), possibly caused by the existence of Mg-PO4. Due to the complex composition of degradation 

products and the amorphous states, it is hard to distinguish the exact products on the surface. 



4. Results 

69 

The at.% of N was less than 0.3 % after etching for all the samples, indicating the organic 

molecules mainly adsorbed on the top of the Mg surface in DMEM, which was similar as in 

HBSSCa. On the other hand, it also suggests that the content of C derives from the carbonate 

when etching is applied. Higher at % of C can be found in DMEM than in DMEM + BSA / FBS 

within 20 min of etching, demonstrating more carbonate in the top of degradation products in 

DMEM. 

 

 

Figure 4.29: The distribution of degradation products obtained by XPS at different depth in DMEM (a), 

DMEM + BSA (b) and DMEM + FBS (c) after 14 days of immersion. 

The region spectra of C1s, O1s, P2p and Mg2p at different depths for samples were analysed 

according to the NIST Standard Reference Database. Herein, typical example from the region 

spectra of O1s for samples immersed in DMEM, DMEM + BSA and DMEM + FBS are depicted 

in Fig. 4.30. The high-resolution O1s XPS spectra of the degradation products revealed three 

components at a lower binding energy (marked as ‘b’) and a middle binding energy (marked as 

‘a’) with a higher binding energy shoulder. The peak marked as ‘b’ can be interpreted as oxygen 

in the form of MgO and Mg(OH)2, which always overlaps in the range of 528.8-530.8 eV. The 

peak ‘a’ at 531.0-532.4 eV corresponds to phosphate containing PO4
3-, HPO3

2- and H2PO4
-, while 

the shoulder at higher binding energy (532.1-533.2 eV) can be attributed to carbonate. The 
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results revealed that O from phosphate decreased in the inner layer in DMEM, while it still 

dominated in DMEM + BSA / FBS. Correspondingly, the content of O from MgO and Mg(OH)2 

significantly increased to be the main peaks for the inner products in DMEM, and also gradually 

increased in DMEM +BSA /FBS. This agrees well with the results that Ca-P salts are formed in 

the top of Mg(OH)2 and carbonates in DMEM [79]. 

 

Figure 4.30: O1s XPS region spectra of samples immersed in DMEM, DMEM + BSA and DMEM + 

FBS for 14 days. 

Degradation layer analysis 

To analyse the variations of element distribution in degradation products, chemical element 

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

amount of Na, Cl and S were negligible for all samples. The distribution of elements in degradation 

layer formed in different media are provided in Fig. 4.31-33. Ca was not present in HBSS and 
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HBSS + BSA / Fib / BSA + Fib. As expected, O mainly distributed in degradation layer, while C 

existed mainly in the resin. The obvious differences came from the distributions of P and Ca. In 

HBSS and HBSS + BSA / Fib / BSA + Fib, the existence of P in degradation layer indicated the 

formation of Mg-PO4 during immersion. A Ca/P-rich layer could be observed for the degradation 

layer formed in HBSSCa-based and DMEM-based media, which is in agreement with the results 

obtained under static conditions. Furthermore, the addition of proteins generally resulted in the 

thickening of the Ca/P-rich outmost layer, which is in agreement with the XPS results. However, 

when BSA and Fib were simultaneously present in DMEM, the formation of Ca-P salts in 

degradation layer was largely inhibited. 

 

Figure 4.31: Element mapping of degradation layer formed in HBSS with and without proteins after 

different immersion time. 

The thicknesses of degradation layers are displayed in Fig. 4.34. As a general trend, the 

thickness increased with immersion time except in HBSS + BSA. Additionaly, the degradation 

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

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

media resulted in thinner degradation layers except in DMEM + BSA + Fib. 
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Figure 4.32: Element mapping of degradation layer formed in HBSSCa with and without proteins after 

different immersion time. 
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Figure 4.33: Element mapping of degradation layer formed in DMEM with and without proteins after 

different immersion time. 

 
Figure 4.34: Thickness of degradation layer formed in HBSS-based (a), HBSSCa-based (b) and 

DMEM-based (c) media after different immersion time. (The solid line indicates significant difference, 

One-way ANOVA, Dunn’s test, Significance level: (*): p < 0.05, (**): p < 0.01) 
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The weight percentages of Ca and P in the degradation layer were calculated according to the 

chemical mapping results. As depicted in Fig. 4.35, the wt.% of Ca and P increased with 

immersion time irrespective of media composition due to the fresh media provided at intervals 

and the progression of Mg degradation. Generally, higher contents of Ca and P existed in 

degradation layer formed in DMEM and HBSSCa than in HBSS, which resulted from the higher 

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

evidently promoted the increase of the wt.% of Ca and P in degradation layer. The presence of 

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

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

higher than that in HBSSCa + BSA. However, in DMEM-based media, it showed an adverse 

result that the content of Ca and P was much lower in degradation layer formed in DMEM + BSA 

+ Fib than in DMEM + BSA and DMEM + Fib. 

 

Figure 4.35: Weight percentages of Ca and P in degradation layer formed in HBSS-based (a), 

HBSSCa-based (b) and DMEM-based (c) media after different immersion time. The solid line indicates 

significant difference for P/Ca content, One-way ANOVA, Dunn’s test, Significance level: (*): p < 0.05, 

(**): p < 0.01. No significant difference of Ca content between HBSSCa and HBSSCa + BSA after 7 

days of immersion, and between DMEM and DMEM + BSA + Fib after 3 and 7 days of immersion.  
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Furthermore, the thickness of Ca/P-rich layer in the top of degradation layer formed in HBSSCa-

based and DMEM-based media were estimated as shown in Fig. 4.36. Generally, the thickness 

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

of BSA and Fib resulted in a comparable thickness of the Ca/P-rich layer to that formed in 

HBSSCa + BSA or Fib, while in DMEM the thickness of this Ca/P-rich layer significantly 

decreased when both BSA and Fib were present compared with that in DMEM + BSA or Fib. 

 
Figure 4.36: Thickness of Ca/P-rich outmost layer formed in HBSSCa-based and DMEM-based media. 

The solid line indicates significant difference, One-way ANOVA, Dunn’s test, Significance level: (*): p 

< 0.05, (**): p < 0.01. 

4.2.3. Protein adsorption 

Adsorption of fluorescent proteins during immersion 

The adsorption of fluorescent BSA and Fib on Mg surfaces during immersion are shown in Fig. 

4.37. The results revealed that both BSA and Fib successfully adsorbed on Mg surface in HBSS 

and DMEM, while almost no adsorption could be observed on tissue culture plastic (the controls). 

No autofluorescence was visible for Mg samples during the immersion (results not shown). The 

adsorption of BSA and Fib increased with immersion time in HBSS, while no difference was 

observed for protein adsorption in DMEM. After 24 h of immersion, BSA and Fib exhibited 

significantly stronger and more uniform adsorption on Mg surface in HBSS than in DMEM, and 

only some spots showed an obvious adsorption in DMEM. 

The cross sections of samples are presented in in Fig. 4.38. In HBSS, stronger and more uniform 

adsorption of proteins on the degradation layer was observed compared to DMEM. Moreover, 

proteins adsorbed mainly on the top of the degradation layer, and little on the inner products in 

DMEM, especially for BSA. 
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Figure 4.37: The adsorption of fluorescent BSA and Fib on pure Mg during immersion in HBSS and 

DMEM (exposure time during imaging: 1.5 s). Higher brightness of images indicates more adsorption 

of proteins on surface due to the same parameters used during imaging. 

 

Figure 4.38: Cross sections of samples after 2 days of immersion in media with fluorescent BSA or 

Fib. In HBSS with fluorescent BSA or Fib (left, exposure time during imaging: 0.5 s) and in DMEM 

with fluorescent BSA or Fib (right, exposure time during imaging: 1.5 s). White arrows refer to the 

outmost layer formed in DMEM. 
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Adsorption of fluorescent proteins after immersion 

To simplify the analysis of protein adsorption during Mg immersion, the process was separated 

into two steps (immersion and adsorption) to check the effect of surface conditions on protein 

adsorption. Firstly, the effect of immersion solutions and adsorption solutions on protein 

adsorption on corroded Mg surface was performed. As shown in Fig. 4.39, the Mg surface formed 

in HBSS exhibited more adsorption for BSA and Fib than that formed in DMEM irrespective of 

adsorption solutions used. Three kinds of adsorption solutions (water, HBSS and DMEM) resulted 

in a slight difference for the adsorption of protein on Mg surfaces formed in the same immersion 

solution. This difference could be caused by the change of surface during adsorption process.  

 
Figure 4.39: The adsorption of fluorescent BSA or Fib on the corroded Mg surface after immersion in 

different solutions for 1 day (exposure time during imaging: 1.5 s). 

To identify which components are mainly responsible for the difference of corroded Mg surfaces 

formed in HBSS and DMEM, different immersion solutions were prepared for protein adsorption 

after immersion according to the media composition. As shown in Fig. 4.40, the addition of MgSO4, 

NaHCO3 or L-alanyl-L-glutamine (L-Ala-L-Gln) alone to immersion media (HBSS) resulted in 

changes of the surface, for example the formation of needle-like precipitates, but no attenuated 

adsorption of BSA and Fib was observed. However, when CaCl2 was present, the adsorption of 

BSA and Fib on the corroded Mg surface was largely reduced. When MgSO4, NaHCO3 or organic 

components (L-Ala-L-Gln or glucose) were added to the immersion media in the presence of 

CaCl2, the adsorption of BSA and Fib was still restrained. As expected, when the composition of 

immersion solution is approaching that of DMEM (Fig. 4.39), the adsorption of proteins on the 
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corroded Mg surface was reduced. Moreover, the effect of adsorption solution on protein 

adsorption was also examined by using the same immersion solution (HBSS) but different 

adsorption solutions. The results showed similar adsorption (Fig. 4.41), which further highlighted 

the importance of Mg surface formed in different media upon protein adsorption. 

 
Figure 4.40: Fluorescent micrographs of pure Mg after immersion in different solutions for 1 day, then 

stained in water with 15 µg/mL fluorescent BSA or Fib for 1 h in incubator (exposure time during 

imaging: 1.5 s). The concentration used was 0.81 mM for MgSO4, 1.80 mM for CaCl2, 39.88 mM for 

NaHCO3, 4 mM for L-alanyl-L-glutamine (L-Ala-L-Gln) and 19.44 mM for glucose. The results for 

DMEM can be found in Fig. 4.39.  
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Figure 4.41: Fluorescent micrographs of pure Mg after immersed in HBSS for 1 day, then stained in 

different adsorption solutions with 15 µg/mL fluorescent BSA or Fib for 1 h in incubator (exposure time 

during imaging: 1.5s). The concentration used was 0.81 mM for MgSO4, 1.80 mM for CaCl2, 39.88 

mM for NaHCO3, 4 mM for L-alanyl-L-glutamine (L-Ala-L-Gln) and 19.44 mM for glucose. 

Adsorption of proteins on possible degradation products 

The possible degradation products formed in HBSS and DMEM were synthesized and 

characterized in an attempt to examine the effect of surface chemistry on protein adsorption. As 

shown in Fig. 4.42, the synthesized CaCO3, Ca-PO4 and Mg-PO4 are calcite (PDF 01-083-1762), 

apatite (PDF 01-070-0793, PDF 01-088-2169), and Mg3(PO4)2 xH2O (PDF 01-073-6719, PDF 00-
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035-0329), respectively. The size of these four artificial products was in the range of 0.8-1.6 µm 

(Fig. 4.43 b). 

 

Figure 4.42: XRD patterns for different products prepared by precipitating method 

The adsorption of fluorescent BSA and Fib on these four different products are displayed in Fig. 

4.43. It showed that BSA and Fib had higher adsorption intensity on MgCO3 and Mg-PO4 

compared to CaCO3 and Ca-PO4. The quantitative adsorption is depicted in Fig. 4.43b, which 

confirmed the results exhibited in Fig. 4.43 a. Generally, Fib showed a higher adsorption on the 

products than BSA, except on CaCO3. 

  

Figure 4.43: (a) Fluorescent BSA and Fib adsorption (15 µg/mL in water) on different degradation 

products in 12-well plates, (b) The adsorbed amount of BSA and Fib on different products and the 

size of the salts. 

4.2.4. Factors for protein adsorption 

pH and Osmolality 
pH and osmolality during Mg immersion in protein-containing media are depicted in Fig. 4.44. pH 

in HBSS + protein rapidly increased to around 9.0 after 6 hours of immersion, while it remained 

stable at about 8.0 after 1 h of immersion in DMEM with protein. This was caused by the faster 
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degradation of Mg in HBSS and the higher buffering capacity of DMEM. The higher pH of DMEM 

(~ 7.7) than HBSS (~ 7.1) in the controls resulted from the higher concentration of HCO3
- in DMEM. 

Similarly, osmolality of media also increased with the immersion time. Faster increase of 

osmolality was visible for HBSS + proteins compared to DMEM + protein. However, it still showed 

lower values in HBSS with protein compared with DMEM + protein during 24 h of immersion 

 

Figure 4.44: pH and osmolality of media during immersion in HBSS and DMEM with 15 µg/mL BSA 

or Fib. 

Degradation rate 

The degradation rates of pure Mg in HBSS and DMEM with and without proteins are presented 

in Fig. 4.45. Proteins resulted in a significant decrease of the degradation rate from 4.46 mm/year 

in HBSS to 1.09 mm/year (BSA) and 1.23 mm/year (Fib). In DMEM, the degradation rates were 

generally lower and only the addition of Fib led to a significant decrease compared with the control. 

The large protein-induced decrease of degradation rate in HBSS might be related to the higher 

adsorption of proteins on Mg surface during immersion. 
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Figure 4.45: Degradation rate of pure Mg after immersion for 24 hours in HBSS and DMEM in the 

absence or presence of 15 µg/mL BSA or 15 µg/mL Fib. (One-way ANOVA, Dunn’s test, Significance 

level: (*): p < 0.05, (**): p < 0.01) 

 

Figure 4.46: Degradation rate of Mg in different media after 24 h of immersion under cell culture 

conditions. The concentration used was 0.81 mM for MgSO4, 1.80 mM for CaCl2, 39.88 mM for 

NaHCO3, 4 mM for L-alanyl-L-glutamine (L-Ala-L-Gln) and 19.44 mM for glucose. (One-way ANOVA, 

Dunn’s test, Significance level: (*): p < 0.05, (**): p < 0.01) 

The degradation rates of Mg after 24 h of immersion in different media are presented in Fig. 4.46. 

As expected, Mg degraded faster in HBSS than in DMEM. The addition of MgSO4 alone showed 

little effect on Mg degradation, while the degradation rate significantly increased when NaHCO3 

was added alone or together with MgSO4. More importantly, the degradation of Mg evidently 

decreased when CaCl2 was present in media irrespective of other components. The further 

addition of L-Ala-L-Gln (medium G10) increased the degradation rate of Mg compared to medium 

G8. By comparing the degradation rate in medium G8 with that in DMEM (medium G13), it can 

be concluded that small organic molecules in DMEM promoted the degradation of Mg, which is 

in agreement with the previous results [71, 178]. The degradation rate correlated well with the 
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protein adsorption on corroded Mg surface, that is, faster degradation led to higher protein 

adsorption on the corroded Mg surface.  

Surface wettability 

To determine the hydrophobicity of the corroded Mg surface immersed in different media, contact 

angle measurements were performed after 24 h of immersion in HBSS and DMEM. It showed 

that the contact angle of bare Mg was 32.7 ± 3.5˚, while smaller contact angles were observed 

after 24 h of immersion in HBSS (not detectable) and DMEM (24.8 ± 4.8˚), indicating the 

increased hydrophilicity of Mg surface after immersion, especially in HBSS. However, after BSA 

/ Fib adsorption for 1 h, the contact angles increased to 60.9 ± 2.1˚ / 27.6 ± 4.6˚ (HBSS) and 77.0 

± 3.3˚ / 44.1 ± 10.1˚ (DMEM). The different degree of contact angles from BSA and Fib might be 

related to the protein conformation on Mg surface. 

Surface roughness 

To follow the changes of surface conditions during immersion, surface roughness and protein 

adsorption after immersion in HBSS and DMEM were characterized as shown in Fig. 4.47. In 

HBSS, the surface showed little change after 1 h of exposure, and a rather thin and intact 

degradation layer was formed. After 6 h of immersion, precipitates formed, two different layers 

were visible from the cross section of the degradation layer and surface roughness (Ra / Rq) 

increased by a factor of about 2.5. After 24 h, the previously observed zonation of the degradation 

layer had developed to one loose degradation layer. Surface roughness changed from nanometer 

to micrometer scale. Simultaneously, the adsorption of BSA and Fib also obviously increased 

with immersion time. In contrast, the surface morphologies formed in DMEM exhibited little 

difference in the course of 24 h of immersion, as well as the surface roughness (Ra: 200 - 400 

nm). The degradation layer seemed to remain robust and intact during 24 h of immersion, 

especially for the outermost layer (as marked by red arrows in Fig. 4.47). Accordingly, BSA and 

Fib showed weak adsorption on Mg surface within 24 h of immersion in DMEM except some 

spots. 
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Figure 4.47: Surface morphology, roughness and indirect protein adsorption in HBSS and DMEM after 

different immersion time. Adsorption solution is water with 15 µg/mL fluorescent BSA or Fib, exposure 

time: 1.5 s. The red arrows in the SEM pictures of cross section refer to the intact outmost layer formed 

in DMEM. 
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Zeta potential 

The zeta potentials of different products were analysed to illustrate the electrostatic interaction 

between proteins and products. As shown in Fig. 4.48, CaCO3 showed the most negative 

potential in water (-26 mV), whereas the most positive potential was determined for MgCO3 (~10 

mV). This indicated an electrostatic attraction between proteins and MgCO3, but an electrostatic 

repulsion between proteins and CaCO3, due to the negative charge of BSA and Fib at pH > 6 

[140, 143, 191]. Moreover, zeta potentials of Ca-PO4 (~3 mV) and Mg-PO4 (~ -3 mV) were close 

to zero. In 1 mg/mL Fib solution, all products showed negative potentials (-15 ~ -20 mV), 

indicating the change of surface charge caused by protein adsorption on their surfaces. 

 

Figure 4.48: Zeta potentials of different degradation products in different solutions (water, 1 mg/mL 

Fib in water) 
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5. Discussion 

5.1. Mg degradation 

In general, when Mg is immersed into aqueous solution, it dissolves into solution as Mg2+ and 

hydrogen is evolved according to the following reactions (eq. 5.1). 

Mg + 2H2O � Mg2+ + 2OH- + H2 �      (5.1) 

Along with the dissolution of Mg, the pH of solution and the concentration of Mg2+ near the 

surface increase, resulting in the formation of degradation products on the surface. The critical 

Mg2+ concentrations for different products in HBSS, HBSSCa and DMEM have been 

calculated according to the products solubility (Section 3.7.), as shown in Fig. 5.1.  

 

Figure 5.1: The critical Mg2+ / Ca2+ concentrations for the different products in HBSS, HBSSCa and 

DMEM with the increase of pH. 

Due to the high pH (especially in HBSS) and high Mg2+ concentration close to Mg surface 

caused by the dissolution of Mg, according to the compositions of medium, several 

components as degradation products can be formed on the surface: Mg(OH)2, MgCO3, 

Mg3(PO4)2, CaCO3 and Ca-P salts [73, 77, 111].  
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Mg2+ + 2 OH- � Mg(OH)2        (5.2) 

Mg2+ + CO3
2- � MgCO3         (5.3) 

3 Mg2+ + 2 PO4
3- + 8 H2O � Mg3(PO4)2�8H2O    (5.4) 

Ca2+ + CO3
2- � CaCO3           (5.5) 

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

2- � MgxCay(PO4)z(CO3)n     (5.6) 

Due to the absence of Ca2+, Mg3(PO4)2, Mg(OH)2 and MgCO3 are the main products formed 

in HBSS. According to the thermodynamical solubility calculations (as shown in Fig. 5.1), 

CaCO3 and Ca-P salts can be formed in HBSSCa and DMEM before the formation of MgCO3 

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

formed in the top of degradation layer.  

The continuous degradation of Mg leads to the increase of Mg2+ concentration and pH in media, 

eventually resulting in the saturation of Mg2+ for different salts (nesquehonite and 

hydromagnesite etc.). Therefore, some precipitates also deposit on the surface from the 

solution to form the “outer” white, loosely bound precipitates layer. In our study, two different 

precipitates are dominantly formed on the surface, i.e. hydromagnesite (Mg5(CO3)4(OH)2 4H2O) 

and nesquehonite (MgCO3 3H2O), as shown in Fig. 4.5. Nesquehonite can be formed in three 

ways: (I) directly precipitated from solution (eq. 5.7), (II) hydrated from magnesite (eq. 5.8) or 

(III) transformed from hydromagnesite when the CO2 pressure becomes sufficiently high (eq. 

5.9) [188, 195].  

Mg2+ + CO3
2- + 3H2O � MgCO3�3H2O      (5.7) 

MgCO3 + 3 H2O � MgCO3�3H2O       (5.8) 

Mg5(CO3)4(OH)2�4H2O + CO2 + 10 H2O � 5 MgCO3�3H2O   (5.9) 

Similarly, a number of possible formation pathways have been reported for hydromagnesite, 

for example, direct precipitation from solution (eq. 5.10). At high CO2 pressure (about 10-5-10-

1 atm), magnesite can be hydrated to hydromagnesite along with the increase of water vapour 

pressure (eq. 5.11) [188]. At high water vapour pressure (about 10-2.8 ~ 10-1.5 atm), with the 

increase of CO2 pressure, magnesium hydroxide can be converted into hydromagnesite (eq. 

5.12) [188]. It can also be formed by dehydration of nesquehonite (eq. 5.13) [188]. 
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5 Mg2+ + 5 OH- + 4 CO3
2- + 4 H2O → Mg5(CO3)4(OH)2·4H2O          (5.10) 

5 MgCO3 + 5H2O → Mg5(CO3)4(OH)2·4H2O + CO2                        (5.11) 

5 Mg(OH)2 + 4 CO2 → Mg5(CO3)4(OH)2·4H2O                                (5.12) 

5 MgCO3·3H2O → Mg5(CO3)4(OH)2·4H2O + CO2 + 10 H2O        (5.13) 

Based on the conditions used in this study, the precipitates are possibly formed as the 

equations (5.7, 5.8, 5.10, 5.11, 5.13) indicated. Additionally, the type of the “outer” loosely 

bound precipitates (nesquehonite or hydromageniste) may affect the thickness of degradation 

layer. When nesqueshonite deposits on the surface, the degradation layer is significantly 

thinner than that formed by hydromagnesite precipitates (Fig. 4.2 c).  

Organic molecules do not directly participate in the formation of degradation products, but 

affect the equilibriums of product formation. According to the results obtained, the obvious 

effects of organic molecules on the ‘outer’ crystalline precipitates and Ca/P-rich layer can be 

found, which are related to the binding/chelating and/or the adsorption of organic molecules 

and the interaction between organic molecules, which will be discussed in the following. 

5.2. Effect of organic molecules on Ca/P-rich layer 

Two situations for the degradation layer can be found in this study: i) the P-rich layer is close 

to the Mg matrix, covered by crystalline precipitates, which normally refers to the breakage of 

degradation layer and high degradation rate (> 1 mm/year), ii) the Ca/P-rich products distribute 

in the top of degradation layer, which are usually formed in the presence of Ca2+ in media 

without the breakage of the top Ca/P-rich layer, generally corresponding to a lower 

degradation rate (< 1 mm/year). 

Although the degradation rate of Mg determines the degradation layer formed on Mg surface, 

in turn the layer regulates the diffusion processes during Mg degradation and promotes the 

passivation of Mg. Therefore, whether the top of degradation layer is broken or not can largely 

affect the degradation rate of Mg. As shown in Fig. 5.2, it is not surprising that the breakage 

of the degradation layer corresponds to higher degradation rate of Mg, while the intact layer 

refers to slower degradation of Mg in media, revealing the importance of the integrity of 

degradation layer to Mg degradation. In turn, faster degradation of Mg leads to thicker 

degradation layers, which results in the breakage of the layer due to the increasing internal 

pressure in the degradation layer and the fast hydrogen evolution. 
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Figure 5.2: Degradation rate of pure Mg in different media with a broken or unbroken top 

degradation layer.( One-way ANOVA, Dunn’s test, Significance level: (*): p<0.05, (**): p<0.01) 

In the case of the broken top degradation layer, the addition of organic molecules (e.g. small 

organic molecules or proteins in HBSS) generally leads to a high content of phosphorous in 

the degradation products (Fig. 4.8), suggesting that organic molecules promote the formation 

of phosphates in the “inner” degradation layer, which may inhibit the degradation of Mg. It was 

reported that some amino-functionalized materials were chosen as phosphate adsorbents to 

remove phosphate from aqueous solutions by electrostatic attraction and the adsorption 

capacity was almost unaffected by the presence of competitive ions but changed with pH and 

temperature [196-200]. Moreover, it has been found that the absorbed amino acids on 

surfaces can promote hydroxyapatite mineralization by attracting Ca2+ and PO4
3- and 

increasing the local supersaturation [201]. These are possible explanations for the increased 

content of phosphate in the “inner” degradation layer formed in media containing organics.  

When Ca2+ is present, the Ca-P salts will be firstly formed in the top of Mg surface as shown 

in Fig. 5.1, leading to an in vivo-like degradation layer. It is in agreement with the reported 

results that outer Ca/P-rich layer is always formed separately from the inner degradation layer 

(Mg(OH)2, (Mg,Ca)-CO3) [79, 80, 94, 202]. In most cases, no crystalline precipitates are 

formed on the surface due to the slow degradation. Furthermore, this top Ca/P-rich layer is 

believed to significantly slow down the degradation rate of Mg [80]. As indicated in Fig. 5.3, 

the relationship between the degradation rate and the content of Ca + P / the thickness of top 

Ca-P rich layer are presented, respectively. In general, the higher content of Ca-P and the 

thicker Ca/P-rich layer correspond to lower degradation rate, which is in accordance with the 

reported results [80]. This could be the reason for the lower degradation rate in HBSSCa 

compared to HBSS under static conditions. 
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Figure 5.3: Relationship between degradation rate and the top Ca/P-rich layer formed in media 

during immersion. (Red dash arrow refers to the general change of degradation rate as the content 

of wt.% Ca+P or the thickness of Ca/P-rich layer increases)  

Under static conditions, some Ca-P particles are formed on the positions where localised 

dissolution of the top layer happens in HBSSCa-based media (Fig. 4.13), which is caused by 

the locally increased pH at these sites and the sufficient amount of Ca2+ and PO4
3- in solution. 

However, the average wt.% of P and Ca decrease in HBSSCa-based media and DMEM with 

immersion time except wt.% of Ca in HBSSCa + FBS (Table 4.1), indicating the instability of 

Ca-P products on Mg surface. Correspondingly, the degradation rate of Mg in HBSSCa 

increases after 21 days of immersion (data not shown), which further highlights the relationship 

between the top Ca/P-rich layer and Mg degradation. In contrast, the wt.% of Ca and P in the 

top of Ca/P layer increased over time under semi-static conditions. This difference can be 

ascribed to the different conditions during immersion, such as total ions concentration, media 

change and pH. 

As reflected in Fig. 4.15 and 4.31, proteins (BSA or FBS) stabilize the degradation layer and 

prolong the protection duration irrespective of static or semi-static conditions, accompanying 

by relatively slow degradation rate. Furthermore, the addition of proteins, especially FBS, to 

HBSSCa or DMEM increases the contents of Ca and P in the top layer regardless of conditions 

used, which is verified by EDX (Figs. 4.18 and 4.35 ) and XPS results (Fig. 4.29). This could 

be one reason for the protein-induced decrease of degradation rate under physiological 

conditions. The promoted formation of Ca-P salts in immersion media may be related to the 

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

extracellular matrix (ECM), which determines the ultimate structure and orientation of 

hydroxyapatite (HA). A set of negatively charged phosphorylated non-collagenous proteins 

can attract Ca2+ and PO4
3- ions through their charged amino acid (AA) residues and increase 

the local supersaturation to form the nuclei with a critical size, which can develop into HA 
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crystals [201, 203, 204]. Therefore, the electrostatic interaction between adsorbed proteins 

and Ca2+/PO4
3- could be the reason for the promoted Ca-P salt formation on Mg surface, 

indicating the importance of the interaction between Ca2+, PO4
3+ ions and adsorbed proteins 

for HA precipitation. Additionally, the existence of Ca2+ and PO4
3- in FBS can also promote the 

formation of phosphate in the degradation layer. However, other adverse results were reported 

that FBS led to a low content of P and Ca in the degradation products on Mg surfaces [74, 

154]. This discrepancy possibly derives from the different testing environments and detection 

parameters used, such as protein concentration and detection depth. 

5.3. Effect of organic molecules on crystalline precipitates 

In this study, crystalline precipitates are formed at relatively high degradation rate (> 1 

mm/year under semi-static conditions) or after relatively long-time immersion (under static 

conditions due to the accumulation of Mg2+). Hydromagensite is only found in HBSS or HBSS 

with single small organic component, while the addition of two or more kinds of small organic 

components and the addition of proteins to HBSS leads to the formation of nesquehonite. It is 

obvious that the precipitates are formed faster under semi-static conditions (3 day) than under 

static conditions (14 day). This is due to the low medium volume used under semi-static 

conditions, leading to a higher osmolality during the initial days of immersion than under static 

conditions. It can also be verified by the variation trends of pH and osmolality during immersion 

(Figs. 4.10 and 4.20).  

The formation of different precipitates results from pH, free Mg2+ concentration and possible 

influence of organic molecules on the nucleation and/or growth of products. The changes in 

pH do not only depend on the buffering of HCO3
-/CO2. The addition of small organic 

components, especially when at least two kinds of small organic components are added, 

results in a lower pH than in HBSS during the immersion. This may be related to the buffering 

capacity of the carboxyl-groups and amino-groups of organic molecules, since the pH values 

are still lower than that of HBSS even after 14 days of incubation when the degradation rates 

of Mg in the organic-containing media are already higher than that of the control (Fig. 4.1). 

However, in all the cases with precipitates formation, pH is in the range of 8.0-8.5, suggesting 

little effect of pH on the priority of products formation (hydromagnesite and nesquehonite), as 

indicated by the thermodynamic calculation (Fig. 5.1).  

On the other hand, Mg2+ concentration in the solution can be reflected by the osmolality of 

media. The obvious feature for the media containing organic components is the higher 

osmolality compared to that in HBSS solution under semi-static conditions (Fig. 4.2 b and 

4.20). It can be explained by the binding/chelating effect of ions to organic molecules [72, 205-
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207]. When organic molecules are present in media, a part of Mg2+ is bound to them as shown 

in eq. 5.14. 

C (total Mg2+) = C (bound Mg2+) + C (free Mg2+)        (5.14) 

In blood plasma, approximately 45% of Mg2+ is complexed by albumin [140]. Mg2+ competes 

with Ca2+ for the binding sites in serum albumin, but with a lower binding affinity (Ka(Ca2+) = 

1.5×103 M-1, Ka(Mg2+) = 1×102 M-1) [140, 208]. At least three binding sites of albumin for 

Ca2+/Mg2+ have been identified and they possess variable affinity and binding capacity [140, 

209]. Moreover, the binding of Ca2+/Mg2+ to albumin is getting much higher with increasing ion 

concentration and increasing pH above the physiological level due to the increased net 

negative charge of protein and conformation change [171, 209-211]. Therefore, the binding of 

Mg2+ to organic molecules affect the free Mg2+ concentration in media, thereby possibly 

leading to the formation of different crystalline precipitates.  

Additionally, as shown in Fig. 5.1, in view of thermodynamics, hydromagnesite should be 

formed prior to nesquehonite with increasing free Mg2+ concentration in the range of pH 8-9. 

However, under semi-static conditions only nesquehonite is observed in two kinds of organic 

molecules and protein-containing media. Moreover, under static conditions, in HBSS + BSA, 

only crystalline nesquehonite is formed with the increase of osmolality at a relatively stable 

pH. The possible explanation is that the presence of organic molecules may also affect the 

nucleation of products or the kinetics of products formation process [201].  

Under semi-static conditions, the media are changed every 2 or 3 days, which results in fresh 

media with low osmolality and low pH after the change of media. This condition leads to the 

dissolution or transformation of nesquehonite, resulting in the change of morphology with 

immersion time (Fig. 4.5), because the solubility and stability of nesquehonite is related to the 

concentration of Mg2+ and pH [212, 213]. It has also been demonstrated that nesquehonite, 

as the precursor of hydromagnesite, can decompose to hydromagnesite with the formation of 

some intermediate hydrate phases, such as, dypingite and protohydromagnesite [195, 214], 

which were also identified on Mg surface in HBSS under flow conditions (data not shown). 

The transformation between these carbonates is tightly related to the fluctuation of some 

parameters, e.g. pH� Mg2+ concentration, temperature, etc. [215]. The processes of 

precipitation are quite complex, since the family of magnesium carbonates consists of a variety 

of compounds and they can be transformed into each other under certain conditions [214, 216, 

217]. Therefore, a slight change of parameters in the immersion experiment setups in other 

studies might lead to the formation of other members of this family. 
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5.4. Ion binding of proteins 

Besides the decreased free Mg2+ concentration due to the binding/chelating of Mg2+ to organic 

molecules, the binding/chelating is also believed to promote the dissolution of Mg due to the 

equilibrium shift of Mg dissolution reaction (eq. 1). However, organic molecules generally have 

binding effect for lots of species, such as Ca2+, Zn2+ or Fe3+. As revealed in Fig. 4.19, the 

addition of Ca2+ to HBSS largely enhances the corrosion inhibition of proteins to Mg 

degradation under semi-static conditions, suggesting the synergistic effect of proteins and 

Ca2+, especially for Fib and FBS. This may be related to the high affinity of proteins to Ca2+ 

[208, 210]. Ca2+ is required as a catalyst during the course of polymerization conversion 

process from fibrinogen to fibrin, while it also protects the Fib molecules against thermal 

denaturation due to the stabilization of a more compact structure [218]. Furthermore, the 

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

electrostatic interaction between proteins and degradation products. For example, the zeta 

potential of hydroxyapatite increases as Ca2+ concentration increases [168]. Additionally, the 

presence of Ca2+ results in the different compositions of degradation products and different 

surface charge, thereby affecting protein adsorption on Mg surface (Fig. 4.40). 

Besides Mg2+ and Ca2+, impurities, e.g. Fe3+, dissolved from Mg matrix, can also be bound to 

organic molecules. Transferrin (~80 kDa, pI: ~5.2-6.4), existing in FBS, is an iron-binding blood 

plasma glycoprotein with two specific high-affinity sites for reversible Fe ion binding [219-221]. 

The binding of Fe ions to transferrin can decrease Mg degradation due to the limitation of the 

Fe re-deposition on Mg surface. The Fe re-deposition is largely promote Mg degradation and 

has been modelled as a corrosion mechanism [173]. The inhibition efficiency of iron-

complexing agents has been analysed for in vitro degradation of Mg alloys and strong Fe ion 

complexing agents can efficiently decrease the corrosion rate of Mg [174]. Similar cases can 

also be applicable to other impurity ions, e.g. Ni2+, Cu2+ etc.. The different structure and 

conformation result in different binding affinity of proteins to kinds of ions. Therefore, the 

binding/chelating ability of proteins to different ions (Mg2+, Fe3+, etc.) can contribute to the 

different influence of proteins on Mg degradation by affecting the stability of degradation layer 

and the galvanic corrosion between Mg matrix and impurities. 

5.5. Adsorption of organic molecules  

Besides the effect of binding/chelating of organic molecules, adsorption of organic molecules 

may not only promote the formation of Ca/P-rich layer, but also affect the properties of 

degradation layer, e.g. compactness [74]. 
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5.5.1. Small organic molecules 

To verify the participation of small organic molecules in the process of Mg degradation, the 

concentration of L-Gln in medium was determined with immersion time. pH can largely affect 

the stability of L-Gln, thereby leading to the decrease of L-Gln concentration. Therefore, the 

concentrations of L-Gln at different pH were also determined as references. As revealed by 

Fig. 4.3, after 20 hours of immersion, the pH of media reaches a stable value at around 8.4. 

Whereas, at higher pH (9.5 or 12), the concentration of L-Gln still remains at about 1.5 mM. 

Therefore, the decrease of L-Gln concentration after 20 hours of immersion (Fig. 4.3b) 

indicates the participation of L-Gln in the degradation process by adsorption or other ways. L-

ascorbic acid (L-AA) and amino acids have already been evaluated as corrosion inhibitors for 

Mg alloys, Al alloys or steel due to their adsorption on material surfaces [131-133, 135]. These 

results are in agreement with the decrease of L-Gln concentration with immersion time (Fig. 

4.3).The adsorption of small organic molecules can also be verified by the XPS results in 

DMEM (Fig. 4.28). Moreover, the adsorption of organic molecules can affect the growth 

direction of crystals [222], thereby affecting the morphology of precipitates on the surface. This 

could be one possible reason for the change of the morphology of nesquehonite when FBS is 

present in media. 

5.5.2. Proteins 

Due to the wide availability and high abundance of proteins in living systems, these molecules 

deserve special attention, especially for their adsorption. The adsorption of proteins is 

dramatically affected by the surrounding environments, protein properties and surface 

properties [155]. It suggests that an in vivo-like surface is of outmost importance to predict the 

protein adsorption on Mg surface under in vivo conditions. In the present study, HBSS and 

DMEM were chose to present the typical in vitro medium and in vivo-like medium for protein 

adsorption, respectively. The adsorption of BSA and Fib on Mg surface during immersion was 

directly investigated by using fluorescent proteins. Both BSA and Fib showed a higher 

adsorption on Mg surface in HBSS than in DMEM during immersion, suggesting less 

adsorption of proteins on in vivo-like degradation surface. There are two kinds of possible 

reasons for the different adsorption of protein in HBSS and DMEM: (i) surrounding 

environment (pH, ionic strength, etc.), and (ii) surface properties (wettability, charges, etc.).  

Surrounding environment 

Firstly, the surrounding circumstances during immersion were considered and investigated. 

These, including temperature, pH and ionic strength, have a decisive influence on the 

adsorption behaviour of proteins. Since the temperature used in this thesis is 37 ˚C, it is 

reasonable to assume that the temperature during immersion has no contribution to the 
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different adsorption of proteins on Mg surface in different media. In general, maximum 

adsorption of BSA and Fib is observed near their isoelectric points (pI) (~4.8 for BSA, ~5.8 for 

Fib) [223-225], and high pH is favourable for the desorption of proteins [226]. Nevertheless, 

increasing ionic strength seems to enhance the adsorption of protein within a certain 

concentration range [223, 225], which possibly correlates with the ability to stabilize or 

destabilize the native conformation of proteins [155]. In this study, a higher pH and a lower 

osmolality in HBSS than in DMEM during the 24 h of immersion are determined, while the 

adsorption of proteins (BSA, Fib) shows little difference after 1 h of immersion in HBSS and 

DMEM, but stronger in HBSS than in DMEM after 6 h of immersion (Fig. 4.44). This indicates 

that the surrounding environments containing temperature, pH and ionic strength are not the 

dominant factors for the different adsorption of BSA and Fib on Mg surface during immersion 

in HBSS and DMEM. 

Surface properties 

Due to the little influence of surrounding environments, the surface properties seem to be more 

important for protein adsorption. However, it is nearly impossible to determine the surface 

properties during Mg immersion. Therefore, the corroded Mg surface are prepared by 

immersing Mg samples in different media without proteins for 24 h. Although higher 

degradation rate is obtained in the absence of proteins during immersion (Fig. 4.45), protein 

adsorption shows similar trend over time on Mg surface during immersion (Fig. 4.37) and after 

immersion (Fig. 4.47), indicating that the Mg surface after immersion is an appropriate model 

for studying the adsorption of protein on Mg surface during immersion. 

The little effect of adsorption solutions on protein adsorption on the corroded Mg surface (Fig. 

4.39 and Fig. 4.41) further verifies the limited influence of surrounding environments on protein 

adsorption. Concerning the possible differences of surface properties, important parameters 

including surface roughness, wettability and surface charge have been considered in this 

thesis, since the interactions between proteins and surface mainly result from 

hydrophobic/hydrophilic interaction, hydrogen bonding, and electrostatic interaction [155].  

Surface topography 

The increasing surface roughness in HBSS leads to a higher adsorption of BSA and Fib, while 

in DMEM, the adsorption of BSA and Fib remains weak accompanied by a low surface 

roughness during 24 h of immersion (Fig. 4.47). This is consistent with other studies, revealing 

that the adsorption of BSA and Fib on Ti surface increased as surface roughness increased, 

especially from nanometer to micrometer range, due to the increase of actual surface area 

[163]. Similar results were also shown for lysozyme on polyether sulfone (PES) surface [227] 
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and Fib on tantalum films [165]. Moreover, surface topography can also affect the 

conformation of adsorbed proteins, which is critical to the absorbed quantity, density and rate 

of protein. For instance, less fibrinogen adsorption on surfaces with a roughness of 11 nm 

compared to other surfaces was observed [228], and Fib loses secondary structure to a 

greater extent when adsorbing onto high curvature surfaces [145]. Protein adsorption shows 

large response to nano-topography (< 100 nm) [229], whereas here the surface roughness is 

larger than 200 nm or even reaches to micrometer scale after immersion. Although in this 

thesis it is hard to obtain the information about protein conformation due to the complex 

surface conditions, a general conclusion can be drawn that the increase of surface roughness 

results in larger surface area, thereby providing more adsorption sites for proteins. It indicates 

the increasing surface roughness in HBSS could be one of the reasons for the higher 

adsorption of proteins compared to in DMEM due to the larger actual surface area. 

Additionally, the compactness of the degradation layer also affects the amount of absorbed 

proteins on the corroded Mg surface. It is observed that a denser degradation layer is formed 

in DMEM compared to HBSS, especially for the outmost layer. As discussed above, the 

outmost Ca/P-rich layer formed in DMEM reduces the degradation rate of Mg. Hence, it would 

appear that the loose layer formed in HBSS enables proteins to adsorb in the whole 

degradation layer, while the adsorption of proteins mainly focuses on the top of degradation 

layer in DMEM as reflected by the XPS results (Fig. 4.38 and 4.29). 

Surface hydrophobicity 

The surface wettability is an important factor for protein adsorption on biomaterial surfaces. 

Generally, proteins tend to adsorb more effectively on hydrophobic surfaces, and the contact 

angle of 60˚ - 65˚ can be viewed as a criterion for distinguishing the hydrophobic force between 

proteins and surface [167, 230]. The immersion of Mg gives rather hydrophilic surfaces 

(contact angle < 30°) in both HBSS and DMEM, indicating similar hydrophobic/hydrophilic 

interaction between proteins and Mg surfaces formed in HBSS and DMEM. After protein 

adsorption, the increase of contact angles indicates that BSA and Fib predominantly expose 

the hydrophilic amino acid residues toward the corroded Mg surface. 

Surface chemistry and charge 

As shown in Figs. 4.15 and 4.16, the existence of Ca2+ in DMEM can lead to the formation of 

top Ca/P-rich layer, while they would not form on Mg surface in HBSS. Therefore, MgCO3 and 

Mg-PO4 can represent the surface chemistry formed in HBSS [178], while CaCO3 and Ca-PO4 

are the main products of the Ca/P-rich outmost layer in DMEM [73]. As simple model for 

surface chemistry formed in HBSS and DMEM, four possible degradation products (MgCO3, 
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CaCO3, Mg-PO4 and Ca-PO4) were prepared and examined in this thesis. Higher amount of 

BSA and Fib absorption on MgCO3 and Mg-PO4 compared to CaCO3 and Ca-PO4 (Fig. 4.43) 

is in agreement with the protein adsorption on the corroded Mg surface obtained in HBSS 

compared to that in DMEM. The different amount of absorbed proteins on these products 

could be mainly ascribed to the electrostatic interactions between proteins and degradation 

products. The charge-dominated adsorption for proteins has been reported for BSA on Al2O3 

surface [162] and Fib on TiO2 and hydroxyapatite [231]. The lower isoelectric points (pI) of 

BSA (~ 4.8) and Fib (~5.8) than medium pH (>7) [140, 143, 191], indicate the negative net 

charge of proteins during the adsorption process. Consequently, the positive zeta potential of 

products (MgCO3) indicates the electrostatic attraction between protein and products, while 

the negative zeta potential (CaCO3) suggests the electrostatic repulsion between protein and 

products. It is consistent with the largest amount of adsorbed proteins on MgCO3, but the 

lowest on CaCO3 (Fig. 4.43 b). The disagreement between zeta potential and the absorbed 

amount of protein for Ca-PO4 and Mg-PO4 could be ascribed to the different surface areas 

exposed to media, which relates to the particle size, density and molecular weight of the 

products. Moreover, the zeta potentials (~ -15 mV) are comparable for all degradation 

products in water containing 1 mg/mL Fib, which is caused by the adsorption of negatively 

charged Fib. Thus, the different electrostatic interaction between proteins and surface 

products could be another possible reason for the different adsorption of proteins on Mg 

surface in HBSS and DMEM. 

Further study was performed for the corroded Mg surface in HBSS with successive additions 

of different compounds according to the composition of DMEM (Fig. 4.40). The addition of 

CaCl2 largely decreased the degradation rate of Mg irrespective of other components, proteins 

correspondingly showed weak adsorption. The protein adsorption is in accordance with the 

degradation rate of Mg. Based on the above discussion, this can be caused by the formation 

of more compact degradation layer and the formation of Ca-containing products on Mg surface. 

They trigger the changes of surface properties including roughness and surface charge, 

thereby eliciting the weak adsorption of proteins on Mg surface after immersion in CaCl2-

containing media. 

5.6. Small molecules vs. macromolecules 

In this study, different organic molecules are used to investigate their effect on Mg degradation. 

According to the comparison, it shows that larger influence of proteins on degradation rate of 

Mg in HBSS than small organic molecules can be observed (Figs. 4.1 and 4.19), especially 

after 3 days of immersion. Furthermore, a big difference of degradation products can be 

observed for small organic molecules and macromolecules (proteins), especially for the 
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degradation precipitates (nesquehonite or hydromagnesite), indicating a stronger influence of 

macromolecules than small organic molecules on Mg degradation. This is also reflected by 

the large changes of osmolality in HBSS with protein during immersion (Figs. 4.2 and 4.20). 

Additionally, the formation of Ca/P-rich layer is more obvious in DMEM than in DMEM + 

proteins, indicating the stronger ability of proteins to promote the formation of Ca-P salts. The 

possible reasons for the larger influence of proteins on Mg degradation are their large 

molecule size and high concentration. 

  

Figure 5.4: Degradation rate (DR) of pure Mg in different media after 14 days of immersion under 

semi-static conditions. (Dash line marked area refers to the range of DR of pure Mg in vivo from 

literature [59, 71, 79]). 

In this thesis, Fib generally shows larger influence on Mg degradation than BSA (Fig. 5.4), 

which is related to the binding/chelating and adsorption ability. As found, more Fib adsorbs on 

the possible degradation products than BSA (Fig. 4.43b), indicating different affinity of proteins 

to the same surface [232]. Similar results have been reported on Ti surface [163]. A possible 

reason may be the different charge repulsion between BSA/Fib and the surface. The 

isoelectric point of BSA (~4.8 [140, 191]) is lower than Fib (~5.8 [143, 191]), indicating a more 

negative net charge of BSA than Fib at the same pH. Thus, the charge repulsion between 

BSA and negatively charged products is higher, leading to the lower BSA adsorption on the 

products. Another explanation for the different adsorbed amount of proteins may be the 

different physical properties of BSA and Fib. For example, the molecular size can affect 

adsorption of proteins due to the possibly different protein-surface interaction and adsorption 

sites [233]. Moreover, albumin has a substantial iron-binding capacity due to the high 

concentration in vivo, but weak binding affinity [234], while Fib has a function as acute phase 
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protein and is essential for iron regulation [235, 236]. Thus, as discussed above, the different 

binding ability between Fib and BSA to impurity ions possibly contributes to the different 

influence of Fib and BSA on Mg degradation. Additionally, the large influence of Fib on Mg 

degradation may be from its physicochemical properties. Fib decreases the fluidity of solution 

[192] and the surface tension [237, 238]. It has a low dilatational modulus at the air-water 

interface compared with other proteins, which suggests the formation of a surface network 

[238]. It can explain the observed phenomenon during immersion that bubbles are always 

limited to the Mg surface in media with the addition of Fib, indicating that Fib can hinder or 

suppress the mass transfer process in the media. This could be another reason for the 

different influence of Fib and BSA on Mg degradation. 

5.7. Single organic molecule vs. organic molecule mixture 

Due to the presence of a wide range of organic molecules in vivo, only one kind of organic 

molecules (eg. BSA) is not sufficient to represent the influence of organic molecules on Mg 

degradation. Therefore, the organic molecules mixtures are also presented in this thesis.  

The mixture of small organic components shows slightly larger influence on degradation of 

pure Mg than single small organic molecules (Fig. 4.1). It is also verified by the faster 

degradation of Mg in small organic molecule mixtures than single small organic molecules 

during 24 hours of immersion (G8, G10 and G13 in Fig. 4.46). Moreover, the mixture of small 

organic molecules results in the formation of different precipitates on Mg surface after 3 days 

of immersion, indicating a larger effect of the mixture of the organic components on the 

formation of crystalline precipitates than single organic components. 

In organic molecule mixtures, the organic molecules may interact with each other, which leads 

to contrary or similar results in different base media. One of typical examples is the faster 

degradation rate when both BSA and Fib are present in DMEM (Fig. 5.4). As reflected by 

SAXS results, the existence of the small organic molecules in DMEM reduces the aggregation 

of Fib and this aggregation is further decreased by the addition of BSA to HBSSCa or DMEM. 

It may be caused by the charge repulsion between the negative charged organic molecules, 

like BSA and Fib. Another already discovered fact caused by the interaction between Fib and 

serum proteins is that the effect of Fib in decreasing the fluidity of water is appreciably weaker 

in the presence of serum proteins than in purified solutions of Fib [192]. It might be related to 

the observed phenomena during immersion that bubbles are always limited to the Mg surface 

in media with the addition of Fib alone, but released from Mg surface in media + BSA +Fib. 

Additionally, the competitive adsorption between organic molecules has been widely reported, 

like the adsorption between Fib, albumin, and immunoglobulin (lgG) on surface (e.g. glass and 
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polyethylene) in diluted plasma [239, 240]. Also, the cooperative adsorption has been reported 

between different proteins [176]. Therefore, the effect of the organic molecule mixtures on Mg 

degradation is a result of the overlap of protein adsorption, binding/chelating effect and 

interactions between each other. 

Another typical example for the different influence of single organic molecules and organic 

mixtures is the slower degradation of Mg in media with FBS than in media with BSA. It is well 

known that FBS not only contains BSA, but also other proteins (e.g. immunoglobulins and 

transferrin), vitamins, amino acids and growth factors [241]. The different effect between FBS 

and BSA can also be found from the literature as show in Fig. 5.5a. It shows positive efficiency 

when FBS is added to testing medium, indicating a decrease of the degradation rate of Mg. 

However, except the coated Mg (PEO coating or Ca-P salts coating), negative efficiencies are 

found for the addition of BSA to testing media, suggesting the acceleration of Mg degradation. 

In this thesis, both BSA and FBS lead to positive inhibition efficiency except two group under 

semi-static conditions after relatively long-term immersion (Fig. 5.5b). Moreover, in most 

cases, FBS results in higher inhibition efficiency than BSA, indicating the roles of other organic 

molecules in FBS in Mg degradation. It can also be confirmed by the stronger buffering 

capacity of FBS to the formation of crystalline precipitate than BSA (Fig. 4.23). The different 

inhibition efficiency of BSA between the presented data and data from literature may be 

ascribed to the different protein concentration, test duration, medium composition and 

conditions used. 

 

Figure 5.5: Inhibition efficiency of BSA and FBS for pure Mg compiled from literature [74, 82, 95, 

151, 157, 158] (a), and inhibition efficiency of BSA and FBS for pure Mg in this thesis (b). The 

corrosion inhibition efficiency (�) of proteins for Mg degradation was calculated as the equation: � 

= (DRnp - DRp) / DRnp × 100% = (inp - ip) / ip × 100% = (Rp - Rnp) / Rp × 100%, where DRp and DRnp, 

ip and inp, Rp and Rnp are degradation rate, corrosion current density, polarization resistance of Mg 

in medium with and without proteins, respectively. 
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Degradation rates obtained in HBSS irrespective of organic molecules are much higher than 

those observed in vivo [59, 71, 79] (Fig. 5.4), indicating that HBSS is not an appropriate 

simulated physiological fluid, as indicated by the formation of precipitates which are not found 

in vivo. Ca2+ is highly important for Mg degradation due to the formation of Ca-containing 

products. Both single protein and the mixtures of protein largely reduced the degradation rate 

of Mg in HBSSCa, leading to comparable degradation rate to in vivo. Moreover, in vivo-like 

degradation layer, outmost Ca/P-rich layer with inner Mg(OH)2 and (Mg,Ca)-CO3 layer, 

indicates a similar degradation mechanism as occurring in vivo. As indicated by Fig. 4.46, the 

mixture of small organic molecules in DMEM promotes the dissolution of Mg. Moreover, they 

also affect the performance of proteins (eg. Fib) in DMEM. Although the inclusion of more 

organic molecules presents more complex situation for Mg degradation, the degradation rate 

and degradation layer formed in these media reveal more physiological conditions, especially 

when FBS is present. 

5.8. Effect of immersion conditions on Mg degradation 

Effect of medium volume 

Normally, a high ratio of medium volume to sample is proposed to avoid the excessive 

alkalinisation of the medium during immersion, and it has been shown to promote the 

degradation of Mg due to the acceleration of diffusion processes [55]. However, a medium-

dependent effect of the ratio of medium volume to sample on Mg degradation can be observed. 

As revealed by SEM morphologies in Fig. 5.6, the degradation rates of Mg are related to the 

integrity of degradation layer during immersion, which is in accordance with the previous 

discussion. In HBSS and DMEM-based media, high medium-sample ratio results in fast 

degradation, which is in agreement with the literature [55, 94]. However, the existence of Ca2+ 

obviously leads to lower degradation rate at high ratio of medium volume to sample, 

suggesting the importance of Ca2+ to the integrity of degradation layer on Mg surface. The fast 

degradation of Mg in HBSSCa-media at low medium-sample ratio may be caused by the low 

amount of Ca2+ due to the low media volume used. Herein, the result highlights the importance 

of medium composition when the effect of medium to sample ratio on Mg degradation is 

considered. It should be noted that, from simple salt solution (HBSS) to complex medium 

(DMEM), the difference between degradation rates caused by the medium volume largely 

reduces, which results from the relatively stable degradation layer in more physiological 

medium.  
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Figure 5.6: Degradation rate of pure Mg after 3 days of immersion in different media at different 

ratio of medium volume to sample weight. (V/m in mL/g,  indicates the formation of crystalline 

precipitates on Mg surface) 

Effect of static vs semi-static conditions 

Semi-static conditions are often used to predict the degradation of Mg in vitro [66, 71, 77, 82, 

111], which is believed to be more ‘realistic’ than static conditions, since the immersion 

medium is refreshed after certain intervals. After 14 days of immersion, in total 21 mL media 

is used for each sample under semi-static conditions, showing an equal medium to sample 

ratio compared to static conditions (20 mL/sample). Therefore, the degradation rates of pure 

Mg after 14 days of immersion under static and semi-static conditions are compared in Fig. 

5.7. This comparison also showed a medium-dependent influence of conditions on Mg 

degradation. Obviously, the degradation rate of Mg is related to the integrity of degradation 

layer formed on Mg surface during immersion. As for similar states of degradation layer under 

different conditions (broken in HBSS and HBSS + BSA or unbroken in DMEM-based media), 

higher degradation rates can be observed under static conditions than under semi-static 

conditions. This seems to be accordant with the reported result of higher degradation rate of 

Mg in vitro than in vivo. However, for other media (HBSS + FBS and HBSSCa-based media), 

the degradation rate of Mg is higher under semi-static conditions (broken layer) than static 

conditions (unbroken layer), further highlighting the importance of the integrity of the top Ca/P-

rich layer. 

Furthermore, the inhibition efficiency of proteins under different conditions are compared in 

Fig. 5.5b. The result shows higher inhibition efficiency of proteins for Mg degradation under 
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static conditions than under semi-static conditions in HBSS and DMEM, while an adverse 

result can be observed in HBSSCa, suggesting the importance of medium compositions and 

quasidynamic conditions to the effect of proteins on Mg degradation. Therefore, more 

physiological conditions should be used when the effect of physiological parameters on Mg 

degradation is studied. 

Although the effects of both medium volume and testing conditions are medium-dependent, 

the addition of organic molecules obviously reduces the difference of degradation rate caused 

by immersion conditions (medium volume and static or semi-static conditions), especially for 

FBS. It revealed that the difference of Mg degradation caused by different conditions can be 

weakened by the addition of organic molecules, which enables the results to be more 

comparable. 

 

Figure 5.7: Degradation rate of pure Mg after 14 days of immersion in different media under static 

(20 mL/sample) or semi-static conditions (21 mL/sample). ( indicates the formation of crystalline 

precipitates on Mg surface) 

Combining the above discussion, the effect of organic molecules on Mg degradation is largely 

related to the mobility and characteristics of organic molecules. The adsorbed/bound proteins 

on Mg surface can promote Ca-P formation by attracting Ca2+ and PO4
3- ions and increasing 

the local supersaturation, thereby influencing the degradation rate of Mg via regulating the 

degradation layer. Whereas, organic molecules in media are able to inhibit product 

precipitation and their further growth by chelating or binding effect, for example, their effect on 

the formation of crystalline precipitates. In turn, the degradation of Mg results in different 
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surface characteristics, which further determines the adsorption of proteins. The interaction 

between organic molecules in organic mixtures and the testing conditions used further affect 

the performance of organic molecules. Finally, a schematic model for Mg degradation in 

organic molecule-containing media is depicted in Fig. 5.8. 

 

Figure 5.8: Schematic illustration of the effect of organic molecules on pure Mg degradation with 

high degradation rate (a) and relative low degradation rate (b). The deeper colour of media 

indicates the higher osmolality of media, and the deeper colour of ‘outer’ Ca/P-rich layer indicates 

the higher content of Ca and P. Other proteins refer not only to Fib, but also to e.g. 

immunoglobulins or transferrin. Small organic molecules refer to vitamins and amino acids. The 

red arrows indicate the influence of organic molecules on the corresponding process. �: the 

reaction equilibrium of CO2/HCO3
2- buffering system. �: the dissolution of Mg accompanying by 

the releases of Mg2+, OH- and H2. �: the formation of ‘inner’ degradation products containing 

Mg(OH)2, Mg-PO4, Mg/CaCO3. �: the formation of outer products (crystalline precipitates in Fig. 
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5.8a or Ca/P-rich products in Fig. 5.8b). �: the transformation of Mg(OH)2 / MgCO3 to crystalline 

hydromagnesite. �: the interaction between organic molecules and ions (eg. Mg2+, Ca2+, Fe3+). � 

and � refers to the formation of crystalline nesquehonite. �: the influence of organic molecules 

on the morphology of nesquehonite. �: the interaction between organic molecules in media. : 

the adsorption of organic molecules on Mg surface and their interaction each other on Mg surface. 

: the formation of Ca-P products induced by proteins on Mg surface during immersion. 
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6. Summary and conclusion 

In the present thesis, the effects of small organic molecules and macromolecule (proteins) on 

Mg degradation are investigated under static or semi-static cell culture conditions. The 

degradation of Mg during immersion is studied by analysing the degradation rate, the 

formation of degradation products and the performance of organic molecules. 

The results show that the presence of small organic molecules promotes the degradation of 

Mg after relatively long-term immersion, while proteins generally decrease the degradation of 

Mg in the presence of Ca2+. Moreover, the organic components play an important role in the 

formation of degradation products. Organic molecules prefer the precipitation of nesquehonite 

than hydromagnesite in the “outer” layer in HBSS and largely promote the formation of Ca/P-

rich products in HBSSCa and DMEM. The promoted formation of Ca-P salts on Mg surface 

largely reduces the degradation rate of Mg, indicating the importance of organic molecules to 

surface biomineralization and tissue regeneration in vivo. Furthermore, the addition of organic 

molecules to in vitro test media (HBSSCa and DMEM) leads to in vivo-like degradation rate 

and degradation layer during immersion, revealing similar degradation mechanism or patterns 

of Mg to in vivo. Therefore, the addition of organic components to test medium for in vitro 

characterization is recommend to obtain reliable results comparable to in vivo tests. 

The utilization of different media shows a media-dependent effect of proteins on Mg 

degradation. For example, Ca2+ largely enhances the inhibition effect of proteins on Mg 

degradation under semi-static conditions. Moreover, the effect of proteins on Mg degradation 

varies with the conditions used (static or semi-static), which is mostly related to the integrity of 

degradation layer. More importantly, the difference of Mg degradation caused by the testing 

conditions, such as medium compositions, the medium-sample ratio and the static or semi-

static immersion, can be weakened by the addition of proteins, especially for FBS, indicating 

more comparable results when proteins are present in immersion medium. 

The Mg surface after immersion can be used as an appropriate model to study the adsorption 

of proteins on Mg surface during immersion. The degradation layer formed in DMEM, 

presenting an in vivo-like surface, owns lower surface roughness and more negative surface 

charge than that formed in HBSS, which results in lower adsorption of proteins on Mg surface 

in DMEM than in HBSS. This demonstrates that surface properties (roughness, chemistry, 

surface charge, and so on) are more important for protein adsorption on Mg surface compared 

with the surrounding environment (e.g. pH, ionic strength), which possibly further affect the 

cell behaviour on Mg surface.  
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The mixtures of organic components, especially for FBS, exhibit larger effect than single 

organic component on Mg surface, and present more in vivo-like conditions. The effect of 

protein mixtures on Mg degradation is the results of an overlap of protein adsorption, 

binding/chelating to different ions (e.g. Mg2+, Ca2+, Fe3+) and interactions between organic 

molecules. Therefore, the interaction between organic molecules should be seriously 

considered when more organic molecules are presented in media. 

Further investigations about the interaction between organic molecules, the interaction 

between protein and Mg surface, and the cell behaviour on Mg surface would be very helpful 

to understand the degradation of Mg in vivo. 
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1. Figures 

 

Figure s1: SEM images of pure Mg immersed in HBSSCa and DMEM under static conditions. 

 

Figure s2: SEM images of pure Mg immersed in DMEM under semi-static conditions. 
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2. Abbreviations 

Ag Silver 

Al Aluminum 

at. % Atomic percentage 

ATP Adenosinetriphosphate 

BCA Bicinchoninic acid 

BSA Bovine serum albumin 

C Carbon 

Ca Calcium 

CaCl2 Calcium chloride 

CaCO3 Calcium carbonate 

Ce Cerium 

Cl Chloride 

CO2 Carbon dioxide 

CO3
2- Carbonate ion 

Cu Copper 

DAPI 4�,6-diamidino-2-phenylindole 

DLS Dynamic light scattering 

DMEM Dulbecco′s Modified Eagle′s Medium GlutaMAX™ 

DNA Deoxyribonucleic acid 

DR / CR Degradation rate / Corrosion rate 

Dy Dysprosium 

e.g. exempli gratia 

EBSS Earle's Balanced Salt Solution 

EDX Energy dispersive X-ray spectroscopy 

FBS Fetal bovine serum 

Fe Iron 

Fib Fibrinogen 

Gd Gadolinium 

H2 Hydrogen 

H2O Water 

HBSS Hank’s balanced salt solution without magnesium and calcium 

HBSSCa Hank’s balanced salt solution with calcium 

HCO3
- Bicarbonate ion 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IR Infrared microspectroscopy 

K3PO4 Potassium phosphate 

La Lathanum 

L-AA L-ascorbic acid 

L-Ala-L-Gln L-alanyl-L-glutamine 

LDH Lactate dehydrogenase 

L-Gln L-glutamine 

MEM Minimum Essential Medium 
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Mg Magnesium 

Mg(OH)2 Magnesium hydroxide 

Mg3(PO4)2 Magnesium phosphate 

Mg5(CO3)4(OH)2·4H2O Hydromagnesite 

MgCl2 Magnesium chloride 

MgCO3 Magnesium carbonate 

MgCO3�3H2O Nesquehonite 

MgSO4 Magnesium sulphate 

Mn Manganese 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid 

NaCl Sodium chloride 

NaHCO3 Sodium bicarbonate 

Nd Neodymium 

Ni Nickel 

O Oxygen 

O2 Oxygen gas 

OH- Hydroxide ion 

P Phosphorous 

PBS Phosphate buffered saline 

PO4
3- Phosphate ion 

Ra The arithmetic average roughness 

Rg Gyration radius 

RNA Ribonucleic acid 

Rq The root mean squared roughness 

S Sulphur 

SAXS Small angle X-ray scattering 

SBF Simulated body fluid 

SCC Stress corrosion cracking 

SEM Scanning electron microscopy 

Si Silicon 

SO4
2- Sulphate ion 

Sr Strontium 

SSRT Slow strain rate test 

Ti Titanium 

wt.% Weight percentage 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XTT 
2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide 

Y Yttrium 

Zn Zinc 

Zr Zirconium 
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