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Zusammenfassung  

Hintergrund: Hintergrund: Aufgrund ihrer exzellenten klinischen Resultate werden für 

orthopädische Anwendungen für gewöhnlich konventionelle Implantate wie beispielsweise 

Kobaltchrom, rostfreier Stahl oder Titan verwendet. Der größte Nachteil dieser konventionellen 

Implantate ist jedoch, dass sie wieder entfernt werden müssen. Die für die Entfernung der 

Implantate notwendige zweite Operation ist oftmals mit Komplikationen, wie beispielsweise 

einem gehäuften Auftreten von pädiatrischem Trauma oder Infektionen, verbunden, die in Folge 

weitere operative Eingriffe notwendig machen. Konventionelle Implantate besitzen zwar 

ausreichende mechanische Eigenschaften, können jedoch aufgrund ihres unterschiedlichen 

Elastizitätsmoduls im Vergleich zum natürlichen Knochen „stress shieldig effects“ verursachen.  

Um diese Komplikationen zu vermeiden, werden neue Implantate benötigt, die nach dem 

Heilungsprozess vom Körper resorbiert werden können. Unter diesen biologisch abbaubaren 

Implantaten zeigen Magnesium-basierte Implantate aufgrund ihrer mechanischen, physikalischen, 

chemischen und biologischen Eigenschaften das größte Potential. Diesen positiven Attributen 

stehen jedoch große Nachteile wie rasche Korrosion oder die massive Freisetzung von 

Wasserstoffgas gegenüber. Um die Korrosionsrate Magnesium-basierter Implantate kontrollieren 

zu können, stehen Methoden wie Legieren, Oberflächenbeschichtung, Prä-Korrosion oder 

Hitzebehandlung zur Verfügung. In der aktuellen Studie wurden prä-korrodierte Magnesium-

basierte Proben verwendet, um zu evaluieren, ob die an der Oberfläche geformten 

Korrosionsablagerungen die Korrosionsrate verlangsamen und ob chemische und strukturelle 

Oberflächenveränderungen für die umliegenden Zellen von Vorteil sind.  

Material und Methoden: Die Abbauprofile von pure Mg, Mg2Ag und Mg10Gd wurden in 

Zellkulturmedium mit 10% FBS untersucht. Die Korrosionsrate wurde über die Freisetzung von 

Magnesium-Ionen über die Zeit mittels ICP-OES analysiert. Veränderungen der 

Oberflächenmorphologie und der chemischen Oberflächenzusammensetzung wurden mittels 

Rasterelektronenmikroskopie mit EDX bestimmt. Der Effekt der Oberflächenmodifikation auf 

die Zellviabilität wurde durch Kultivierung von MC3T3-E1 Zellen auf 1, 2 oder 3 Tagen 

korrodierten Proben untersucht. Die Zellmorphologie auf diesen Oberflächen wurde mittels F-

actin Färbung und Rasterelektronenmikroskopie analysiert. Die stimulierenden und 

inhibitorischen Effekte der von den pure Mg, Mg2Ag und Mg10Gd Extrakten stammenden 

Magnesium-Ionen auf Prä-Osteoblasten wurden mittels MTT Assay mit und ohne pH-Wert 

Anpassung untersucht. Die Expression zweier osteogenen Marker (Collagen I und Runx2) wurde 
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auf nicht-korrodierten Proben mit längerer Immersionszeit (bis zu 12 Tagen) mittels Western 

Blot und Immunozytochemie evaluiert. Die antibakterielle Aktivität von Mg2Ag, Mg4Ag und 

Mg6Ag wurde unter Verwendung der beiden verbreitetsten Mikroben-Spezies (S. aureus und S. 

epidermidis) für bis zu 3 Tagen Kultur mit dem Bio-Screen Gerät gemessen.  

Resultate: Sowohl Mg2Ag als auch  Pure Mg zeigten ein ähnliches Korrosionsverhalten. 

Nadelförmige Kristalle konnten nach 3 Tagen Immersion auf der Oberfläche des Implantats 

gefunden werden und bedeckten die gesamte Oberfläche beider Materialien nach 8 Tagen 

vollständig. Auf der Oberfläche von Mg10Gd gab es zu keinem Immersionszeitpunkt einen 

Hinweis auf Kristallbildung.  Der hohe Prozentsatz von Calcium und Phosphor, die sich an der 

Oberfläche dieses Materials (Mg10Gd) anlagern, kann diese Kristallbildung unterdrücken. 

Ionenausstoss: Die Kristalle, welche sich nach 3 und 8 Tagen auf den pure Mg and Mg2Ag 

Implantaten bildeten, wurden als stabile Korrsionsprodukte gewertet, welche das Material aktiv 

vor weiterer Korrosion schützen können. Auf dem Mg10Gd Implantat konnte diese 

Ionenfreisetzung nicht beobachtet werden, da ein kontinuierlicher Mg-Ionen Ausstoß während 

der ganzen Immersionszeit stattfand. Zelluläre Reaktionen: Die Prä-Korrosion des Materials 

verbesserte das Zellverhalten (Viablilität oder Morphologie) im Vergleich mit dem nicht-

korrodierten Material nicht. Eine verlängerte Prä-Korrosion (3 Tage) führte speziell auf der 

Oberfläche von pure Mg und Mg2Ag zu einem erhöhten Zelltod. Metabolische Aktivität: Eine 

geringe Konzentration von Mg, welche bei allen Implantatsorten vorhanden war, hatte einen 

stimulatorischen Effekt auf MC3T3-E1 Zellen, während eine hohe Konzentration einen negativen 

Effekt hatte. Genexpression: Die Zellen zeigten im Vergleich zur Kontrolle eine stetige 

Hinunterregulierung, wenn sie bis zu 12 Tage auf  pure Mg und Mg2Ag kultiviert wurden. Eine 

ähnliche Hinunterregulierung wurde auch bei Kultivierung auf  Mg10Gd beobachtet, allerdings 

erreichte am Tag 12 das oesteogenische Potenzial der Zellen den Normalwert vergleichbar mit 

jenem der Kontrollzellen. Antibakterielle Aktivität: Alle Silber-enthaltenden Mg-Implantate 

zeigten eine gute, antibakterielle Aktivität schon in niedrigen Konzentrationen, jedoch zeigten 

gesteigerte Silberkonzentrationen keine gesteigerte antibakterielle Aktivität. 

Schlussfolgerung:  Mg10Gd Legierungen zeigten den homogensten Abbau. Außerdem war es 

das vielversprechendste Material in Bezug auf Biokompatibilität. 
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Abstract 

Background: Due to the excellent clinical out-come of conventional bone implants such as 

Cobalt chromium, Stainless steel and Titanium, they are commonly used in orthopedic 

applications, however the need of implant removal can be pointed out as their major drawback. 

Secondary operation for implant removal might be associated with some clinical disorders such 

as increased occurrence of pediatric trauma and post-operational infections which might highlight 

inquiry for surgical interventions. Although these implants possess sufficient mechanical 

poperties but due to the noticeable difference between their elastic modulus as compared to the 

natural bone they have high tendency toward so called “stress shielding effects”. In order to avoid 

these complications during bone surgeries, new set of implants which can resorb after 

accomplishment of healing process is needed. Among biodegradable implants, Magnesium based 

implants showed suitable potential, due to their proper mechanical, physical, chemical and 

biological properties. However, in spite of their adequate qualification as bone implants, their fast 

corrosion rate and vast hydrogen gas release can be considered as a big disadvantage. Several 

methods such as alloying elements, surface coating, pre-corrosion and heat treatment can be 

applied in order to control the corrosion rate of these implants. In this study, Mg based samples 

were experienced pre-corrosion, in order to be further evaluated whether corrosion deposits form 

on the surface can slow down the corrosion rate and also chemical and structural alteration of the 

surface can be beneficial for the cells. 

Material and methods: Degradation profile of Pure Mg, Mg2Ag and Mg10Gd was studied in 

cell culture medium supplemented with 10% FBS. The corrosion rate was analysed based on 

evaluation of Mg ion release over time with ICP-OES method. Alteration in surface morphology 

and surface chemical elemental composition was determined by scanning electron microscopy 

equipped with EDX. Effect of surface modification on viability of the cells was identified by 

cultivation of MC3T3-E1 cells on 1, 2 and 3 days corroded specimens. Moreover morphology of 

the cells were analysed on these surfaces by F-actin staining and scanning electron microscopy. 

The stimulatory and inhibitory effect of Mg ions derived from Pure Mg, Mg2Ag and Mg10Gd 

extracts on pre-osteoblast cells were analysed by MTT assay with and without pH adjustment. 

Expression of two osteogenic markers (Collagen I and Runx2) was evaluated on non-corroded 

specimens at longer immersion times (up to 12 days) by western blot and Immunocytochemistry. 

Antibacterial activity of Mg2Ag, Mg4Ag and Mg6Ag was assessed towards two most prevalent 

microbial species (S.aureus and S. epidermidis) up to 3 days of culture with Bio-screen device. 
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Results: Both Mg2Ag and Pure Mg were shown similar pattern of corrosion. Needle shape 

crystals were detected at day 3 of immersion which were covered the surface of both materials 

entirely at day 8. There was no evidence of crystal formation on the surface of Mg10Gd at any 

immersion time. High atomic percentage of Calcium and Phosphor adsorbed to the surface by 

this material (Mg10Gd) can suppress the surface from crystal formation. Ion release: Crystals 

formed on the surface of 3 and 8 days corroded Pure Mg and Mg2Ag was considered as stable 

corrosion products which can actively protect the surface from further corrosion. This ion release 

pattern was not observable in Mg10Gd as a result of continuous Mg ion release during the whole 

immersion time. Cellular Reaction: pre-corrosion of materials in cell culture medium did not 

improve cellular behavior (viability and morphology) as compared to the non-corroded control. 

Prolonged pre-corrosion (3 days) resulted in significant cell death especially on the surface of 

Pure Mg and Mg2Ag. Metabolic activity: Low concentration of Mg derived from all specimens 

had stimulatory effect on MC3T3-E1 cells, while high concentration seemed negatively influence 

the cells. Gene expression: The cells showed steady down-regulation as compared to the control 

when cultured on Pure Mg and Mg2Ag up to 12 days. Although similar down-regulation was 

observed when the cells were cultured on Mg10Gd, but at day 12, the osteogenic potential of the 

cells came back to the normal level (comparable to the control). Antibacterial activity:  all silver 

containing Mg implants exhibited suitable antibacterial properties at low dilutions; however 

increase in silver content did not result in increase of antibacterial activity. 

Conclusion: Mg10Gd alloy showed the most homogenous degradation. Furthermore it was the 

most promising material in respect of biocompatibility. 
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1. Introduction 

Biomaterials in clinical applications 

Increased occurance of clinical problems such as pediatric trauma and postoperative infections 

elevated the requirement for suitable medical implants which can assist the healing process of the 

bone (1, 2). 

Other clinical disorders such as Trauma, arthritis and tumors can cause bone defects requiring 

surgery to replace or remove lost bone (3-6). Several methods, including autografting, 

allografting and bone graft replacement, help surgeons to repair regions of bone loss (7-9). It is 

also possible to eliminate diseased bone and instead insert metallic implants (prostheses) (10). 

Implants used to replace diseased bone must remain in the body permanently (10). Implants used 

to facilitate healing, in contrast, remain in the body only temporarily until completion of the 

healing process (11).  

In general, implants which are used for orthopedic applications must possess key mechanical 

properties, including hardness, elastic modulus, tensile strength and fatigue strength (12-15). 

They must, furthermore, exhibit high corrosion resistance (16), biocompatibility (17, 18) and 

provide a favorable platform for new bone formation (19, 20).  

Implants for medical applications can be polymers, ceramics, composites or metals. Polymer-

based implants generate good bioactivity and biocompatibility, but, due to their inappropriate 

mechanical properties, cannot be considered as suitable material in orthopedic applications (21, 

22). Metals have high impact among other implants due to their suitable mechanical properties 

and optimum strength and can therefore be used in orthopedic and maxillofacial applications 

(23). They can also be applied as fixation devices, such as bone plates and screws, joint 

replacements, dental implants and coronary stents (24, 25). Two types of metal implants are 

commonly used in clinical applications. Implants of the first of these types are made using non-

biodegradable conventional biomaterials. Cobalt-Chromium, stainless steel, Titanium and 

Titanium alloy implants are the most widely used non-resorbable implants in bone surgeries (26-

31). Whilst these implants possess excellent mechanical properties, their high elastic modulus 

which can cause stress shielding effects, might be considered to be their major weak point (Table 

1). These implants can, moreover, also release toxic ions, which can cause problems including 

advanced inflammatory reactions, neurological disease and implant instability (32-38). The high 

risk of inflammatory reactions resulting from the release of toxic ions, and stress shielding effects 

in many cases necessitate implant removal (37, 38). The associated secondary operation is 
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however costly and life threatening, especially for older people. These drawbacks of non-

resorbable biomaterials have spurred the development of a new generation of implants (39). 

Alternative biodegradable implants exhibiting a high level of biocompatibility and possessing 

osteointegration properties have become a topic of interest over last decades (40, 41). These 

biodegradable implants must, moreover, possess mechanical and anti-corrosive properties 

comparable  to the non-resorbable implants. 

Biodegradable implants undergo gradual corrosion in the body and eventually disappear after 

completing their task of assisting the bone healing process (42). These implants must therefore 

largely comprise of elements which can be easily metabolized by, and generate suitable corrosion 

properties in the body. Recently developed biodegradable metals are largely based on three 

principle metals, namely Magnesium, Iron and Zinc. The work presented in this thesis focused on 

biodegradable Magnesium implants.  

1.1 Biodegradble Magnesium implants 

1.1.1 History of Biodegradable Mg implants 

The history of bioresorbable Magnesium implants extends back to 1833 when Michael Faraday 

produced metal implants by electrolysis of dried MgCl2 (43). Later, in 1852, Robert Bunsen 

produced Mg commercially using a similar method (43). In 1878, Edward C. used Mg wires as as 

tourniquet in order to cease bleeding of vessels in a few patients and concluded that degradation 

of Mg proceeded more slowly under in vivo conditions. He furthermore reported that complete 

degradation of Mg wires is dependent on specimen size. Another clinician who introduced 

bioresorbable Mg implant to the vast surgical area was Erwin Payr from Graz, Austria. In 1898 

he received different types of biodegradable Mg implants in the form of plates, sheets, wires and 

nails from the Rohrbeck Company in Vienna. In 1900 he conducted clinical studies with these 

implants in-vivo and concluded that tissue oxygen and water levels, C02 level, cellular chemical 

mechanisms and blood soluble salt content are the main factors controlling degradation of Mg  

in-vivo. Albin Lambotte developed animal investigations and clinical trials of Mg implants. He 

observed rapid corrosion of pure Mg plates used to fix a cortical bone fracture in combination 

with steel screws and massive release of Hydrogen gas bubbles, but confirmed the 

biocompatibility of pure Mg. He discovered that using Mg implants with other metallic implants 

such as iron and stainless steel cause electrolytic corrosion (43). As his next step he decided to 

treat supracondylar fractures using Mg implants. Assisted by his colleague Jean Verbrugge he 
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operated on 4 children (aged 7-10). Apart from a formation of gas cavities which disappeared 

after several weeks, he did not recognize any other complications in the healing process of the 

fractures (43). McBride, continuing the survey of Jean Verbrugge in 1938 observed higher 

corrosion resistance of Mg screws compared to Mg plates, since the shape of these implants 

enables tighter fixation in the cortical bone (43, 44). In 1948, Troitski and Tsitrin, working on 

materials made of Mg-Cd alloys used Mg-Cd screws and plates to treat pseudarthrosis and 

observed appropriate callus bone formation with complete implant resorption (43, 45). Whilst 

most of the mentioned investigations revealed that Mg-based alloys do not exhibit any cytotoxic 

effects and stimulate the healing process of the bone, the rapid corrosion of pure Mg and 

combined alloying elements make it incompatible with the time required for bone healing 

(minimum 12 weeks). Further studies focused on increasing the corrosion resistance by 

optimizing the type and concentration of the alloying elements in Mg implants are therefore 

needed (46). The ultimate aim of all in vitro and in vivo studies is to provide a material with 

appropriate mechanical properties and optimized degradation behavior which can be used in 

medical applications. Usage of Biodegradble Mg implants in human clinical trials started in 2015. 

In a survey conducted by Plaas et al, 22 patients with Hallux valgus deformity and a distal 

metatarsal osteotomy were treated using Mg implants (MAGNEZIX screw, Syntellix GmbH) 

(47). All cases exhibited fast healing, except for one with traumatic dislocation of the osteotomy. 

Although Mg-based implants have been used in clinical trials, further studies addressing the 

mechanism of degradation at the implantation site as well as the physiological effect of 

degradation must be further analyzed. 
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1.1.2 Why Magnesium has been used as a main element in the composition of biodegradable 

implants 

1.1.2.1 Role of Mg in the body  

Magnesium is one of the important cations and ranks as the fourth most abundant cation in the 

body (48). Half of the total Mg in the normal human body is located in the soft tissues and the 

rest in  the bone (48). Magnesium is essential for several physiological activities in the body, 

including, for example, energy-production processes (49). ATP is the major unit of energy in 

human cells (50). Cells require ATP for activities such as protein synthesis, cell division and 

transportation of substances across cell boundaries (50). Without sufficient Magnesium, our 

bodies are unable to convert nutrients such as fatty acids, glucose and amino acids to energy units 

usable by cells. Nadler et al reported regulation of the LTRPC7 divalent cation channel (required 

for cell viability) by Mg-ATP which shows an important role of Magnesium in cell viability (51). 

Enzymes are responsible for most of the important chemical reactions in the body. Magnesium is 

a cofactor of around 300 enzymes in the body (48, 52, 53). It has been reported that Mg plays an 

important controlling role in both the Krebs cycle and glycolysis (52). In its role as cofactor, Mg 

regulates the initiation and inhibition of multiple enzymatic reactions, including DNA, RNA, and 

protein synthesis and the metabolism of glucose and fat (50). Mg is furthermore able to sustain 

the integrity of  DNA (54), the bodies genetic code which plays a central role in cell replication 

and production of proteins (55). Preservation of DNA stability prevents mutations that can have 

detrimental effects on cellular behavior. Should mutations, however, occur, Magnesium serves as 

a cofactor for the repair of the underlying DNA damage (54). Magnesium moreover plays a role 

in the maintenance of cellular hemostasis (56). Magnesium ions can control the activity of 

cellular Sodium-Potassium pumps (57). Mg deficiency results in the deterioration of these 

Sodium-Potassium pumps, which can result in Potassium deficiency (hypokalemia) through 

Potassium efflux from the cells and excretion of these ions in urine (58). Mg is moreover known 

to be a Ca
2+ 

antagonist able to maintain cellular hemostasis by inhibiting the activity of calcium 

channels which are mostly present in smooth and skeletal muscle cells (59). 

1.1.2.2 Role of Mg in bone metabolism 

Mg plays an important role in metabolism of bone matrix and the mineralization process during 

bone formation, since more than half of the body’s total Mg is located in the bone (53, 60).  
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Mg deficiency can occur in multiple ways, including through decreased intake,  reduced intestinal 

and tubular absorption and the usage of drugs and alcohol (61). Rude et al studied the effect of 

Mg deficiency on bone metabolism using mouse models. They closely tracked the influence of 

low Mg levels on mouse metabolism. Their results revealed an increased Ca
2+

 level in mice with 

Mg deficiency compared to the control group without significant changes in the level of PTH 

hormone. They further showed a decrease in growth plate diameter and columns of chondrocytes 

suggesting that Mg deficiency can reduce bone growth (62). They moreover observed a decrease 

in the size of trabecular bone in the metaphysis region and a significant decrease in the number of 

the osteoblasts, as well as a noticeable increase in the number of osteoclasts. They also detected a 

significant increase in inflammatory cytokines such as IL-1 and TNF-α in osteoclasts at days 3 

and day 12 respectively, accounting for bone resorption by osteoclasts in mice with Mg 

deficiency (62). In another study, Bulluci et al reported the effect of Mg deficiency on bone 

metabolism around titanium implants (63). In their study, Mg deficiency resulted in increased  

Ca
2+

 and PTH hormone levels. They also reported a significant  reduction  in bone density in the 

group with Mg deficiency compared to the control group (63) as well as a noticeable reduction in 

thickness of cortical bone at the bone-implant interface, showing a marked effect of Mg on bone 

growth and bone metabolism (63). 

 

1.1.3 Advantage of using biodegradble Mg implants 

Bioresorbable Mg implants are deemed a suitable material for orthopedic applications by virtue 

of their appropriate properties. One of the most important criteria that metallic implants must 

meet is that their mechanical properties are compatible with those of the target tissue, which is 

bone in the present case (64). Mg raised great interest amongst orthopedic surgeons due to its 

appropriate mechanical properties (65). The elastic modulus of Mg implants is 40GPa, which is 

close to elastic modulus of cortical bone (10-30 GPa)(Table 1), meaning that Mg can therefore be 

used in orthopedic applications without the risk of stress shielding (66, 67). Stress shielding is a 

clinical complication which results in implant  loosening (68). It can also impair bone healing 

and, more importantly, induce inflammatory reactions (68, 69). 
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Table 1. Mechanical properties of various biomaterials and bone tissue.  

 Tensile strength[MPa] Young’s Modulus[GPa] Density [g/cm
3
] 

Cortical bone 35-283 5-23 1.8-2.0 

Cancellous bone 1.5-38 0.01-1.57 1.0-1.4 

Stainless steel (316L) 290 193 7.9 

Cobalt-Chrome alloy 

 (ASTM F-75)  

450 210-250 8.3 

Titanium alloy 

(Ti6Al4V) 

895-930 110-114 4.43 

Pure Mg 90 44 1.74 

WE43 250-277 44-46 1.84 

Mg10Gd 69.1-85.4 - 1.88 

Mg6Zn 277-281 42.3 1.84 

Mg1Ca 75-240 - 1.73 

 

Note: Table compiled using data from references (47, 64, 65) 

 

Metallic implants should not induce cytotoxic reactions in tissues and cells. In general, Mg 

implants exhibit sufficient biocompatibility; their rapid corrosion rate must, however, be 

controlled (70-74). Another advantage of using bioresorbable Mg based implants is that Mg is 

able to stimulate new bone formation (75), as illustrated by a study demonstrating new bone 

formation around Mg-Zn rods by Hematoxylin and Eosin staining (76).  Another study conducted 

by Li et al, observed formation of new bone around Mg1Ca pins after 90 days by radiographic 

analysis. Osteocytes and osteoblasts, furthermore, showed high activity around these Mg1Ca 

pins, demonstrating a positive impact of Mg and Mg alloys on bone cell activity (77). The same 

findings were made in an in vivo study performed by Kraus et al. who used two Mg alloys, ZX50 

and WZ21 (with fast and slow corrosion rates respectively), to evaluate the interaction of bone 

tissue with Mg implants in the skeleton of growing rats during the degradation period. With 

ZX50, despite massive Hydrogen gas formation, the bone recovered promptly after complete 

absorption of the pin with evidence of callus formation. Furthermore, no significant disturbance 

in function of the bone in direct contact with these implants was detected. As well as maintaining 

its integrity for more than one month, WZ21 generated appropriate osteo-conductive properties 
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by increasing bone formation at the implantation site. Hydrogen gas formation, moreover, did not 

negatively influence tissue formation (Fig 1) (78). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. μCT scans demonstrating the degradation process of ZX50 and WZ21 (left and right sides 

respectively) in both 2D and 3D forms. The bone recovered entirely after complete resorption of 

ZX50 at week (16 and 24). Despite incomplete resorption of WZ21 even 24 weeks post 

implantation, the bone recovered fast and completely, with the permission of Acta Biomaterialia 

Journal (78). 

 

Choosing suitable implants which can undergo self-degradation is of great importance, since it is 

thereby possible to avoid secondary operations and surgical interventions which might associated 

with surgical complications such as increased contamination rate and elevated therapy costs. This 

issue is especially important for children. Whilst broken bones in children heal better and faster 

than in adults through a process called remodeling, some fractures can induce serious problems 

for children and block their bones from further growth (79). Any kind of damage caused by 

fracture of or injury to the growth plate in children can potentially stop the bone from further 

development and change its function. Children must therefore be treated more carefully in terms 

of surgical interventions by choosing appropriate implants. 
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1.1.4 Limitations of using Mg-based biodegradable implants in clinical applications 

1.1.4.1 Hydrogen gas production: 

Bone is a unit of the skeletal system which mechanically backs up muscles and soft tissues and 

enables bodily movements (80). Bone furthermore maintains hemostasis of the minerals in the 

body and participates in energy metabolism (80). When bone is exposed to extensive pressure 

and stressed conditions exceeding its tolerance level, fractures happen. Several processes are 

involving in bone healing procedure. The first reaction after bone fracture is the development of 

blood clots in vessels which attract inflammatory cells including neutrophils, macrophages, 

lymphocytes and plasma cells (81, 82). Beside their phagocytic role at the fracture site, 

macrophages play an important role in release of inflammatory cytokines and growth factors such 

as TGF-β, VEGFs, PDGF, FGFs, IL-1, IL-6, TNF-α, BMPs, IGF-I, IGF-II and macrophage 

colony stimulating factor. Release of these factors facilitates transportation of mesenchymal stem 

cells from the periosteum and bone marrow (83-87) and  prompt their differentiation into 

fibroblast, chondroblasts, osteoblasts and angioblasts (84, 85, 87, 88), cells that are essential for 

tissue reconstruction and regeneration. At the repair stage, growth factors stimulate formation of 

granulation tissue (81, 88) which is later replaced by avascular cartilaginous callus. Chondrocytes 

located in this region are able to proliferate and cross the hypertrophic zone and mineralize the 

cartilaginous matrix (88). Vascularization by endothelial cells and angiogenesis are necessary for 

the healing process (81, 86, 89). After calcification of the cartilage matrix this is substituted by 

woven bone (83, 90). At the final stage of healing process, woven bone is remodeled to form 

cortical and trabecular bone (91, 92) accompanied by continuing neovascularization with the aim 

of recovering normal bone integrity (see Fig 2) (92).  
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Fig 2. Bone healing phases including hematoma formation, fibrocartilage callus formation, bony 

callus formation and bone remodeling, with the permission from Nature Reviews Rheumatology 

Journal (93). 

Several factors influence the bone healing process, such as the type of fracture, biomaterials used 

to fix bone defects and the method of fracture fixation (83, 90). As biomaterials used to fix bone 

defects, Mg based implants exhibit sufficient osteoinductive properties (94). Mg-based implants 

are also known to be a proper material for the induction of new bone formation and stimulation 

bone healing. These implants however undergo corrosion within the body and thereby produce 

massive amounts of Hydrogen gas which can negatively influence adjacent cells and surrounding 

tissue (95).  Navonia et al conducted a study in order to analyze the effects of Hydrogen gas 

formation resulting from the degradation of pure Mg implants on the morbidity of rats carrying 

these implants in their femoral bone for up to 18 days (96). They further analyzed the ability of 

the rat’s body to remove gas bubbles from the implantation site. As an outcome of their study, 

they concluded that the rat body cannot tolerate rapid, continuous formation of gas cavities. Rat 

survival declined sharply at day 7 post-implantation and after 18 days of post implantation no rats 

survived. Rapid H2 gas release leading to subcutaneous emphysema and modification of the 

blood cells were considered as the main reasons for the high morbidity between these rats (96). In 

another study conducted by Wang et al, formation of gas pockets resulting from corrosion of Mg-

Zn-Zr implants in cancellous bone of the rabbit did not have any negative effects on bone 

formation at 12 and 24 weeks post implantation. These cavities were observed to be later filled by 

new bone and cartilage tissue (97). Myrissa et al detected Hydrogen gas formation in the 

intramedullary cavity one week after implantation with Pure Mg, Mg2Ag and Mg10Gd implants. 

Despite a significant decrease in the level of Hydrogen gas formation in bones implanted with 

Pure Mg and Mg2Ag specimens and new bone formation, 4 and 12 weeks after implantation, the 

implants did not show any degradation during the entire experimental period (Fig 3) (98). 
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Fig 3. μCT scans  (two-dimensional slices) showing the degradation process in the femur bone of 

Sprague–Dawley® rats at 1, 4 and 12 weeks after implantation, with permission from 

ELSEVIER (98). 

1.1.4.2 Corrosion products 

Corrosion products such as Mg(OH)2 derived from the reaction of Mg with water can 

dramatically increase pH and thereby affect the growth of adjacent cells and surrounding tissue 

(99-101). Mg(OH)2 is not stable in aqueous solutions and can easily dissolve into Mg ions and 

hydroxyl groups (65). Positive Mg ions tend to combine with negative chlorine ions and form 

MgCl2 which is highly soluble (102). It has been reported that chlorine ions are able to break 

down the passive layer which forms on the surface of biomaterial through corrosion and penetrate 

into the structure of the metal and cause pitting corrosion (103). The occurrence of pitting 

corrosion of Mg based implants can result in implant instability. 

 

 

 

 

(65) 

 

Mg implants that exhibit a slow rate of corrosion within the body are considered to be desirable 

implants able to exist in the body throughout the entire bone healing process. Since hard tissues 

like bone require at least 12 weeks to heal, designing an implant which does not absorb before 
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this, and which exhibit high biocompatibility are therefore crucial (77). The rate of corrosion of 

Mg implants can be controlled by several processing methods such as applying alloying 

elements, surface coating and heat treatments (104-119). Pre-corrosion of Mg implants in cell 

culture medium is moreover known to be beneficial by decreasing the initial corrosion rate of Mg 

implants (118, 120, 121).  

1.1.5 Current modifications of Mg implants designed to control rapid corrosion  

1.1.5.1 Alloying 

A combining of Mg with other alloying elements can reduce corrosion rate and increase the 

corrosion resistance of Mg implants. The effect of alloying elements on implant biocompatibility 

must however be seriously considered (66, 122). Calcium, Zirconium, Zinc, Strontium, 

Manganese, Silver and rare earth elements are the most common alloying elements used in 

combination with Mg (123).  

Calcium  

Calcium is an essential element which exists mostly in the bone. Use of calcium as an alloying 

element can therefore be predicted to have favorable effects on bone healing after implantation 

(124). Zhang E et al reported a decrease in grain boundaries of Mg-Zn-Mn alloys by increasing 

the amount of Ca from 0.3 to 1 Wt. % which subsequently resulted in increased corrosion 

resistance of Mg-Zn-Mn-Ca alloys (125). Binary Mg-Ca alloys with 2-3 Wt. % of Calcium 

fabricated by high ratio differential speed rolling (HRDSR) and post-rolling annealing, exhibited 

smaller grain sizes as well as slower corrosion rate compared to pure Mg (124). Zijian li et al 

reported high cell viability and fine cellular morphology of cells immersed in 10, 50 and 100% of 

extracts derived from Mg1Ca implants, which might contribute to the positive effects of Ca
2+

 

ions on cell viability (72).  

Zinc  

Zinc is another fundamental element in the body. This element is normally used in combination 

with Aluminum in Mg alloys (126). Addition of the Zinc to Mg-Al alloys resulted in a decreased 

melting point of the Mg-Al binary system which enhanced the corrosion resistance of these 

materials (127). Several studies have reported a significant decrease in grain size by increasing 

Zinc content which resulted in increase of corrosion resistance in Mg alloys (128-130). Pompa et 

al reported a high viability of MC3T3-E1 cells (more than 75%) towards AZ31 and AZ91 

extracts which revealed a high biocompatibility of the Zn-containing alloys (131).  
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Zirconium  

Addition of zirconium to Mg implants tends to refine grain sizes (132). It can provide finer 

microstructure in the binary system of Mg-Zr alloy compared to pure Mg. In terms of 

biocompatibility, Li et al concluded that addition of Zr to Mg implants can promote cell viability 

(133). In their study, Mg5Zr demonstrated higher cell viability compared to pure Mg (133).  

Strontium  

Strontium can induce osteointegration and promote osteoblast differentiation. Addition of Sr has 

been reported to cause grain refinement (133, 134). Gu et al reported a decrease in grain size of a 

binary Mg-Sr alloy by addition of 0-5 wt. % Strontium (66). Another study from Li et al however 

reported that addition of 2-5 wt. % Strontium resulted in adverse effects such as larger grain sizes 

and reduced corrosion resistance (133). In the study conducted by Gu et al, MG63 cells showed 

high viability in Mg1Sr and Mg2Sr extracts, showing that these materials exhibit sufficient 

biosafety. In contrast, the viability of MG63 cells was reduced by treatment with extracts of 

Mg3Sr and Mg4Sr due to fast ion release and elevated pH resulting from a rapid corrosion of 

these materials (66). 

Manganese 

Manganese is a non-toxic element which can be used in combination with Mg due to its grain 

refinement properties. Young et al reported decreased grain sizes by increasing Mn content up to 

3 Wt. % (135) which enhanced the corrosion resistance of these implants.  

Rare earth elements 

Addition of rare earth elements to Mg implants improves their mechanical strength and enhances 

their corrosion resistance. The potential toxicity of REE elements and their systemic effects on 

surrounding tissue must, however, be taken into consideration before addition of these elements 

as alloying elements to Mg implants and use in clinical applications (136). In order to evaluate 

whether Mg alloy implants containing rare earth elements exhibit toxic effects on MG63, RAW 

264.7 and HUCPV cells, Feyerabend et al prepared chloride forms of the following rare earth 

elements (Y, Nd, Dy, Pr, Gd, La and Ce) and added different concentrations of these extracts to 

cells. Notable cell-dependent effects of rare earth containing chlorides were detected in their 

study. HUCPV cells were recognized to be the most resistant cell line and RAW 264.7 

macrophages the most sensitive. Among all examined elements, Ce and La exhibited the highest 

cytotoxicity, whilst Gd and Dy demonstrated more acceptable results compared to Y (137).    
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In another study, Elmar Wilbold et al studied the viability of MC3T3-E1 cells after treatment 

with 10, 50 and 100% dilution of Mg-Ce, Mg-Nd and Mg-La. Mg-Ce extracts were found to 

impair cell viability of the cells, showing the toxic potential of Ce as a rare earth element. Higher 

cell viability was detected when cells were treated with Mg-Nd extracts compared to Mg-La. The 

cytotoxic potential of these implants was moreover detected under in vivo conditions. There was 

no evidence of systematic disorders and health problems in the animals carrying these implants in 

their bones. In addition, REE-containing materials did not stimulate any inflammatory reactions. 

The applied materials showed homogeneous degradation in vivo and no gas cavities were 

detected during the implantation time (136). In another study, Witte et al, who examined four Mg 

implants (AZ31, AZ91, WE43 and LAE442) in guinea pig femurs, reported a notable increase in 

bone mineralization around Mg implants, 6 and 18 weeks post implantation (46) 

Alloying elements used in this study 

Silver 

Silver is able to enhance the mechanical properties and corrosion resistance of Mg implants. In a 

study conducted by Die tie et al, addition of silver to a binary alloying system (Mg2Ag, Mg4Ag 

and Mg6Ag) followed by T4 heat treatment, increased corrosion resistance compared to pure Mg 

(138, 139). Addition of the silver to the cast and T6 treatment, however, generated diametrically 

opposed results. 

Biosafety of Silver 

Soluble silver compounds are absorbed more readily than metallic and non-soluble silver 

compounds (140, 141), and thus exhibit a marked tendency to cause adverse effects on human 

body in this form (142). Silver normally exists in human tissue only in a trace amounts. Exposure 

of the body to silver ions may result in acute symptoms such as reduced blood pressure, diarrhea, 

stomach irritation and decreased respiration (142). Prolonged intake of silver salts at a low 

dosage result in fatty degeneration of the kidney and the liver, and cause alterations in blood cells 

(142). In addition, long term consumption of soluble silver compounds can cause argyria or 

argyrosis (143-145). Silver in different forms is considered not to be toxic for the immune, 

nervous, reproductive and cardiovascular systems, and it is thought not to be carcinogenic (146). 

Exposure to both metal and soluble compounds forms of silver is however recommended to be 

limited to 0.01 mg/m
3
 (147). 

Silver possesses antibacterial potential which can avoid bacterial contamination during and after 

orthopedic surgery (138) Silver ions can penetrate bacterial membranes and cause bacterial cell 
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death by interacting with key proteins and enzymes. As well as possessing antibacterial 

properties, Silver-containing implants also exhibit good biocompatibility (138). Die Tie et al 

reported high viability of MG63 cells on Mg2Ag; Mg4Ag and Mg6Ag implants after 72hrs of 

immersion, showing high biocompatibility of these materials (138). In another study, Cheryova et 

al reported a beneficial effect of Mg2Ag on cell viability, differentiation and morphology (148).  

Gadolinium 

Several studies have reported that Gadolinium can be used as a suitable alloying element to adjust 

the mechanical properties of a vast range of alloy compositions and heat treatments due to its 

high solubility and capacity to form intermetallic phases. In a study conducted by Hort et al, 

gradual addition of Gd (2, 5, 10 and 15 wt %) to the binary alloying system Mg-XGd resulted in 

significantly enhanced mechanical properties. Corrosion behavior is, however, another important 

factor which must be taken into consideration besides optimum mechanical properties. Hort et al 

reported improved corrosion behavior with up to 10% Wt Gd. Mg specimens with 15 Wt% Gd 

exhibited a marked increase in corrosion rate (149). 

Biosafety of Gadolinium 

Gadolinium is a rare earth element and one of the chemical metal elements of the Lanthanide 

series. Lanthanides are known as bone seekers due their marked tendency to deposit in bone (150, 

151). Gd
3+

 possesses a similar ion radius to that of Ca
2+

 and is able to compete with Ca 
2+

 in most 

of the biological systems which need Ca
2+

 to function appropriately (152). Although many 

studies have reported a cytotoxic effect of Gd on mammals, the acute toxicity of this element is 

moderate (153, 154). In a study conducted by Feyerabend et al, Gd was not cytotoxic for 

osteoblast-like cells showing that Gd can be considered to be an appropriate material for clinical 

applications (155). In another study conducted by Cecchinato et al, Mg10Gd and Mg4Y3RE were 

deemed appropriate materials which can positively affect the attachment of HUPCV cells and 

result in the formation of healthy and well-developed cellular structures (156). Their study, 

furthermore, documented better cellular distribution and cell morphology on these materials 

compared to pure Mg (156). 

Whilst alloying elements can partially control the high corrosion rate of Mg implants, initial rapid 

corrosion of Mg remains a problem in the orthopedic field. The designing of new alloying 

systems, application of novel fabrication and production methods, and increased basic knowledge 

concerning chemical reaction and degradation of Mg based implants under physiological 

conditions, are therefore needed (100). 
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1.1.5.2 Surface coating 

Rapid corrosion of Mg implants can also be modulated by coating (157). The main objective of 

coating is an enhanced corrosion resistance of Mg implants, taking into account the need to 

simultaneously provide highly biocompatible and bioactive surfaces (157). The many available 

coating methods include Fluoride coating, Ca-P coating, Ca-P hydroxyapatite coating, 

CaMgSi2O6 diopsid coating and ZRO2 coating (157). 

Whilst the aforementioned coatings are highly biocompatible and improve corrosion resistance, 

sustainability of these coatings on the surface of the materials for longer immersion times is 

needed in order to maintain the corrosion rate at a desirable level during the corrosion process, 

necessitating further fundamental studies of the coating methods and of the reaction of the 

materials with the coating layer  (158, 159). 

1.1.5.3 Pre-corrosion 

Immersion of Mg-based implants in corrosion medium (cell culture medium or SBF) can result in 

the formation of a passive protective layer able to naturally and actively decrease the initial 

corrosion rate of Mg and Mg alloys by protecting the surface from further corrosion (118, 120, 

121). Pre-corrosion has been reported to decrease the rate of corrosion of pure Mg and 

Mg10Gd1Nd implants (118). Pre-corroded Mg10Gd1Nd specimens exhibited clearly lower pH 

compared to non-pre-corroded specimens, whilst there were no noticeable differences between 

the pH of pure Mg with and without pre-corrosion,  showing that the formation of a protective 

layer cannot absolutely protect the surface from further corrosion (118).  

Whilst Ostrowski et al pointed out the positive role of a protective passive layer in reducing 

corrosion rate, they also admitted that a passivation layer could be attacked by chloride ions 

which exist in corrosion medium and become subsequently dissociated (158). In this case, 

corrosion will continue until the next passivation layer forms on the surface and will negatively 

influence the surrounding cellular and tissue environment (158). Willumeit et al reported that pre-

corrosion of Mg-based implants in cell culture medium for 6hrs resulted in the formation of 

desirable surfaces able to efficiently improve cellular attachment and proliferation. Longer pre-

corrosion times (up to 72hrs) provided a beneficial surface for the cells in their study (Fig 4) 

(118). As in the previously mentioned study,  Keim et al concluded that pre-corrosion of Mg 

samples in cell culture medium (DMEM) can result in the formation of the layer which is highly 

protective and can elevate the population of Hela cells on the material (160). Cecchinato et al 

observed similar improvements in terms of cellular responses on Mg10Gd, Mg2Ag and 
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Mg4Y3RE specimens which were pre-corroded for 48 hrs. (156). Pre-corrosion of Mg samples 

does not, however, always result in the formation of a fully protective layer. Lorenz et al detected 

optimum primary cellular attachment on Mg samples pre-corroded in m-SBF medium due to the 

appropriate surface roughness and Ca-P layer which formed as a protective layer on the surface. 

They, however, found out that this layer can partly hinder further surface corrosion and that 

consequent Mg ion release from areas without corrosion deposits was not desirable for long term 

cell survival (161). As in the study from Lorenz et al, Ngueyen et al detected no significant 

differences between corrosion performance of D-Mg specimens (pre-corroded for 24h in 

mTeSR1) and untreated metallic Mg (M-Mg), showing incomplete coverage of the surface with a 

corrosion layer unable to decrease corrosion rate (162). In another study, Witte et al detected no 

impact of pre-corrosion on viability of MG63 cells cultured on AZ91D samples compared to non-

pre-corroded samples (163). Razavi et al have another theory about the effect of passivation 

layers and corrosion products on cellular behavior. They deem corrosion products to be a factor 

which can have detrimental effects on cellular behavior and believe that consequent release of 

corrosion products from the corroded surface does not provide a favorable surface for cellular 

attachment due to the marked discrepancy between the corrosion layer and the substrate (117). 

  



36 
 

 

 
 

 Fig 4. SEM images of Saos-2 cells cultivated on pure Mg and Mg10Gd1Nd with different pre-

incubation times, with permission from International journal of medical science (118).  
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1.1.5.4 Heat treatment 

Metal microstructure can be modified by heat treatment. This technique is of great interest since 

it can markedly alter grain size as well as the formation and/or distribution of intermetallic phases 

and subsequently enhance corrosion resistance. Smaller and finer grain sizes are known to 

improve the mechanical properties and decrease the rate of corrosion of Mg-based implants 

(117). Gu et al applied three different alkali solutions (NaHCO3, Na2HPO4 and Na2CO3) to Mg-

Ca alloys and afterwards heat treated these alloys for 12 hrs. The results of their study 

demonstrated that alkali and heat treated Mg specimens exhibited higher corrosion resistance 

than non-treated control specimens. Heat treated Mg-Ca alloys, furthermore, exhibited slower 

and more homogeneous corrosion. L929 cells treated with extracts of alkali heat treated materials 

moreover exhibited no evidence of cytotoxicity (164). 

1.2 Corrosion and factors which can influence corrosion 

1.2.1 Immersion system 

Several studies have reported a slower rate of corrosion of Mg-based implants under in vivo 

conditions than in vitro studies, which can be attributed to the buffering capacity and circulation 

of the blood inside the body (24, 165, 166). These properties of blood result in the removal of the 

corrosion products from the implantation site in the body and maintain a physiological pH  which 

can further result in more normal and homogenous degradation (166). The multiple methods 

available for immersion of Mg-based implants include static, semi static and dynamic systems 

which can effectively influence the corrosion rate of Mg specimens (104, 122, 167-169). In the 

static immersion system, the amount of corrosion medium is calculated according to ISO 10993–

12 based on the ratio of the surface volume to the surface area (V/S) with a pre-determined 

medium volume. This set-up is far removed from actual conditions in the body and may result in 

a significant increase in local pH, saturation of the corrosion medium due to rapid, continuous ion 

release and precipitation of the corrosion products on the surface. All of these factors can 

potentially cause discrepancies between in vitro and in vivo results (170). In the semi static 

corrosion system, part of the corrosion medium is replaced with new medium every few days. 

Whilst this type of immersion does not faithfully mimic in vivo conditions, it can nevertheless 

partially avoid corrosion medium loss by evaporation and massive formation of corrosion 

products on the surface as a result of  rapid ion release into the medium (171). Soaking Mg-based 

implants in a flowing solution is called dynamic immersion. This system of immersion is able to 
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better mimic the in vivo situation than static immersion. Zhe et al analyzed the corrosion 

behavior of a Mg-3Sn-0.5Zn alloy under static and dynamic immersion system in Hank’s 

solution. Using the static immersion system, the pH rose to 11 after 5 days and afterwards 

remained at the same level for up to 30 days of immersion. Similar pH values obtained for 

specimens in the dynamic immersion system showed that there are no significant differences 

between static and dynamic immersion systems in this respect. They also detected similar 

corrosion products (Mg (OH)2 and CaCO3) on the surface of the Mg-3Sn-0.5Zn in both static and 

dynamic systems. The corrosion layers on the surface of the specimens immersed under flow 

conditions were, however, more compact and subject to less corrosion attack compared to those 

on statically immersed specimens. Ion release and weight loss results further confirmed milder 

and more uniform corrosion of dynamically immersed specimens. Dynamic flow can remove 

corrosion products which are weakly attached to the surface and leave compact homogeneous 

corrosion products in place. This layer can protect the matrix of the material from deep pitting 

corrosion. Dynamic flow immersion can furthermore maintain the pH and chloride ion 

equilibrium which block the surface from pitting corrosion (172). 

1.2.2 Corrosion medium  

One of the most important challenges in modeling in vivo conditions is to find an electrolyte 

solution able to appropriately mimic body fluid (66, 173, 174). Simulating body fluid (SBF), 

Hank’s solution, DMEM, PBS and 0.9% NaCl solution are most widely used as corrosion media 

in in vitro experiments (175). Mg-based implants have been reported to exhibit divergent 

corrosion behavior in different corrosion media. Song et al reported higher corrosion current 

density for AZ91 immersed in Hank’s solution than that reported by Yao for 0.9% NaCl solution 

(176, 177). In another study, AZ91 exhibited different current corrosion densities in similar 

corrosion medium (m-SBF) showing that even different batches of the same medium can 

influence the corrosion rate of Mg specimens (178, 179). The study conducted by Yamamoto et 

al evaluated the degradation behavior of pure Mg in 6 different corrosion media (NaCl, HEPES 

buffered NaCl, NaHCO3 buffered NaCl, Earle (+), E-MEM and E-MEM supplemented with 

FBS). The highest ion release was observed in HEPES buffered NaCl and the lowest Magnesium 

dissolution in E-MEM supplemented with FBS. Formation of insoluble salts on the surface of Mg 

implants due to the presence of inorganic salts in the corrosion medium is one of the mechanisms 

which can effectively delay the corrosion of Mg-based implants (175). 
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1.2.3 Corrosion environment 

Another factor which has a significant impact on the rate of corrosion of Mg-based implants is 

corrosion environment. Yang et al conducted a study in order to elucidate the effect of corrosion 

environment on the corrosion behavior of Mg-Dy alloys (168). They immersed Mg-Dy alloys in 

0.9 NaCl and DMEM+10% FBS at room temperature (RT) under cell culture conditions (21% 

O2, 37°C, 5% CO2) and atmospheric conditions (21% O2, 37°C, 0.043% CO2). The lowest 

corrosion rate in the samples immersed in cell culture medium was observed under atmospheric 

conditions. Buffering system, addition of proteins and various physiological conditions (such as 

temperature, amount of O2 and CO2) were listed as important factors able to determine the 

corrosion mechanism in their study (168). Fabrication of the material, sterilization methods, 

preparation techniques such as sealing, polishing and immersion time of the specimens are other 

factors which can influence the rate of corrosion and mechanical properties of Mg-based 

materials (160, 180-183). 

1.3 Effect of corrosion on cell viability  

Corrosion of Mg-implants is associated with a massive release of ions and elevated pH which can 

influence cell viability (101, 102). Surface modifications and topographical features which occur 

during metal corrosion can furthermore affect cellular behavior (116, 184-186). In many studies, 

cell viability is dependent on the concentration of Mg ions released into the medium during 

corrosion (187-190). Hanzi et al for example reported that a Mg concentration above 10mM 

significantly reduces MC3T3-E1 cell viability (189). Similar observations were made with 

MC3T3-E1, BMSc, U2OS and L929 cells at Mg concentrations of 5mM, 5mM, 35 mM and 15 

mM respectively (115, 185, 187, 191, 192). In another study conducted by LL Wu, PBMC cell 

viability was increased by elevating Mg concentration from 0-25 mM (193). In contrast to the 

study of LL Wu, Cipriano et al reported that an increase in Mg ion concentration (0-27.6 mM) 

did not noticeably affect BMSc cell viability. High local pH and intrusive alterations in surface 

topography were deemed to cause the reduction in cell viability observed in their study (185). 

The ways in which cells react to corroding implants does not just depend on the level of Mg ions 

released into the medium. The type of cells used is also an important factor affecting viability 

results (192, 194). In the study conducted by Wang et al for example, L929 cells and osteoblasts 

exhibited optimal viability at a Mg concentration of 35mM derived from pure Mg extracts, whilst 

the safety level for MC3T3-E1 cells was 15mM (192). Burmester et al observed reduced growth 



40 
 

of osteoblasts, SaoS2 and U2Os at Mg concentrations of 5mM, 10mM and 20mM respectively, 

showing variable sensitivity of these cells to Mg ions (194). 

Medium pH has an important effect on cellular behavior under in vitro condition. In many studies 

a high rate of corrosion of Mg-based materials resulted in elevated pH levels which is deemed to 

reduce cell viability (101, 185, 189, 195, 196). F. Seoss et al detected a marked decrease in 

viability of Hela cells at a pH of 10. They furthermore detected no viable cells at a pH higher 

than 10, showing a detrimental effect of high pH on cell viability (101). Jiali Wang et al observed 

similar outcomes with osteoblasts and L929 cells at pH values higher than 8.5. This high pH 

value, however in contrast, appeared to have stimulatory effect on the growth of MC3T3-E1 and 

BMSc cells (197).  

1.4 Osteogenic differentiation of precursor cells  

Mesenchymal stem cells, which exist in bone marrow and the periosteum, are able to differentiate 

into osteoprogenitor cells which can further differentiate to the osteoblasts. The differentiation 

process can be divided into three phases, namely cell reproduction, ECM maturation and matrix 

mineralization. Multiple signaling pathways and factors orchestrate the bone cell differentiation 

process (Fig 10) (198-200). ECM proteins such as Collagen I, OP, BSP, MMP1, ALP and OPG, 

as well as transcription factors Runx2 and SP7 are expressed by MSCs during osteogenic lineage 

development (201-203).  

The MC3T3-E1 cell line used in the present study originated from newborn mouse calvarias, and 

has the ability to differentiate into osteoblasts and undergo mineralization at later stages under in 

vitro conditions (204). MC3T3-E1 cells (pre-osteoblasts) can express low levels of the early 

osteogenic markers which are extensively expressed by immature osteoblasts (204). Increased 

expression of these markers by pre-osteoblasts is an indication of ongoing differentiation (205).  

Runx2, an early differentiation marker, is a transcription factor and member of the Runx family. 

This marker can drive multipotent stem cells to differentiate along  the osteoblast lineage at an 

early stage. It can furthermore enhance the function of ALP and the osteoblast mineralization 

process (206). Runx2 is able to interact with the promoters of genes such as MMP1, OC, ALP, 

OP, RANKL, ALP and regulate the expression of these genes (207, 208). The transcription factor 

Sp7 also plays an important role in the regulation of the osteoblastic genes (208) and has a similar 

function to Runx2.  
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ALP is a marker of differentiation which facilitates the mineralization of extracellular matrix 

(ECM) (203). During the early differentiation phase (up to 14 days), elevated expression of ALP 

is detectable, whilst at later stages (during mineralization) expression of this marker declines 

significantly (209). Collagen I constitutes the organic unit of the ECM. Whilst collagen I is found 

in tissues other than bone, it is one of the dominant constituents of bone extracellular matrix. 

Expression of this marker by osteoblasts is an indication of mineralized bone matrix and can be 

considered to be one of the primitive activities of mature bone cells (210-212). Osteopontin and 

osteocalcin are two non-collagenous ECM proteins. These markers are used as early and late 

differentiation markers respectively (203, 213). Osteopontin cannot be recognized as a particular 

bone protein, but plays an important role in cellular attachment and cellular viability through its 

ability to bind to cell surface integrin (214). Osteocalcin, one of the most abundant proteins in 

bone, can facilitate bone mineralization by interconnecting to minerals (203). Osteoprotegerin is 

able to inhibit NF-kB activity by binding to RANKL as a decoy receptor. Interaction of OPG 

with RANKL can prevent further differentiation of osteoclast precursors to osteoclasts and 

regulate the resorption of these cells. This process occurs by impeding the interaction of stromal 

osteoclasts and precursor osteoblasts via RANKL-RANKL receptors (215).  

1.5 Methods used to determine magnesium degradation rate in vitro 

Evaluation of the pattern of corrosion of Mg implants under in vivo condition provides more 

detailed and accurate information about these implants than in vitro studies. The high cost of in 

vivo experiments and ethical issues, however, mandate analysis of the corrosion pattern of these 

implants under in vitro condition before performing animal studies. Methods for determining the 

rate of corrosion of Mg implants include potentiodynamic polarization and impedance 

measurements, hydrogen gas volume measurement, calculation of weight loss and measurement 

of Mg ion release. In this study, corrosion rate was measured by evaluation of Mg ion release. 

The correlation between Mg ion release and the rate of corrosion of Mg implants makes it 

possible to estimate corrosion rate by measuring the number of Mg ions released into the 

corrosion medium by methods such as inductively coupled plasma spectroscopy (ICP-OES) 

which is explained in detail in the Materials and Methods section. The influence of cells 

cultivated on the surface of Mg samples on the rate of corrosion was further evaluated with ICP-

OES. Physiologic solutions pH has an important effect on the viability the surrounding cells and 

tissue. Because the reaction of Mg with water in aqueous solution elevates the pH, it is important 

to measure the pH at each incubation time point and evaluate the effects of pH on the cells and 

https://en.wikipedia.org/wiki/Osteoprotegerin
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tissues. Analysis of the alterations occurring on the surface of Mg implants, as well as detection 

of chemical elemental composition were performed using scanning electron microscopy equipped 

with EDX in this study. Factors which can influence material corrosion include corrosion 

medium, which consists of various proteins, sugars, organic and inorganic salts, and the  

immersion system employed. Cells can also influence the pace of corrosion (216). In order to 

ensure that cell cultivation on the surface of implants can influence corrosion rate, MC3T3-E1 

cells were cultivated on Mg-based alloys (Pure Mg, Mg2Ag and Mg10Gd) and Mg ion release 

into the supernatant compared to the ion release by alloys without cells. 

Immersion system 

In order to measure corrosion rate and pH of the material in both cases (with and without cells), 

cell culture medium (DMEM) with other additives (including foetal bovine serum) and 

antibacterial agents (penicillin/streptomycin) were used. All immersion tests were performed 

under cell culture conditions (37°C, 20% O2, 5% CO2, 95% rel. humidity). The medium was not 

been changed during the immersion period. All the immersion tests performed in this study for 

the purpose of corrosion rate evaluation were done with non-corroded materials.  Pre-corrosion of 

Mg samples in cell culture medium prior to cell cultivation has, however, been suggested by 

many studies, since this method is known to decrease the initial corrosion rate and to facilitate 

cellular attachment.   

Cell Viability and morphology 

In order to ensure the effect of corrosion products and surface morphology of the corroded 

materials on bone cells, Mg-based implants were pre-corroded in cell culture medium for 1, 2 and 

3 days. The cells were cultivated on corroded surfaces and viability and morphology of the cells 

were evaluated by live-dead staining and scanning electron microscopy respectively. Non-

corroded material was chosen as a control. Cell viability was also analyzed following longer 

incubation times (4, 8, 10 and 12 days) on non-pre-corroded samples.  

Cell viability following treatment with different concentration of Mg contained within the 

supernatant of immersed Mg samples (Pure Mg, Mg2Ag and Mg10Gd) was evaluated using  3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay).  

Gene expression  

In order to evaluate the effect of different alloying systems and corrosion products on bone cell 

gene expression pattern, MC3T3-E1 cells were cultivated for different times on Mg-based 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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implants and expression of two of the most important osteogenic markers (Collagen I and Runx2) 

was evaluated by immunocytochemistry and western blot.  

1.6 Bacterial infection 

A principal complication of orthopedic surgery which can result in implant failure is bacterial 

contamination. Bacterial infection during orthopedic surgery may impair the mechanical 

properties, and eventually result in instability of the implant by loosening the material at the 

implantation site (217). In some cases of infection implants must be replaced and in severe cases 

there is a risk of ablation or morbidity (218).  

S.aureus and S.epidermidis bacterial strains are responsible for a large proportion of implant-

associated bacterial infections (219). It has been reported that more than 60% of implant 

associated infections involve these two strains (219). The ability of these bacteria to form 

biofilms renders them quite resistant to even the most effective antimicrobial agents (220, 221).  

Infectious bacteria existing in surgery rooms, on surgical materials, in the body or on the skin of 

the patients are a potential source of bacterial contamination (222). Implant-associated bacterial 

infections are difficult to treat with antimicrobial agents because the most common bacteria in 

orthopedic surgeries are able to attach to the surface of the implant and form a biofilm at the 

implantation site (223). Accumulation of bacteria in biofilm structures is extremely life-

threatening since they can enter the blood stream and cause chronic infections. Bacterial 

communities present in biofilms are highly resistant to even the most effective antibacterial 

agents.  The host immune system furthermore struggles to eliminate bacteria present in biofilm 

form (224).  

Generally speaking if infectious bacteria attach to the surface of the implant before completion of 

the healing process, the host defense system is unable to prevent colony formation and bacterial 

biofilm formation on the surface. Interception of implant-associated bacterial contamination is 

extremely important (225, 226).  

Implants used for medical applications must possess several properties, including a favorable 

surface for optimal attachment of bone cells and antibacterial properties. Whilst Mg implants 

provide an appropriate surface for bone cell growth (186, 227), the antimicrobial activity of these 

implants needs to be improved (138). Addition of alloying elements to Mg based implants such 

as silver, which is known to possess adequate antimicrobial properties, can effectively enhance 

antibacterial activity. Addition of silver can moreover improve corrosion resistance and the 

mechanical properties of these materials (138). 
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Hypothesis 

Magnesium is known to be a suitable element for the manufacture of bone implants. Due to its 

chemical reaction with water molecules in the body however it produces a lot of hydrogen gas, 

which is detrimental for surrounding cells and tissue. We hypothesize that addition of other 

alloying elements such as Silver and Gadolinium can enhance the corrosion resistance of pure 

Mg. We moreover expect addition of these elements to the Mg implants to have no adverse 

effects on bone cells and tissue. Addition of these alloying elements might furthermore enhance 

corrosion resistance and improve the cellular and molecular behavior of bone cells.  

Another method applied in this study to control the corrosion rate was pre-corrosion in cell 

culture medium. We hypothesize that formation of corrosion products on the surface of the Mg-

based implants can improve aspects of cellular behavior such as cell attachment and cell survival.  

In this thesis we reason that there is a close correlation between surface chemical composition 

and cell behavior. We moreover hypothesize that the morphology of the corrosion layer formed 

on the surface can affect cell adherence and, consequently, cell survival.  

Based on our literature search, we expected lower Mg ion release and reduced corrosion rate 

from Mg implants cultured with cells than from implants without cells on their surface.  

Silver-containing Mg-based implants are known to possess antibacterial properties. In this study, 

we expected to observe a direct relationship between antibacterial activity and increasing implant 

silver content.  
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Aim 

The principle aim of this thesis was to study the degradation profiles of Mg based implants. The 

effect of surface modifications on corrosion rate and biocompatibility was also investigated, as 

was the antibacterial role of silver-containing Mg-based implants. 

Specific aims: 

- Evaluation of degradation profile including surface modifications and surface chemical 

elemental composition of pure Mg, Mg2Ag and Mg10Gd under cell culture conditions 

- Evaluation of Mg ion release and pH under cell culture conditions 

- To evaluate whether pre-corrosion of Mg-based implants has a positive effect on 

controlling corrosion rate and enhances cell survival 

- To study whether cultivation of the cells on the surface of Mg-based implants can reduce 

the corrosion rate and influence corrosion product formation 

- Evaluation of selected short-term cellular response of osteoblasts to Mg-based alloys (cell 

viability, morphology and proliferation)  

- Study the effect of different concentration of Mg and other elements released into cell 

culture medium during sample corrosion on viability and proliferation of pre-osteoblasts 

- Evaluation of long-term cell gene expression responses of osteoblasts to Mg-based alloys  

- Study the antibacterial properties of Mg2Ag, Mg4Ag and Mg6Ag versus two prevalent 

bacterial species (S. aureus and S.epidermidis) 
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2. Material and methods 

2.1 Material Preparation  

Pure Mg (99.99% Mg) and two Mg alloys Mg10Gd (10.5% Gd, Mg Bal.) and Mg2Ag (1.75% 

Ag, Mg Bal.) were utilized in this survey. The concentrations of Ag and Gd which were used as 

alloying elements were determined by X-ray fluorescence spectrometry according to weight 

percentage (Bruker AXS S4 Explorer, Bruker AXS GmbH., Germany) (Table 2). 

 

Table 2. Composition of alloying elements in Mg-based implants, these findings have been 

published in an original article (216) 
      

Alloy 

Composition wt. % 

Ag Gd Fe Cu Ni Mg 

Mg - - 0.0055 0.003 0.0018 Bal. 

Mg10Gd - 10.5 - - - Bal. 

Mg2Ag 1.75 - 0.0022 0.002 0.0013 Bal. 

 

Samples were discs (10mm diameter and 1.5 mm height). Material production involved casting, 

heat treatment, extrusion, machining and cutting. Material casting was done in HZG-MagIC 

(Geesthacht, Germany) using pure materials; Mg (99.99%, XINXIANG JIULI MAGNESIUM 

CO.LTD, China), Gd (99.95%, Grirem Advanced Materials Co., Ltd., China) and Ag (99.99%, 

ESG Edelmetall-Handel GmbH & Co. KG, Germany). Mg2Ag and Mg10Gd were manufactured 

by constant mold gravity casting. After melting of pure Mg at a temperature of 720°C, pre-heated 

alloying elements (Ag and Gd) were added with steady shaking. The melt was then poured into a 

permanent steel mold treated with Boron Nitride which was pre-heated to a temperature of 

550°C. SF6 and Argon mixture was used as a cover gas during the casting process. A 16h 

solution treatment at 440°C under argon atmosphere was applied to the alloys (T4 heat 

treatment). Alloys were homogenized with a T4 heat treatment prior to extrusion in an Argon 

atmosphere at 550°C (Mg10Gd) and at 420°C (Mg2Ag) for 6hr, and afterwards indirectly 

extruded with an extrusion ratio of 4/25. The temperature of the extrusion machine chamber was 

adjusted to 370°C and the billets (d = 30 mm) pre-heated for 1hr at 370°C and 430°C for Mg2Ag 

and Mg10Gd respectively. The extrusion pace was between 3 and 4.5 mm/s. Casting of pure Mg 

was performed by constant mold direct chill casting. The cast billet (d = 110 mm) was extruded 

indirectly with an extrusion ratio of 1/84. The extruded billets were afterwards machined and cut 

into discs.  
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2.2 Sterilization 

The samples used for both corrosion and cytocompatibility tests were sterilized by ץ-ray 

irradiation of 25 kGy. After sterilization and before performing the experiments, all samples were 

immersed in 70% ethanol for 10 minutes and immediately air dried.  

 

2.3 Determination of material properties after machining  

As explained above in part 2.1, the final step of material production was machining. The machine 

used to cut the Mg rods into plates can affect surface roughness and grain size. It can also cause 

the formation of secondary phases and segregation of elements and particles. These factors could 

subsequently influence corrosion rate, and it was therefore necessary to analyze these factors 

before performing cell and material experiments in order to show that all surfaces possessed more 

or less similar properties. 

2.3.1 Determination of surface roughness  

A Contour GT – K Bruker Profilometer using white light interferometry was utilized in order to 

measure surface topography and roughness specifications in close collaboration with HZG-

MagIC (Geesthacht, Germany). Magnification of 5x with 10% overlap was used to enable 

stitching. [-150 µm to 150 µm] was set as the spectrum between length and back scan. Autoscan 

was activated in order to stop every stitch after 20 µm of measurement, following collection of 

90% of the data. In order to expand the pixels, a threshold of 1% was applied. Software 5.41 was 

used in order to prepare the data for measurement. Nominal style of the surface was elevated by 

F-operator “cylinder and tilt”. 3 non-corroded specimens per condition with field of interest of 

9.5 mm in diameter were analyzed.  

The roughness of each alloy was similar. The surface of Mg10Gd was however slightly smoother 

than Mg2Ag and pure Mg. Alloying elements which increase hardness produce smoother 

surfaces, which might explain the slight surface differences between the specimens. In general, 

the cutting process seemed to be the same for all materials (Fig 5). These results have been 

published in an original article (216).  
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 Pure Mg Mg2Ag Mg10Gd 

Sample-Nr. *Sa [µm] **Sq [µm] *Sa [µm] **Sq [µm] *Sa [µm] **Sq [µm] 

1 2.02 2.54 1.71 2.23 1.24 1.73 

2 2.46 3.24 2.06 2.58 1.53 1.97 

3 2.26 2.99 2.12 3.17 1.38 1.77 

Average 2.25 2.92 1.96 2.66 1.40 1.83 

Standard Deviation 0.22 0.35 0.22 0.47 0.12 0.17 
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Fig 5. Surface topography and roughness parameters of pure Mg, Mg2Ag and Mg10Gd 

discs. Roughness of each alloy was measured by a Contour GT – K Bruker Profilometer using 

white light interferometry (A) and surface roughness of all three alloys were compared to each 

other (B). *Sa known as a parameter which is used to define the surface roughness. It is the 

extension of Ra (arithmetical mean height of a line) to a surface. It shows an absolute value and 

the difference in height of each point compared to the arithmetical mean of the surface. ** Sq is 

identical to the standard deviation of heights. It shows the root mean square value of a line. These 

results have been published in an original article (216). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 2.3.2 Determination of grain sizes 

Samples for scanning electron microscopy analysis were embedded in epoxy resin, ground with 

220-2500 grit Sic paper and polished using a 3 µm diamond suspension, followed by 1µm 

diamond and an anhydrous OPSTM suspension. An etchant consisting of 140 ml ethanol, 30 ml 

deionized water, 7 ml glacial acetic acid and 8 g picric acid was used to etch the samples before 

washing them in ethanol and air drying. An optical microscope equipped with a digital camera 

was used to observe and record microstructures. Grain sizes were determined by line intercept 

method. Mean square grain diameter for pure Mg was 38 ±1 µm and similar to Mg2Ag with 40 

±1 µm. For Mg10Gd, the square grain diameter was smaller (27 ±1 µm), but of the same order of 

  *Sa [µm] **Sq [µm] 

Pure Mg 
Average 2.25 2.93 

Standard Deviation 0.22 0.35 

Mg2Ag 
Average 1.97 2.67 

Standard Deviation 0.22 0.48 

Mg-10Gd 
Average 1.40 1.83 

Standard Deviation 0.12 0.13 

Pure Mg Mg2Ag Mg10Gd B 
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magnitude. All three alloys were compatible in terms of grain sizes (Fig 6). These results have 

been published in an original article (216). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. Microstructure of pure Mg, Mg2Ag and Mg10Gd. Microstructures were observed using 

an optical microscope with a digital camera. Grain size was determined using the line intercept 

method to calculate the middle square grain diameter. Mg2Ag and pure Mg exhibited similar 

grain sizes, whilst Mg10Gd showed smaller middle square grain diameter, these results have been 

published in an original article (216). 
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2.3.3 Determination of the properties of microstructures  

Specimens were prepared for scanning electron microscopy using a procedure similar to that 

described in part 2.1. Microstructures were investigated with a scanning electron microscope 

(SEM) in back-scattered electrons (BSE) equipped with energy dispersive X-ray spectroscopy 

(EDXS) at a working voltage of 20 keV. In SEM-BSE mode and with EDXS, no secondary 

phases, segregation of elements or particles were detected in pure Mg and Mg2Ag samples. 

Mg10Gd, however, exhibited an irregular distribution of Gd, visible in SEM-BSE figures as 

contrast differences (Fig 7). The bright areas in the microstructure contained 10.2 ± 1.1 wt. % Gd 

and the dark areas 4.5 ± 1.2 wt. % Gd. These results have been published in an original article 

(216). 
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Fig 7. Microstructures of pure Mg, Mg2Ag and Mg10Gd. Microstructures were observed with 

scanning electron microscopy (SEM) with back-scattered electrons (BSE) equipped with energy 

dispersive X-ray spectroscopy (EDXS), these results have been published in an original article 

(216).  

2.4 Corrosion measurement 

2.4.1 Immersion test 

Corrosion rates were determined in this study by immersion testing, which was performed 

according to ISO 10993 standards with slight modifications. Specimens were immersed for 1, 2, 

3 and 8 days in 4 mL Dulbecco's Modified Eagle's Medium (Invitrogen, Carlsbad, CA, USA) 

supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA). The 

immersion system was a so-called static system, i.e. the corrosion medium was not changed 

throughout the entire immersion period. The corrosion profiles of the specimens were evaluated 

by measuring Mg ion release into the supernatant of the immersed samples at defined time points.  

Supernatants from 3 day immersed samples were also used for later cell viability experiments. 

Dilutions were prepared for analysis based on the highest concentration of Mg ion detected after 

3 days of immersion.  

In order to evaluate Mg ion concentration, supernatants from immersed samples were centrifuged 

for 10 minutes at 4500 rpm to remove precipitates which might exist in the supernatants. A 

simultaneous, axially viewed inductively coupled plasma optical emission spectrometer (ICP-

OES; Ciros Vision EOP, Spectro, Germany) equipped with a cross-flow nebulizer, a Scott type 

PFA spray chamber and a standard ICP torch with a 2.5 mm injector diameter was used to 

measure Mg ion concentration. ICP-OES is an instrument which is can be used to determine the 

levels of different elements in both solid and liquid samples. In this system, samples are exposed 

to intense heat which leads to the formation of a cloud of hot gases containing free atoms and 

ions of the element of interest as a result of sample decomposition. Remarkable levels of 

collisional excitation and ionization occur at high temperatures. These atoms and ions with a high 

excitation level have the potential to fall to the lower state through thermal or emission energy 

transmission. Radiated light of particular wavelengths is then measured and utilized in order to 

identify the concentration of the element of interest (228). In this study the selected plasma 

conditions were 1350WRF power, 12.5 L/min outer gas flow, 0.6 L/min intermediate gas flow 

and 0.83 L/min nebulizer gas flow. The 280.270 nm Mg emission lines were used. Calibration 

standards (0–10 mg/L) were prepared from a multi-element stock solution (100 mg/L, 28 element 
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stock solutions, Roth, Germany). A 1 mg/L internal standard (Sc) was used to compensate for 

instrument drift. Normal cell culture medium was used as a control.  

Mg ion release was also measured following cultivation of MC3T3-E1 cells on non-corroded 

Pure Mg, Mg2Ag and Mg10Gd for 1, 2 and 3 days. The release rate was compared to samples 

without cells.  

2.4.2 Determination of pH 

Supernatant used to determine Mg ion concentrations were also utilized for measuring pH values. 

pH values were measured using a normal pH meter (HANNA instruments, GmbH, Austria) at 

specific time points. 

2.4.3 Determination of surface characterization and chemical elemental composition 

In order to further analyze degradation profile and the formation of corrosion deposits on the 

surface, Mg discs were immersed in 4ml cell culture medium supplemented with 10% FBS for 1, 

2, 3 and 8 days under cell culture conditions (37 °C, 5 % CO2, and 95 % humidity). The medium 

was not changed throughout the entire immersion period. At each established time point, Mg 

discs were removed from 6 well plates and dried at room temperature. Analysis of surface 

structure and chemical elemental composition was performed using a LEO 1450VP scanning 

electron microscope (ZEISS, Oberkochen, Germany) equipped with an EDS detector (BRUKER 

QUANTAX 400) with an accelerating voltage of 15 kV. Energy-dispersive X-ray spectroscopy 

(EDX) is a technique for determination of sample elemental composition. In this system, the 

sample is exposed to the X-ray beam which excites the outer electrons layer of the atoms. The 

electrons then move from the high energy inner layer to the low energy outer layer, releasing 

energy in the process in the form of X-rays.  By measuring this amount of energy the amount of 

elements in the EDX spectrum can be determined (229).  

2.5 Cytocompatibility assays 

2.5.1 Cell culture 

MC3T3-E1 cells (pre-osteoblasts) obtained from ECACC (Salisbury, UK; catalogue number 

99072810) were used as a cell model in this study since this cell line has the capacity to 

differentiate into mature osteoblast cells. Eagle’s minimum essential medium (Sigma-Aldrich, St. 

Louis, MO, USA) was utilized as basal medium and supplements including 10% fetal bovine 

serum (Sigma-Aldrich), 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM glutamine (all 
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reagents, Invitrogen, Carlsbad, CA, USA) were added to this medium. Cell cultivation was 

performed under cell culture conditions at 37°C, 5% CO2 and 95% humidity. MC3T3-E1 cells 

(5×10
4
) were cultivated on corroded and non-corroded Mg and Mg alloys specimens. In order to 

analyze the effect of surface modifications on cellular behavior, corroded surfaces needed to be 

provided. For this purpose the specimens were immersed for 1, 2 and 3 days in cell culture 

medium (DMEM supplemented with 10% FBS). At each planned immersion time, cell culture 

medium was taken and the specimens were transferred to new 24 well plates using plastic 

forceps. The samples were transferred from the side in order to avoid manipulation of the surface 

of the specimens. 5×10
4 

cells in 50 µL suspension were seeded promptly on to the surface of the 

specimens. The samples were incubated for 30 minutes in a cell culture incubator in order to 

allow initial cell adherence. 2 mL of cell culture medium (MEM supplemented with 10% FBS) 

was then added gently to the cells from a side to fully submerge the samples. MC3T3-E1 cells 

were cultivated for 24h on corroded and non-corroded Mg and Mg alloys.  

2.5.2 Live dead staining assay 

After  culturing the cells for 24h on corroded and non-corroded Mg based samples, cell viability 

was determined by live-dead staining (Invitrogen). In another set of experiments, the cells were 

cultivated only on non-corroded specimens for longer immersion times (4, 6, 8 and 12 days). In 

this set of experiments, cell culture medium was changed every second day.  

In order to perform live-dead staining, (for both short and long incubation times) each sample 

was washed three times in phosphate buffer solution (PBS, Gibco, Invitrogen). 5 µL of Calcine 

and 20 µL of Ethidium homodimer-1 were added to 10 mL of PBS and mixed properly in a dark 

room. 2 mL of this staining solution was then added to each well and the specimens were 

incubated for 30 minutes at room temperature in the dark. The specimens were afterwards 

washed three times with PBS without CaCl2 and MgCl2 (PBS, Invitrogen). An Inverted 

fluorescent microscope (Olympus) was used to visualize and photograph the stained cells. The 

pictures so obtained were merged using microscope software.  

 

2.5.3 F-Actin staining 

Rhodamine-phalloidin staining was used to stain the cytoskeleton of MC3T3-E1 cells cultured on 

corroded and non-corroded Mg and Mg alloys in order to determine the influence of surface 

modifications on cell morphology. For this purpose the cells were first fixed for 10 minutes with 
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4% Paraformaldehyde (Merck, Darmstadt, Germany). The cell membranes were then 

permeabilized for 5 minutes with 0.3% Triton-X100 (Sigma-Aldrich). All of the above processes 

were done at room temperature. A stock solution of Rhodamine-phalloidin (Invitrogen) was 

prepared in methanol with a final concentration of 6.6 μM (300 U/mL). 5μL of the prepared stock 

solution was diluted in 200 μL of PBS and incubated for 20 minutes at RT. 4',6-Diamidino-2-

Phenylindole, Dihydrochloride (DAPI) counterstaining (Invitrogen) was used to stain cell nuclei. 

A 300nM working solution was prepared from a 10.9 mM stock solution. F-actin bundles and cell 

nuclei were visualized by means of laser scanning microscopy (Zeiss LSM 510) at wavelengths 

of 540/565 nm and 358/461nm respectively. 

 

2.5.4 Scanning electron Microscopy 

The same samples used for F-actin staining were analyzed by scanning electron microscopy in 

order to provide better images of the cells in the absence of background fluorescent staining. 

MC3T3-E1 cells were fixed for 30 minutes in 2% Paraformaldehyde/2.5% Glutaraldehyde in 

0.1M Cacodylate buffer (Fluka BioChemika GmbH, Buchs, Switzerland). The specimens were 

then washed with 0.1M Cacodylate buffer (Merck) (pH 7.4) and afterwards dehydrated by 

immersion for 15 minutes at room temperature in increasing alcohol concentrations (30%, 50%, 

70%, 80%, 90% and 96%). The samples were finally immersed twice in 100% ethanol for 15 

minutes at RT before immersion in anhydrous acetone for 5 minutes. Before covering the 

samples with gold-palladium BAL TEC SCD500 (former BAL TEC, now Leica, Germany) for 

60 sec, each sample was subjected to critical point drying with BAL TEC CPD 030 (formerly 

BAL TEC, now Leica, Germany). Scanning electron microscopy with a 15 kV acceleration 

voltages was utilized to take the pictures (Zeiss DSM950).  

2.5.5 Indirect cytotoxicity assay (MTT assay) 

The influence of corrosion deposits and especially Mg ion concentration and pH on the viability 

of MC3T3-E1 cells was evaluated by MTT assay. As explained above, Mg ion concentration in 

the supernatants of the specimens which were used for corrosion assays was measured by ICP-

OES. The highest concentration of Mg
2+

, released into the medium after three days of immersion 

was measured for all three materials (pure Mg, Mg2Ag and Mg10Gd), which were 1.52 mg/ml, 

1.53 mg/ml and 1.47 mg/ml, respectively. Four different dilutions were prepared from each 

measured supernatant to assess the effects of different concentrations of Mg
2+

 (0.3, 0.6, 0.9 and 
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1.2 mg/ml) on MC3T3-E1 cell viability. Before addition of these extracts to the cells, pH was 

adjusted to physiological level. Cellular metabolic activity was also determined when cells were 

treated with extracts without pH adjustment.  

4×10
4 

MC3T3-E1 cells were seeded in 48-well tissue culture dishes (Costar; Corning, USA). The 

cells were treated with 250 µL of the sample extract 24h later in order to permit optimal 

attachment of the cells. After incubating the cells with sample extract for 24 h under cell culture 

conditions, the cell culture medium was removed and 25 µL MTT solution diluted 1:10 in cell 

culture medium was added to each well. The cell culture plates were then placed in a 37°C 

incubator for 4 hrs. MTT solution was then removed from the cells and 250 µL DMSO (Merck) 

was added to each well. 100 µL of the dissolved solution was then transferred to 96 well-plates 

and analyzed at a wavelength of 570 nm (Spectrostar-Ommega) by spectrophotometry. Cells 

treated with normal cell culture medium (MEM supplemented with 10% FBS) were used as a 

negative control.  

2.5.6 Analysis of cell morphology following treatment with sample extract 

The morphology of MC3T3-E1 cells was also analyzed after 24h treatment of the cells with 

different concentration of Mg
2+

 ions (0.3, 0.6, 0.9 and 1.2 mg/ml) derived from supernatants of 

pure Mg, Mg2Ag and Mg10Gd. The cells were cultured at a density of 2×10
4
 on

 
coverslips 

inserted in 6 well plates for 24h. Actin filaments and cell nuclei were stained using procedure 

similar to that described in section 2.5.3 and pictures were taken by laser scanning microscopy 

(Zeiss LSM 510). 

2.5.7 Immunocytochemistry 

MC3T3-E1 cells were seeded at a density of 5×10
4
 on non-corroded pure Mg, Mg2Ag and 

Mg10Gd. The samples were incubated in cell culture medium (MEM supplemented with 10% 

FBS) under cell culture conditions 37°C, 5% CO2 for 2, 4, 8 and 12 days. After certain incubation 

times, the media was removed and the samples were rinsed twice with PBS. The specimens were 

then fixed with 4% formaldehyde (Merck) for 10 minutes at room temperature. Afterwards the 

samples were washed twice with PBS and cell membranes were permeabilized for 5 minutes with 

0.3% Triton X100 (Sigma-Aldrich) at RT and then washed three times in PBS, for 5 minutes. 1% 

Bovine serum albumin (Sigma-Aldrich) and 5% horse serum (Sigma-Aldrich) were combined in 

0.3% Triton X100 (Sigma-Aldrich) in order to prepare fresh blocking solution. Polyclonal rabbit 

anti-collagen I (Catalogue number ab21286; Abcam, Cambridge, UK) was used as a primary 
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antibody and the samples were incubated with this antibody for 4 hours. The samples were then 

rinsed three times in PBS for 5 minutes. Highly cross-adsorbed anti-rabbit IgG (H+L) (Sigma-

Aldrich) at a dilution of 1:200 was used as secondary antibody. The samples were incubated for 

1h with this antibody and then washed three times with PBS for 5 minutes. Staining was 

visualized and documented by Laser scanning microscopy (Zeiss LSM 510).  

2.5.8 Real time PCR 

5x10
4
 cells were cultured on the surface of all pure Mg. After 2, 4 and 6 days of immersion, the 

cells were detached by application of 2ml of Accutase. 8ml of cell culture medium was added 

subsequently. 6 specimens were pooled for each time point in order to obtain sufficient cells. 

Supernatants were centrifuged for three minutes at 4500 rpm and, after aspiration of the medium, 

the cell pellets were kept at -20 °C until PCR analysis. RNA was isolated using a Qiagen RNeasy 

Mini kit (catalogue number 74104) and measured by spectrophotometry. Since the RNA 

concentrations were low, these were measured using another method (Ribogreen RNA assay kit). 

RNA was converted to cDNA. cDNA synthesis from isolated RNA was done using a  First 

Strand cDNA synthesis kit (Thermo Fischer Scientific Bioscience GmbH, St. Leonrot, Germany) 

according to the manufacturer's instructions. For one 20 µL reaction 5 µL diluted cDNA (1:20 

cDNA from RNA), 10 µL master mix, 3 µL water and 2 µL forward/reverse primer mix were 

pipetted together in a white 96-well plate (Roche Applied Science, Vienna, Austria, catalog 

number: 4729692001). PCR was done by 7900 HT (fast real time PCR system). Negative 

controls were included in each experiment. The program used for mRNA expression analysis was 

as follows: Stage 1: 50°C 2min, Stage 2: 95°C 20 min, Stage 3: 95°C 15 Sec and 60°C 1 min, 

Stage 4: 95°C 15 Sec, 60°C 15Sec, 95° 15 Sec. Amplification was done for 40 cycles. 5 different 

housekeeping genes (GAPDH; 28S RNA; B-actin; 18S RNA and 36B4) were examined before 

investigation of osteogenic markers. Gene expression was evaluated using the 2
-ΔΔCT

 method 

without PCR efficiency correction. Experiments were done 3 times in duplicate. 

 

2.5.9 Western Blot 

Non-corroded pure Mg, Mg2Ag and Mg10Gd were used in order to evaluate protein expression 

by MC3T3-E1 cells cultured for 2, 4, 6, 8, 10 and 12 days on these samples. 5x10
4 

cells were 

cultured on the surface of non-corroded Mg and Mg alloys for the designated time periods. Cells 

were immersed in cell culture medium supplemented with 10% FBS under cell culture conditions 
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and the medium was changed every second day. Cells were detached after the designated 

incubation times by addition of 2 mL Accutase for 10 minutes. The reaction was later stopped by 

addition of 8 mL of cell culture medium. The suspension containing floating cells was afterwards 

centrifuged at 4500 rpm for 5 minutes. After removing the medium, the cell pellets were 

resuspended in 1 mL MEM supplemented with 10% FBS. The resultant cell suspensions were 

then transferred into 1.5 mL Eppendorf tubes and centrifuged for 3 minutes at 1400 rpm (Micro 

centrifugation). RIPA buffer (Sigma) was used to prepare cell lysates for Immunoblotting (Radio 

Immunoprecipitation Assay). 10% sodium dodecyl Sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was used to resolve the protein lysates (5μg/lane). Separated protein lysates were 

transferred to polyvinylidene difluoride (PVDF) membranes. Following transfer the membranes 

were cut and strips were incubated overnight with 1:4000 diluted Runx2 (D1L7F) rabbit 

monoclonal antibody (Cell Signaling, USA, catalogue number 12556S), 1:4000 diluted rabbit 

anti-Collagen I polyclonal (Abcam, catalogue number ab21286) and 1:500 diluted rabbit anti-B-

actin (N21) polyclonal antibody (Santa Cruz, USA, catalogue number sc-130656;). A peroxidase-

conjugated goat anti-rabbit secondary antibody (Santa Cruz, USA, catalogue number sc-2054) 

was used as secondary antibody at a dilution of 1:1000. ECL chemiluminescence reagents 

(Amersham) and exposure to X-ray films were used to detect protein bands. Band density for the 

proteins of interest was evaluated at each time point. The values so obtained were then 

normalized using the band density of housekeeping genes (B-actin). Protein expression levels 

were then compared to the biological control (cells cultured on a tissue culture plate).  

 

2.6 Antibacterial properties 

The antibacterial properties of Mg-Ag alloys were determined by evaluating the viability of 

bacterial populations following treatment with different dilutions of extracts derived from Mg-Ag 

alloys. Mg2Ag, Mg4Ag and Mg6Ag were immersed in LB Broth for 48h (broth volume 

calculated according to the surface ratio) and supernatant from each alloy was centrifuged for 10 

minutes at 4500 rpm. Different dilutions of supernatants were subsequently prepared (10%, 25%, 

50%, 75% and 100%). 200 microliter of each dilution (prepared from Mg2Ag, Mg4Ag and 

Mg6Ag extracts) was added to honey comb plates (specific for bio-screen device). S. aureus and 

S. epidermidis which are two abundant bacterial strains in orthopedic surgery were cultured on 

blood agar overnight. Appropriate dilutions of these bacteria were then prepared according to the 

McFarland standards (0.5). 2 microliter of each bacterial strain were added separately to each 
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well. LB broth with bacteria (without Silver extracts) was used a negative control. The plates 

were placed in the Bio-screen device and the antibacterial activity of the Silver-containing 

implants was measured every 10 minutes for three days.  

2.7 Statistical Analysis 

Statistical analyses were performed using SPSS software (SPSS Inc., Chicago, IL, USA). In order 

to evaluate normal and homogenously distributed data, a Shapiro-Wilk normality test was 

performed. One-way ANOVA used to compare mean values among homogenously distributed 

data was followed by a post-hoc Turkey test. In order to compare mean values from non-

homogenously distributed data  the non-parametric Kruskal-Wallis test was applied, followed by 

pair-wise comparisons using the Mann-Whitney U-test. Mean values of homogenous and non-

homogenously distributed populations were generated as mean value± the standard deviation of 

the mean. 
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3. Results 

3.1 Surface modifications of Mg and Mg alloys 

3.1.1 Surface morphology and atomic % of chemical surface elements 

Pure Mg  

Scanning electron microscopy (SEM) equipped with Energy-dispersive X-ray spectroscopy 

(EDX) enables analysis of surface morphology as well as elemental composition. SEM and EDX 

analysis was applied to pure Mg samples following immersion in DMEM supplemented with 

10% FBS for 1, 2, 3 and 8 days.  

Results are summarized in Figs 8, 9 and 10 which show the alteration in surface morphology 

during corrosion, overview of the surface morphology during various immersion times and point 

analysis of the corrosion products formed on the surface respectively. Table 3 presents the 

chemical elemental composition of pure Mg after point analysis at days 1, 2, 3 and 8 of 

immersion. Fig. 8, shows the surface morphologies of pure Mg after 1, 2, 3 and 8 days of 

immersion in cell culture medium supplemented with 10% FBS. The white appearance in SEM 

images corresponded to the corrosion products, whilst the dark zones corresponded to deep 

corrosion pits. After 2 days of immersion in cell culture medium, the surfaces of pure Mg 

specimens exhibited pitting and localized corrosion. After 3 days of immersion, corrosion 

products in the form of needle crystals appeared, followed by complete coverage of the surface 

with similar crystals after 8 days of immersion. Fig 9, which provides an overview of the whole 

sample surface after various immersion times, indicates similar appearances. Pure Mg specimens 

exhibited more aggressive corrosion patterns over time compared to Mg10Gd.  

EDX analysis, which originated from point analysis of the corrosion products formed on the 

surface of pure Mg at days 1, 2, 3 and 8 of immersion, indicated Mg, O and C to be the major 

elemental components of the corrosion layer, suggesting MgO, Mg (OH)2 and MgCO3 to be the 

main chemical constituents of the corrosion layer (Fig 10). Comparison of the elemental 

composition of the surface between days 1 and day 8 showed a decrease in atomic percentage of 

Ca and P and increase in Oxygen level (Table 3). It is however difficult to draw conclusions 

regarding the corrosion mechanism and the exact corrosion products since corrosion medium 

(DMEM) composition strongly affects corrosion product composition. These results have been 

published in an original article (216). 
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Fig 8. Changes in surface topography of pure Mg after 1, 2, 3 and 8 days of immersion (A-H) in 

DMEM with 10% FBS determined by scanning electron microscopy equipped with Energy-

dispersive X-ray spectroscopy (EDS). Images were obtained at 200x and 50x. Scale bars: 100 µm 

& 20 µm, these results have been published in an original article (216).  
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Fig 9. Overview picture of pure Mg specimens after 1, 2, 3 and 8 days of immersion in DMEM 

with 10% FBS. Scale bars: 5 mm 
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Fig 10. Scanning electron microscopy images with the corresponding energy dispersive x-ray 

spectroscopy analyses for pure Mg immersed in DMEM with 10% FBS for 1, 2, 3 and 8 days 
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immersion (A-D) respectively. Scale bars: 100 µm, these results have been published in an 

original article (216). 

 

Table 3. Elemental composition of pure Mg after 1, 2, 3 and 8 days of immersion in DMEM with 

10% FBS determined by Energy-Dispersive X-ray Spectroscopy (EDS). 

 

Mg2Ag 

As with pure Mg, Mg2Ag samples were immersed for 1, 2, 3 and 8 days in DMEM+10% FBS 

and micrographs were taken using SEM (Fig 11). Small cracks appeared on the surface of 

Mg2Ag after 1 and 2 days of immersion. Localized corrosion was observed with deposits of 

degradation products in the form of small, thin crystals after 3 days of immersion. Thick needle 

shaped crystals covered the entire surface of the material after 8 days of immersion. SEM images 

showed that Mg2Ag surface do not maintain integrity during the whole immersion time, which 

was evident from the formation of aggressive corrosion products (Fig 11). An overview picture of 

the whole surface of Mg2Ag confirmed these observations (Fig 12). According to point analysis 

and EDX data, crystal formation was accompanied by a noticeable increase in the atomic % of 

Oxygen, demonstrating that crystal formation is associated with enhanced oxidation (Fig 13 and 

table 4). Although crystal formation is highly correlated to Oxygen content, the increase in 

atomic % of Oxygen was not the only reason for crystal formation. Analysis of the Mg:O ratio on 

the surface of Mg2Ag and pure Mg (with crystals) demonstrated lower values than on the surface 

of Mg10Gd (without crystals) (Table 5). A significant decrease in Ca and P content (5-10 folds) 

Element D1/Point  

            A 

D1/Point 

B 

D1/Point 

C 

D2/Point           

A 

D3/Point 

A 

 D8/Point 

A 

Oxygen 58.9 69.4 65.1 71.8 65.8 76.0 

Calcium 1.0 3.2 5.0 2.7 2.3 0.48 

Magnesium 30.2 14.9 12.4 12.4 10.4 11.9 

Phosphorusus 3.1 4.8 4.2 4.7 2.1 0.04 

Chlorine 0.2 0.1 0.09 0.13 0.5 0.05 

Carbon 5.5 6.1 10.6 6.5 17.8 10.3 

Sodium 0.6 1.06 2.2 1.50 0.70 0.9 
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can be considered to be another reason for crystal formation (Table 4). Mg and C were detected 

as other major elements on the corroded surface (8 days of immersion). High C, Mg and O 

contents suggested formation of Mg(CO3) and Mg(OH)2 corrosion products (Table 4). Since 

Mg2Ag generated similar corrosion products to those observed for pure Mg, it can be concluded 

that alloying of Mg with Ag did not noticeably affect the corrosion process. These results have 

been published in an original article (216). 
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Fig 11. Changes in Surface topography of Mg2Ag after 1, 2, 3 and 8 days of immersion (A-H) in 

DMEM with 10% FBS determined by scanning electron microscopy equipped with Energy-

dispersive X-ray spectroscopy (EDS). Images were obtained at 200x and 50x. Scale bars: 100 

µm & 20 µm, these results have been published in an original article (216). 
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Fig 12. Overview picture of Mg2Ag specimens after 1, 2, 3 and 8 days of immersion in DMEM 

with 10% FBS (Left to right). Scale bars: 5 mm 
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Fig 13. Scanning electron microscopy images with the corresponding energy dispersive x-ray 

spectroscopy analyses for Mg2Ag immersed in DMEM with 10% FBS for 1, 2, 3 and 8 days (A-

D) respectively. Scale bars: 100 µm, these results have been published in an original article 

(216). 
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Table 4. Elemental composition of Mg2Ag following 1, 2, 3 and 8 days of immersion in DMEM 

with 10% FBS determined by Energy-Dispersive X-ray Spectroscopy (EDS). 

 

Elements D1/Point A D2/Point A D2/Point B D3/Point A D3/Point B D8/Point A 

Oxygen 65.4 29.8 68.6 40.3 68.1 81.8 

Magnesium 10.1 61.1 16.7 46.6 15.9 9.3 

Calcium 7.1 0.6 2.5 1.9 2.7 0.3 

Silver 0.42 0.5 0.7 0.3 0.3 0.1 

Phosphorus 6.8 1.1 3.9 2.08 3.9 0.3 

Carbon 8.8 5.8 6.2 7.8 7.9 7.4 

Sodium 1.1 0.7 1.0 0.6 0.9 0.1 

 

Table 5. O: Mg ratio on the sample surface, these results have been published in an original article 

(216). 

 

 

 

 

 

 

O:Mg Ratio Day 1 Day 2 Day 3 Day 8 

Pure Mg 4.6 4.8 6.3 6.3 

Mg2Ag 4.6 4.1 4.2 8.7 

Mg10Gd 4.6 8.9 6.9 12.5 
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Mg10Gd 

Scanning electron microscopy images of Mg10Gd revealed massive light protruding grains and 

dark regions at all immersion time points (Fig 14). The surface morphology of Mg10Gd samples 

remained relatively smooth even after 8 days of immersion in cell culture medium. Whilst some 

small cracks appeared on all surfaces as a result of degradation during the immersion period, the 

corrosion product layer maintained its integrity (Fig 14). Overview pictures show no noticeable 

changes in surface morphology over time (Fig 15). EDX analysis originating from data point 

analysis revealed corrosion products to be composed mainly of Magnesium (Mg), Oxygen (O), 

Carbon (C), Calcium (Ca) and Phosphorusus (P) in all corrosion areas (dark grains and light 

protruding grains) and at all time points. Trace amounts of Gadolinium (Gd), Sodium (Na) and 

Chlorine (Cl) were detected at all time points (Fig 16). According to the SEM results, uniform 

corrosion attack without evidence of crystal formation were recognized in Mg10Gd samples (Fig 

14). No significant changes in corrosion product composition were detected during three days of 

immersion. The outer layer is apparently composed of Mg(OH) 2 and Mg(CO3) based on high O, 

Mg and C contents. Calcium and Phosphor levels were below 5%, but noticeably higher than the 

corresponding levels for Mg2Ag and Pure Mg (Table 6). This could explain why no crystals were 

formed on the surface of Mg10Gd even after 8 days of immersion in cell culture medium. 

Potential adsorption of Ca and P by Gd can be raised in this context. These results have been 

published in an original article (216). 
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Fig 14. Change in Surface topography of Mg10Gd following 1, 2, 3 and 8 days of immersion (A-D) 

in DMEM with 10% FBS determined by scanning electron microscopy equipped with Energy-

Dispersive X-ray Spectroscopy (EDS). Scale bars: 100 µm, these results have been published in an 

original article (216).  
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Fig 15. Overview picture of Mg10Gd specimens after 1, 2, 3 and 8 days of immersion in DMEM 

with 10% FBS (Left to right). Scale bars: 5mm 
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Fig 16. Scanning electron microscopy images with the corresponding Energy Dispersive X-ray 

Spectroscopy analyses for Mg10Gd immersed in DMEM with 10% FBS for 1, 2, 3 and 8 days 

(A-D) respectively. Scale bars: 200 µm, these results have been published in an original article 

(216).  
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Table 6. Elemental composition of Mg10Gd following 1, 2, 3 and 8 days of immersion in 

DMEM with 10% FBS determined by Energy-Dispersive X-ray Spectroscopy (EDS), these 

results have been published in an original article (216). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elements D1/Point1 D2/Point1 D3/Point1 D8/Point1 

Oxygen 73.8 75.7 70.1 76.5 

Magnesium 10.6 8.5 10.03 6.1 

Calcium 2.3 1.9 1.9 1.5 

Gadolinium 0.4 1.1 0.8 1.2 

Phosphorus 5 3.2 3.8 3 

Carbon 6.7 7.8 12.1 10 

Sodium 0.7 1.4 0.7 0.6 

Chlorine 0.05 0.1 0.2 0.1 
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3.2 Corrosion rate of Mg and Mg alloys 

3.2.1 Magnesium ion release analysis 

3.2.1.1 Analysis of Magnesium ion release without cells 

Properties of pre-osteoblast (MC3T3-E1) cells cultured on the surface of Mg-based samples such 

as cell viability can be influenced by multiple factors including surface morphology, pH, 

chemical composition of the corroded surfaces and corrosion-associated Mg ion release. In this 

study Mg ion concentration was measured by inductively coupled plasma atomic emission 

spectroscopy (ICP-OES) in DMEM supplemented with 10% fetal bovine serum. Figure 17 shows 

Mg ion release from pure Mg, Mg2Ag and Mg10Gd. A significant increase in Mg
2+

 

concentration derived from Mg2Ag and pure Mg occurred during 3 days of immersion but 

plateaued by day 8, demonstrating a reduced corrosion rate at this time point. Mg ion 

concentration initially increased in cell culture medium with all Mg-based samples due to surface 

deterioration (First 3 days). Subsequently the corrosion process, impeded on pure Mg due to the 

formation of massive levels of corrosion products, culminated in a consumption of Mg ions from 

the medium and reduced Mg ion concentrations (3-8 days).  

With Mg2Ag, the Mg
2+

 ion concentration plateaued during days 3 to 8 of immersion as a result of 

a moderate corrosion process and slow precipitation of corrosion products on the surface. Since 

reduced Mg ion release coincided with crystal formation for both Mg2Ag and pure Mg samples, 

it can be concluded that crystals are stable corrosion deposits which can hinder further corrosion 

and ion release (Fig 17). Mg10Gd exhibited a different release pattern compared to Mg2Ag and 

pure Mg. Mg ion release, increased gradually during 8 days of immersion of Mg10Gd. No 

significant difference was detected in the surface morphology of Mg10Gd specimens at 3 and 8 

days of immersion, which indicates that deposition of corrosion products cannot protect the 

surface completely from further corrosion (Fig 17). The reduction of Mg on the surface of 

different samples was accompanied by comparable time-dependent increases in the concentration 

of Mg ions in the supernatant. The highest time-dependent release of Mg ions into the 

supernatant was observed when Mg10Gd was immersed for 8 days in cell culture medium (1day: 

0.4 ±0.01 mg/mL; 8 days: 1.8±0.01 mg/mL) (Fig 17), which was statistically significant (F (4) 

=37.444 p=0.000).  These results have been published in an original article (216). 
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Fig 17. Changes in Mg
2+

 release into the supernatant during corrosion of pure Mg, Mg2Ag and 

Mg10Gd determined by ICP-OES analysis. Mg ion concentration in the supernatant (DMEM, 

10%FBS) of Mg and Mg alloys was measured at 1, 2, 3 and 8 days by  ICP-OES; n=5. Statistical 

significance was tested using a One-way ANOVA test. # p<0.05 as compared to the control 

(Magnesium level of the basal medium); * p<0.05 as compared to ion release from pure Mg at 

day 2, 3 and 8; ** p<0.05 as compared to ion release from pure Mg at day 1, 3 and 8; *** p<0.05 

as compared to ion release from pure Mg at day 1 and 2; § p<0.05 as compared to ion release 

from Mg2Ag at day 2, 3 and 8; §§ p<0.05 as compared to ion release from Mg2Ag at day 1 and 

8; ° p<0.05 as compared to ion release from Mg10Gd at day 2, 3 and 8; °° p<0.05 as compared to 

ion release from Mg10Gd at day 1, 3 and 8; °°° p<0.05 as compared to ion release from Mg10Gd 

at day 1, 2 and 8, these results have been published in an original article (216). 

 

Release of Mg ions is normally associated with an increase in pH which can also affect the 

corrosion process. pH was monitored when samples were immersed in cell culture medium. With 

pure Mg pH increased promptly from day 0 to 2, declined slowly at day 3 and remained constant 

from days 3 to 8. The pH of the medium with Mg10Gd specimens showed a similar trend to the 

Mg
2+

 ion release results. A gradual increase in pH was observed during 8 days of immersion 
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showing that corrosion products cannot protect the surface from further corrosion. As observed 

for Mg2
+
 release, Mg2Ag showed the highest pH value at the beginning (although the differences 

between the groups were not statistically significant) (Fig 18). These results have been published 

in an original article (216). 

 

   

 

Fig 18. Changes in pH for pure Mg, Mg2Ag and Mg10Gd respectively at 1, 2, 3 and 8 days of 

immersion in DMEM with 10% FBS determined by pH meter, these results have been published 

in an original article (216). 

3.2.1.2 Analysis of Magnesium ion release with cells 

The presence of cells on the surface of Mg based implants is known to influence the corrosion 

rate of these samples. The release of Magnesium ions into cell culture medium was therefore 

measured for the specimens under cell culture conditions for 1, 2 and 3 days with and without 

attached cells. As explained above, a static immersion system was used in this study. The 

maximum immersion time for this set of experiments was therefore 3 days, since cells cannot 

survive longer immersion times without fresh medium. The results showed that Mg ion release 

was slower for specimens with cells compared to the samples without cells throughout the entire 

immersion period (24-72 hours) which indicates that cell material interaction resulted in slower a 
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corrosion rate evident from a slower ion release from, Mg2Ag, Mg10Gd and pure Mg. Whilst 

decreased Mg ion release was observed with all specimens, the differences were not statistically 

significant (Fig 19).  These results have been published in an original article (216). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 19. Changes in Mg
2+

 release from pure Mg, Mg2Ag and Mg10Gd when MC3T3-E1 cells 

were cultivated on the surface. Mg ion release was measured during culturing of MC3T3-E1 cells 

on the surface of the non-corroded Mg and Mg alloys for 1, 2 and 3 days by ICP-OES; n=5.  

Statistical significance was tested with a One-Way ANOVA test. #p<0.05 as compared to the 

control (Magnesium level of the basal medium), these results have been published in an original 

article (216).  

 

 3.3 Cytocompatibility assays 

3.3.1 Analysis of the metabolic activity of cells treated with different Magnesium 

concentrations (pH adjusted) 

In order to evaluate the effect of corrosion-associated Mg ion release on cell viability, pre-

osteoblast (MC3T3-E1) cells were treated for 24h with different concentration of Mg ions 

derived by incubation of Mg specimens in cell culture medium for 3 days. The supernatants of 

immersed samples were diluted into four concentration ranges (0.3, 0.6, 0.9, 1.2 mg/mL) for this 
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incubation. The viability of MC3T3-E1 cells cultured in medium containing 0.3 mg/mL Mg
2+

 

was significantly higher (p<0.05) than control cells (cultured in normal cell culture medium), 

showing a potential stimulatory effect of Mg
2+

 on the cells at a low Mg
2+

 concentration. In 

contrast, there were no significant differences between the control and cells treated with 0.6 and 

0.9 mg/ml Mg
2+

. At the highest concentration, cell viability dropped to approximately 80% of the 

control value. The relatively high cell viability observed (according to ISO standards viability 

greater than 75% is considered as a safety level) showed, however, that Mg
2+

 derived from pure 

Mg extracts did not have any toxic effect on the cells even at the highest concentration tested (1.2 

mg/ml).  

Cells exhibited similar viability when exposed to pure Mg extracts as when they were treated 

with 0.3 and 0.6 mg/mL Mg
2+ 

derived from Mg2Ag. Conversely, at 0.9 mg/ml Mg
2+

 cell 

metabolic activity dropped to approximately 60% and the highest concentration of Mg
2+

 derived 

from Mg2Ag extracts (1.2 mg/ml Mg
2+

 ) was completely toxic for the cells.  

As observed with pure Mg and Mg2Ag, cell metabolic activity was reduced by exposure to 

increasing Mg
2+

 ion concentrations from Mg10Gd extracts. MC3T3-E1 cells exhibited higher 

viability at Mg
2+

 concentrations of 0.3 and 0.6 mg/ml compared to the control. Even at a Mg
2+

 

concentration of 0.9 mg/ml cell metabolic activity exceeded 80%. No cells however survived 

exposure to the highest Mg
2+

 concentration tested (1.2 mg/ml). MC3T3-E1 cells better tolerated a  

1.2 mg/ml Mg
2+

 concentration derived from pure Mg extracts than from Mg2Ag and Mg10Gd. In 

order to determine whether the release of other ions such as Ag
+ 

or Gd
3+ 

(which were used as 

alloying elements) can affect cell viability and cause cell death, these ions were also measured in 

the supernatants of the immersed specimens. Ag and Gd levels were however at the limit of 

quantification (LOQ) at all immersion times, indicating that Ag and Gd ions cannot cause 

cytotoxicity at these concentrations (Table 7).  
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Fig 20. Viability of MC3T3-E1 cells treated with different concentration of Mg
2+

 (diluted to 

standard concentrations from the supernatants of pure Mg, Mg2Ag and Mg10Gd). Different 

concentrations of Mg
2+ 

(0.3-0.6-0.9 and 1.2 mg/mL) were added to the cells and after 24hrs cell 

viability was determined by MTT assay. The pH of the extracts was adjusted to 7.4. Decreased 

viability of MC3T3-E1 cells was detected at concentrations of 0.9 to 1.2 mg/mL Mg
2+

. Statistical 

significance was tested with a One-way ANOVA test. # p<0.05 as compared to the cell viability 

of the control; §p<0.05 as compared to cell viability at concentration of 0.6, 0.9 and 1.2 mg/mL 

Mg
2+

 resulted from pure Mg and Mg10Gd extracts; *p<0.05 as compared to cell viability at 

concentration of 0.9 and 1.2 mg/mL Mg
2+

 concentration resulted from pure Mg and Mg10Gd 

extracts; ° p<0.05 as compared to cell viability at 1.2 mg/mL Mg
2+

 concentration resulted from 

pure Mg and Mg10Gd extracts; §§ p<0.05  as compared to cell viability at concentration of 0.3, 

0.6 and 0.9 mg/mL Mg
2+

 concentration resulted from Mg2Ag (Significance level was set at p < 

0.05; n = 4 per group), these results have been published in an original article (216). 
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Table 7. Changes in Ag
+
 and Gd

3+
 release from Mg2Ag and Mg10Gd during 1, 2, 3 and 8 days of 

corrosion, these results have been published in an original article (216). 

     Mg2Ag Day 1 Day 2 Day 3 Day 8 

Ag
+
 (mg/mL) LOQ 0.00145 0.002 0.002 

     Mg10Gd Day 1 Day 2 Day 3 Day 8 

Gd
3+ 

(mg/mL) LOQ 0.0007 0.0008 0.0012 

 

3.3.2 Analysis of metabolic activity of cells treated with different concentrations of 

Magnesium (pH not adjusted) 

Besides the important effect of Mg ions on cell viability, pH can also influence this process. 

Since corrosion of Mg implants is associated with increasing pH, it is of great importance to 

monitor cell viability without pH adjustment. In order to check the impact of pH on cell viability, 

cell metabolic was therefore examined without pH adjustment (Fig. 21). Figure 21 shows the 

metabolic activity of MC3T3-E1 cells after treatment with different concentrations of Mg derived 

from pure Mg and Mg10Gd extracts. MC3T3-E1 cells showed a high degree of tolerance at all 

Mg concentrations after 24h of incubation. Even at the highest concentration of Mg
2+

 tested (1.2 

mg/ml), the cells were completely viable, showing that pH values of 8.4-8.6 might even have a 

stimulatory effect on the cells. MTT assay data however showed a different outcome for cells 

treated with the highest concentration of Mg2Ag supernatant. At 1.2 mg/ml Mg
2+

 no viable cells 

were detected. The cells showed high viability at lower concentrations of Mg derived from 

Mg2Ag extracts (0.3, 0.6 and 0.9 mg/ml Mg
2+

). In general, cell metabolic activity was higher 

when pH was not adjusted, showing that increased pH can have positive effects on cell viability. 

These results have been published in an original article (216). 
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Fig 21. Viability of MC3T3-E1 cells treated with different concentrations of Mg
2+

 derived 

from pure Mg, Mg2Ag and Mg10Gd extracts determined by MTT assay. 
Viability of MC3T3-E1 cells determined by MTT assay after incubation for 24hrs with 0.3, 0.6, 

0.9 and 1.2 mg/ml Mg
2+

 resulted from pure Magnesium, Mg2Ag and Mg10Gd extracts. The pH 

of the extracts did not adjust to physiological level. At a pH of 8.6 cell viability was not affected. 

Statistical significance was tested with a One-way ANOVA test. * p<0.05 as compared to cell 

viability  of the control; # p<0.05 as compared to cell viability at concentration of 1.2 mg/ml 

Mg
2+

 derived from Pure Mg extracts; § and °: p<0.05 as compared to cell viability at 

concentrations of 1.2 mg/ml Mg
2+

 derived from Mg2Ag extracts, these results have been 

published in an original article (216). 

 

3.4 Biocompatibility testing of Magnesium-based implants pre-corroded in cell 

culture medium for 1, 2 and 3 days 

3.4.1 Live-dead staining 

Surface characteristics greatly influence cell viability and proliferation kinetics. In order to 

estimate whether pre-corroded Mg samples can decrease corrosion rates and influence cell 
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samples using a similar procedure. Cell viability decreased markedly when the cells were 

cultured on pre-corroded samples (1, 2 days) and no viable cells were detected on 3 day pre-

corroded pure Mg specimens (Fig 22). In contrast, cells grown on non-corroded and pre-corroded 

(1-2 days) Mg2Ag and Mg10Gd specimens were highly viable, showing that (1-2 days) pre-

corrosion of the aforementioned samples did not have any negative impact on cell viability. 

Pronounced cells death was detected on Mg2Ag and Mg10Gd corroded for 3 days. In comparison 

to Mg2Ag corroded for 3 days, the cells showed higher viability on Mg10Gd for a similar 

immersion time (Fig 23 and 24). In general, cell viability was not negatively affected by 

cultivation on non-corroded specimens (Figs 22, 23 and 24). From live-dead results it can be 

concluded that cell death observed after 24h of cell cultivation on 2 or 3 day pre-corroded 

samples was not caused by high Mg
2+ 

ion release into the supernatant. Since in this study the cells 

were only cultivated on pre-corroded samples for 24h, and, according to the results shown in Fig. 

19, the amount of Mg
2+ 

released into the medium in 24h was not higher than 0.5-0.6 mg/ml. 

These concentrations were not toxic for the cells, since according to the MTT results a notable 

decrease in metabolic activity of the cells only occurred at a Mg
2+ 

concentration greater than 0.9 

mg/ml for all Mg samples (Fig 20). These results have been published in an original article (216). 
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Fig 22. Viability of MC 3T3-E1 cultured on non-corroded pure Mg and specimens corroded for 

1, 2, 3 days (A-D) respectively, determined by live-dead staining. Scale bars: 100 µm in all the 

pictures, these results have been published in an original article (216). 
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Fig 23. Viability of MC3T3-E1 cells cultured on non-corroded Mg2Ag and specimens corroded 

for 1, 2 and 3 days (A-D) respectively, determined by live-dead staining. Scale bars: 100 µm in 

all the pictures, these results have been published in an original article (216). 
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Fig 24. Viability of MC3T3-E1 cultured for 24hrs on non-corroded Mg10Gd and specimens 

corroded for 1, 2 and 3 days (A-D) respectively, determined by live-dead staining.  Scale bars: 

100 µm, these results have been published in an original article (216). 
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3.4.2 F-actin staining 

Alterations in surface morphology during corrosion influence cell attachment and cell 

morphology. In order to evaluate the positive and/or negative influences of pre-corrosion of the 

Mg samples in cell culture medium on cell morphology, Mg-based implants were immersed in 

DMEM+10% FBS for 1, 2 and 3 days. The conclusions from live-dead staining were further 

substantiated by analysis of alterations in the morphology of cells cultivated on corroded and 

non-corroded specimens using F-actin staining and scanning electron microscopy. Actin 

filaments greatly influence cell adhesion and cell migration. The assessment of actin fibers and 

development of focal adhesions on the surface of materials with different surface structures is 

summarized in Figs 25, 26 and 27. Modification of the cytoskeletal system and evolution of focal 

adhesion networks during cell migration results in effective cell spreading, which is observable 

by florescent staining of actin filaments. A migrant cell displays various actin complexes in order 

to bind to the extracellular matrix. Actin filaments can be found in the form of Fillopodia or 

Lammelopodia. The flattened morphology of the MC3T3-E1 cells which were cultured on non-

corroded pure Mg and Mg10Gd, and even multiple cell extensions which were recognized in 

cells cultured on non-corroded Mg2Ag specimens, illustrated the corrosion-independent effect of 

the sample surface on cell behavior. It can be concluded that the alloying system influenced cell 

morphology when pre-osteoblasts were cultured on non-corroded samples. Corroded Mg samples 

seemed to amplify cell structure based on actin filaments which can be defined by an increase in 

cell extensions. This phenomenon was especially prominent when cells were cultivated on pure 

Mg, Mg2Ag and Mg10Gd pre-corroded for 1 to 2 days (Figs 25, 26 and 27). For all Mg-based 

implants, increased corrosion time (up to 3 days) resulted in decreased cell viability. The number 

of cells declined significantly on Mg10Gd corroded for 3 days in cell culture medium compared 

to untreated specimens. In the overview picture (not shown here) relatively few cells were 

healthy and attached to the surface. Most of the cells exhibited a rounded morphology consistent 

with cell detachment apparently caused by cell death. Spherical cells were found on 3 day pre-

corroded pure Mg and Mg2Ag, showing poor attachment of the cells to the surface of these 

specimens possibly due to cell death. These results demonstrate harmful influences of pre-

corroded Mg samples on aspects of cell behavior such as cell morphology, cell viability and cell 

proliferation. These results have been published in an original article (216). 
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Fig 25. Changes in morphology of MC3T3-E1 cells cultured on non-corroded pure Mg, and 

specimens corroded for 1, 2 and 3 days (A-D) determined by phalloidin staining scanning.  Cell 

nuclei were counterstained with DAPI. Scale bars: 20 µm, these results have been published in 

an original article (216). 
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Fig 26. Changes in morphology of MC3T3-E1 cells cultured on non-corroded Mg2Ag, and 

specimens corroded for 1, 2 and 3 days (A-D) determined by phalloidin staining scanning.  Cell 

nuclei were counterstained with DAPI. Scale bars: 20 µm, these results have been published in 

an original article (216). 
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Fig 27. Changes in morphology of MC (3T3-E1) cells cultured on non-corroded Mg10Gd, and 

specimens corroded for 1, 2 and 3 days (A-D) determined by phalloidin staining scanning.  Cell 

nuclei were counterstained with DAPI. Scale bars: 20 µm, these results have been published in 

an original article (216). 
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3.4.3 Scanning electron microscopy 

The anchorage of cells to different Magnesium-based specimens as well as the morphology of 

cells attached to these surfaces were investigated by scanning electron microscopy (Figs 28, 29 

and 30). Cell morphology can be better analysed in scanning electron microscopy pictures. As 

already shown by florescent staining of actin filaments, the alloying system used and alterations 

in the surface morphology of the specimens greatly influenced cell morphology. According to the 

SEM images, a variety of morphologies resulted from the passive deformation and active 

restructuring of the cytoskeleton during the adhesion procedure. The pictures captured by 

scanning electron microscopy were consistent with the results of F-actin staining. The cells 

exhibited a completely flattened morphology on non-corroded pure Mg and Mg10Gd specimens. 

Prolonged pre-corrosion times (up to 3 days) resulted in formation of more corrosion products 

which had a detrimental effect on cell morphology and caused cell death based on spherical cell 

morphology. Actin filaments seemed to develop with increased corrosion times, based on 

increased cell stretching. When cells were cultured on untreated Mg2Ag, actin filament 

extensions in different directions, comparable to controls (cells cultured on coverslips) were 

clearly observed. These results have been published in an original article (216). 
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Fig 28. Changes in morphology of MC3T3-E1 cells cultured on non-corroded pure Mg and 

specimens corroded for 1, 2 and 3 days (A-D) determined by scanning electron microscopy. 

Images were obtained at 500x. Scale bars: 30 µm, these results have been published in an 

original article (216).  
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Fig 29. Changes in morphology of MC3T3-E1 cells cultured on non-corroded Mg2Ag and 

specimens corroded for 1, 2, and 3 days (A-D) determined by scanning electron microscopy. 

Images were obtained at 500x. Scale bars: 30 µm, these results have been published in an 

original article (216).  
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Fig 30. Changes in morphology of MC3T3-E1 cells cultured on non-corroded Mg10Gd, and 

specimens corroded for 1, 2 and 3 days (A-D) determined by scanning electron microscopy. 

Images were obtained at 500x. Scale bars: 30 µm, these results have been published in an 

original article (216). 
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3.5 Effect of Magnesium ions on cell morphology 

 Direct effects of corrosion and corrosion products on cell morphology were described in Parts 

3.4.2 and 3.4.3. In these experiments, indirect effects of corrosion (Mg ions and pH) on cell 

morphology were assessed by cultivation of MC3T3-E1 cells for 24 hours in different 

concentration of Mg derived from pure Mg, Mg2Ag and Mg10Gd extracts. Fluorescent staining 

of F-actin filaments showed slight differences in the morphology of cells treated indirectly with 

Mg ions derived from Mg extracts compared to cells cultured directly on Mg-based specimens. 

Cells exhibited vigorous extensions in various directions when treated with a Mg
2+

 concentration 

of 0.3 mg/ml. The cells, moreover, exhibited a healthy appearance with many cell-cell 

interactions. Both Fillopodia and Lammelopodia like structures were observable in cells at this 

concentration. Similar morphologies were detected when the cells were treated with Mg ion 

concentrations of 0.6, 0.9 and 1.2 mg/ml. Cells produced minor extensions when cultured directly 

on untreated pure Mg specimens. In contrast, prominent extensions were observed when cells 

were treated indirectly with different concentrations of Pure Mg extracts (Fig 31 (A-D)).  

Actin filaments were extended intensively in different directions when the cells were treated with 

0.3 and 0.6 mg/ml Mg
2+

 derived from Mg2Ag extracts. When the cells were incubated in medium 

containing 0.9 mg/ml Mg
2+

, no more extensions were observable. Cells with short Fillopodia 

appeared semi-healthy at this concentration. 1.2 mg/ml Mg
2+

 was completely toxic for the cells. 

The morphology of cells treated with Mg
2+

 concentrations of 0.3 and 0.6 mg/ml was similar to 

that of cells cultured directly on Mg2Ag specimens (Fig. 31 A-D). MC3T3-E1 cells exhibited 

pronounced Fillopodia as well as a flattened morphology after treatment with 0.3, 0.6 and 0.9 

mg/ml Mg
2+

 derived from Mg10Gd extracts similar to that observed on the surface of untreated 

Mg10Gd specimens. Cells treated with a Mg
2+ 

concentration 1.2 mg/ml, exhibited a spherical 

morphology probably indicative of cell death (Fig 31 (I-L)). This result was consistent with MTT 

assay results showing that the cells were completely healthy after treatment with different 

concentrations of Mg (pure Mg extracts) (Fig 20). At the highest concentration of Mg
2+

 tested 

(1.2 mg/ml) derived from Mg2Ag and Mg10Gd extracts, no viable cells were detected which was 

consistent with immunofluorescent staining results showing a cell morphology. 
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Fig 31.Changes in morphology of MC3T3-E1 cells treated with 0.3, 0.6, 0.9 and 1.2 mg/ml Mg
2+ 

derived from pure Mg, Mg2Ag and Mg10Gd extracts after 24hrs, determined by phalloidin 

staining. Cell nuclei were counterstained with DAPI. Scale bars: 20 µm 
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3.6Real time PCR 

Real time PCR was performed to track the expression profiles of osteogenic markers during 

direct culture of MC3T3-E1 cells on pure magnesium implants. Before analyzing the expression 

pattern of osteogenic markers, expression of five housekeeping genes (18sRNA, 28sRNA, 36b4, 

beta actin and GAPDH) was controlled to determine whether Mg, as a major component of the 

biodegradable implants, has any influence on the expression of these genes. The results showed 

strong regulation of housekeeping genes at different time points compared to controls (cells 

cultured on tissue culture plate) (Fig 32). Mg is known to be a cofactor for the Taq polymerase 

enzyme and to play an important role during the reaction process. Since Mg-based implants 

strongly regulated housekeeping genes, the experiments were performed at the protein level 

(western blot experiments). 

 

 

 

 

 

 

 

 

  

 

 

 

0

1

2

3

4

5

6

7

1 2 3 4

18S 

Days of Culture 

0

0,5

1

1,5

1 2 3 4

B-actin 

Days of Culture 

0

0,5

1

1,5

1 2 3 4

GAPDH 

Days of Culture 

0

0,5

1

1,5

1 2 3 4

28S 

Days of Culture 

0

0,5

1

1,5

1 2 3 4

36B4 

Days of Culture 

mRNA 

expression 

mRNA 

expression 

mRNA 

expression 



101 
 

Fig 32. Quantitative real time PCR of MC3T3-E1 cultured on pure Magnesium for 2, 4 and  

6 days. Cells cultured on cell culture plate were used as control. 18sRNA, 36B4, B-actin,  

GAPDH, 28sRNA were used as housekeeping genes.   

 

3.7 Immunocytochemistry 

Extracellular matrix proteins play an important role in endochondral bone ossification and bone 

development. Collagen I expression for example reaches a maximum during the ossification 

phase. Mutation of Collagen I in mice has been reported to result in a destructive form of 

osteogenesis imperfecta characterized by bones that are prone to cracking (230). In order to 

address the effect of different Magnesium alloys on the expression of bone osteogenic markers 

over time collagen expression was evaluated by immunocytochemistry.  

An early down-regulation of Collagen I expression was recognized in cells cultured on Mg-based 

implants compared to control (cells cultured on cover slips without alloying system). No 

significant increase in the expression level of Collagen I was observed over time. At late time 

points, however, a significant rise in the expression of Collagen I comparable to the control level 

was only recognized for cells cultured on Mg10Gd. Collagen I expression was significantly 

down-regulated in cells cultured on pure Mg compared to the control, whilst no clear differences 

in collagen I expression were observed at different time points. A similar trend was observed 

when cells were cultured on Mg2Ag specimens, which exhibited no significant differences in 

collagen I expression level at different time points (Fig 33). These results have been published in 

an original article (216). 
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Fig 33. Immunostaining of MC3T3-E1 cells cultured on non-corroded pure Mg, Mg2Ag and 

Mg10Gd for Collagen I at days 2, 4, 8 and 12 (A-N). Cells on coverslips were used as a control. 

Cell nuclei were counterstained with DAPI. Scale bars: 20 μm, these results have been 

published in an original article (216). 

3.8 Western blots and Live-dead staining 

The expression patterns of two important osteogenic markers (Runx2 and Collagen I) were 

assessed on days 2, 4, 6, 8, 10 and 12. Runx2 is a key transcription factor which is correlated with 

osteoblast differentiation. Collagen I is one of the extracellular matrix proteins which build the 

organic matrix of the bone. Before performing western blots to track the differentiation process at 

the molecular level and determine the effect of different magnesium alloys on the expression of 

bone osteogenic  markers, cells were cultured on non-corroded Mg based implants for 2, 4, 8 and 

12 days. Cell viability following longer incubation times was determined by Live-dead staining. 

Evidence of cell proliferation when cells were cultured on all of the different Magnesium-based 

implants over time (2-12 days) was provided below (Figs 34, 35 and 36). Cultivation of MC3T3-

E1 cells on Mg2Ag, Mg10Gd and pure Mg did not result in noticeable cell death. ICP-OES 

results showed a reduction in corrosion rate (demonstrated by moderate release of Mg ions), 

when cells were cultured on Magnesium-based implants. As shown by immunocytochemistry 

experiments, an early alloy system-independent down-regulation of Collagen I expression was 

detected in pre-osteoblasts compared to control cells cultured on cell culture plates. At late time 

points, however, a notable rise in expression of Collagen I was detected only when cells were 

cultured on Mg10Gd specimens. Expression of Collagen I in MC3T3-E1 cells declined during 

the whole cultivation period, when cells were cultured on Mg2Ag and pure Mg specimens (Figs 

37, 38 and 39). Western blot results indicated a similar pattern of expression for Runx2 in 

MC3T3-E1 cells. Although an initial down-regulation of Runx2 expression was observed in 

MC3T3-E1 cells compared to control cells, the osteogenic potential of the cells recovered when 

cultured on Mg10Gd specimens. In contrast, expression of Runx2 in pre-osteoblasts cultured on 

Mg2Ag and pure Mg declined constantly, leading to undetectable levels of Runx2 after 12 days 

of cultivation. Although the differences between expression levels at different time points were 

not statistically significant, the results demonstrated a noticeable deterioration in the osteogenic 

potential of the cells to be caused by Mg2Ag and pure Mg (Figs 37, 38 and 39). These results 

have been published in an original article (216). 
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Fig 34. Viability of MC3T3-E1 cells cultured on pure Mg, without pre-incubation at days 2, 4, 6, 

8 and 12 determined by live-dead staining (A-E respectively). Scale bars: 100 μm, these results 

have been published in an original article (216).  
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Fig 35. Viability of MC3T3-E1 cells cultured on Mg2Ag, without pre-incubation at days 2, 4, 6, 

8 and 12, determined by live-dead staining (A-E respectively). Scale bars: 100 μm, these results 

have been published in an original article (216). 
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Fig 36. Viability of MC3T3-E1 cultured on Mg10Gd, without pre-incubation at day 2, 4, 6, 8 and 

12 determined by live-dead staining (A-E respectively). Scale bars: 100 μm, these results have 

been published in an original article (216). 
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Fig 37. Protein expression levels of (A) Collagen I and (B) Runx2 in MC3T3-E1 cells cultured 

directly on pure Mg at days 2, 4, 6, 8, 10 and 12 determined by western blot, these results have 

been published in an original article (216). 
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Fig 38. Protein expression levels of (A) Collagen I and (B) Runx2 in MC 3T3-E1 cells cultured 

directly on Mg2Ag at days 2, 4, 6, 8, 10 and 12 determined by western blot, these results have 

been published in an original article (216). 
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Fig 39. Protein expression levels of (A) Collagen I and (B) Runx2 in MC 3T3-E1 cells cultured 

directly on Mg10Gd at days 2, 4, 6, 8, 10 and 12 determined by western blot, these results have 

been published in an original article (216). 
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3.9 Antimicrobial activity of silver containing specimens 

Silver has been reported to have antimicrobial properties. Some studies have furthermore 

reported an increased antibacterial activity of Mg-based implants with an increased silver content. 

In this study, survival of two bacterial strains (S.aureus and S. epidermidis) was analysed during 

treatment over a 72h period with different dilutions of extracts derived from Mg2Ag, Mg4Ag and 

Mg6Ag specimens. 

S.aureus showed high viability in a low dilution of Mg2Ag, Mg4Ag and Mg6Ag (10% dilution). 

Initial growth restriction was detected in S.aureus only when treated with 25% diluted Mg2Ag 

extracts. In contrast, S.aureus showed high viability (comparable to the control) in 25% diluted 

extracts of Mg4Ag and Mg6Ag. No bacterial growth was detected in 50% diluted Mg2Ag 

extracts. Growth of S. aureus was only delayed after treatment with 50% diluted Mg4Ag and 

Mg6Ag extracts. Growth level returned to normal at later time points. No bacterial growth was 

detected in 75% and 100% dilutions of all silver-containing specimens, showing the antibacterial 

function of these specimens as bioresorbable implants (Fig 40). 

S.epidermidis showed larger peaks after treatment with extracts of Ag-containing specimens in 

comparison to S. aureus, which exhibited evidence of biofilm formation. Like S.aureus, 

S.epidermidis showed high viability in 10% diluted Mg4Ag and Mg6Ag extracts. S.epidermidis 

showed lower viability at similar dilutions of Mg2Ag extracts. 25% diluted Mg4Ag and Mg6Ag 

extracts resulted in an initial growth restriction of S.epidermidis. Interestingly, the same dilution 

which was derived from Mg2Ag extracts was completely toxic for this bacterium. No viable 

bacteria were found in 50%, 75% and 100% diluted extracts. These results were consistent with 

antibacterial activity of silver-containing bioresorbable materials. Mg2Ag however possessed 

higher antibacterial activity against both bacterial strains, even at lower dilutions compared to 

Mg4Ag and Mg6Ag, showing that an increased silver content does not significantly influence  

bacterial survival (Fig 41).  
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Fig 40. Antimicrobial activity of (A) Mg2Ag, (B) Mg4Ag, (C) Mg6Ag at 10%, 25%, 50%, 75%, 

100% dilutions against S.aureus during 3 days of culture in LB broth, (with the permission from 

Plos one Journal) (216). 
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Fig 41. Antimicrobial activity of (A) Mg2Ag, (B) Mg4Ag, (C) Mg6Ag at 10%, 25%, 50%, 75%, 

100% dilutions against S.epidermidis during 3 days of culture in LB broth, (with the permission 

from Plos one Journal) (216). 
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4. Discussion 

Conventional biomaterials such as Titanium, Titanium alloys, cobalt chromium and stainless steel 

are commonly used as permanent biomaterials in orthopedic applications by virtue of their 

appropriate mechanical properties and high corrosion resistance. Beside their excellent clinical 

out-comes, they have several drawbacks such as release of toxic metallic ions during corrosion 

and their divergent elastic moduli compared to natural bone which highlights the need of 

removing these permanent implants when bone healing is completed (18). Bioresorbable 

polymers are, in contrast, able to degrade after accomplishment of the bone healing process, but 

their relatively weak mechanical properties compared to conventional metal implants limits their 

clinical application (18).  

Besides an ability of biomaterials to corrode within the body, appropriate mechanical properties 

are other crucial factors which must be considered in the structure of bone implants. Since Mg 

and Mg alloys are able to fulfill most of the criteria needed for bone applications, these are 

receiving great attention as biodegradable implants in clinical bone studies (231).  

Magnesium is one of the most abundant elements in the human body and necessary for most 

biological reactions (232). Research studies results have demonstrated that Magnesium is able to 

corrode harmlessly in the body and be eliminated in urine (64, 65). Furthermore, since Mg is a 

natural body constituent, corrosion products released from Mg-based implants during corrosion 

cannot be toxic. Mg has an elastic modulus close to cortical bone which avoids the risk of stress 

shielding and implant loosening (46, 233). It has furthermore been reported that Mg can induce 

bone formation and osteointegration alongside degradation (234, 235). It can thus be considered 

as a beneficial alternative to conventional materials for regenerative bone applications.  

Whilst Mg-based implants have great advantages due to their suitable mechanical properties and 

biocompatibility, their high corrosion rate is recognized to be  a major obstacle which must be 

controlled. Mg corrosion is accompanied by the formation of Hydrogen gas in bone cavities, 

which can prevent effective bone healing process, as well as initial cell/material attachment (95, 

96). Different processing systems and alloying elements have been used in order to control the 

corrosion rate of Mg-based implants. These however suffer from major drawbacks due to the 

potential cytotoxic effects of alloying elements (46, 126, 236).  
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In the present study, the corrosion profiles (corrosion rate, surface chemistry and ion release) of 

three Mg-based implants (pure Mg, Mg2Ag and Mg10Gd) were analyzed under cell culture 

conditions. Initial interactions between the implant as a foreign material and cells and proteins 

play an important role in determining the subsequent cellular and molecular reactions which can 

generate proper cell attachment and tissue formation. It is thus important to study the 

modification of the surrounding environment of these implants in vitro, including ion release, 

corrosion rate, chemical composition of the surface, cytocompatibility and gene expression 

profile, before studying them under in vivo conditions. 

4.1 Determination of surface morphology, elemental composition and ion 

release 

As explained above, interactions between the surface of materials with the surrounding biological 

environment is an important issue in the field of applied biomaterials. The surface of a given 

material should fulfill special criteria with respect to chemical composition and surface 

morphology in order to provide a suitable platform for cell and tissue survival. 

The type of corrosion medium used for corrosion experiments is known to greatly influence the 

degradation process, as well as surface morphology and the chemical composition of the 

corrosion deposits. Recently published biocompatibility and corrosion studies, investigated 

corrosion characteristics and cell material interaction using cell culture medium (104, 131, 237), 

since this can adequately model physiological conditions for in vitro corrosion testing of Mg 

implants (66, 173, 174). Components of the corrosion medium are known to be able to adsorb to 

the surface of the implant, act as redox mediators and chelate metal ions, which can subsequently 

affect the corrosion mechanism and film formation on Mg implants (238-240). CaCl2, MgSO4, 

KCl, NAHCO3, NaCl and Na2HPO4 are known to be the most important inorganic salts in cell 

culture medium. Release of ions such as Chloride into the medium are known to have detrimental 

effect on the corrosion resistance of Mg implants and media with higher chloride ion content such 

as Hanks solution, SBF and NaCl are known to be more aggressive in terms of inducing 

corrosion compared to cell culture medium (175, 241). Reaction of phosphate and carbonate ions 

with Mg leads to the formation of a stable layer which can efficiently prevent the occurrence of 

corrosion (241). Sulfate ions are able to attack Mg ions and induce corrosion (241). Besides the 

important role of inorganic salts in the Mg implant corrosion process, other cell culture medium 

constituents such as amino acids, proteins and sugars can also play an important role in this 

process. Amino acids can accelerate the corrosion process by inhibiting the formation of 
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insoluble salts as a protective layer on the surface (242). Addition of proteins such as those in 

FBS, can facilitate the formation of a massive insoluble salt layer on the surface and so efficiently 

impede corrosion (175). Similar observations were made by ZENG et al (242). Yang et al, in 

contrast, reported that addition of proteins under physiological conditions to cell culture medium 

resulted in a decreased pH and a subsequent increase in osmolality. In this case, more ions were 

released from the samples and an increase in corrosion rate of the materials was observable (243). 

It has been reported that increased pH may result in the formation of a protective layer under 

physiological conditions (103). The results observed by Yang et al may be attributable to the 

buffering capacity of the proteins which decreased pH and thereby prevented the formation of a 

corrosive layer under physiologic condition (243). Whilst the outcome of the study performed by 

Willumeit et al was similar to that the Yang et al study, they described the influence of proteins 

on the formation of a corrosive layer from other perspectives. Interaction of pure Mg specimens 

with corrosion medium (HBSS and DMEM) containing different percentages of proteins was 

analyzed under cell culture condition by Willumeit et al. They observed higher osmolality for 

specimens immersed in HBSS compared to DMEM. They furthermore detected increased 

osmolality based on the percentage of proteins added to the corrosion medium. Addition of 

proteins partially affected the pH of the medium in their study. Thicker corrosion layers were 

detected on the surface of specimens immersed in HBSS+20% FBS and DMEM+10% FBS. 

However, since addition of proteins resulted in reduced weight gain, it can be concluded that 

addition of proteins to the corrosion medium can cause both formation of a less compact layer 

and a higher rate of corrosion of Mg specimens (244). Influence of proteins on corrosion 

correlates with several factors such as undefined protein charges, the existing protein 

concentration in the cell culture medium and the composition of the alloying system of Mg 

implants. These factors require further study (238).  

An ability of biomaterials to integrate into bone tissue is one of the most important goals of 

orthopedic applications. It is hence necessary to optimize the surface of a given biomaterial in a 

way that facilitates cellular attachment as well as the tissue healing process (157). There are 

several methods for biomaterial surface modification. Alteration of surface topography (e.g. 

surface roughness,..), or coating the surface with biomolecules (e.g. with proteins, peptides, or 

enzymes) can facilitate interaction with cells at the tissue-material interface (107, 245, 246). 

However, maintenance of the coating on the surface and controlling the function of the coated 

biomolecules at the desired site is complicated. Cost efficiency is, moreover, another important 
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factor which should be taken into consideration, especially for clinical applications. therefore 

Other, simple changes to the surface of the implants were therefore employed in the present 

study.  

Various studies have shown that surface modification of Mg specimens can delay initial 

corrosion and improve cell viability and cytocompatibility (246). One of the most optimal surface 

modifications is achieved by immersing samples in cell culture medium (247) which can result in 

the formation of a corrosion layer. To determine whether pre-corrosion of Mg specimens and 

alteration in surface morphology influences cell viability and cell morphology, an investigation of 

surface morphology changes over time was conducted. All Mg specimens exhibited cracks and 

degradation products on the surface as reported by other studies (72, 248, 249). SEM analysis 

revealed the formation of needle-shaped crystals on the surface of pure Mg and Mg2Ag after 

72hrs and 8 days of immersion respectively. Willumeit et al observed similar crystals on the 

surface of pure Mg after immersion in DMEM+10% FBS (244). Although Tie et al used similar 

Mg alloys in their experiments, they did not detect any crystals in their study (139). The 

differences between these two studies may be attributable to the use of a static immersion system 

in our study which might have resulted in saturation of the medium by further release of ions into 

the low volume of medium used (volume calculated according to the surface ratio). Elevated pH 

can furthermore strongly influence crystal formation, as reported by Fischer et al (250).  

Whilst the corrosion pattern of Mg10Gd was similar to Mg2Ag and pure Mg based on ICP-OES 

analysis, no crystal formation was observed on the surface of Mg10Gd even after 8 days of 

immersion, underlining a lack of corrosion protection. Furthermore, the corrosion layer was more 

even and compact on the surface of Mg10Gd compared to Mg2Ag and pure Mg, without 

extensive surface morphology. According to EDX analysis, crystal formation on Mg2Ag and 

pure Mg was associated with an increase in the atomic % of oxygen and decreases in Ca and P 

content, which was not detectable for 8 day corroded Mg10Gd. Gd is known to be able to adsorb 

Ca and P and chelate these elements on the surface. Hence, we hypothesize that Ca and P bound 

to the surface might inhibit oxidation and therefore block the formation of stable needle-shaped 

crystals (251).  

It should be taken into consideration that it is not possible to identify the exact composition of 

corrosion deposits formed on the surface by EDX analysis. Compounds such as MgO, Mg(OH) 2, 
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and MgCO3, Ca3(PO4)2 and Mg3(PO4)2 are presumably present on the surface during the 

corrosion process given the high Oxygen and Mg contents (139, 244, 252, 253). 

In our study, corrosion rate was evaluated by measuring Mg content in medium exposed to the 

Mg specimens. Magnesium ion release initially increased during 72h of immersion for all 

specimens due to exposure to the corrosion medium. The rate of ion release subsequently slowed 

for Mg2Ag and pure Mg as a result of formation of stable, protective surface layers which 

actively hindered further ion release. Studies conducted by Razavi et al and Nguyen et al are in 

good agreement with our results (159, 162). Our results demonstrated a slight decrease in Mg 

concentration (3 to 8 days) which may be attributable to a consumption of Mg ions from the 

corrosion medium and deposition of these ions as corrosion products on the surface. Mg10Gd 

exhibited a different ion release pattern which indicated that in this case the protective layer could 

not fully block further ion release from the sample, even after a 72h immersion. This 

phenomenon has also been reported by other studies (162).  

4.2 Effect of surface morphology on cell viability  

In this study we observed that pre-corrosion of Mg specimens for 1 and 2 days did not 

significantly improve biocompatibility compared to controls (specimens without pre-corrosion), 

which contrasts with results reported in the literature (160). Keim et al reported that pre-corrosion 

of pure Mg in DMEM+10% FBS led to the formation of a fully protective layer able to slow 

down corrosion and improve biocompatibility (160). Although the Magnesium used in both 

studies was of a similar purity (99.9%), the discordances can probably be explained by 

differences in sample size, the volume of the immersion medium and the cell types used. 

Polishing, which can actively influence the cell responses to the surface, could also be another 

reason for the discrepancies between two studies. In another study, Willumeit et al reported that 

6h pre-corrosion of pure Mg specimens in cell culture medium supplemented with 10% FBS is 

sufficient for formation of a protective layer able to improve cell viability and cell adhesion 

(247). Our results showing high cell viability on 1 and 2 day pre-corroded samples are in good 

agreement with their study. 

In their study, cells exhibited better survival and morphology when cultured on 3 day corroded 

pure Mg specimens. It should be noted that they did not detect needle-shaped crystals on the 

surface of pure Mg after 3 days pre-corrosion of the specimens in their study.  Crystal formation 

was, however, reported in their previous publication (244), so crystal formation might thus be 
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considered a factor which hampers cell survival. Willumeit et al cultivated cells on corroded 

surfaces for 3 days and did not change the medium during this immersion, which might have 

caused increased Mg ion concentrations and pH values that can stimulate cell growth. We have 

shown that low concentrations of Mg (0.2-0.8 mg/mL) derived from pure Mg can enhance cell 

survival. This concentration spectrum was detected when MC3T3-E1 cells were cultivated for up 

to three days on the surface of pure Mg, similar to the study performed by Willumeit et al (Fig 

19).  

Cultivation of cells on specimens without pre-corrosion resulted in an impairment of cell survival 

in their study. In our study, in contrast, the cells were highly viable and well adhered, even on 

specimens without pre-corrosion. The differences between the two studies could be due to 

differences in the cell types used and the corrosion patterns of the specimens.  

In this study, MC3T3-E1 cells were only cultured for 24h on corroded and non-corroded 

specimens, and the release of Mg ions during this period should therefore not exceed the range of 

0.5-0.6 mg/mL as shown in Fig. 19. According to MTT results, cell metabolic activity was 

increased at these concentrations and decreased cell viability was only detected at Mg ion 

concentrations of 0.9 mg/mL and above (Fig. 20). It can therefore be concluded that high 

concentrations of Mg do not mediate cell death when the cells were cultivated directly on the 

surface of the specimens (See Fig. 20). 

Since effects of high Mg concentration on cells were excluded in this study, extensive cell death 

on 3 day pre-corroded Mg2Ag and pure Mg specimens may correlate with surface modification 

and surface formation of crystals. This was verified when MC3T3-E1 cells were cultivated for 12 

days on non-corroded pure Mg, Mg2Ag and Mg10Gd. Cells exhibited high viability on these 

samples and often grew to confluence. 

Although there was no evidence of crystal formation on the surface of Mg10Gd at any immersion 

time, the high number of rounded cells on the surface of 3 day pre-corroded Mg10Gd specimens 

established a detrimental effect of corrosion deposits on cell viability during the corrosion 

process. As in our study, Cecchinato et al have reported a reduction in the viability of cells 

cultured on 3 day pre-corroded specimens. Changes in pH, osmolality and formation of localized 

corrosion products on the surface were cited to explain their observation (156). Ngueyen et al 

concluded that pre-corrosion of Mg-based implants in cell culture medium cannot protect the 
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surface from degradation. In their study D-Mg (pre-corroded sample) induced a level of cell 

death similar to that induced by M-Mg (without pre-corrosion within first 30 hours of incubation) 

(162). Whilst we did not observe such rapid cell death during the first 30h of our experiments, the 

outcome of our study was similar to what they observed, indicating that pre-corrosion did not 

result in the formation of protective layer able to improve cell survival. The reason for fast cell 

death in their study might be a greater sensitivity of HMSC compared to the MC3T3-E1 cell line 

used in our study. In another study, Witte et al reported that pre-corrosion did not influence or 

reduce the viability of MG63 cells compared to direct assay (without pre-corrosion) which is in 

accordance with our results (163).  

In our study, MC3T3-E1 cells exhibited high viability on the tested samples, even on materials 

without pre-corrosion. Non-corroded specimens were therefore used for long-term evaluation of 

cell viability. Live-dead staining revealed high cell viability on all samples at longer immersion 

times (up to 12 days). There was furthermore evidence of cell proliferation over time, as reported 

by Ostrowsky et al (158), indicative of a rate of corrosion of all three materials that was not too 

fast to prevent provision of a suitable surface for cell attachment and cell proliferation. It should 

be noted that cells cultured on Mg-based specimens were able to decrease the corrosion rate (as 

shown by slower Mg ion release in our results) (Fig. 19).   

4.3 Effects of Mg ion concentration and pH on cell viability 

MC3T3-E1 cells were treated for 24h with Mg ion concentrations ranging from 12.5 to 50mM. 

Cell viability was decreased by all samples as a result of increasing Mg concentrations. Recent 

studies have produced similar results (136, 188, 189, 237, 254-258). In our study, cells exhibited 

more than 70% viability when exposed to the highest Mg concentration (50mM) derived from 

pure Mg supernatants. In contrast, the highest Mg concentration derived from the other Mg alloys 

(Mg2Ag and Mg10Gd) was completely toxic for the cells and led to cell death. In the study 

conducted by Wang et al no negative effect on viability was observed for cells cultured with 

10mM Mg (192). Yun et al reported a slight inhibition of the U2-OS cell growth at a Mg 

concentration greater than 5mM (259). Another study report showed significant reductions in the 

viability of MG63 and two primary osteoblasts when exposed to a Mg concentration of 59.5 

derived from pure Mg, Mg1Ca and Mg0.6Ca extracts (188). MC3T3-E1 cells exhibited highest 

viability when exposed to Mg concentrations of 2-4mM (260). The loss of viability of various 
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cell lines at different Mg concentrations might mirror capacity of the cells to the corrosion 

deposits during cell material reaction.  

Mg concentration aside, changes in the pH exert marked effects on cell metabolic activity. 

F.Seuss et al reported a dramatic reduction in HeLa cell viability at a pH above 10 (101). In 

another study conducted by Cipriano et al, a significant reduction in cell number was detected at 

a pH above 9.5 (261), and, in the study performed by Wang et al, cells exhibited low viability at a 

pH higher than 9 (257). Wang et al, in contrast, have reported that a pH higher than 8.5 stimulates 

the growth of MC3T3-E1 and BMSC (192). We can exclude an effect of pH on cell viability in 

our study since the pH never exceeded 8.6. Moreover, pH was adjusted to 7.4 (physiological 

level) to exclude an effect of pH on cell viability prior to viability experiments.  

In summary, cell viability can be influenced, including elevated extract pH (101, 188, 189), high 

Mg concentration (136, 256, 258, 259), duration of cell cultivation with extraction medium (262, 

263)  and  cell type (162, 188). The resultant scope for variability can explain the discrepancies 

between in vitro studies. 

4.4 Effect of surface morphology on cell morphology 

Actin is a key protein in all eukaryotic cells with multiple cellular functions including mobility 

and shrinkage of cells during cell division. The directional distribution of actin filaments is 

important since they can determine cellular shape, cellular junctions and cellular motility of cells 

cultured on the surface of the various specimens. Diverse actin binding proteins regulate the 

association and dissociation of actin filaments, formation of networks and association of these 

filaments with other cellular structures (264). 

Many studies have shown that surface modification can improve cell attachment (159, 160, 249, 

254, 260, 265-268). The results of the present study however show that Mg specimens without 

surface alteration (pre-corrosion) can provide a suitable surface for cell attachment and cell 

growth. The results of our study showed distinct alloy-associated alterations in the morphology of 

cells cultivated on non-corroded specimens. The cells appeared alive and well-spread on non-

corroded specimens and were able to build connections through cell protrusions over surface 

cracks. There was no evidence of spherical morphology on non-corroded samples exhibiting the 

high biocompatibility of Mg2Ag, Mg10Gd and pure Mg in this condition. Despite the observed 

high cell viability and fine morphology of cells on non-corroded surfaces, longer pre-corrosion 
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times (3 days) seemed to be detrimental for the cells and resulted in decreased cell numbers. F-

actin staining revealed a rounded morphology of cells on pure Mg and Mg2Ag corroded for 3 

days. Progressive formation of aggressive corrosion products might explain the low cell density 

and rounded morphology observed after longer immersion times. 

It seems that corrosion of Mg and Mg alloys can result in the development of actin filaments and 

stress fibers determined by an increase in cell extensions. Our results demonstrated that pre-

corrosion of Mg specimens for 1 and 2 days had a remarkable effect on the morphology of pre-

osteoblasts in terms of increased cell extensions compared to non-corroded specimens. The cells 

built clusters on 2 day pre-corroded pure Mg specimens which may correlate with the physical 

and chemical interactions of the cells with the corroded surface. Razavi et al, reported that, 

corrosion products may detach from the surface during immersion owing to a severe volume 

mismatch between the corrosion layer and the substrate. Formation of corrosion products 

followed by the detachment of these deposits was shown to antagonize cell attachment,  in 

accordance with our results (159). Willumeit et al showed a spread morphology of SaO2 cells on 

specimens pre-corroded for 3 days, a finding which contrasts with our results (247). The material 

production process, the immersion system used (static, semi static or dynamic), corrosion 

medium, and the volume of corrosion medium used for immersion tests are key variables which 

can affect  the corrosion process and subsequently cause such differences (122, 168, 169, 175, 

243, 269-272). Cipriano et al showed surface chemical composition and elemental distribution 

not to affect BMSC adhesion and concluded that surface topography plays an important role in 

controlling cellular reactions (261). The result of their survey is in good agreement with our 

study. However, we also concluded that surface chemical composition and elemental distribution 

play an important role in corrosion deposit formation. The high atomic% of oxygen which was 

detected on 3 days pre-corroded Pure Mg and Mg2Ag specimens for example was associated 

with surface formation of needle-shaped crystals. The existence of elements such as Ca and P on 

the surface of 3 days pre-corroded Mg10Gd, in contrast, played an important role in suppressing 

crystal formation. It can be concluded that chemical composition might influence cell 

morphology indirectly by affecting surface topography.  

4.5 Differentiation potential of 3T3-E1 cells cultivated on Mg-based implants 

In most in vitro studies, the effect of Magnesium on the expression of bone osteogenic markers 

has been reported indirectly, meaning that cells were treated with different concentration of Mg 
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extracts prior to gene expression measurement. Since, however, other factors associated with the 

corrosion of biodegradable Mg and Mg alloys, such as corrosion rate, pH, surface roughness and 

osmolality have an important influence on gene expression, direct cell culture on the surface of 

the biomaterials will provide better information about the expression pattern of osteogenic 

markers. Accordingly, it is difficult to compare the results of the present study with those of other 

studies in the literature since in most cases the latter focused on indirect effects of Mg on the 

expression of osteogenic markers. Mg has, however, been reported to enhance the expression of 

bone markers during both direct and indirect cell culture. According to the study of Yoshizawa, 

increasing concentrations of Mg
2+

 (0.8 to 10mM) prepared with MgSO4 extracts, can enhance the 

expression of bone osteogenic markers by hBMSc (273, 274). Another study conducted by Yang 

et al, reported no inhibitory effect of Mg on osteogenic differentiation of hBMSc at a Mg 

concentration of 10mM. They deemed the alkaline pH resulting from the high rate of corrosion of 

Mg specimens to be an undesirable factor that can negatively influence osteogenic differentiation 

of hBMSc (275). Dou et al reported reduced expression of ALP, Collagen type I, RUNX2 and 

OPN by MC3T3-E1 cells at day 3 after treatment with increasing concentration of Mg-1Ca.  The 

differences were however not significant compared to the control (276). Differentiation potential 

of the cells based on the concentration of Mg was not detected in the present study. Besides Mg, 

several factors associated with biomaterial corrosion such as corrosion rate, corrosion deposits, 

surface elemental composition and pH can influence the expression potential of bone cells. In this 

study, the markers chosen to detect the potential of pre-osteoblast cells to differentiate to the 

mineralized phenotype, correspond to those of the early differentiation process during 

osteogenesis. Runt related transcription factor 2 (Runx2) and Collagen I were selected as early 

markers. Runx2 is known to play an important role in the differentiation of osteoblasts. Runx2 

deficient mice have been shown to display a total lack of osteogenesis. Runx2 is furthermore able 

to increase the expression of other osteogenic markers such as Osteocalcin, Osteopontin and 

Collagen I (277, 278). Collagen I controls important cellular functions such as cell adhesion and 

osteoblastic differentiation (279). Runx2 and Collagen I were analyzed according to their 

expression profile on Mg alloys and corrosion environment on days 2, 4, 6, 8, 10 and 12. At day 

2, early Mg allow-independent down-regulation of both markers was detected compared to the 

control. Both markers were continuously down-regulated when the cells were cultured on Mg2Ag 

and pure Mg, even with longer immersion times (up to 12 days), showing an inhibitory effect of 

corrosion products or corrosion associated modulations on expression of bone osteogenic 
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markers. In contrast, the differential potential of the cells recovered when cultured for longer 

periods on Mg10Gd specimens. In a study performed by Myginds et al, maximum expression of 

osteogenic markers was detected after 14 days of culture (280). Depprich et al similarly reported 

up-regulation of Collagen I on Titanium and Zirconia surfaces after 14 days (281).  According to 

the above observations we postulate that cells regain their osteogenic potential after longer 

immersion times, and thus that extended culture times reveal more pronounced differences in the 

gene expression pattern of the cells. Medium used for cell culture studies has an important 

influence on the differentiation process. Addition of osteogenic medium has been reported to 

induce the differentiation process (282). The aim of the present study was to determine the effect 

of Mg and Mg alloys and their corrosion products on cell responses and the expression of 

osteogenic markers without exposure of cells to additional stimulators such as osteogenic 

medium. 

4.6 Antibacterial activity of silver-containing implants 

Bacterial contamination is one of the major problems which can occur during implantation in 

orthopedic surgeries. Infections associated with the implantation process can result in biofilm 

formation on the surface of the implant, with several potential consequences including chronic 

systemic infections. The bacteria which form biofilm are, furthermore, always resistant to 

different antimicrobial agents, and thus difficult to remove with traditional antimicrobial agents 

(283). Amongst biodegradable Mg implants, silver-containing specimens exhibit suitable 

antibacterial characteristics. The cytotoxicity of these implants must, however, be evaluated 

before usage of these implants in clinical applications (139).  

In our study, the presence of silver did not cause additional toxicity for MC3T3-E1 cells 

compared to pure Mg. The cells, furthermore, exhibited adequate density and better extensions on 

silver containing implants. Antimicrobial testing was performed using a bio screen device to 

track the antibacterial activity of silver containing implants (Mg2Ag, Mg4Ag and Mg6Ag) for 72 

h against two bacterial strains (S.aureus and S.epidermidis), which are responsible for most 

bacterial contaminations in bone surgeries. In our first experiment, in which extracts were 

prepared in cell culture medium (DMEM supplemented with 10% FBS), no bacterial growth was 

detected after 72h of immersion in both test and control samples, showing that cell culture 

medium with pH indicator (Phenol red) is not a suitable medium for analyzing the antibacterial 

activity of silver-containing implants. Similar results were obtained in our second experiment, 
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using two different cell culture media (DMEM without pH indicator and RPMI). Silver-

containing implants were finally immersed in LBI broth and the activity of S.aureus and 

S.epidermidis analyzed in 5 different dilutions of these extracts. Our results were essentially in 

good agreement with those of the study performed by Die et al showing Ag-containing implants 

to possess sufficient antimicrobial activity. Our results demonstrated antimicrobial activity of 

Mg2Ag, Mg4Ag and Mg6Ag (at 75% and 100% dilutions) against S. aureus and (at 50%, 75% 

and 100% dilutions) against S.epidermidis. Unlike the Die et al study, an increased Silver content 

did not result in stronger antimicrobial activity in this study, since Mg2Ag implants exhibited 

greater antimicrobial activity even at lower dilutions (25% and 50%) compared to Mg4Ag and 

Mg6Ag. Since the materials used in the two studies were provided by the same source, the 

differences between the results can be attributed to the different experimental conditions used. 

Since Die et al evaluated the antibacterial activity of the materials by direct cell culture on the 

surface of the implants; many corrosion-associated factors could have influenced the results of 

their study. It is for instance known that culture medium has an important effect on ion release 

from a given material and the subsequent material corrosion rate (175). In our study, extracts 

were prepared using LB Broth. Process of ion release and corrosion has been not well studied in 

this medium. Differences between ion release in normal cell culture medium and LB medium, a 

medium especially formulated for bacterial growth can explain the discrepancies between two 

studies. Whilst in the present study we showed sufficient antimicrobial activity of Mg2Ag, 

Mg4Ag and Mg6Ag, further studies should determine the concentrations of silver released into 

other media and evaluate the antibacterial potential of other Mg-based implants  
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Conclusions 

Degradation of Mg implants is a complex process which results in an increased concentration of 

soluble ions such as Mg, increased pH, surface layer modification and chemical surface element 

changes.  

In corrosion experiments, prolonged immersion times (3 to 8 days) lead to the formation of 

needle-shaped crystals on the surface of pure Mg and Mg2Ag. A correlation was observed 

between high atomic % of Oxygen and Mg and crystal formation on the surface of these samples. 

Corrosion products in the form of crystals formed on the surface of Mg2Ag and pure Mg were 

considered stable corrosion deposits since they can cover the surface and actively inhibit further 

surface corrosion (as determined by Mg ion release).  

High atomic% of elements such as Ca and P which were mostly detected on the surface of 

Mg10Gd after 8 days of immersion demonstrated the capacity of Gadolinium, a lanthanide 

element, to adsorb Ca and P and thereby suppress crystal formation on the surface of 8 day 

corroded Mg10Gd. In general, Mg10Gd specimens exhibited a more homogenous corrosion 

pattern when compared to two other materials. The layer formed on the surface of Mg10Gd was 

less stable than the corrosion products formed on the surface of Mg2Ag and pure Mg, which 

supported further ion release by Mg10Gd specimens (3-8 days).  

Evaluation of cell metabolic activity showed that exposure of MC3T3-E1 cells to increasing 

concentrations of Mg
2+ 

resulted in decreasing of cell viability. Low concentrations of Mg
2+

 (0.3-

0.6 mg/mL) derived from all specimen extracts were shown to have a stimulatory effect on 

MC3T3-E1 cell viability. A high concentration of Mg
2+ 

derived from Mg2Ag and Mg10Gd 

extracts (1.2 mg/mL) in contrast appeared to cause complete cell death. Mg
2+ 

could not be 

deemed the reason of cell death, since the cells showed more than 75% viability when exposed to 

extracts derived from pure Mg specimens at a similar concentration (1.2 mg/mL). Furthermore, 

noticeable cell death in the supernatant of these two materials was not due to the toxic effect of 

other alloying elements such as Ag and Gd, since the amount of these ions were below the limits 

of detection. More detailed experiments are needed to figure out the reason for cell death caused 

by the supernatants of Mg2Ag and Mg10Gd.  

pH values during the corrosion process ranged between 8.4-8.6 for all the specimens (Mg2Ag, 

Mg10Gd and pure Mg) at the stipulated immersion times. MTT results  not only showed that  the 
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pH changes observed in this study had no adverse effect on cells, but also that increased pH can 

stimulate cell viability within a defined pH range (8.4-8.6).  

Pre-corrosion of Mg specimens in cell culture medium for 1, 2 and 3 days did not result in a 

decreased corrosion rate, as evidenced by increasing Mg ion concentration up to 3 days. 

Furthermore, formation of corrosion deposits on the surface of 1 and 2 day corroded pure Mg, 

Mg2Ag and Mg10Gd did not improve cell survival since the cells were provided with conditions 

allowing optimum viability and morphology by non-pre-corroded samples. The surfaces of 3 day 

pre-corroded samples were completely inhospitable for cells. Mg ion concentration and pH were 

not considered to underlie cell death in these experiments, since cells were only cultivated on 

corroded and non-corroded specimens for 1 day. At this time point, Mg ion concentration and pH 

were below cytotoxic levels. Formation of crystals and accumulation of corrosion deposits on the 

surface of 3 day corroded Mg specimens might therefore underlie the observed cell death.  

Cultivation of cells on Mg-based implants resulted in a slower rate of corrosion of the material 

(evidenced by slower ion release compared to without cells). Cultivation of cells on non-corroded 

Mg and Mg alloy specimens furthermore prevented crystal formation, even after longer 

incubation times (up to 12 days). 

Mg10Gd alloy appears to be the most promising material in this study in terms of degradation 

parameters, surface morphology, surface chemistry and biocompatibility. 

Future Perspectives 

The results of this thesis, together with previous findings, support the use of biodegradable Mg-

based implants for clinical applications. Whilst the results of this study are promising, further 

investigations involving animal and human subjects with biodegradable Mg-based implants are 

needed. 

Most of the in vitro investigations of materials performed in this study were based on static and 

semi-static sample immersion systems. These test systems are however not able to fully mimic 

conditions within body. Dynamic systems such as bioreactors can mimic the environment body 

within the body more closely and provide more accurate results. 

Mg and the Mg alloys used in this study exhibited adequate biocompatibility. All 

biocompatibility experiments were however performed using the MC3T3-E1 cell line. Since 
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these materials are intended for use in clinical applications, evaluation of biocompatibility using 

cells isolated from the human body rather than modified cell lines is desirable. The use of 

primary cells might however be complicated by differences between cells isolated from different 

patients. 

Mg10Gd stimulated the highest level of expression of osteogenic markers (Runx2 and Collagen 

I) at day 12 (comparable to the control level). Some studies have, however, demonstrated 

maximum expression of these markers at day 14 of culture. Longer incubation times (up to day 

28) allowing a more detailed analysis of the osteogenic potential of these cells are therefore 

recommended. Longer incubation times, moreover, enable analysis of late osteogenic markers, 

which can provide more information about the expression pattern of cells cultivated on the 

surface of different Mg-based implants. 

Whilst Mg2Ag alloys were found to exhibit adequate antibacterial properties in vitro, this 

antibacterial activity was only analyzed indirectly (by addition of diluted sample extracts). Direct 

evaluation of the antibacterial properties of these implants is therefore recommended since many 

factors can affect this process during corrosion. Biofilm formation by these bacteria on the 

surface of these implants should, furthermore, also be further investigated.    
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