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Abstract 

 

 

Biodegradable metallic implants are being considered as promising candidates to replace 

non-degradable ones for applications such as bone plates, screw fixations, and vascular 

stents in surgical applications. The advantage of biodegradable implants is the avoidance of 

the second operation to remove non-degradable inert devices, which raises the cost and 

causes pain for patients. Bioabsorbable implants should be designed to be completely 

degraded with a proper host response after tissues heal in vivo. Due to their attractive 

mechanical properties, biocompatibility and biodegradability, magnesium and iron are 

regarded as suitable biodegradable substitutes to replace permanent implants and devices. In 

principle, a controllable degradation rate should be achieved as this is a key requirement for 

degradable metallic biomaterials. Regarding the degradation rate, magnesium and iron 

present different challenges for biomedical application. For example, the high dissolution 

rate of magnesium in biological environment leading to severe pH changes and hydrogen 

evolution near implantation sites has largely inhibited its biomedical application (including 

also Mg alloys). On the contrary, iron shows a too slow degradation rate as a possible 

biodegradable material. Surface treatments and modifications are considered to be relative 

low-cost and high-efficient ways to obtain coating systems which can be used to tailor the 

degradation rate of magnesium and iron. Besides controlling the dissolution of bulk 

substrates, surface coating systems could be multi-functionalized, for example by 

introducing bioactive particles to improve bioactivity (e.g. bone bonding ability) and for 

drug delivery. In the present work, protective coating systems on magnesium and 

nanostructured oxide layers on iron were investigated, respectively. 

Polycaprolactone (PCL)-based and polyetherimide (PEI)-based composite coating systems 

were applied on pure magnesium by spin coating method. Selective concentrations of nano-

scaled bioactive glass particles (nBG) were added to PCL coatings to investigate the 

influence of nBG on coating properties. It was found that nBG addition in PCL increases 
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the degradation of PCL in physiological solution and the addition of nBG facilitates the 

formation of calcium phosphates on the composite surface upon 7 days of immersion in 

simulated body fluid (SBF). Further, different amounts of copper (Cu)-containing bioactive 

glass nanoparticles (Cu-BGNs) were added to the optimized PCL coatings and the influence 

of Cu-BGNs addition on the coating performance was investigated. Increasing 

concentration of Cu-BGNs was found to lead to slightly decreasing wettability and anti-

corrosion properties of Cu-BGN/PCL composite coating. Higher Cu-BGNs content in the 

coatings facilitates more calcium phosphate formation after 7 days of immersion in 

Dulbecco’s modified Eagle’s medium (DMEM). The growth of S.carnosus and E. coli was 

inhibited by Cu2+ ions released from Cu-BGN coatings highlighting the antibacterial 

capability of the coatings. Besides, cytocompatibility experiments showed that the viability 

and proliferation of MG-63 cells on Cu-BGN/PCL coatings significantly increased 

compared to values for pure magnesium; however, the addition increase of Cu-BGNs 

showed a slight decrease of cell proliferation and cell activity. 

In addition, PEI coatings were obtained on pure magnesium, which was pretreated with di-

ammonium hydrogen phosphate (DAHP) by hydrothermal method. The DAHP/PEI layered 

coatings dramatically improved the corrosion resistance of magnesium and the coatings 

showed no visible changes after 3 days of immersion in DMEM. In vitro cytocompatibility 

assessment demonstrated that MG-63 cells on DAHP/PEI possess the high viability, 

proliferation rate and lactate dehydrogenase (LDH) activity. 

Furthermore, a hybrid of metallic iron in a layered composite structure on magnesium was 

studied to combine the merits of both metals. A single-step dip coating method was 

employed to prepare the layered composite material. Morphology, composition, crystal 

structure and corrosion behavior of the Mg/Fe sheet were assessed.  The Mg/Fe layered 

composite sheet is composed of the magnesium substrate, a 1-2 µm metallic iron coating, 

and a “pompon-like” Mg(OH)2/MgO top layer. Long-term open-circuit potential 

measurements revealed that the Mg/Fe sheet samples exhibit a “self-healing” effect in 

DMEM. 

In the last part of the work, iron oxide nanostructured arrays were successfully fabricated on 

pure iron substrates by anodic oxidization process. The oxide layer is considered an 

activated surface to accelerate the degradation rate of iron substrates. Iron oxide 

nanostructured arrays in porous and tubular structures were produced and studied by 

electrochemical and immersion tests, to reveal details of the degradation process. 

Cytotoxicity of iron nano arrays was assessed by indirect test using MG-63 cells. No 
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cytotoxicity was found in all extracts from iron oxide nanostructured arrays after 2d culture 

in DMEM. 

In summary, different surface modifications were designed and applied on biodegradable 

magnesium and iron substrates to achieve different goals. Regarding magnesium, PCL-

based (with nBG/Cu-BGN addition) and PEI-based (DAHP pre-coating) composite coatings 

with suitable barrier properties and cell compatibility are promising examples of the success 

of the methodology developed for the surface treatment of biodegradable magnesium 

implants and devices. Furthermore, for iron biomaterials, developing iron nanoarrays on 

iron substrates showed good cytocompatibility suggesting the potential of using iron as a 

biodegradable material in the biomedical field. The results of the present research project 

are thus relevant to broaden biomedical applications of pure magnesium and iron. 



 

VI 

 

 

Zusammenfassung 

 

 

In neueren Untersuchungen werden biodegradierbare, metallische Implantate als 

vielversprechende Ersatzkandidaten für nicht-degradierbare Implantate, wie z.B. 

Knochenplatten, Schraubenfixierung und vaskuläre Stents, in chirurgischen Anwendungen 

angesehen. Der Vorteil der biodegradierbaren Implantate ist die Vermeidung einer zweiten 

Operation zur Entfernung von nicht-abbaubaren inerten Instrumenten, welches sowohl die 

Kosten, als auch das Trauma für Patienten erhöht. Die bioabsorbierbaren Implantate sollten 

so konstruiert sein, dass sie sich mit einer angemessenen Wirtsreaktion nach der 

Gewebeheilung in vivo vollständig auflösen. Auf Grund der passenden mechanischen 

Eigenschaften, der Biokompatibilität und Bioabbaubarkeit, werden beide, Magnesium und 

Eisen, als geeigneter biodegradierbarer Ersatz für permanente Implantate und Instrumente 

angesehen. Prinzipiell soll eine kontrollierbare Abbaurate erreicht werden, da dies die 

Hauptanforderung für degradierbare, metallische Biomaterialien ist. Bezüglich der 

Abbaurate präsentieren Magnesium und Eisen verschiedene Herausforderungen in der 

Anwendung. Zum Beispiel führt die schnelle Auflösungsrate von Magnesium in 

biologischer Umgebung zu hohen pH Änderungen und zur Wasserstofffreisetzung nahe des 

Implantationsortes, welches die biomedizinischen Anwendungen zum Großteil verhindert 

(einschließlich der Mg-Legierungen). Im Gegensatz dazu zeigt Eisen eine zu langsame 

Abbaubarkeit, um als mögliches biodegradierbares Material zu gelten. 

Oberflächenbehandlungen und Modifizierungen werden als relativ kostengeringe und 

effiziente Wege angesehen, um Beschichtungssysteme zu erhalten, die verwendet werden 

können, um die Auflösung von Magnesium und Eisen zu beeinflussen. Neben der 

kontrollierten Auflösung des Bulk Materials, können Oberflächenbeschichtungssystem 

multifunktionalisiert werden, z.B. mit der Einführung von bioaktiven Partikeln um die 

Bioaktivität (Knochenanbindungsfähigkeit) und die Wirkstofffreisetzung zu verbessern. In 
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dieser Arbeit werden die schützenden Beschichtungssysteme auf Magnesium und 

nanostrukturierte Oxidschichten auf Eisen untersucht. 

Polycaprolacton (PCL) und Polyetherimid (PEI)-basierte Kompositsysteme wurden auf 

reines Magnesium mittels Rotationsbeschichtung aufgebacht. Gleiche Mengen von nano-

skalierten bioaktiven Glaspartikeln (nBG) wurden in verschiedenen Konzentrationen den 

PCL Beschichtungen zugegeben, um den Einfluss von nBG zu untersuchen und die 

optimale PCL Konzentration zu bestimmen. Es ergab sich, dass die Zugabe von nBG zu 

PCL die Abbaubarkeit von PCL in physiologischer Lösung erhöht und die Zugabe von nBG 

die Bildung von Calciumphosphaten auf der Kompositoberfläche innerhalb 7 Tage 

Immersionstest in simulierter Körperflüssigkeit (SBF) fördert. Weiterhin wurden 

unterschiedliche Mengen von Kupfer(Cu)-enthaltenden bioaktiven Glas-Nanopartikeln (Cu-

BGNs) in die konzentrationsoptimierte PCL Beschichtung gegeben und der Einfluss der 

Cu-BGNs Zugabe auf das Beschichtungsverhalten untersucht. Steigende Konzentrationen 

von Cu-BGNs führten zu einer leichten Absenkung der Wasserbenetzbarkeit und der Anti-

Korrosionseigenschaften der Cu-BGN/PCL Kompositbeschichtungen. Im Gegensatz dazu 

förderte ein höherer Cu-BGNs Anteil in der Beschichtung die Formierung von 

Calciumphosphaten nach 7 Tagen Immersionstest in Dulbecco’s modified Eagle’s medium 

DMEM. Der Wachstum von S. carnosus und E. coli war durch die Cu2+ Ionen Freigabe der 

Cu-BGNs Beschichtungen unterdrückt. Zusätzlich zeigten die Viabilität und Proliferation 

von MG-63 Zellen auf Cu-BGN/PCL Beschichtungen einen signifikanten Anstieg im 

Vergleich zu den Werten von reinem Magnesium; nichtsdestotrotz zeigte die ansteigende 

Zugabe von Cu-BGNs eine geringe Reduzierung der Zellproliferation und Zellaktivität. 

Zusätzlich wurden PEI Beschichtungen auf reinem Magnesium erhalten, welches mit 

Diammoniumhydrogenphosphat (DAHP) durch hydrothermale Methoden vorbehandelt 

wurde. Die DAHP/PEI überlagert Beschichtung verbesserte den Korrosionswiderstand von 

Magnesium erheblich und die Beschichtung zeigte keine deutlich sichtbaren Veränderungen 

nach 3 Tagen Immersionstest in DMEM. In vitro Zellkompatibilitätsmessungen zeigten, 

dass MG-63 Zellen auf DAHP/PEI eine hohe Viabilität, Proliferationsrate und 

Laktatdehydrogenase Aktivität (LDH) besitzen. 

Weiterhin wurde ein Hybrid aus metallischen Ionen in Schichtkompositen auf Magnesium 

untersucht, um die Vorteile beider Metalle zu verbinden. Eine Einzelschritt-

Tauchbeschichtung wurde verwendet, um ein Schichtkompositmaterial zu erhalten. Die 

Morphologie, Komposition, Kristallstruktur und das Korrosionsverhalten auf dem Mg/Fe 

Blech wurde mittels Rasterelektronenmikroskopie (REM), energiedispersiver 

Röntgenspektroskopie (EDS), Röntgenbeugung (XRD) und elektrochemischen Messungen 
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untersucht. Das Mg/Fe Schichtkompositblech bestand aus einem Magnesiumsubstrat, einer 

1-2 µm dicken metallischen Eisenbeschichtung und einer Pompon-ähnlichen 

Mg(OH)2/MgO Oberfläche. Langzeit Leerlaufpotentialmessungen zeigten, dass Mg/Fe 

Blechproben einen „selbst-heilenden“ Effekt in (DMEM) besitzen. 

Im letzten Teil dieser Arbeit wurden Eisenoxidnanostrukturen erfolgreich durch anodische 

Oxidationsprozesse auf reinen Eisensubstraten hergestellt. Die Oxidschicht wird als eine 

aktivierte Oberfläche auf dem Eisen betrachtet, welche die Auflösungsrate  von 

Eisensubstraten beschleunigt. Diese Eisenoxidnanostrukturen in porösen und tubularen 

Strukturen wurden hergestellt und mittels elektrochemischer Test und Immersionsversuchen 

untersucht, um die Details des Degradationsprozesses zu offenbaren. Zytotoxizität der 

Eisennanostrukturen wurde durch indirekte Zellversuche mit MG-63 Zellen getestet. Es 

zeigt sich, dass keine Zytotoxizität in keiner der Extrakte von den Eisenoxidnanostrukturen 

nach 2 Tagen Inkubation in DMEM gefunden werden konnte. 

Zusammenfassend lässt sich sagen, dass unterschiedliche Oberflächenmodifikationen 

entwickelt und auf bioabbaubaren Magnesium- und Eisensubstraten angewendet wurden, 

um verschiedene Ziele zu erreichen. Bezüglich der magnesiumhaltigen Biomaterialien sind 

PCL- (mit nBG/Cu-BGN Zugabe) und PEI- (DAHP Vorbehandlung)basierte 

Kompositbeschichtungen mit geeigneten begrenzenden Eigenschaften und 

Zellkompatibilität erfolgsversprechende Beispiele der entwickelten Methode für die 

Oberflächenbehandlung von bioabbaubaren Magnesium Implantaten und Instrumenten. Für 

eisenhaltige Biomaterialien konnte die Entwicklung von Eisennanoanordnungen auf 

Eisensubstraten gute Zytokompatibilität zeigen, welches das Potential von Eisen als 

bioabbaubares Material hervorhebt. Aus diesem Grund wird die Erforschung von 

verschiedenen Arten der Oberflächenmodifikation, welche in dieser Arbeit präsentiert 

werden, als eine Erweiterung der biomedizinischen Anwendungen auf bioabbaubares reines 

Magnesium und reines Eisen angesehen. 

 

 



 

IX 

 

 

Table of Contents 

 

 

Acknowledgements ................................................................................................................ I 

Abstract I I I 

Zusammenfassung ............................................................................................................... VI 

Chapter 1. Introduction ........................................................................................................... 1 

1.1. Background ............................................................................................................... 1 

1.2. Objectives.................................................................................................................. 3 

Chapter 2. State Art and Literature Review ........................................................................... 6 

2.1. Biodegradable metals ................................................................................................ 6 

2.2. Magnesium-based biodegradable materials .............................................................. 7 

2.3. Biopolymer-based composite coatings on Mg BMs ............................................... 11 

2.3.1. Biodegradable PCL-based materials ............................................................... 12 

2.3.2. PEI-based coating systems on Mg BMs .......................................................... 15 

2.4. Iron-based biodegradable materials ........................................................................ 19 

2.4.1. Pure iron as BMs ............................................................................................. 19 

2.4.2. Iron alloys as BMs ........................................................................................... 20 

2.4.3. Surface anodic oxidation of iron in biomedical applications .......................... 25 

Chapter 3.PCL/nBG Composite Coatings on Magnesium ................................................... 28 

3.1. Introduction ............................................................................................................. 28 

3.2. Experimental methods ............................................................................................. 29 

3.3. Results and discussion ............................................................................................ 32 



 Surface Modification of Biodegradable Metallic Materials with Focus on Mg and Fe  
 

X 

3.3.1. Coating thickness ............................................................................................ 32 

3.3.2. Morphology of the coatings............................................................................. 32 

3.3.3. Chemical composition of the coatings ............................................................ 34 

3.3.4. Electrochemical properties of the coatings ...................................................... 35 

3.3.5. Biodegradation and bioactivity of the coatings in SBF ................................... 39 

3.4. Summary ................................................................................................................. 41 

Chapter 4 PCL/Cu-releasing Bioactive Glass Nanoparticles Coatings on Magnesium .......43 

4.1. Introduction ............................................................................................................. 43 

4.2. Experimental ........................................................................................................... 44 

4.2.1. Preparation of materials ................................................................................... 44 

4.2.2. Physico-chemical characterization .................................................................. 44 

4.2.3. Electrochemical measurements and immersion tests ...................................... 44 

4.2.4. ICP-AES determination ................................................................................... 45 

4.2.5. Antibacterial tests ............................................................................................ 45 

4.2.6. In vitro cytocompatibility (direct method) ...................................................... 45 

4.2.7. Statistical analysis ........................................................................................... 47 

4.3. Results and discussion............................................................................................. 47 

4.3.1. Morphology and composition of the coatings ................................................. 47 

4.3.2. Electrochemical corrosion properties in DMEM............................................. 50 

4.3.3. Immersion testing up to 7 days in DMEM ...................................................... 52 

4.3.4. Antibacterial activity ....................................................................................... 55 

4.3.5. In vitro cyto-compatibility assessment ............................................................ 56 

4.4. Summary ................................................................................................................. 61 

Chapter 5. PEI-Based Layered Coatings on Magnesium .....................................................62 

5.1. Introduction ............................................................................................................. 62 

5.2. Experimental Work ................................................................................................. 63 

5.2.1. Substrate Preparation ....................................................................................... 63 



 Table of Contents  
 

XI 

5.2.2. DHAP (Di-ammonium hydrogen phosphate) treatment .................................. 63 

5.2.3. PEI coating ...................................................................................................... 63 

5.2.4. DAHP/PEI composite coatings ....................................................................... 63 

5.2.5. Characterization methods ................................................................................ 64 

5.2.6. Statistical analysis ........................................................................................... 64 

5.3. Results and discussion ............................................................................................ 64 

5.3.1. Morphology of the coatings ............................................................................ 64 

5.3.2. Electrochemical properties of the coatings in DMEM .................................... 66 

5.3.3. Chemical composition of the coatings ............................................................ 68 

5.3.4. In vitro cyto-compatibility assessment ............................................................ 71 

5.4. Summary ................................................................................................................. 75 

Chapter 6. Iron Metallic Hybrid Laminates on Magnesium ................................................. 76 

6.1. Introduction ............................................................................................................. 76 

6.2. Experimental methods ............................................................................................. 77 

6.2.1. Materials preparation ....................................................................................... 77 

6.2.2. Microstructure and composition of the coatings ............................................. 78 

6.2.3. Electrochemical measurements ....................................................................... 78 

6.3. Results and discussion ............................................................................................ 78 

6.3.1 Microstructure and composition ...................................................................... 78 

6.3.2 Crystal structure of the coatings ...................................................................... 79 

6.3.3 Proposed formation mechanism ...................................................................... 80 

6.3.4 Electrochemical behavior in DMEM............................................................... 83 

6.4. Summary ................................................................................................................. 86 

Chapter 7. Iron Oxide Nanostructured Layers on Iron ......................................................... 87 

7.1. Introduction ............................................................................................................. 87 

7.2. Experimental preparations ...................................................................................... 89 

7.2.1. Fabrication of iron oxide nanotube.................................................................. 89 



 Surface Modification of Biodegradable Metallic Materials with Focus on Mg and Fe  
 

XII 

7.2.2. Characterization ............................................................................................... 90 

7.2.3. Electrochemical tests and immersion test ........................................................ 90 

7.2.4. In vitro cell biocompatibility of iron oxide nanostructured arrays .................. 90 

7.2.5. Statistical analysis ........................................................................................... 91 

7.3. Results and discussion............................................................................................. 91 

7.3.1. Morphology and structure of nanoarrays......................................................... 91 

7.3.2. Electrochemical corrosion behavior in DMEM............................................... 93 

7.3.3. Degradation behavior up to 14d in DMEM ..................................................... 95 

7.3.4. In vitro cyto-compatibility assessment ............................................................ 99 

7.4. Summary ............................................................................................................... 102 

Chapter 8. Overall Conclusion and Outlook ......................................................................104 

8.1. Conclusion ............................................................................................................ 104 

8.2. Outlook .................................................................................................................. 104 

Bibliography .......................................................................................................................109 

Appendix ............................................................................................................................126 

List of Abbreviations ..........................................................................................................130 

List of Publications .............................................................................................................132 

List of Figures and Tables ..................................................................................................133 

 

 

 



 

Page 1 

 

 

Chapter 1 

Introduction 

 

 

1.1. Background 

The ratio of biomaterials to medical devices has rapidly increased in recent years as shown 

in Fig. 1.1 [1]. The compound annual growth rate (CAGR) of biomaterials market will 

increase more than 22% as predicted, while the medical device market invested by is around 

8.3% from 2000 to 2020. Therefore, biomaterials for human health care will become a 

major focus of research and development efforts in an increasingly globalized biomaterial 

market in the future. Biomaterials are classified into natural and synthetic materials which 

are applied to heal damaged tissues and organs in numerous sectors [2], such as 

cardiovascular, dental, and orthopedic implants, [3] as shown in Fig. 1.2. 

 

 
Fig. 1.1. Market and development prediction of biomedical devices and biomaterials 

worldwide [1].  
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Among all biomaterials, research and development on metallic biomaterials are 

energetically being carried out, and significant outcomes have been achieved or currently 

are being realized. According to the developments in metallic biomaterials, the permanent 

implants leads to the inflammation, thrombus formation, stress shielding, and re-

intervention to remove the implants with a second operation becomes necessary [4], which 

raises the cost and patients’ pain. Thus, biodegradable metallic materials as temporary 

implants are attracting increasing attention as temporary implant devices in surgical 

applications. Mg, Fe and their alloys are two kinds of biodegradable metals which are the 

focus of investigations. 

 
Fig. 1.2. Schematic diagram showing the various biomaterials for human [3].  

 

Recently, Mg-based biodegradable stents, screws, microclips, plates, nails, and wound-

closing devices (shown in Fig. 1.3) have been developed for enter the biomedical market [3]. 

However, the fast degradation rate of Mg and its alloys largely inhibits their clinical 

application. As for iron-based biodegradable implant devices, their materials have an 
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excessively slow degradation rate under physiological environmental condition [5]. Surface 

treatment and modification are considered as straight forward, relative low-cost and 

efficient ways to tailor the corrosion behavior for both magnesium and iron (and their alloys) 

as bioresorbable metallic materials. In addition, the bioactive or bio-functional surface 

modifications can be developed on metallic biomaterials in order to achieve superior 

biological properties, for example, osteoconductivity, antibacterial property, or blood 

compatibility. 

 

 
Fig. 1.3. Real/possible applications of biodegradable magnesium implants (a) 
cardiovascular stents (BIOTRONIK, Berlin, Germany, under cl inical trial), (b) 
MAGNEZIX screw (received CE mark in Europe), (c) microclip for laryngeal 
microsurgery (pure magnesium), (d) biodegradable orthopedic implants, (e) wound-
closing devices (WZ21) [6].  

(Reprinted from Acta Biomaterialia, 10, Y. Chen, Z. Xu, C. Smith, J. Sankar, Recent 
advances on the development of magnesium alloys for biodegradable implants, 4561–73 
(2014), with permission from Elsevier. [6])  

 

1.2. Objectives 

The aims of this study are to develop novel methods to modify the surface of biodegradable 

pure magnesium and pure iron to tailor the degradation rate for their clinic application. In 

magnesium case, its high degradation behavior along with the increase of pH and hydrogen 

release is considered to be responsible for the failure of implantation. Therefore, 

biocompatible polymer coatings, namely using PCL and PEI, are chosen to protect the 

magnesium substrate and to slow down the degradation. Moreover, bioactive glass 

nanoparticles (nBG) are introduced in the PCL coating to improve the bioactivity and to 

impart antibacterial effect (e.g. using Cu-doped BG). DAHP pretreatment is employed to 
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enhance the adhesion strength between PEI coatings and magnesium substrate and also the 

pronounced surface layers upon treatment of DAHP could serve as another bioactive and 

protective layer when PEI coatings break down. Furthermore, formation of iron metallic 

hybrid laminates on magnesium is investigated to combines the merits of both materials. On 

the contrary, the degradation rate of iron must be speeded up when considering iron as a 

biodegradable metallic material. The iron oxides are considered more unstable than metallic 

iron in aqueous environment and, the oxidation layers on top of iron bring many defective 

sites, which could accelerate the degradation rate of iron. Thus, the optimization of the 

anodic oxidation process was explored to obtain nanostructured arrays on iron substrate 

surface, which could accelerate iron degradation.  

 

 
Fig. 1.4. Graphical abstract of the work showing all materials investigated and tasks 
ful f i l led. 

 

The tasks of this work are summarized in the graphical abstract in Fig. 1.4, which gives an 

overview of the research carried out in the framework of this thesis. The thesis is structured 

in the following manner. The “State of the Art and Literature Review” is included in 

Chapter 2. Chapter 3 - 7 contain all results of this thesis. Chapter 3 and Chapter 4 

present the degradation behavior of PCL-based coating systems on magnesium. Influence of 

PCL concentration and bioactive glass addition in PCL coatings were thoroughly 
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investigated on pure magnesium in Chapter 3. The bioactivity, antibacterial property, and 

biocompatibility of PCL composite coatings were also evaluated in this chapter. The 

electrochemical properties and cytocompatibility of DAHP/PEI layered coatings are 

reported in Chapter 5, while the chemical composition and electrochemical behavior of the 

iron metallic hybrid laminates deposited on magnesium are discussed in Chapter 6. The 

iron-based biodegradable material is displayed in Chapter 7. In this chapter, two different 

nanostructured arrays are fabricated, and the degradation behavior and cytotoxicity of the 

nanoarrays is discussed. The final conclusion and outlook for future work are presented in 

Chapter 8. 
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Chapter 2 

State Art and Literature Review 

 

 

2.1. Biodegradable metals 

Biomaterials can be derived from either natural or synthesized materials, and they can be 

metals, polymers, ceramics or composites. Metals have been used as biomaterials since the 

18th century due to their excellent mechanical properties and endurance. They possess high 

tensile strength, fracture toughness, ductility, and wear resistance, which make metals 

appropriate materials in clinic application. As such, titanium (Ti)-, iron (Fe)-, and cobalt 

(Co)-based metallic biomaterials have been used as artificial joints, bone tissue implants, 

dental products, wires, and stents [7–10]. 

Metallic materials can be categorized into two groups according to their degradation 

behavior: bioinert and biodegradable materials [11]. Ti, Co and their alloys, as well as 

stainless steel are considered the most successful bioinert implant materials. They can 

remain in the human body as permanent implants unless they suffer from failure. In same 

case, the inert implants must be removed by a secondary surgery once the physical 

functions of the human body recover, which raises the cost and causes pain to patients [11]. 

In the ideal case, the implants should gradually degrade while fulfilling function in the body 

and subsequently degrade hence the secondary surgery becomes evitable as far as possible. 

The degradation of metals largely depends on their corrosion behavior. Theoretically, the 

corrosion of metal is considered a failure in the context of structured applications. However, 

the vulnerable or corrodible character of certain metals can bring benefits for biomedical 

applications as degradable implants.  
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Biodegradable metals (BMs) are expected to degrade gradually under a physiological 

environment with a proper host response caused by the released corrosion products, then 

dissolve completely after tissue healing without any residues left in vivo. With these specific 

requirements, BMs should thus contain essential metallic elements, which could be 

progressively metabolized by the human body and establish appropriate degradation rates in 

vivo [12]. Therefore, in the last decade, BMs have emerged as a topic of interest for 

particular biomedical applications which require adequate mechanical properties and good 

cytocompatibility. The advantages of biodegradable materials are related to the reduction of 

long-term risks associated with the presence of permanent metal implants, e.g. chronic 

inflammation and secondary operation for removing the implants. Degradable metallic 

biomaterials have been proposed from both magnesium- and iron-based materials and they 

were expected to be used as biodegradable implants and devices in surgical applications. 

Despite the enormous potential of Mg and Fe, the too fast degradation rate of Mg-based 

materials and the too low degradation rate of Fe-based materials in vivo have largely 

inhibited the development of biomedical applications. Therefore, many research efforts 

have been expended in the field of the biodegradable magnesium and iron in recent. 

2.2. Magnesium-based biodegradable materials 

Commercial Mg-based materials were originally designed for industrial applications and 

have been widely utilized in traditional industry, such as aerospace and automobile areas 

[13]. Different elements were accordingly incorporated to reach industrial requirements, in 

particular to improve the mechanical and chemical properties of Mg [13–16]. Due to their 

good strength and biodegradability, magnesium and its alloys are attracting much attention 

to be used as metallic materials in the biomedical field, too. Mg is an essential element of 

the human body, and also the second most important cation in cells. It owns many particular 

physiological functions, like activating different kinds of enzymes, restraining abnormal 

hectic in nerves, keeping the structure stable for nucleic acid and participating in protein 

synthesis, muscle contraction and temperature adjustment [17,18]. Besides, the elastic 

modulus of magnesium (45GPa) is much lower than that of other metallic materials such as 

stainless steel and titanium, which makes it more suitable for orthopedic applications [19]. 

Thus, owing to the comparable elastic modulus with that of bone, stress shielding effect can 

be successfully minimized [20]. However, the major obstacle of magnesium is its rapid 

corrosion in physiological media and the release of magnesium ions along with hydrogen 

evolution at the implant-tissue interface. This leads to many detrimental effects on implant 

and tissues [21,22]. Ergo, the potential clinical applications of magnesium-based materials 
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have been hampered by their high degradation rates, especially under in vivo conditions 

with a high chloride concentration [23,24].  

To overcome these obstacles, new classes of magnesium alloying systems are being 

investigated as BMs for medical applications, based on existing technologies. The friendly 

and non-/low-toxic elements, such as Ca, Mn, Zn, Sr, Si, Sn, and Zr are usually introduced 

in so do new alloy systems [25–29]. In addition, the current Mg-RE and Mg-Al alloy 

families are usually modified to satisfy the biomedical usage [30–33]. The microstructure, 

mechanical and chemical properties, and the degradation behavior and biocompatibility 

both in vivo and in vitro are being intensively studied to assess the satisfy ability of using 

magnesium based metals as biomaterials. In particular, surface treatment and modification 

methods are attracting a lot of attention to tailor the degradation rate and to improve 

bioactivity and biocompatibility of Mg-based biodegradable materials.  

In order to be able to control the degradation rate, it is essential to understand the 

degradation behavior and mechanism of pure magnesium in the first place.  

Different physiological solutions have been used to test the degradation behavior and 

degradation rate[34–38]. In most cases, the sodium chloride solution (NaCl) was employed 

and the results demonstrated that the highest degradation rate was obtained in NaCl. 

Particularly, the pH value increased shortly after the immersion of the sample and the 

maximum amount of release of Mg ions was collected after 1 day of immersion in NaCl 

[37]. A simulated body fluid (SBF) with ion concentrations approximately equal to those of 

human blood plasma was also used to examine the corrosion behavior of magnesium [34]. 

Compared to NaCl solution, SBF does not only contain most presenting in the human blood 

but also mimic the buffering capability of blood. Xin et. al [38] studied the influence of 

different HCO3
− concentrations in SBF on corrosion behavior of magnesium and it was 

shown that higher HCO3
− concentration effectively reduce the corrosion rates of magnesium. 

Furthermore, the research was performed in Eagle's minimum essential medium 

supplemented with 10 vol. % of fetal bovine serum (E-MEM+ FBS), which is the solution 

closest to human blood plasma. The results indicated that pure Mg had the lowest 

degradation rate in E-MEM+ FBS, hence the study revealed the importance of using 

appropriate solution for in vitro evaluation of the magnesium degradation behavior [37]. To 

compare the degradation behavior in vitro and in vivo, Bowen et al. [39] demonstrated that 

commercially available pure magnesium wires corroded in DMEM immersion tests around 

1.5× faster compared to in the murine artery in short-term corrosion studies. Therefore, the 

choice of material and reagents used during the experiments, such as corrosion medium, the 

volume of solution, incubation periods, pH variation, medium refreshment, and proteins or 
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other supplements added will influence the corrosion behavior in vitro. A conscious 

decision of protocol should be made according to the factors above. Moreover, the 

outcomes of in vitro studies are not comparable to those of in vivo studies for pure Mg 

degradation performance, but may be used as a reference. 

To improve both mechanical performance and corrosion resistance of pure magnesium, 

various alloying elements are introduced into Mg-based alloys. Mg-Al-Zn alloys have been 

widely used on an industrial scale for many years. Since the aluminum element is 

considered to be neurotoxic, the Al-containing Mg alloys are not suggested as a potential 

candidate for biomedical applications [12]. To take consideration between the mechanical 

properties and the degradation behavior in Mg-Ca alloys, the introduced Ca improves the 

strength by forming brittle and thermally stable intermetallic phases, which leads to a lower 

ductility and which acts as potential sites of cracks occurring. Galvanic corrosion happens 

easily nearby the cracks, and thus the degradation rate of Mg-Ca alloys is increased [26]. Sr 

is in the same group as Ca in the periodic table, and the two elements share the similar 

chemical properties. Gu et al. reported that as-rolled Mg-Sr alloys showed the high ultimate 

tensile strength and slow degradation rate with Sr content of 2 wt.%. Berglund et al. [40] 

developed the Mg-1.0Ca-0.5Sr alloy, which exhibited slow degradation rate in Hanks’ 

solution along with no significant toxicity to osteoblast cells. Therefore, the lower contents 

of Ca (<1 wt.%) and Sr(<2 wt.%) are recommended in Mg-Ca, Mg-Sr or Mg-Ca-Sr ternary 

alloy for biodegradable orthopedic implants applications. Since zinc is one of the 

nutritionally essential elements in human metabolism reactions, Mg-Zn alloys are 

developed based on the safety for biomedical applications. It was been reported that the 

increase of Zn contents more than wt.% will result in the decrease of mechanical properties 

and corrosion resistance of the alloys [41]. The incorporation of Ca, Sr, and Y improve the 

corrosion resistance, approximately one-third compared to the corrosion rate of as-cast Mg-

Zn binary alloys [42]. The addition of zirconium in magnesium alloys can effectively refine 

the crystal grains and improve the strength and anticorrosion properties [43]. The high 

specific damping capacity of Mg-Zr based alloys has triggered new investigations on this 

material. Moreover, the co-incorporation of Sr and Sn obviously increases the corrosion 

resistance of as-cast Mg–Zr–Ca alloy[43]. In theory, lower than 1 wt.% of Zr should be 

introduced into magnesium alloying systems used as biodegradable metallic materials. Rare 

earth elements are introduced in magnesium alloying systems to improve strength and 

anticorrosion resistance. Ce, La, and Nd are most commonly added in Mg-RE alloys for 

biomedical applications [44]. The addition of RE elements in Mg-based alloys is 

recommended in relatively low amounts, based on safe cytotoxicity levels[12]. Mg-Y [45], 

WE43[46] and Mg-Gd [47] based alloys have recently been attracting more attention as 
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biodegradable implants in surgical applications. It has been reported that the effect of Y 

addition in Mg alloys exhibited different corrosion rates in different electrochemical 

mediums. For example, the increase Y concentrations accelerated the corrosion rate in 0.1M 

NaCl, while decreased in 0.1 M Na2SO4 [45].  The electrochemical corrosion behavior and 

correction products of WE43 have been studied in both SBF and Ringer’s solution. It found 

that the corrosion resistance of WE43 in Ringer’s solution was 6 times higher than that in 

SBF in the initial stage [46]. Besides, Gd is regarded as one of the RE elements with the 

lowest cytotoxicity and inflammatory response in vitro studies. Therefore, Mg-Gd based 

alloys have been developing fast in recent year. Considering both the mechanical properties 

and degradation rates, the new technique has been developed, and other biocompatible 

elements are incorporated in Mg-Gd based systems [47,48]. Zhang et al [48] fabricated a 

Mg-Gd-Nd-Zn-Zr alloy byequal channel angular pressing at 375 °C, in which the 

mechanical properties and the anticorrosion properties of the alloys were significantly 

improved because of the strong basal texture and refined microstructure [48]. 

A long-term in vivo study of binary Mg alloy systems has been performed by Myrissaet al. 

[49]. The degradation behavior, the bone adherence, and bone-implant interface mechanics 

of pure magnesium and the two binary magnesium alloys (Mg2Ag and Mg10Gd) were 

investigated in this study. As shown in Fig. 2.1, pure magnesium and Mg2Ag pins were 

well integrated and surrounded by bony tissue after 24 weeks implantation, while, Mg10Gd 

was surrounded by fibrous and bone tissue. Moreover, Mg10Gd showed a higher 

degradation rate than pure Mg and Mg2Ag. Therefore, it is suggested that Mg2Ag might be 

a potential candidate in orthopedic application. 

Moreover, Mg-Fe alloys have been fabricated using a non-conventional metallurgical 

method [50]. The Mg-Fe alloys showed excellent mechanical properties and the improved 

biodegradation kinetics compared with pure magnesium. This new type of alloy system 

offers possibilities to combine both magnesium and iron as biodegradable materials. 
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Fig. 2.1. µCT reconstructed (two-dimensional sl ices) images of explanted Sprague-
Dawley R rat femurs treated with pure Mg, Mg2Ag andMg10Gd alloys performed with a 
high resolution protocol at 4 and 24 weeks after implantation. Toluidine blue-O staining 
was performed using the same samples, showing the general bone morphology during the 
degradation process. G, Gas bubbles; I,  implant; Cb, cortical bone; Ir, implant 

remnants; orange arrows, pin corrosion; red arrows, new bone; yellow arrows, fibrous 

tissue; green arrows, gap between bone and implant [49].  

(Republished with permission of De Gruyter Open, from In vivo degradation of binary 
magnesium alloys – a long-term study, BioNanoMaterials, A. Myrissa, E. Martinell i ,  G. 
Szakács, L. Berger, J. Eichler, S.F. Fischerauer, 17,  2016; permission conveyed through 
Copyright Clearance Center, Inc. [49]) 

 

Furthermore, Mg-based bulk metallic glasses (BMGs) have recently been successfully 

synthesis by a new rising technology [51]. The amorphous micro-structured BMGs, unlike 

conventional crystalline alloys, possess superior strength, low Young’s modulus, a high 

elastic strain limit, enhanced wear resistance, excellent corrosion resistance, a relatively 

flexible composition, and broader solubility for alloying elements [52].Among all Mg-based 

BMGs, Mg-Ca-Zn BMGs systems are attracting widespread interest due to the preferred 

mechanical properties, improved glass-forming ability, enhanced corrosion resistance, and 

comparable cytocompatibility [53]. In addition, more potential elements are added in Mg-

Ca-Zn BMGs to further boost their properties. Mg-Ca-Zn-Ag and Mg-Ca-Zn-Sr are 

synthesized by cupper-mold casting and melt spinning, and induction melting processes to 

develop the antibacterial properties and improve biocompatibility in vitro [54,55]. 

2.3. Biopolymer-based composite coatings on Mg BMs 

For magnesium-based BGs; the designed surface modifications follow the principle of 

improving corrosion inhibition, biocompatibility, bioactivity and other bio functions. The 
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ideal case is that the temporary coating systems are planning to gradually degrade in a 

certain time period along with the degradation of the substrates. 

A variety of inorganic and organic coating systems have been explored by using various 

surface treatment technologies, such as physical methods, including physical vapor 

deposition [56], plasma spraying [57], magnetron sputtering, ion beam coatings and pulsed 

laser deposition [58], and the chemical methods, including electrophoretic deposition [59], 

chemical vapor  deposition [60], conversion coatings [61], including di-ammonium 

hydrogen phosphate [62] and calcium phosphate conversion coatings [63–65], alkaline 

passivation [66], micro-arc oxidation [28,36,67], electrodeposition [68] etc.. 

Among all coating systems, the polymeric coatings are arousing greater attention due to the 

potential for drug delivery and the capability of multi-functionalizing with organic 

biomolecules and inorganic fillers. Generally, dip coating, spin coating, spray coating, and 

electrophoretic deposition methods are used to fabricate the biodegradable and 

biocompatible polymer coatings on Mg BGs. Kinds of biocompatible synthesized and 

natural-derived polymers are investigated recently, such as polycaprolactone (PCL) [35], 

poly(L-lactic acid) (PLLA) [69], poly(DL-lactide-co-glycolide) (PLGA) [70], poly(ether 

imide)(PEI) [71], polyethyleneglycol(PEG) [72], alginate [73],  and chitosan [74]. 

2.3.1. Biodegradable PCL-based materials 

PCL is a semi-crystalline aliphatic polyester [75], which is both regarded biodegradable and 

biocompatible and possesses good mechanical and thermoplastic properties. It has been 

approved by the U. S. Food and Drug Administration (FDA) and is being considered as a 

potential candidate for biomedical applications including composite scaffolds for soft and 

hard tissue engineering [76–78], and drug-delivery systems [79]. PCL can be processed 

using different methods as well as loaded with antibiotics, as shown in Fig. 2.2. The fused 

deposition modeling technology was used and the completely interconnected 3D scaffolds 

were obtained (Fig. 2.2(a)(b)). The cell biology tests showed that the fibroblasts and 

osteoblast-like cells can proliferate, differentiate, and produce a cellular tissue [80]. A 3D 

plotting system was also used to print multi-layered PCL/silica composite scaffolds, as 

shown in Fig. 2.2(c), and in vitro cellular activity of mouse pre-osteoblast were improve 

significantly [81]. Moreover, Ghasemi-Mobarakeh et. al [78] found that the neutrite 

outgrowth and proliferation of nerve precursor cells were promoted by seeding directly on 

hydrolyzed PCL nano fibrous scaffolds, which had been produced by electrospun 

technology. The results provide good proof that the potential application of PCL-based 
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composites in nerve tissue area. Recently, Xue et. el [82] developed an efficient and anti-

infective membrane composed of metronidazole-loaded electrospun PCL/gelatin nanofibers 

to prevent the implant-associated infection in various therapeutic applications. As shown in 

Fig. 2.2(e), the homogeneous hybrid nanofibers with 30 wt.%metronidazole content in the 

polymer was successfully fabricated, and the subcutaneous implantation in rabbits after 8 

months demonstrated that metronidazole incorporation of 30 wt.% had the strongest 

inflammatory responses. 

Moreover, PCL-co-polymer nanoparticles [83,84] and PEG-PCL based hydrogels [85] have 

been developed in recent years for drug delivery applications. The research groups of Chen 

and Gao reported that the modified PEG-co-PCL nanoparticles may serve as a promising 

nose-to-brain drug delivery carrier, especially for peptides and proteins, and enhance the 

glioblastoma- targeting therapy [83,84]. PEG–PCL based pH-responsive hydrogels have a 

good ability as oral docetaxel delivery systems for breast cancer therapy [85]. 

 

 
Fig. 2.2. Freeze-fractured surfaces of PCL scaffolds with a porosity of 61 ± 1% (side 
view(a) and top view (b)). The view of the PCL scaffold in the z direction shows a 
completely interconnected honeycomb pattern with polygonal pores [80]. (c) An optical 
image of the fabricated pore structure of the composite scaffolds[81]. (d) Morphology of 
H-PCL (12 h) nanofiber[78].(e) SEM micrographs of electrospun PCL/gelat in hybrid 
nanofiber membranes with 30wt.% of metronidazole[82]. 
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(Reprinted from Materials Science Engineering C., 30, L. Ghasemi-Mobarakeh, M.P. 
Prabhakaran, M. Morshed, M.H. Nasr-Esfahani, S. Ramakrishna, Bio-functionalized 
PCL nanofibrous scaffolds for nerve tissue engineering, 1129–1136 (2010), with 
permission from Elsevier. Reprinted from Chemical Engineering Journal, 30, H. Lee, H. 
Hwang, Y. Kim, H. Jeon, G. Kim, Physical and bioactive properties of multi - layered 
PCL/sil ica composite scaffolds for bone tissue regeneration, 399–408 (2014), with 
permission from Elsevier. Reprinted from Biomaterials, 35, J. Xue, M. He, H. Liu,  Y. 
Niu, A. Crawford, P.D. Coates, Drug loaded homogeneous electrospun PCL/gelatin 
hybrid nanofiber structures for anti-infect ive tissue regeneration membranes, 9395–9405 
(2014), with permission from Elsevier.[78,81,82]. Reprinted from Materials Research, 55, 
D.W. Hutmacher, T. Schantz, I. Zein, K.W. Ng, S.H. Teoh, K.C. Tan, Mechanical 
properties and cell cultural response of polycaprolactone scaffolds designed and 
fabricated via fused deposition modeling, 203–216, with permission from John Wiley and 
Sons. [80]) 

 

2.3.1.1. PCL-based coating systems on Mg BMs 

Due to the high biocompatibility and potential drug delivery capability, PCL-based coating 

systems were applied on Mg BMs to slow down the degradation rate. As shown in Table 

2.1, PCL coatings with different morphology and thickness were obtained by spin coating, 

dip coating, electrospinning and spraying methods. The low molecular weight PCL was not 

recommended due to the reduced barrier effect to magnesium protection. In general, spin 

coating achieved thin and homogeneous layers, whereas dip coating reached much thicker 

layers and spraying methods formed a porous structure. The electrochemical properties and 

degradation behavior of Mg were improved by PCL coatings. The in vitro and in vivo 

results demonstrated that the cell activities, adhesion and proliferation of Mg and Mg alloys 

were enhanced by PCL coatings, and the now bone formation was boosted around the 

implant site. 

As summarized in Table 2.2, the bioactive factors, such as hydroxyapatite (HA) and nano 

sized bioglass (nBG), were added to increase the bioactivity and biocompatibility of 

magnesium. Since mentioned above that PCL could be used as a drug carrier, the 

cephalexin was loaded into PCL to enhance the antibiotic properties.  However, the release 

behavior of cephalexin was not thoroughly studied in PCL coatings as a barrier on Mg. 

After the extensive investigations of PCL-based coatings on bulk Mg and Mg alloys, the 

mechanical properties and degradation behavior of Mg scaffolds coated with PCL and 

PCL/BG was explored, and the results were summarized in Table 2.3. PCL and PCL/BG 

coatings could regulate in vitro degradation, improve bioactivity, and significantly increase 

mechanical stability of Mg scaffolds.  

To conclude, PCL could serve as a potential candidate for tailoring Mg degradation in 

biomedical applications. 
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2.3.2. PEI-based coating systems on Mg BMs 

Polyetherimide (PEI) is considered another promising biocompatible material for protecting 

Mg from fast degradation. PEI possesses stable mechanical property and is a hydrophobic 

thermal polymer [86,87].The glass transition temperature of PEI is above 200℃,thus PEI 

coatings are thermal stable. The researchers applied this class of polymer for controlling 

corrosion rates and improving the biocompatibility of Mg implants in biomedical 

applications [31,88–90]. 

The properties of PEI-based coating systems on Mg are summed up briefly in Table 2.4. 

Porous and non-porous coatings could be obtained depending on solvent and drying 

temperature. In most cases, the non-porous and dense PEI coatings provided better 

protection of Mg in different corrosive medium and smooth surfaces for cells attachment 

and proliferation. Apart from the favorable barrier properties, PEI can also be easily 

modified with kinds of inorganic fillers, such as HA, silica, and BG, to enhance the 

biomineralization process and cytocompatibility of Mg. 
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2.4. Iron-based biodegradable materials 

Iron is an essential co-factor for a multiple of enzymes involved in diverse physiological 

processes such as oxygen binding, DNA synthesis, and redox enzyme activity [91]. 

Therefore, iron plays an essential role in many biological processes and directly regulated 

human body, i.e. an excess or a deficiency could have deleterious [92].Furthermore, iron 

was the earliest recorded bio-metal ever used in the human body as a dental implants 

discovered in a Gallo-Roman necropolis from the first or second century AD [93]. In last 

few decades, increasing efforts have been invested in the field of iron-based biomaterials for 

clinical usage.  

It is being considered that pure iron as one permanent implant in physiological media 

because of the very low biodegradation rate [94]. In a recent study, researchers are focusing 

their attention to accelerate the degradation rate in the human body environment to expand 

the applications of iron-based materials as biodegradable metallic materials. The noble 

chemical composition and manufacturing technologies are being developed to tailor the 

degradation rate while retaining the mechanical integrity within a reasonable period. 

Different elements, such as Mn, W, Pd, Si, Co, Ag, Cr and rare earth element, are 

introduced into Fe alloys to achieve a controlled degradation rate. Besides, iron/carbon 

composites, iron-containing HA/titanium composites and iron-bioceramic composites are 

fabricated to improve the mechanical properties, degradation rate, bioactivity, and 

biocompatibility. Different fabrication techniques are also introduced to manufacture new 

kinds of degradable iron-based materials, like vacuum induction furnaces, molecular beam 

epitaxy, spark plasma sintering, arc melting furnace, powder metallurgy, electroforming, 

and equal channel angular pressing techniques [95]. 

2.4.1. Pure iron as BMs 

Pure iron is a very promising candidate because of its relatively low degradation rate, 

mechanical properties comparable with these of 316L SS, and acceptable biocompatibility 

due to its biological role as an essential element for the human body. However the 

degradation characteristics of pure iron in vitro and in vivo have not yet been elucidated. 

Therefore, Zhu et al.[96] did deep studying on determining the degradation rate of pure iron 

in vitro and characterized the interaction of individual corrosion products from 

biocorrodible iron stents with endothelial cells (ECs). The mean corrosion rate in vitro 

indicated that the implants would be completely degraded after 1 month, while the in vivo 

studies showed the existence of implants after 18 months [97]. The passive surface of iron 
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by plasma proteins and surrounding fibrous tissue was thought to be the possible reason for 

the different degradation rates in vitro and in vivo. 

Further investigations of pure iron biodegradable stents implanted in vivo were performed 

by Peuster et al. [94] to evaluate the long-term biocompatibility of a corrodible peripheral 

iron stent in the porcine descending aorta. It was proved that large portions of the 

disintegrated stent struts were still intact after 1 year implanted in vivo. On the other hand, it 

was shown that there was no local or system toxicity resulting from the iron degradable 

stent. In any case, it would be desirable to obtain a faster degradation rate of pure iron as 

biodegradable metals in further study.  

Moravej et al. [98] fabricated electroformed iron(E-Fe), and showed superior mechanical 

properties and faster degradation to iron fabricated by casting and thermomechanical 

treatment, which had been used for the fabrication of degradable stents implanted in vivo 

[94,97]. This technique provided a new way for direct electroforming of metallic stents in 

their final form. 

2.4.2. Iron alloys as BMs 

Compared with pure iron, iron alloying could be designed to specifically degrade faster in 

the human body. As for Fe–Mn alloys, with above 20% Mn content, have been proposed for 

quite a long time due to their slightly faster degradable rate[99]. Hermawan et al. [100] 

worked with a new class of stents with iron-based alloys containing 20-35% manganese. 

Fe–Mn alloys have shown higher corrosion rates compared to pure iron with a degradation 

rate of 220–240 µm·year-1. And along with the low inhibition to metabolic activities of 

fibroblast cells, the Fe-Mn alloys were one promising biomaterial to be developed as a 

degradable metal. 

Recently, Chou et. al [101] printed 3-D Fe-30Mn sintered alloys as shown in Fig. 2.3 and 

the alloys exhibited an higher estimated corrosion rate in comparison to pure iron. The 

excellent cytocompatibility and the deposited Ca-P corrosion products suggested that the 3-

D printed Fe-30Mn alloys may be useful for biodegradable medical devices. 
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Fig. 2.3. Photographs of prototype sample parts 3-D printed from Fe–30Mn powder after 
sintering: parts with square pore sizes of lengths (a) 1 mm and (b) 500 µm; miniature 

human femur (c) before tumble finishing and (d) after tumble finishing [101].  

((Reprinted from Acta Biomaterialia, 9, D.T. Chou, D. Wells, D. Hong, B. Lee, H. Kuhn, 
P.N. Kumta, Novel processing of iron-manganese alloy-based biomaterials by inkjet 3-D 
printing, 8593–8603 (2013), with permission from Elsevier. [101]) 

 

Schinhammer et al. [102] added Pd to an Fe-Mn-based alloy system and processing 

appropriate heat treatment to achieve a suitable performance for degradable implant 

applications. The alloy Fe–10Mn–1Pd (in wt%) demonstrates a significantly increased 

degradation rate compared to the Fe–Mn system or to pure iron, as well as high strength. 

Thus, the Fe–10Mn–1Pd alloy possessed a faster degradation rate and suitable mechanical 

characteristics considered a potential candidate for biodegradable materials. Moreover, the 

twinning-reduced plastic (TWIP) fabrication technique [103–105] was developed to 

enhance the performance of biodegradable iron metallic implants. TWIP (Fe-21Mn-0.7C 

alloy) and TWIP-1Pd (Fe-21Mn-0,7C-1Pd alloy) alloys were produced, and degradation 

behavior, recrystallization and precipitation and cytocompatibility were proposed. Mass loss 

and electrochemical measurements (shown in Fig. 2.4) revealed the higher degradation rate 

of TWIP-1Pd superior to pure iron and TWIP.TWIP and TWIP-1Pd alloys performed 

equally in vitro cytotoxicity tests using human umbilical vein endothelial cells. The addition 

of 1 wt.% Pd in TWIP had influences on corrosion properties, microstructure and 

mechanical properties. 
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 Fig. 2.4. Evolut ion of (a) the polarization resistance, and (b) the electrolyte 
resistance and the capacitance of the degradation products as a function of the 
immersion time. The Fe samples feature the highest polarization resistance, which is 
lower for TWIP and lowest for the TWIP-1Pd samples. The electrolyte resistance values 
increase for all TWIP(\1Pd) samples with increasing immersion times, representing the 
evolution of the localized corrosion attacks. Correspondingly, the decrease in the 
degradation products capacitance values indicates the growth of the degradation product 
layer on the samples [104]. 

(Reprinted from Materials Science Engineering C, 33, M. Schinhammer, P. Steiger, F. 
Moszner, J.F. Löffler, P.J. Uggowitzer, Degradation performance of biodegradable Fe-
Mn-C(-Pd) alloys, 1882–93 (2013), with permission from Elsevier. [104]) 

 

Recently, Kraus et al. [106] investigated thein vivo degradation performance of pins of pure 

Fe and two Fe-based alloys (Fe–10Mn–1Pd and Fe–21Mn–0.7C–1Pd) in a growing rat 

skeleton over a period of 1 year. The optical images of the pins after implantation for 4 

weeks and 52 weeks are displayed in Fig. 2.5. No signs of local toxicity or abnormal 

clinical observations could be noticed. The good integration of implants into the bone, as 

well as the detection of both P and Ca on the outer layer of the degradation products, is a 

good sign to indicate their bioconductivity. Moreover, in the light of the slightly higher 

degradation rates of the two Fe-based alloys in comparison to Fe, it was suggested that the 

degradation of Fe-based implants was determined mainly by in vivo conditions present in 

the implantation site, rather than by the composition of the material in this study. 
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Fig. 2.5. Optical micrographs of the pins after implantation for (a–c) 4 weeks and (d–f) 
52 weeks of (a, d) pure Fe, (b, e) Fe–10Mn–1Pd and (c, f) Fe–21Mn–0.7C [106]. 

(Reprinted from Acta Biomaterialia, 10, T. Kraus, F. Moszner, S. Fischerauer, M. 
Fiedler, E. Martinel l i ,  J. Eichler, Biodegradable Fe-based alloys for use in 
osteosynthesis: Outcome of an in vivo study after 52 weeks, 3346–3353 (2014), with 
permission from Elsevier. [106]) 

 

Liu et al. [107] introduced Si into the Fe-Mn-based alloy as another potential biodegradable 

material (Fig. 2.6). The microstructure, mechanical properties, shape memory effect, 

corrosion behavior and in vitro biocompatibilities of Fe30Mn6Si alloy were studied. At 

room temperature, Fe30Mn6Si alloy consists of ε-martensite and γ-austenite and a 53.7% 

recovery ratio could be reached. The degradation rate of the Fe30Mn6Si was higher than 

that of Fe30Mn alloy and the mechanical properties of Fe30Mn6Si alloy were higher than 

of pure iron. Additionally, the hemolysis percentage of Fe30Mn6Si alloy is less than 2%. 

Therefore, the Fe30Mn6Si alloy is one of a promising candidate as a biodegradable metallic 

material with a shape memory function. 
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Fig. 2.6. The surface mophologies of (a) pure i ron, (b) Fe30Mn, and (c) Fe30Mn6Si after 
180 days immersion in Hank's solution[107]. 

(Reprinted from Materials Letters, 65, B. Liu, Y.F. Zheng, L. Ruan, In vitro 
investigation of Fe30Mn6Si shape memory alloy as potential biodegradable metall ic 
material, 540–543 (2011), with permission from Elsevier. [107]) 

 

Fe-Ga alloys including Fe81Ga19, (Fe81Ga19)98B2 and (Fe81Ga19)99.5(TaC)0.5, have recently 

been reported as another potential biodegradable metallic materials for biomedical 

application, and the corrosion behavior and cytocompatibility have been investigated [108]. 

The electrochemical measurements and immersion tests demonstrated the higher corrosion 

rate of Fe-Ga alloys compared to pure iron. A good cell adhesion and proliferation behavior 

of MC3T3-E1 cells could be found after 24h culture on the surface of Fe-Ga alloy. These 

results indicate that Fe-Ga alloys could be considered as future biodegradable implant 

materials pending further studies. 

BMGs exhibit superior properties such as high strength and hardness, as well as high 

corrosion and wear resistance. Wang et al. [109,110] and Zohdi et al. [111] fabricated 

several kinds of Fe-based BMGs (Fe41Co7Cr15Mo14C15B6Y2, 

Fe44Cr5Co5Mo13Mn11C16B6)98Y2, Fe48Cr15Mo14C15B6Er2, Fe48Cr15Mo14C15B6Er2and 

Fe55−xCr18Mo7B16C4Nbx (x=0.3, and 0.4 at.%). The electrochemical measurements were 

carried out in simulated body fluid to reveal the corrosion performance of these alloys. The 

studies demonstrated that the pitting corrosion potentials of these three BMGs were much 

higher than that of the 316 L SS, resulting in very few ions releasing into the electrolytes 

while a significant amount of Ni and Fe ion release was found for 316 L SS under the same 

condition. Fe-based BMGs were with higher pitting potential values and lower corrosion 
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current density values than those of 316 L SS both in Hank's solution and artificial saliva 

solution. Fe-based BMGs were also more corrosion-resistant than 316 L SS. Therefore, the 

highly corrosion-resistant Fe-based BMGs were not recommended as biodegradable 

metallic materials in biomedical applications. 

In addition to the use of alloying techniques, Fe-based composites are beinginvestigated as 

BMs. Kinds of bioactive and biocompatible organic elements could be introduced to 

improve biodegradation rate and bioactivity of iron. 

Ulum et al. [112] successfully prepared iron-based bioceramic (HA, TCP, and BCP) 

composites via mechanical mixing and sintering process.Powders of (1) 100 wt% Fe (pure 

Fe); (2) Fe–5 wt% HA (Fe–HA); (3) Fe–5 wt% TCP (Fe–TCP); and (4) Fe–5% wt (60% 

HA: 40% TCP) (Fe–BCP) were firstly mixed, and then uniaxially pressed under 13.8 MPa 

into pellets 12.67 mm in diameter. After that, the obtained pellets were sintered in a tube 

furnace under vacuum at 1100 °C (10 °C/min) and held for 1 h and then cooled to room 

temperature (10 °C/min). The composites showed a slight decrease in yield and 

compressive strength, a slightly high degradation, high cell viability and cell proliferation 

and improved healing processes compared to pure-Fe.  

One new iron-containing HA-based composite with Ti-33wt%Fe reinforcing particles 

fabricated via pressureless sintering at a relatively low temperature was developed Chang et 

al. [113]. The flexural strength, fracture toughness, and fatigue resistance enhanced 

significantly by the addition of iron, while the relative density, hardness, and Young’s 

modulus decreased with increasing amount of Ti–Fe particles. The toughening mechanisms 

of iron-containing HA composites were thoroughly investigated, while no degradation 

behavior and cytocompatibility were involved in this publication. 

2.4.3. Surface anodic oxidation of iron in biomedical applications 

Electrochemical anodic oxidation has been widely used to grow a nanostructured oxide 

layer on metals, such as titanium, niobium, tantalum, and zirconium [114]. The highly 

ordered nanoarrays grown directly on the bulk substrates are especially interested in 

catalysis, sensors, supercapacitors, and photocatalysis [115]. Minagar et al. [114] 

comprehensively discussed the biomedical application of nanotubular structures on the 

surface of metallic implant. Several publications related to iron oxide nanoarrays have been 

reported in last few years. The fabrication parameters, such as anodization potential, time, 

temperatures, and electrolyte concentrations were systematically researched and 

summarized in Table 2.5. It has been found that the morphology and structures of 
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nanoarrays were strongly dependent on the substrate, anodization parameters and annealing 

temperature.  

The nanostructures introduced on iron bulk matrix produce more defect sites, which may 

accelerate the degradation rate of iron based metals. Moreover, the nanostructured surface 

might provide great potential in enhancing cell adhesion, antibacterial effects, and drug 

delivery [114]. 
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Chapter 3 

PCL/nBG Composite Coatings on 

Magnesium 

 

 

3.1. Introduction 

The advantages and obvious benefits from biodegradable magnesium implants have 

triggered a vast amount of research activity. Yet, the potential clinical applications of 

magnesium-based materials have been hampered by their high corrosion rates, especially 

under in vivo conditions with a high chloride-concentration [23,24]. The major obstacles are 

too rapid degradation, accompanied by generation of hydrogen gas, and alkalization in the 

vicinity of Mg implant surface, which can damage surrounding tissues [23,33,116–119].  

As mentioned in Chapter 2, PCL is regarded as a soft- and hard-tissue-compatible 

bioresorbable material [76]. It has been approved by the US FDA and it is currently one of 

the most popular biomaterials for tissue engineering [40]. In a previous study [120], PCL 

has been considered as a biodegradable coating for controlling Mg dissolution. In the 

present study, besides employing the biodegradable and biocompatible PCL as a protective 

layer on pure magnesium surface, nBG powder (45S5 BG composition) is added into PCL 

to increase the bioactivity of the composite coating.  Bioactive glass 45S5 is a highly 

bioactive material possessing both osteoinductive and osteoconductive properties [121–126]. 

In addition, Xynos et al. [127] have shown that dissolution products from 45S5 BG have the 

ability to stimulate the growth and osteogenic differentiation of human primary osteoblasts 

and BG has also been shown to exhibit angiogenic properties [128]. Therefore 45S5 BG in 

nanoscaled powder form was added into the PCL coating to increase the bioactivity of the 
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coatings. The influence of the BG addition to the PCL coating on corrosion protection 

ability and on coating degradation behavior was investigated by electrochemical and 

immersion experiments. The results presented in this Chapter have been included in a 

previous publication and they are reproduced with permission from Elsevier [35]. 

3.2. Experimental methods 

Commercially pure magnesium rod, in 25.4 mm diameter and 99.9% purity, 

(ChempurFeinchemikalien und Forschungsbedarf GmbH) was employed during 

experiments. The pure magnesium rod was cut into samples of 2-4 mm thickness. The 

samples were ground with a 1200 grit Microcut fleece (Buehler GmbH) using an 

ethanol/glycerol (3:1) mixture as lubricant, and then cleaned in ultra-sonic bath in ethanol 

for 3 min. Subsequently, the samples were polished in three steps with diamond paste (6 µm, 

3 µm, 1 µm) and lubricant which consists of distilled water/ethanol/neutral soap 

(1000ml:250ml:10g). After every step of polishing, the samples were cleaned in ethanol in 

ultrasonic bath for 2 min. Finally, they were rinsed with ethanol and dried with hot air. 

PCL (Sigma–Aldrich) with a molecular weight of 70000–90000 g/mol and nBG, nominal 

composition 45S5: 46.1 mol% SiO2, 26.9 mol% CaO, 24.4 mol% Na2O and 2.5 mol% P2O5 

[42], with a size of 30-50 nm were employed to prepare the coatings. The nBG was 

fabricated by flame spray, as reported in the literature [129,130]. Firstly, 0.5 wt% nBG was 

dispersed in chloroform and the nBG solution was sonicated in cold water for 30min. We 

used such a minor amount of nBG addition, as larger concentrations are expected to 

dramatically increase the degradation of the PCL coatings [120,131], thus reducing their 

correction protection ability. The water in the ultrasonic bath was changed every five 

minutes to prevent chloroform from overheating. Afterwards, PCL was dissolved in the 

nBG chloroform solution in three different concentrations: 2.5 wt%, 5.0 wt% and 7.5 wt%. 

These three solutions are in the following abbreviated as 2.5 wt% PCL/BG, 5 wt% PCL/BG 

and 7.5 wt% PCL/BG. To investigate the influence of adding nBG in PCL coatings, the 

same concentrations of 2.5 wt%, 5.0 wt% and 7.5 wt% PCL solutions without nBG were 

prepared at the same time. 

Spin coating was carried out in a clean room at room temperature and with a humidity of 

30%. The Mg samples were first pre-heated on a heating plate at 120 °C for 1 min to 

remove moisture on the surface, and then cooled down to room temperature. 300µL 

prepared solution was applied with a micropipette on polished pure magnesium substrates. 

The spinning process is schematically displayed in Fig. 3.1. After 30s spinning process at a 
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speed of 4000 rounds per minute, the samples were left in ventilation for 5min to evaporate 

eventual chloroform residues in the coatings.  

 
Fig. 3.1. Schematic diagram of the spin-coating process[35].  

 

The morphology of PCL and PCL/nBG composite coatings was observed using scanning 

electron microscopy (SEM, ZEISS model “Ultra Plus” and LEO435VP). Energy dispersive 

X-ray spectroscopy (EDX) analysis was carried out concurrently and on the same samples 

as the SEM observation. For obtaining conductive surface preventing charging effects 

during the SEM imaging, 12 nm C was sputtered on the surface of the samples. 

The thickness of the coatings was calculated by mass difference of the sample before and 

after coating as follows: 

 

with: 

ρ -- density of pure PCL and PCL/nBG coatings 

Δm -- mass difference for before and after coating (g) 

r -- radius of the magnesium sample, cm 

 

The average density for PCL/nBG coatings was calculated with respect to the mass fraction 

of PCL and nBG as follows (detailed information on the calculation is substituted in the 

Appendix 1, Fig. A1): 
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with: 

ρ�PCL� = 1.146 g/cm3 [120] 

ρ�nBG� = 2.7 g/cm3 [132,133] 

x and y see Table 3.1 

For the average density it is assumed, that PCL and nBG are a homogenous mixture and 

that PCL and nBG undergo no chemical reactions. The mass fractions were distributed as 

shown in Table 3.1. 

Table 3.1. Mass fractions of PCL and nBG [35]. 

 

 

This calculation leads to the following average densities of the PCL/nBG coatings, 

displayed in Table 3.2. 

Table 3.2. Average calculated densities for PCL/nBG coatings [35]. 

 

 

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Scientific) was used 

to characterize the coatings’ chemical composition.  

Electrochemical behavior of the samples was measured via an electrochemical workstation 

“IM6eX”(Zahner-Elektrik GmbH & Co. KG, Kronach). All electrochemical experiments 

were carried out in Dulbecco’s modified Eagle’s medium (DMEM, Biochrome AG) at 37°C. 

A typical three-electrode system was used for electrochemical tests with the coated samples 

as the working electrode, a platinum plate as the auxiliary electrode and an Ag/AgCl 

electrode in 3-molar KCl as the reference electrode. EIS spectra were measured at open 

circuit potential in the frequency range of 100 kHz to 10 mHz with 10 mV amplitude. The 

charge transfer resistance values (Rct) were obtained from Nyquist diagrams for different 

coatings, as a function of the immersion time. Rct is obtained as the subtraction of Rtotal and 

Rsolution at the first intersection of the Nyquist-plot with the x-axis, as suggested by King et al. 

[134]. Afterwards, potentiodynamic polarization tests were performed, starting from -

2000mV to 0mV at a scan rate of 3mV/s. The values of the corrosion potential (Ecorr) and 

the corrosion current density (icorr) were determined from the Tafel region [135] (±50mV 

with respect to the corrosion potential) of the polarization curves. Every experiment was 
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repeated at least three times. All results are displayed with respect of the exposed surface 

area. 

The degradation performance and bioactivity (Ca-phosphate formation) of the coatings was 

tested for 30min, 2d and 7d immersion of samples in simulated body fluid (SBF) at 37°C in 

incubator. SBF preparation was carried out according to the recipe of Kokubo et al. [34]. 

3.3. Results and discussion 

3.3.1. Coating thickness 

The thickness of coatings for different concentrations of PCL and PCL/nBG is presented in 

Table 3.3. The coating thickness is mainly determined by the concentration of PCL 

dissolved in chloroform, in that the addition of 0.5 wt% nBG into the PCL coatings does not 

change the coating thickness. Slight thickness variations of coatings in the same PCL 

concentration are inherent to the spin coating process [120]. For different PCL 

concentrations, the coating thickness values are approx.  1.0 µm, 2.4-2.6 µm and 6.7-6.8 µm 

for 2.5wt%, 5 wt% and 7.5wt% PCL and PCL/BG coatings, respectively. Hence, to control 

the thickness of the coatings the concentration of PCL in chloroform solution can be 

adjusted, which leads to a change in the viscosity of the solution and therefore to a change 

in thickness of spin-coated layers. As Fig.3.1 indicates, the influence of nBG on the coating 

thickness is negligible. The thickness difference of PCL/nBG coatings compared to PCL 

coatings with 2.5 and 5 wt% PCL is in between the deviation of thickness of PCL layers. 

The increased deviation of 7.5 wt% PCL/nBG coatings may be the result of an increased 

viscosity of the solution resulting in an irregular distribution of nBG particles throughout 

the produced coating. 

Table 3.3 Thickness of PCL and PCL/nBG coatings [35].  

 

 

3.3.2. Morphology of the coatings 

The surface morphologies of PCL and PCL/nBG coatings on pure magnesium are shown in 

Fig. 3.2.  As seen in Fig. 3.2(a1-a3), the PCL coatings prepared from different 

concentration suspensions exhibit a similar morphology with grain boundary which related 

to the nature of PCL. In the image of 2.5 wt% and 5 wt% PCL/nBG coating, in Fig. 3.2(b1, 
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c1, d1), several big bioactive glass particle clusters can be seen randomly distributed in the 

coatings. 

 As shown in Fig. 3.2(b1), the EDX spectrum of the nBG cluster shows the presence of C, 

O, Ca, Si, Na and P in samples.   Partial C and O signals result from PCL and the rest C due 

to the carbon sputtered layer on top. The presence of Ca, Si, P and Na manifest successful 

addition of nBG into the coatings. Furthermore, boundaries between the nBG clusters and 

the PCL can also be observed in Fig. 3.2 (b3, c3, d3). For increased concentration of PCL, 

as seen in Fig. 3.2(d3), the thickness of the obtained coating increased, as discussed above. 

Therefore, the boundaries become less distinct with thicker coatings, and the small nBG 

clusters are buried into the PCL coating. It may be beneficial for increasing the 

anticorrosion properties of the coatings, if the nBG clusters are completely embedded in 

PCL coating, as nBG is highly active in physiological fluids and will rapidly degrade 

[124,136,137], decreasing the protective efficiency of the coatings. 



 Surface Modification of Biodegradable Metallic Materials with Focus on Mg  
  

Page 34 

  

 
Fig. 3.2. Morphology of the PCL coatings: (a1)2.5 wt% PCL coating, (a2)5 wt% PCL 
coating and (a3)7.5 wt% PCL coating, as well as the PCL/nBG coatings: (b1 - b3)2.5 
wt% PCL/nBG coating, (c1-c3)5 wt% PCL/nBG coating and (d1-d3)7.5 wt% PCL/nBG 
coating. [35].  

 

3.3.3. Chemical composition of the coatings 

The chemical composition of the PCL and PCL/nBG coatings was investigated by FTIR 

spectroscopy. Fig. 3.3 shows the spectra for 5% PCL and 5% PCL/nBG coatings, as well as 

for pure Mg. The characteristic bands for carbonyl groups at 1160cm−1 (C-O-C carbonyl 

stretching) [57][58], 1240cm−1 (C-O-C stretching) [140] and 1720 cm−1 (C-O carbonyl 

stretching) [141–143] and aliphatic groups at 2947 cm−1 (asymmetric CH2 stretching) and 

2865 cm−1 (symmetric CH2 stretching) [78] were observed for PCL and PCL/nBG coatings. 
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There was no band for nBG detected in PCL/nBG coating, as the concentration of the nBG 

added (0.5 wt%) is too low to be quantified by FTIR spectroscopy. However, the existence 

of nBG in the PCL coatings was demonstrated by EDX as discussed above.  On the basis of 

FTIR accuracy and results in Fig. 3.3, there is no trace of chloroform peaks presented in all 

the samples [144], indicating that the solvent chloroform has been completely evaporated. 

As discussed by Corley [145], mice appeared sensitive to the cytotoxicity and oncogenicity 

of chloroform. Consequently, absence of chloroform in the coatings is vital for possible 

biomedical applications. 

 
Fig. 3.3. FTIR spectra of (a) pure Mg, (b) 5% PCL coating and (c) 5% PCL/BG coating 
[35]. 

 

3.3.4. Electrochemical properties of the coatings 

Electrochemical measurements were carried out in DMEM solution after immersion times 

of 30 min, 2 days and 7 days at 37 °C. 

Fig. 3.4 shows a comparison of the Rct values as a function of time for pure Mg (a), pure 

PCL (b), and PCL/BG coating (c), for freshly prepared samples. With increasing immersion 

time, corrosion products precipitated gradually on the surface of pure magnesium, which 

contributes to the increased Rct values presented in Fig. 3.4(a).  Clearly, freshly prepared 

PCL coatings show the largest Rct values as compared with PCL/nBG coatings and pure 

magnesium samples. In initial time (30min), the Rct value of PCL coating with 5wt% and 

7.5wt% is almost two orders of magnitude higher than that of PCL/BG coating in same 

weight percentage (compare Fig. 3.4(b) and (c)).  For thinner coatings with 2.5wt%, the Rct 

value of the PCL coating (379 Kohm·cm2) is around one order of magnitude higher than 

that of PCL/BG coating (22 Kohm·cm2).  In comparison to pure Mg, a significant corrosion 
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protection is nevertheless observed also for the PCL/BG composite coatings. After 2 days 

immersion in DMEM, all coated samples show higher corrosion rates (decreased resistance 

values) as compared with 30 min immersion; however, the pure PCL coatings still provide 

significant corrosion protection. After 7days immersion time, all coated samples show a 

similar, significantly increased corrosion rate. Clearly, strong degradation of pure PCL and 

PCL/nBG composite coatings has taken place. It is noteworthy that in addition to the 

generally lower Rct values for the composite coatings, the addition of nBG to PCL leads to a 

faster degradation of the coating, as illustrated by a drastic decrease of the resistance values 

in the first 2 days of immersion. 

 
Fig. 3.4. Charge transfer resistance (Rct) for (a) pure magnesium, (b) PCL and (c) 
PCL/nBG coatings in DMEM solution for different imm ersion times at 37 °C [35]. 
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Table 3.4. Values of corrosion potentials (E co rr) and corrosion current density (i co rr) for 

PCL and PCL/nBG coatings in DMEM medium for different immersion times at 37 °C 

[35].  

 

 

 

After each EIS measurement, potentiodynamic polarization curves were measured as shown 

in Fig. 3.5 for the samples to further characterize the corrosion behavior.  The current 

density for PCL/nBG coatings immersed in DMEM solution to 30min and 2 days 

demonstrates a higher value when comparing with that of PCL coatings in same 

concentrations as displayed in Fig. 3.5(a)(b) and Table 3.4. The higher current density 

always denotes worse corrosion resistance. 
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Fig. 3.5. Potentiadynamic polarization curves (a)(b)(c), corrosion potentials (E c o rr) (d) 

and corrosion current density (ic o rr) (e) of PCL and PCL/nBG coatings in DMEM medium 

for different immersion times at 37 °C [35].  

 

The addition of nBG in PCL coatings decreases the barrier property of PCL coatings to less 

substrate protection resulting in more active ions or charges transferring between the 

electrolyte and substrate through the coatings. After 7 days immersion in DMEM solution, 

the polarization curve of pure magnesium shown in Fig. 3.5(c) exhibits a sharp increase 

after -1400mV to -1000mV as several coatings presenting a slight passivity. Fig.3.5(c)(d) 

shows icorr and Ecorr for the different coatings after different immersion times obtained by 

Tafel-plots; the values of the corrosion potential (Ecorr) and the corrosion current density 

(icorr) extracted from the polarization curves are summarized in Table 3.4. Ecorr and icorr 
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values were determined from the Tafel region [135] (±50mV with respect to the corrosion 

potential). The results of the potentiodynamic measurements show the same trends as the 

EIS results. Pure PCL coatings in various concentrations at 30min and 2day immersion 

always show significantly better anticorrosion properties than PCL/nBG composite coatings 

with the same PCL concentrations (i.e., with the same coating thickness). Coating thickness 

plays an essential role in effecting icorr values. An increasing coating thickness leads to 

lower icorr values, which means the thicker coatings exhibit better barrier properties. 

Furthermore, nBG addition reduces the barrier properties. After 2 days immersion, all 

coatings start showing signs of degradation, as indicated by the higher current densities. For 

PCL/nBG coatings, the increased value of corrosion current density is probably caused by 

dissolved nBG particles. nBG particle degradation can lead to defects in the composite 

coatings, and the barrier properties are locally lost at these sites. Hence, the protective effect 

of PCL/nBG composite coatings in 2 days experiments is significantly reduced as compared 

with 30 min immersion. Corrosion current density values of pure PCL coatings can still 

provide effective protection as compared with PCL/nBG coatings after 2 days immersion. 

After 7 days immersion, in agreement with the EIS data, the coatings all show similar and 

very limited protection properties. This can be due to delamination or degradation of the 

coatings caused either by the formation of hydrogen gas or corrosion products at the 

interface substrate/coating, or by the increased degradation of PCL due to the dissolution of 

nBG. The scatter in the values of icorr and Ecorr may be due to deviations in layer thickness 

caused by the spin coating process, as well as to a variation of coating defects such as small 

pinholes between different samples. 

3.3.5. Biodegradation and bioactivity of the coatings in SBF 

Surface morphologies of PCL and PCL/nBG coatings immersed in SBF solution for 

different times are shown in Fig. 3.6. The degradation behavior of the coatings in SBF is in 

agreement with the results from electrochemical tests (in DMEM). As the morphologies of 

all coatings after 30min immersion time were quite similar to the fresh coatings exhibited in 

Fig. 3.2, SEM pictures for 30min immersed samples are not shown. The un-coated 

magnesium sample has been significantly corroded after 2d immersion period, showing a 

typical cracked corrosion product layer on its surface. Pure PCL coatings can provide 

substantial protection of the substrate for 2 d of immersion, with some localized cracks and 

pitting corrosion distributed on the surface but mostly still showing relatively intact coatings. 

For PCL/nBG coatings at this time, cracks spread almost on the whole surface of the 

coatings. Additionally, a porous deposit formed on the 7.5% PCL/nBG coating after 2 days 
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immersion time. After 7 days immersion, only small amounts of residual coating is left on 

the samples’ surfaces (the bright spots in the SEM images).  

 
Fig. 3.6. Micromorphology of coatings after immersion in SBF for different t imes (2 and 
7 days) [35].  

 

In order to study the bioactivity of the different samples as determined by Ca-phosphate 

precipitation, FTIR spectra were measured for pure Mg and the 7.5% PCL coating without 
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and with nBG addition after 7 d immersion in SBF; the spectra are shown in Fig. 3.7. Bands 

at 2947 cm−1 (asymmetric CH2 stretching) and 2865 cm−1 (symmetric CH2 stretching) 

[59][61] for PCL coatings in Fig. 3.7 are related to PCL, as previously discussed (see Fig. 

3.3). However, the bands for PCL coating (after 7 day immersion) are not as strong as for 

the fresh samples (not shown). This is in agreement with the degradation of the PCL coating. 

These specific two bands are almost absent for the PCL/nBG coating after 7 d immersion, 

indicating even stronger degradation. The main vibrations of PO4
3-bands in the FTIR spectra 

are detected at 1039 cm-1, 601 cm-1, 563 cm-1, and 1011 cm-1 [146–149], as presented in 

PCL/nBG coating and pure magnesium, separately. In addition, the presence of a small 

absorption band at 871 (870) cm-1 can be assigned to the HPO4
2- ion in HA structure [150]. 

There is no obvious PO4
3- band for the PCL coating. These results hence indicate that pure 

Mg induces Ca-phosphate precipitation from SBF in 7 days, but a pure PCL coating reduces 

the bioactivity of Mg. Addition of nBG into the PCL coating, however, is able to re-activate 

the Ca-phosphate formation for the coated Mg samples, thus, adding the bioactive character 

to the “protected” Mg substrate. 

 
Fig. 3.7. FTIR spectra of (a) pure magnesium, (b) 7.5% PCL coating and (c) 7.5% 
PCL/nBG coating after 7 days immersion test in SBF [35]. 

 

3.4. Summary 

PCL coatings with and without addition of nBG were prepared by spin-coating on Mg. The 

coatings’ thickness was controlled by the concentration of PCL dissolved in chloroform 

solution, and it was not influenced by the nBG addition. The addition of nBG decreases the 
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barrier properties of the PCL coatings in physiological solution, but still is able to 

significantly protect the Mg surface.  The barrier properties of the coatings are a function of 

coating thickness and the absence/presence of nBG in PCL. All coatings strongly degrade or 

delaminate during 7 days of immersion in DMEM. The degradation kinetics is significantly 

faster for the PCL/nBG composite coatings than for pure PCL coatings. Moreover, addition 

of nBG into the PCL coatings induces Ca-phosphate formation after 7 days immersion in 

SBF, which was not observed for pure PCL coated Mg. Therefore, PCL/nBG composite 

coatings endow magnesium with a potential bioactivity beneficial to biomedical 

applications. Tailoring of the degradation rate and bioactivity of PCL/nBG coated Mg 

seems possible by studying different composition ranges of the composites in future work. 
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Chapter 4 

PCL/Cu-releasing Bioactive Glass 

Nanoparticles Coatings on Magnesium 

 

 

4.1. Introduction 

Due to the attractive properties of magnesium and magnesium alloys, there is increasing 

invest in its biomedical applications[151–153]. However, as described in Chapter 2, the 

high degradation rate of magnesium results in hydrogen evolution and subsequent pH value 

changes, which leads to an excessive inflammatory response and finally results in the failure 

of the implant [104,154,155]. Therefore, the widespread clinical application of magnesium 

is largely restricted. Many attempts have been made to increase the corrosion resistance and 

biological activity of magnesium in biological systems [18,28,35,156–158]. 

In our study, the biodegradable PCL incorporated copper-containing bioactive glasses 

nanoparticle (Cu-BGNs) composite coatings, which were generated by the spin coating 

method. Different amount of Cu-BGNs were incorporated in PCL-based coatings of 

magnesium. The influence of Cu-BGN additions in PCL coatings was investigated by 

electrochemical and short-term immersion tests in DMEM. In addition, the antibacterial 

activity and cytocompatibility of the coated specimens were studied along with the release 

behavior of Cu ions from PCL coatings. 
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4.2. Experimental 

4.2.1. Preparation of materials 

Pure magnesium samples of 2-4mm thickness were prepared from commercially available 

magnesium rods, as presented in Chapter 3. The samples were grounded using 2000 grit 

SiC papers followed by fine polishing down to 0.25 microns. The samples were rinsed with 

ethanol in ultrasonic bath for 3 minutes to remove any particles from the surface. Finally, 

samples were rinsed with ethanol and dried in hot air. 

PCL with a molecular weight of 70,000–90,000 g/mol and Cu-BGNs were employed to 

prepare the coatings. BGNs were synthesized using a modified Stöber method as reported in 

a previous study [159]. The spin coating was performed in a similar way as described in 

Chapter 3, solution of 7.5 wt% PCL were used for all coatings in this study. Different 

amounts of Cu-BGNs were added to the PCL solution to prepare coatings such as, 1 wt% 

(1Cu-BGN), 2wt% (2Cu-BGN) and 5wt% (5Cu-BGN). 

4.2.2. Physico-chemical characterization 

The cross section and topography of Cu-BGN composite coatings was observed using 

scanning electron microscopy (SEM, model Auriga, Zeiss). Au was sputtered on the surface 

of the samples for obtaining conductive surfaces preventing charge effects during the SEM 

imaging. The weight of coatings was calculated from weight differences of the samples 

before and after spin coating. The wettability of the composite coatings was measured by 

static water contact angles with a DSA30 instrument (Kruess GmbH). All data were 

collected from mean values of eight independent measurements. Fourier transform infrared 

spectroscopy (FTIR, Nicolet 6700,Thermo Scientific) were used to characterize the coatings’ 

chemical composition. 

4.2.3. Electrochemical measurements and immersion tests 

Electrochemical behavior of samples was measured by an electrochemical workstation 

“IM6eX”(Zahner-Elektrik GmbH & Co. KG, Kronach,). The same three-electrode system 

reported in previous studied[35]was usedIn brief, the coated samples were used as the 

working electrode, a platinum plate as the auxiliary electrode, and an Ag/AgCl electrode in 

3-molar KCl as the reference electrode. Electrochemical impedance spectroscopy (EIS), 

including Bode and Nyquist plots, and potentio-dynamic polarization tests were performed 

in DMEM. Every experiment was repeated at least three times. The immersion tests were 

performed for 7d in DMEM at 37°C. The medium was refreshed after 3 days of immersion 
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4.2.4. ICP-AES determination 

The inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to 

determine the copper ion releasing behavior in DMEM. The amount of Cu was detected by 

using its emission line at 324.754 nm and Si at 251.612nm. The testing medium was diluted 

by DI water, when the concentration was too high. All experiments were conducted in at 

least triplicate. 

4.2.5. Antibacterial tests 

The antibacterial activity of Cu-BGN composite coatings were evaluated against gram-

positive (Staphylococcus carnosus) and gram-negative (Escherichia coli). The assessment 

was carried out quantitatively using a 96-well turbi-dimetric procedure based on the light 

absorbance caused by turbidity of bacterial growth in suspension [160,161]. In brief, the 

inocula of two bacterial strains were grown in nutrient broth, LB Medium (Luria/Miller) 

(Carl Roth GmbH, Karlsruhe,), according to the manufacturer’s instructions at 37°C 

simultaneously shaking for 24h to reach the logarithmic phase of growth. The bacterial 

suspensions were then diluted by adjusting the OD600 value to 0.01 for further antibacterial 

action. Solution extracts were prepared for antibacterial tests using immersion samples in 

sterilized PBS for 72h at 37 °C in a shaker. The ratio of surface area of the coatings to the 

volume of extraction medium was at 1cm2/ ml. Individual wells of the 96-well (Corning, 

Cambridge, MA) microplate were incubated with 50 µl of bacterial suspension and 50 µl of 

extract solution. Reference wells contained 50 µl of bacterial suspension and 50 µl of PBS.  

100 µl of PBS in the well was used as background. The experiments were conducted 6 

times. The optical density (OD) of bacterial growth was recorded before and after (24 h) of 

culture at 600 nm using a Microplate reader (PHOmo, autobiolabtec instruments co. Ltd.). 

The OD value for each sample was calculated as follows: 

OD value sample = OD value before - OD value after – OD value background 

4.2.6. In vitro cytocompatibility (direct method) 

The human osteosarcoma cell line (MG-63; Sigma-Aldrich) was used for in vitro cell 

biocompatibility assessment of Cu-BGN coatings. The cytotoxicity tests were carried out by 

direct contact. MG-63 cells were cultured in DMEM supplemented with 10 vol.% fetal 

bovine serum (FBS; Sigma-Aldrich) and 1 vol.% penicillin streptomycin (Pen Strep; Sigma-

Aldrich) and incubated at 37°C in a humidified atmosphere of 5 % CO2. Cells were grown 

as a monolayer on 75cm2 canted-neck cell culture flasks (Greiner-Bio One) for 48 h to 80-

90% confluence. The old medium was pipetted away and then cells were washed with 
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phosphate buffer saline (PBS; Gibco). After that, trypsin/EDTA (Life Technology) was 

used to detach cells from the flask wall. The number of live cells was counted in a 

hemocytometer with the addition of trypan blue (Sigma-Aldrich). Cell concentrations in 1× 

105per mL were achieved by diluting with culture medium. 

4.2.6.1 Direct cytotoxicity 

MG-63cells were seeded in 24-well plates containing sterilized samples for 72 h incubation 

in a humidified atmosphere at 5 % CO2 and 37°C. 

The cell viability was quantified (WST-8 assay; Sigma Aldrich) by assessing the 

mitochondrial activity in cells. Before adding 100µl new DMEM medium containing 1vol% 

WST-8 reagent in each well, the old culture medium was removed and thoroughly rinsed 

twice with PBS. The absorbance was recorded at 450nm on microplate reader post 2h 

incubation at 37°C. The absorbance of positive control was considered as 100% viability 

value and that of DMEM with 1vol% WST-8 reagent was recorded as a blank. The relative 

cell viability was calculated as follows: 

 

Cell morphology and cell distribution were studied by labelling with Vybrant®Dil cell 

tracers (Life Technologies, Darmstadt) according to the manufacturer’s instructions. Briefly, 

the samples were washed with PBS and 1mL master mix solution containing 4µL 

Vybrant®Dil per 1mL DMEM culture medium in the well. After 45min of incubation, the 

cells were fixed in a fixing solution for 15min.  

The bone mineralization assay was closely followed after the fixing steps.  Mineralization 

assay was performed by using OsteoImageTM fluorescent staining kit (Lonza), which is 

based on the specific binding to the hydroxyapatite portion of bone-like nodules deposited 

by cells. The samples were washed twice with OsteoImageTM wash buffer (10 times diluted) 

after fixation. The diluted (1:100) OsteoImageTM staining reagent was used to stain cells and 

left for 30min away from light incubation. Then three washes with buffer were performed 5 

min each. The samples were kept in PBS and images were taken by fluorescence 

microscope. 

Cell proliferation was determined through the total activity of lactate dehydrogenase (LDH) 

in the cell lysates using an LDH-activity quantification kit (TOX7, Sigma-Aldrich). 

Samples were washed with PBS and lysed with lysis buffer (pH 7.5, 10 mm Tris–HCl, 1 

mm MgCl2, and 0.05% Triton X-100) for 30min at 37°C in a shaker.  After that, the surface 

of samples was scratched with pipette tips to remove all attached cells in the lysis buffer. 
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The lysate solutions were centrifuged for 5min at 2,000 rpm and 140µL supernatant was 

transferred into a 1mL curette. 60µL of LDH master-mix was added to each sample in the 

curette, and the incubation was processed at 37°C for 30min away from the light. The 

enzymatic reaction was stopped by adding 300µL HCl (1M) ,and each curette was filled 

with 500µL distilled water. The dye was measured using a spectrophotometer (SPECORD 

40 BU, analytikjena) at 490 nm and 600nm. 

To characterize the osteoblast differentiation ofMG-63 cells, alkaline phosphatase (ALP) 

activity was analyzed by measuring the specific enzyme activity after 72h of incubation. 

The supernatant of the lysed cells were prepared by following the same procedure as for 

LDH. 250µL supernatant was added into 100µL alkaline buffer (pH 9.8) containing 9mMp-

nitrophenyl phosphate (pNPP), 0.1 mM Tris, and 2mM MgCl2, and the mixture was 

incubated at 37°C. The reaction was stopped by adding 650 µL of 1 M NaOH solution, and 

the absorbance was measured by UV-Vis spectrophotometer. The ALP activity was 

determined by measuring the optical density at 405nm and 690nm. 

The indirect results are reported in Appendix 2. 

4.2.7. Statistical analysis 

All quantitative data were collected from 6 replicates and were reported as mean values ± 

standard deviation (SD). Statistical analysis of mitochondrial activity in cells was 

accomplished by using one-way analysis of variance (ANOVA) on the different coatings 

compared to pure magnesium samples after incubation. The paired two samples for mean 

values were performed by the Student–Newman–Keuls method. The value p <0.05 was 

considered as statistically significant. *p < 0.05, **p < 0.01 and ***p < 0.001. 

4.3. Results and discussion 

4.3.1. Morphology and composition of the coatings 

The morphology of both the surface and the cross-sectional of the composite coatings 

incorporated with different amount of Cu-BGNs was observed by SEM.  

The surface morphology at different magnifications of 1Cu-BGN, 2Cu-BGN, and 5Cu-

BGN coatings are displayed in Fig. 4.1(a1-a3), (b1-b3) and (c1-c3), respectively. As 

shown by low magnification images in Fig. 4.1(a1)(b1)(c1), BG clusters are randomly 

distributed. High content of Cu-BGNs incorporated in PCL caused more significant clusters 

formation. The smaller Cu-BGN clusters were completely covered by PCL, and the bigger 

ones were partially buried in PCL, as shown in Fig. 4.1(a2)(b2)(c2). Besides the larger 



 Surface Modification of Biodegradable Metallic Materials with Focus on Mg  
  

Page 48 

clusters, single Cu-BGN particles were distributed in the coating as observed in Fig. 

4.1(a3)(b3)(c3) (� higher magnification). The grain boundary of semi-crystalized PCL was 

also more visible in the higher magnification images. 

 
Fig. 4.1. SEM images of 1Cu-BGN(a1 -a3), 2Cu-BGN(b1 -b3) and 5Cu-BGN(c1 -c3) coating 

at different magnifications.  

 

In order to examine the distribution of Cu-BGN in the composite coating, the cross-sections 

of pure PCL, 1Cu-BGN, 2Cu-BGN, and 5Cu-BGN coatings were imaged by SEM (Fig. 

4.2). It was observed that Cu-BGNs were randomly scattered in the coating (Fig. 4.2b, c, d), 

and the density of the scattered Cu-BGNs was higher with more Cu-BGNs incorporated in 

the coatings. The coatings’ thickness was measured to be 8±1.5 µm. 

 

 
Fig. 4.2. Cross sectional morphology of pure PCL coating (a), 1Cu-BGN(b), 2Cu-BGN(c) 

and 5Cu-BGN(d) composite coatings  
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Coating weight and wettability variations of Cu-BGN coatings are shown in Table 4.1. The 

weight gain of Cu-BGN coatings increased steadily with increasing Cu-BGNs concentration. 

In contrast, the water contact angle of PCL and Cu-BGN coatings decreased gradually from 

around 73 degree to 63 degree. Commonly, the smaller the contact angle is, the better the 

hydrophilicity will be, which favors cell adhesion. Therefore, the results of decreased 

contact angle of Cu-BGN coatings could be a preliminary judgment that the 

biocompatibility of magnesium based biomaterials could be improved by Cu-BGN/PCL 

composite coatings. 

 

Table 4.1 Weight and wettabil i ty of Cu-BGN coatings 

 Pure PCL 1Cu-BGN 2Cu-BGN 5Cu-BGN 

Coating Weight (mg) 3,57 ± 0,22 4,28 ± 0,33 5,17 ± 0,59 5,61 ± 0,48 

Water Contact Angle (degree) 72,94 ± 1,64 67,81 ± 4,00 64,05 ± 2,91 63,06 ± 2,03 

 

The compositions of freshly prepared samples were analyzed by FTIR spectroscopy, and 

the results are displayed in Fig. 4.3. No obvious peaks are present in the pure Mg curve as 

no special treatments were applied. The detailed analysis for PCL peaks can be found 

elsewhere [35]. Besides the peaks of PCL in Cu-BGN coatings, the peaks at 475cm−1 and 

800 cm−1 are characteristic bands of Si-O-Si in vibration mode and Si-O in symmetric 

stretch mode, respectively, belonging to Cu-BGNs[163–165]. 
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Fig. 4.3. FTIR spectra of pure Mg, PCL, and Cu-BGN coatings 

 

4.3.2. Electrochemical corrosion properties in DMEM 

Electrochemical impedance spectroscopy and potentio-dynamic polarization measurements 

were used to reveal the corrosion protection properties of the composite coatings on 

magnesium in DMEM. 

Fig. 4.4(a)(c) shows the Bode plots of pure magnesium and Cu-BGN coated substrates, 

correspondingly the plot of phase angle of Z vs. frequency (in Fig. 4.4(a)) and ׀Z׀ vs. 

frequency (in Fig. 4.4(c)), )), respectively. In the high frequency (HF) range in Fig. 4.4(a), 

the phase angle of impedance of 1Cu-BGN and 2Cu-BGN exceeds -120 degree and that of 

5Cu-BGN reaches -40 degree. The impedance (׀Z׀) magnitude of all coated magnesium 

samples in HF was almost two orders of magnitude higher than that of pure magnesium in 

Fig.4.4(c).  

A decrease of impedance with increased Cu-BGNs addition in the coatings indicated that 

incorporation of higher concentrations of Cu-BGNs may lead to a slight decrease of the 

coating’s corrosion resistance (The corrosion behavior of pure PCL coating has been 

investigated in previously [35]). Generally, the HF range of the impedance diagrams reflects 

the top layer properties [67,166]. It is obvious that the barrier effect (impedance in HF) is 

more efficient for the coatings containing lower contents of Cu-BGN. This result could be 

because the degradation of Cu-BGNs introduced in PCL coatings starts faster than PCL 

itself, and the corrosive liquids could penetrate into the coatings from the defects left by 
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degraded Cu-BGNs. The integrity of coatings was damaged, which leads to more charge 

transferring between matrix and electrolyte (mainly the corrosion anodic and cathodic 

reactions herein), which ultimately results in decreasing impedance. 

Nyquist plots of pure magnesium and Cu-BGN coatings are displayed in Fig. 4.4(b). The 

plot of pure magnesium showed one capacitive loop at HFs (high frequencies) and one 

inductive loop at LFs (low frequencies). In comparison to pure magnesium, the inductive 

loop of Cu-BGN coatings in LFs nearly vanished and the Nyquist diagram of Cu-BGN 

coatings is characteristic of two capacitive loops in HFs and LFs, respectively. Generally, 

the capacitive arcs could result from charge transfer and film effects as well as from mass 

transport [167]. The diameter of the capacitive arc is associated with the charge transfer 

resistance and subsequently with the corrosion resistance. Therefore, the larger diameter of 

the loop denotes a better corrosion resistance of the sample. The inductive arc at LFs in the 

Nyquist diagram ascribes to the diffusion process through the Cu-BGN coatings to the 

electrolytes. The disappearance of the inductive loop suggests a strengthened barrier effect 

[168]. 

 
Fig. 4.4. Electrochemical behavior of composite coatings: Bode plots (a)(c), Nyquist 

plots(b) and potentio-dynamic polarization curves (d).  

 

The anodic and cathodic potentio-dynamic polarization curves were collected after 

impedance measurements in DMEM (shown in Fig. 4.4(d). It shows that increasing Cu-
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BGNs concentration in the composite coatings enables the corrosion potential (Ecorr) to be 

more positive in polarization curves. Furthermore, when comparing the corrosion current 

density (icorr) of pure magnesium with that of Cu-BGN coatings, icorr of 1Cu-BGN is one 

order of magnitude lower than the others. Icorr values of 2Cu-BGN and 5Cu-BGN are 

slightly lower than that of pure magnesium. However, the corrosion potential of two 

coatings is more positive than that of untreated magnesium. Besides, the anodic polarization 

branch could be ranked as an increasing series: bare Mg > 5Cu-BGN > 2Cu-BGN > 1Cu-

BGN. Pitting corrosion occurred for Mg, 5Cu-BGN, and 2Cu-BGN in the anodic branch 

with increasing applied anodic potential and upon reaching the breakdown potential (EBD) 

for Mg, 5Cu-BGN, and 2Cu-BGN and -1.33V, -1.14V, and -1.01V, respectively. 1Cu-BGN 

coating shows no clear breakdown potential occurring during anodic polarization, indicating 

the best corrosion protection for the matrix among all coatings. The polarization results are 

in good agreement with the impedance data. Thereby, the incorporated Cu-BGNs in PCL 

coatings improved the corrosion behavior of magnesium, while higher concentration of Cu-

BGNs decreased the anticorrosion properties of the coatings. Nevertheless, even 5Cu-BGN, 

the highest concentration of Cu-BGNs in coatings, exhibited better anticorrosion 

performance than pure Mg, suggesting the potential of the composite coatings for the 

protection of Mg-based biomedical implants. 

4.3.3. Immersion testing up to 7 days in DMEM 

The immersion test was carried out in DMEM at 37°C for 7 days. SEM and digital images 

of pure magnesium, 1Cu-BGN, 2 Cu-BGN, and 5 Cu-BGN samples were taken to 

investigate the morphological character after 7 days immersion. 

The typical morphology from SEM images is displayed in Fig. 4.5 along with optical 

images (in the bottom-left corner) of the samples after 7days of immersion in DMEM at 

37°C. As shown in optical images in Fig. 4.5(a), the whitish loose corrosion products were 

formed on pure magnesium after 7 days of immersion in DMEM. The micromorphology of 

pure magnesium after 7 days of soaking is presented in Fig. 4.5(a), showing that minor 

cracks were distributed on the entire surface. As a comparison of the optical images, the Cu-

BGN coatings were still covered on the surface and the corrosion products were partially 

generated on the surface.  

Therefore, the samples were better protected by Cu-BGN coatings after 7 days of 

immersion in DMEM. At closer observation in SEM images in Fig. 4.5(b)(c)(d), the 

formation of characteristically flaked  species can be seen on Cu-BGN coatings. Moreover 

with the increasing Cu-BGNs more corrosion products formed on the surface. 
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Fig. 4.5. Morphology of pure magnesium (a), 1Cu-BGN (b), 2 Cu-BGN (c), and 5 Cu-BG 

(d) after 7 days of immersion in DMEM at 37 °C.  

 

Chemical composition of the corrosion products from pure magnesium, PCL and Cu-BGN 

coatings after 7 days of immersion in DMEM was studied by FTIR spectroscopy and the 

results are displayed in Fig. 4.6.  

The bands of Si-O-Si in vibration mode at 475cm−1 and Si-O in symmetric stretch mode at 

800 cm−1 in Cu-BGN coatings are observed, indicating that Cu-BGNs were still present in 

the coatings after 7 days immersion tests in DMEM. It is considered that the bioactive glass 

suffers a rapid degradation in contact with simulated body fluids leading to the formation of 

Ca-P species [169,170]. Herein, the slow degradation of PCL prevents the buried Cu-BGNs 

from contacting DMEM avoiding the risk of being dissolved in the surrounding medium. 

Besides, the bands at 469 cm−1, 854 cm−1 , and 874cm−1assigned to the P-O vibrational 

mode, HPO4
2- and, CO3

2- corresponding to phosphates and carbonates, respectively, could 

be found in the spectra of Cu-BGN coatings after 7d of soaking in DMEM [171–173]. 

Further, two peaks at 568 cm−1 and 603 cm−1 are assigned to the symmetric mode of P-O 

corresponding to phosphate [174]. When making the comparison between 5Cu-BGN and 

other Cu-BGNs, it was found that the relative intensity of the peak at 854 cm−1 from 5Cu-

BGN is higher than the others. It can be concluded that higher content of Cu-BGNs may 

facilitate the formation of calcium phosphates. Furthermore, the two peaks at 854 cm−1 and 
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874cm−1 were also found, which indicates the formation of phosphates and carbonates on 

pure magnesium after 7d of immersion in DMEM.  

 
Fig. 4.6. FTIR spectra of pure Mg, PCL, and Cu-BGN coatings immersed in DMEM for 
7days. 

 

The FTIR spectra of freshly prepared 5Cu-BGN are plotted together with the one after 7 

days of immersion in DMEM in Fig. 4.7. First of all, the intensity of peaks, which are 

assigned for PCL and Cu-BGNs after immersion tests, decreases to a certain extent as the 

corresponding decrease of peaks at 475cm−1 and 800 cm−1. The decrease intensity of the Si-

O or Si-O-Si bands of Cu-BGNs may be due to the degradation of exposed Cu-BGNs 

during the immersion period. The observation of new peaks at 854 cm−1, 603 cm−1, and 568 

cm−1 indicates the formation of phosphates on the samples. Therefore, it is confirmed that 

the addition of Cu-BGNs could induce the formation of phosphates on the surface of PCL 

coatings on magnesium. 
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Fig. 4.7. FTIR spectra comparison for 5Cu-BGN before and after immersion tests.  

 

4.3.4. Antibacterial activity 

The correlation between antibacterial activity and released Cu ions from different Cu-BGN 

coatings was investigated and results are shown in Fig. 4.8. Optical density of bacteria co-

cultured with extracts from coatings in PBS (72h immersion) was measured to evaluate the 

antibacterial activity of Cu-BGN coatings. The higher OD value is related to the increased 

turbidity of the suspension which results from bacteria growth during the incubation process. 

As shown in Fig. 4.8, the OD values of Cu-BGN coatings decreased in both bacteria types 

compared to reference values. The results indicate that the bacterial activity of S. carnosus 

and E. coli was inhibited when the Cu-BGN extracts were added to the bacterial medium. 

Besides, the copper ion release levels increased with increasing content of Cu-BGNs in PCL 

coatings, from 0.63 mg/L, 0.86 mg/L, and 1.99mg/L for 1Cu-BGN, 2Cu-BGN, and 5Cu-

BGN, respectively. The increased Cu2+ ion level with increasing Cu-BGNs incorporation 

lead to an approx. 20%decrease in bacterial activity in the culture medium. The decreased 

OD values of Cu-BGN coatings compared to the reference demonstrated growth restriction 

of S. carnosus and E. coli by the released Cu2+ ions. 
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Fig. 4.8. Optical density of bacteria co-cultured with coating extract after 72h in PBS 
and Cu2 +ions releasing from Cu-BGN coating after 72h in PBS. 

 

4.3.5. In vitro cyto-compatibility assessment 

The cyto-compatibility of biomaterials is another important aspect that needs to be 

investigated for their biomedical application. Although the released copper ions from the 

composite coatings could inhibit bacteria growth, they may impose adverse effects on cell 

adhesion and proliferation. Therefore, both cytotoxicity and cell contact methods were 

carried out to study the cyto-compatibility of PCL/Cu-BGN coated magnesium substrates. 

Cell adhesion and proliferation were systematically investigated using the direct contact 

assay. The indirect cytotoxicity assay (shown in Appendix 2) mainly aims at assessing the 

influence of released Cu2+ ions from coatings on the activity of MG-63 cells. 

4.3.5.1. Direct assessment 

Biomineralization structures were assessed by fluorescent staining of calcium phosphate 

with a commercial mineralization kit, OsteoImage. The intensity of the green fluorescence 

is proportional to the amount of calcium phosphate formed on the surface of the sample. 

The fluorescence images indicating mineralization of pure Mg, 1Cu-BGN, 2Cu-BGN, 5Cu-

BGN,and the control group after 72h of cultivation with MG-63 cells are displayed in Fig. 

4.9(a)(c)(e)(g)(i). As the fluorescence image shows in Fig. 4.9(a), the large proportion of 

calcium phosphate/magnesium phosphate (confirmed by FTIR) formed on the surface of 

pure magnesium after 3 days of cultivation with MG-63 cells. Due to the release of Mg2+ 

ions, hydrogen bubbles and alkalization of the solution by the OH− ions, the formed 
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corrosion products would hardly cling to the matrix and finally they were peel-off from the 

surface and diffuse into the medium, whereas the mineralization on Cu-BGN/PCL coatings 

was locally scattered over the entire surface of Cu-BGNs in PCL coatings (See in Fig. 4.1). 

The proportion and intensity of calcium phosphate formation shown in Fig. 4.9(c)(e)(g) is 

related to higher content of Cu-BGNs in these coatings. It indicates that higher content of 

Cu-BGNs enhance the bioactivity of the coating system.  

To visualize cell morphology and cell distribution on the composite coatings, MG-63 cells 

were labeled with Vybrant™ Dil in a cell-labeling solution. DiI is a lipophilic tracer useful 

for labeling the membranes of living cells. The fluorescence images of Dil labeled MG-63 

cells on pure Mg, 1Cu-BGN, 2Cu-BGN, 5Cu-BGN,and control group are shown in Fig. 

4.9(b)(d)(f)(h) (j) at the same spot where images by OsteoImage were observed. Fewer 

living cells adhered to pure magnesium surfaces in Fig. 4.9(b). The cell density of Cu-BGN 

coatings was greater than pure magnesium after 72h of culture, which indicates improved 

cell adhesion and proliferation by Cu-BGN coatings treatment. MG-63 cells show the 

homogenous membrane spreading on Cu-BGN coatings. Besides that, it was observed that 

cell density of Cu-BGN coatings slightly decreased with increasing Cu-BGNs addition in 

the coatings. 
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Fig. 4.9. Fluorescence imaging and osteoblast mineralization assessment using 

OsteoImage illustrating pure Mg(a), 1Cu-BGN(c), 2Cu-BGN(e), and 5Cu-BGN(g) co-
cultured with MG-63 cells in DMEM after 72h and control group (i).Vybrant®Dil stained 

MG-63 cells seeded on pure Mg(b), 1Cu-BGN(d), 2Cu-BGN(f), 5Cu-BGN(h), and control 

group after 72h of cultivation. Both, OsteoImage and VybrantDil were fluorescently 

imaged at the same spot for each sample.  
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Relative cell viability, LDH activity, and ALP activity of the adherent MG-63 cells on pure 

magnesium and Cu-BGN coatings are shown in Fig. 4.10(a) (b) (c). The result of the WST-

8 assay in all Cu-BGN coatings showed significantly higher viability in comparison with 

the pure magnesium after 72h of culture, which reflects a larger number of viable cells 

adherent to Cu-BGN coatings over this time. The relative cell viability of Cu-BGN coatings 

exhibited a slightly gradual downward trend at higher Cu-BGN content. Among all Cu-

BGN coatings, the MG-63 cells relative viability of 1Cu-BGN coating was the highest, with 

a value of 76.7% compared to the control. The decreased cell viability was probably caused 

by the rougher surface morphology due to larger amounts of Cu-BGNs incorporation in the 

coating, as shown in Fig. 4.1 and Fig. 4.2. Besides, the dissolution of Cu-BGNs in PCL 

coatings during cultivation may also influence the cell adhesion. These factors may have a 

negative role in cell adhesion and proliferation as the extracts in indirect test have no 

adverse effect on cell activity (indirect results shown in Appendix 2). On the contrary, the 

extract of 5Cu-BGN imparted MG-63 cells the highest viability among all samples. 

LDH activity closely correlates with the metabolic activity of cells, which has also been 

used in preclinical investigations to test the biocompatibility of materials [179]. Like the 

results of the WST-8 assay, similar results were observed by LDH activity test, as shown in 

Fig. 4.10(b), where MG-63 grown on pure magnesium showed rather low LDH activity 

compared to that of Cu-BGN coatings after 72h of cultivation. The decreasing trend in LDH 

activity was detected among Cu-BGN coatings. According to the literature [180], a linear 

relationship exists between cell concentration and LDH activity, which could be used to 

investigate mammalian cell proliferation behavior. Although the LDH assay was not 

employed to determine cell number in the present research, the comparative view of cell 

proliferation could be evaluated from the LDH activity results in Fig. 4.10(b)and from 

fluorescent images with VybrantDil in Fig. 4.9. The LDH activity value of MG-63 cells on 

Cu-BGN coatings was much higher than that on pure magnesium. Even the lowest activity 

value from 5Cu-BGN coating was still much higher than from the control group. Therefore, 

all Cu-BGN coatings highly promoted cell proliferation and cell activity. The increased 

addition of Cu-BGNs led to a slight downward trend in cell proliferation and cell activity. 

The results of WST-8 assay and LDH test are in good agreement with the fluorescent 

images stained with VybrantDil shown in Fig. 4.9. 
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Fig. 4.10. Relative cell viability on pure magnesium and Cu-BGN coatings as detected by 

the WST-8 assay in direct contact testing after 72h co-cultivation with MG-63 cells (a). 

The data were normalized to posit ive control values (DMEM only, without any sample), 

which was set at 100% cell  viability. LDH (b) and ALP activities (c) of MG-63 cells on 

pure magnesium and Cu-BGN coatings in DMEM after 72h of co-cultivation. Pure 

magnesium was used as the reference for WST-8, LDH, and ALP assays. Asterisks denote 

significant differences compared to pure magnesium, *p < 0.05, **p < 0.01 and ***p < 

0.001. 

 

ALP is expressed very early during the biomineralization processes and early during 

osteoblastogenesis and is continuously associated with the region of highest 

ossification[181]. It is easier to understand the ALP results in Fig. 4.10(c)) combining them 

with the OsteoImage fluorescent images in Fig. 4.9. The larger proportion of green area in 

fluorescent images represents more calcium phosphate formation, which indicates higher 

ALP activity. Therefore, ALP activity of MG-63 cells on pure magnesium was higher 

than1Cu-BGN and 2Cu-BGN, which could also be observed in fluorescent images. The cell 

ALP activity on 5Cu-BGN possesses the highest absorbance value as compared with others 

in Fig. 4.10(c). The highest intensity of localized green color from 5Cu-BGN fluorescent 

image indicated a large proportional amount of calcium phosphate formation. This could be 

the reason why ALP activity of MG-63 cells on 5Cu-BGN was the highest. 
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4.4. Summary 

Cu-BGNs were randomly scattered in PCL coatings and clusters of different sizes were 

observed with increasing content of Cu-BGNs. A slightly decreasing contact angle was 

measured by increasing Cu-BGNs content. Electrochemical measurements indicated that the 

corrosion resistance of magnesium was increased by Cu-BGNs incorporation in PCL 

coatings. The increasing concentration of Cu-BGNs however led to a slight decrease of anti-

corrosion properties. The corrosion resistance of Cu-BGN/PCL coatings was still much 

higher than that of pure magnesium. The chemical composition analysis upon 7 days of 

immersion showed that higher Cu-BGNs contents in the coatings facilitate m calcium 

phosphate formation. The antibacterial activity indicated that the growth of both S. carnosus 

and E. coli was restricted by the release of Cu2+ ions from Cu-BGN coatings however the 

increase of Cu2+ ion levels in the culture medium showed no significant increased 

antibacterial effect Direct cyto-compatibility experiments showed that the Cu-BGN coatings 

could highly promote the viability and proliferation of MG-63 cells compared to pure 

magnesium. A slight decrease in cell proliferation and cell activity   occurred with increased 

Cu-BGNs addition in the coating, the rougher surface morphology and higher effect of Cu-

BGNs dissolution products could be the reason for the behavior.  

Following the results in Chapter 3, it is confirmed that PCL-based composite coatings 

provide magnesium superior anticorrosion properties, bioactivity and biocompatibility for 

biomedical application. In next Chapter, a new type of polymer coating system is presented, 

which offers more stable protection for magnesium and flat platform for cell adhesion and 

proliferation. 
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Chapter 5 

PEI-Based Layered Coatings on 

Magnesium 

 

 

5.1. Introduction 

As mentioned in Chapter 2, numerous efforts are being made to improve the corrosion 

resistance of magnesium, such as decreasing impurity levels, changing composition, and 

altering the microstructure by heat treatments [184,185]. However, modification of the 

magnesium surface with protective coatings is found to be a more efficient and cost-

effective approach to enhance the corrosion resistance [86,157,186,187].  

Due to their good protective ability, polymer coating systems are raising great attention in 

this field [31,35,71,75,86,133,188]. The main disadvantage of applying polymeric coatings 

on magnesium is the relative low adhesion with the substrate. Therefore, inorganic pre-

coating treatment on magnesium is necessary to improve the connection between the 

polymer coatings and magnesium substrates. Di-ammonium hydrogen phosphate (DAHP) is 

a key compound to develop hydroxyapatite by the hydrothermal method [189,190]. It is 

well known that hydroxyapatite, being similar to the mineral phase of bone, facilitates a 

strong bonding to bone [191]. Thus, DAHP pretreatment of magnesium is considered not 

only to serve as a protective layer on Mg, but also it should facilitate phosphate deposition 

and it could induce hydroxyapatite formation, after the polymer top layer is degraded, 

indicating bonding to bone tissue. 

Poly (ether imide) (PEI) is interesting as coating material due to its stable mechanical 

property and hydrophobic character [86,87], which should enhance the corrosion resistance 
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of magnesium. The influence of solvent and substrate pre-treatment on corrosion resistance 

of AZ31 magnesium alloy by using PEI coatings has been investigated previously 

[71,88,89]. A defect-free coating, which is essential for a successful protective coating 

system on magnesium, can be obtained by PEI [31,192]. 

In this part of the project, a DAHP pretreated layer and PEI spin coating were applied on 

pure magnesium substrates. Corrosion behavior and biocompatibility of the layered coating 

were investigated. 

5.2. Experimental Work 

5.2.1. Substrate Preparation 

Pure Magnesium (99.99% Mg) samples of25.4 mm diameter and 2-4 mm in thickness were 

prepared from magnesium rods, as presented in Chapter 3 and Chapter 4. The samples 

were grounded up into 2000 grit SiC paper followed by fine polishing. Cleaning was carried 

out in an ultrasonic bath for 3 minutes. 

5.2.2. DHAP pretreatment 

Samples were immersed in 0.05mol/L Di-ammonium hydrogen phosphate solution for 60 

min at 80°C in a hydrothermal way. The prepared samples were dried in warm air and kept 

in dry condition for further actions. 

5.2.3. PEI coating 

PEI solution was prepared by dissolving PEI pellets with a concentration of 15% (w/v) in 

N,N-dimethylacetamide (DMAc) solvent  under magnetic stirring at 60°Cfor 60 min. This 

solvent and concentration were selected according to promising results in the literature 

[71,86,193]. The bare Mg samples were spin-coated (following the same procedure as 

described in Chapter 3 (section 3.2).) with PEI solution for 60 seconds at 3000 rpm to 

achieve a uniform layer on magnesium. After spin coating, the samples were dried at two 

different temperatures, i.e. at 70 °C and at 4°C for 2 days, and samples were labeled PEI 70 

and PEI 4. 

5.2.4. DAHP/PEI composite coatings 

To apply the two coating systems on the magnesium substrate, the samples were first 

treated with DAHP, as described above, and then PEI was spin coated and dried at 4°C and 

70°C. DAHP treatment can chemically form a layer, which has a robust connection with the 

pure magnesium substrate. Then the spinning process was performed to obtain PEI coatings 
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on DAHP treated samples. The layered coatings were dried at 4°C and at 70°C, and samples 

were labeled DAHP/PEI4 and DAHP/PEI70. 

5.2.5. Characterization methods 

The morphology of coatings was observed by SEM. The samples were sputtered with Au to 

avoid charging effects during imaging. FTIR was used to characterize the chemical 

composition of the coatings. A three-electrode system was used to investigate the 

electrochemical behavior. Nyquist plots and potentio-dynamic polarization curves were 

obtained. Short-term immersion tests were performed for 72h in DMEM 37°C. 

 The cyto-compatibility was assessed by direct contact method culturing MG-63 cells on the 

coated samples for 72h. Cell viability and proliferation were evaluated by WST-8 assay, 

LDH and ALP activity. The protocol followed was exactly the same as described in Chapter 

4(See section 4.2.6). 

5.2.6. Statistical analysis 

All data were collected from 6 replicates and were reported as mean values ± standard 

deviation (SD). Statistical analysis of cyto-compatibility was accomplished by using one-

way analysis of variance (ANOVA). The paired two samples for means were performed by 

Student–Newman–Keuls method. The value p< 05 was considered as statistically 

significant. *p< 0.05, **p< 0.01 and ***p< 0.001. 

5.3. Results and discussion 

5.3.1. Morphology of the coatings 

The surface morphology of the coating was observed by SEM and images are shown in Fig. 

5.1. The DAHP conversion coating on magnesium is displayed in Fig. 5.1(a). The coating 

consisted of sheet-shaped morphology being highly crystalline andrandomly covering the 

entire surface. This rough surface structure may affect the cell adhesion which will be 

discussed in the following sections. 

PEI 4 and DAHP/PEI 4 coatings are presented in Fig. 5.1(b) and Fig. 5.1(c), respectively. 

The typical morphology of PEI was shown in PEI 4 and DAHP/PEI 4 under the same 

drying procedure. There was no significant difference in morphology between PEI 4 and 

DAHP/PEI 4 coatings, which indicates that the pre-DAHP layer was completely covered by 

PEI coating. Pores in diameter of 1-8 µm are seen to be scattered randomly on the entire 

surface. 
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The PEI 70 coating showed extremely smooth and pore-free morphology at low and high 

magnification, as presented in Fig. 5.1(d). As reported in previous studies, porous and non-

porous layers of PEI could be obtained using different drying temperatures [71,86], and this 

can be seen from the very different morphologies of PEI 4 and PEI 70 samples. It is also 

observed that the laminated structures formed by DAHP pretreatment were not entirely 

buried under the PEI 70 coatings, as shown in Fig. 5.1(e). 
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Fig. 5.1. SEM images of DAHP (a), PEI 4(b), DAHP/PEI 4(c), PEI 70(d), and DAHP/PEI 

70(e) coatings on magnesium.  

 

5.3.2. Electrochemical properties of the coatings in DMEM 

Electrochemical behavior of coatings was investigated in DMEM and evaluated using 

Nyquist plots and potentiodynamic polarization curves. 
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Nyquist plots of bare magnesium, DAHP, PEI 4, PEI 70, DAHP/PEI 4, and DAHP/PEI 70 

composite coatings are displayed in Fig. 5.2. In general, the diameter of the Nyquist arc is 

related to the charge transfer resistance and, subsequently, it is related to the corrosion 

resistance. Therefore, a larger diameter of the loop denotes better corrosion resistance of the 

sample. The diameter of the capacitive arc of DAHP/PEI 4, DAHP/PEI 70 and PEI 70 

coatings was almost 6 times larger than that of bare magnesium and DAHP treated sample. 

The lower corrosion resistance of DAHP compared to bare magnesium could be due to the 

fact that the laminated structure cannot work as an effective barrier against the aggressive 

ions in the medium. Another probable explanation could be that the unstable DAHP coating 

would be gradually dissolved during the electrochemical measurement. Besides, the 

diameter of the semicircle from PEI 4 is around two orders of magnitude smaller than that 

of other coatings, though it is still three orders of magnitude larger than that of bare 

magnesium. The smaller capacitive loop of PEI 4 signifies the lower anticorrosion 

resistance, which may be the result of the porous structure of the coatings. The corrosive 

medium could more easily penetrate through these holes to reach the substratefinally 

leading to the failure of the coating system. 

 
Fig. 5.2. Nyquist plots of bare magnesium, DAHP, PEI 4, PEI 70, DAHP/PEI 4, and 
DAHP/PEI 70 composite coatings in DMEM. 

 

The potentiodynamic polarization curves were performed after impedance measurements in 

DMEM, as shown in Fig. 3. The current density from the anodic and cathodic branches of 

DAHP was slightly lower than those of the bare samples, especially the increase of pitting 

corrosion potential to about 125mV, which indicates that DAHP improved the corrosion 

resistance of the matrix. PEI and DAHP/PEI layered coatings dramatically enhanced the 
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anticorrosion properties of magnesium, regardless of the current density (icorr) and corrosion 

potential (Ecorr). When comparing Ecorr and icorr in the curves, the lower icorr and more 

positive Ecorr, indicate higher resistant to corrosion. Therefore, the anticorrosion properties 

of all samples could be ranked as follows: DAHP/PEI 70>DAHP/PEI 4>PEI 70> PEI 4> 

DAHP> bare magnesium. The polarization results are in agreement with the impedance data. 

The PEI and DAHP/PEI layered coating system offers great corrosion resistance to the 

matrix. 

 
Fig. 5.3. Potentio-dynamic polarization curves of bare magnesium, DAHP, PEI 4, PEI 70, 
DAHP/PEI 4, and DAHP/PEI 70 composite coatings in DMEM. 

 

5.3.3. Chemical composition of the coatings 

The chemical composition of DAHP coatings after 72h of immersion was evaluated by 

FTIR, as shown in Fig. 5.4. No obvious changes of the characteristic peaks were detected 

after 72h of immersion in DMEM. The peaks assigned to PO4
3- were observed in the range 

of 950-1100 cm-1 [194,195]. O-N=P binding group was found at 760 cm-1indicating the 

occurrence of ammonium hydrogen phosphate [196,197]. Besides, stretching of P-O band 

can be recognized at 630 cm-1 and 568 cm-1. Thus, the chemical composition of DAHP after 

immersion had no change and it was mainly composed of phosphate and ammonium 

phosphate. 
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Fig. 5.4. FTIR spectra of DAHP pretreatment and after 72h of immersion in DMEM. 

 

Fig. 5.5 shows the FTIR images of PEI 4 and PEI 70 samples before and after 72h of 

immersion tests in DMEM. All characteristic peaks related to the vibration in PEI are 

presented before and after immersion. The peaks occurred at 1720 cm-1 and at 1777 cm-1, 

which indicates the carbonyl C-O stretching in the imide ring system, the imide I-band [71]. 

Moreover, C-N stretch imide band was visible at 1356 cm-1 as the imide II-band in PEI [71]. 

The next characteristic peaks were located at 1234 cm-1 and 746 cm-1 standing for the C-O 

valence of the ether bridge [198]. Furthermore, the C-H valence of the ring system can be 

clearly seen at 3038 cm-1 and at 3068 cm-1 in PEI 4 and PEI 70, respectively. The 

corresponding peaks of PEI after immersion tests were relatively diminished compared with 

the freshly prepared PEI coatings. 
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Fig. 5.5. FTIR spectra of PEI 4 and PEI 70 coatings before and after 72h of immersion in 
DMEM. 

 

FTIR results of DAHP/PEI layered coatings are shown in Fig. 5.6, which are useful to 

clarify the chemical composition of DAHP/PEI 4 and DAHP/PEI 70 layered coatings after 

immersion in DMEM. Compared to the curves in Fig. 5.5, the characteristic peaks of PEI 

can be observed, and the presence of the peaks at 3000-2850 and 2400-2250 cm-1 indicates 

the existence of DAHP in the coatings. The rest characteristic peaks of DAHP largely 

overlapped with those of PEI in the range of 1100-500 cm-1, where the characteristic peaks 

of DAHP appear. The relative intensity of peaks declined after 72h of immersion in DMEM, 

which may indicate the dissolution of the coatings and/or the formation of corrosion 

products which weaken the signals from the PEI coatings. Since the bands corresponding to 

precipitates are less pronounced than those of PEI, the signals are hardly distinguished from 

the PEI peaks. 
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Fig. 5.6. FTIR spectra of DAHP/PEI 4 and DAHP/PEI 70 coatings before and after 72h of 
immersion in DMEM. 

 

5.3.4. In vitro cyto-compatibility assessment 

The cytocompatibility of coatings was investigated by a direct contact assay using MG-63 

cells. Cell adhesion and proliferation were systematically examined by using Vybrant™ Dil 

staining, OsteoImage staining, WST-8, LDH, and ALP activity. Results on PEI 4 and 

DAHP/PEI 4 samples were not recorded because the PEI 4 coating peeled off during the 

72h of culture with MG-63 cells. 

Cell morphology and cell distribution on bare magnesium and coatings were observed by 

staining MG-63cells with Vybrant™ Dil after 72h of culture, as shown in Fig. 5.7 

(a)(c)(e)(g)(i). Few living cells were observed on the bare magnesium surface, while the 

density of living cells on DAHP increased in comparison to that on bare magnesium. In 

addition, both PEI 70 and DAHP/PEI 70 samples present the highest cell density, which is 

possible because the smooth surfaces facilitate cell adhesion and the good protection effect 

of the coating inhibits the influence from matrix dissolution. 
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Fig. 5.7. Vybrant®Dil stained (in red) MG-63 cells seeded on bare Mg(a), DAHP (c), PEI 

70 (e), DAHP/PEI 70(g), and control group (i) after 72h of cultivation. Osteoblast 

mineralization assessment using OsteoImage (in green) illustrating bare Mg(b),  DAHP 

(d), PEI 70 (f),  DAHP/PEI 70(h), and control group (j) co-cultured with MG-63 cells in 

DMEM after 72h. OsteoImage and VybrantDil staining were fluorescently imaged in the 

same spot.  

 

OsteoImage assay was performed to assess the biomineralization behavior on samples and 

the fluorescence images are presented in Fig. 5.7(b)(d)(f)(h)(j) showing the same spots 
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where Dil staining was observed. The intensity of the green fluorescence is proportional to 

the amount of calcium phosphate formed on the surface of the sample [199,200]. 

Comparing the fluorescence images of DAHP and bare magnesium, it is observed that 

higher proportion of calcium phosphates was formed on DAHP after 72h of cultivation with 

MG-63 cells. The typical morphology of the phosphate formation in the fluorescence image 

can be associated with the rough surface structure of DAHP (Fig. 5.1(a)(b)). The similar 

OsteoImage fluorescence morphologies of PEI 70 and DAHP/PEI 70 samples indicate that 

the mineralization process occurred during cell proliferation. Altogether, bare magnesium, 

DAHP and PEI 70 samples had similar proportion of green area in OsteoImage while 

DAHP/PEI 70 sample showed a low decrease in the green portion compared to DAHP and 

PEI 70 samples. 

Fig. 8(a)(b)(c) show the relative cell viability (WST-8), LDH activity and ALP activity of 

the adhered MG-63 cells on bare magnesium, DAHP, PEI 70, and DAHP/PEI 70 coatings, 

respectively. WST-8 results of all samples, shown in Fig. 5.8(a), gave the same trend of cell 

viability and Dil staining shown in Fig. 5.7. Especially the relative cell viability of 

DAHP/PEI 70 coating has even higher values than the control, which indicates the 

increased amount of viable cells on the coating after 72h culture. The relative viability of 

MG-63 cells on PEI 70 and DAHP coatings exhibited gradually decreasing values 

compared with those on DAHP/PEI 70, while both of them showed higher values than those 

of bare magnesium, demonstrating that the cytocompatibility on bare magnesium could be 

significantly improved by the coatings. 

LDH assessment was performed to evaluate the metabolic activity of the adhered cells on 

samples. Similar outcomes of the LDH activity test (in Fig. 5.8(b)) were found for the 

WST-8 assay. LDH activity of MG-63 cells on pure magnesium was less than 5%, which is 

a rather low activity compared with that of coated samples. The low LDH activity indicates 

that few cells adhered on pure magnesium samples during the cultivation, which was also 

observed in Fig. 5.7(a). DAHP pre-layer showed higher LDH activity than pure magnesium, 

with the value at 44.5%. Moreover, PEI and DAHP/PEI coatings presented comparable 

LDH activity. LDH activity of MG-63 cells on all samples can be graded in the following 

order: DAHP/PEI 70 > PEI 70 > DAHP > bare magnesium.  
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Fig. 5.8. Relative cell viability of MG-63 cell on pure magnesium, DAHP, PEI 70, and 

DAHP/PEI 70 coatings, evaluated by the WST-8 assay in direct contact after 72h of 

cultivation (a). The data were normalized to control values (well plate only, without any 

sample), which was set as 100% cell viability. LDH (b) and ALP activities (c) of MG-63 

cells on pure magnesium DAHP, PEI 70, and DAHP/PEI 70 coatings in DMEM after 72h 

of culture. Pure magnesium was used as the reference for WST-8, LDH, and ALP assays. 

Asterisks denote significant difference compared to pure magnesium, *p < 0.05, **p < 

0.01 and ***p < 0.001.  

 

ALP activity is closely related to the biomineralization process and osteoblastogenesis in 

the early stage [181]. The evaluation of ALP could be compared with the OsteoImage 

results. Cells on bare magnesium, DAHP, and PEI 70 showed the relatively comparable 

ALP activity, while DAHP/PEI 70 had the lowest activity in Fig. 5.8(c), as the same trend 

was observed in OsteoImage results. Although DAHP/PEI 70 showed relative low ALP 

activity, the DHAP pre-coated layer could improve the biomineralization behavior after the 

gradual degradation of the PEI top coating in the biological environment. This is in fact the 

original intention of applying DAHP treatment as the pre-layer, in addition to strengthening 

the adhesion between the PEI coating and the bulk matrix. 

By combining all results of in vitro cytocompatibility, it can be stated that DAHP/PEI 70 

offers the most promising surface for cell attachment, proliferation, and biomineralization. 
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5.4. Summary 

DAHP/PEI layered coatings were successfully obtained on magnesium samples by a 

combination of hydrothermal treatment and spin coating method. The electrochemical 

measurements indicated that DAHP/PEI layered coatings significantly improved the 

corrosion resistance of pure magnesium. A 72h immersion test in DMEM showed that no 

changes occurred to DAHP/PEI composite coatings. The In vitro cytocompatibility 

assessment demonstrated that MG-63 cells on DAHP/PEI possess the highest viability, 

proliferation rate and LDH activity. Even though the cell ALP activity of DAHP/PEI 70 

was less pronounced, the pre-DAHP treated layer could still facilitate the formation of 

calcium phosphate after the degradation of PEI. In future, a long-term degradation study 

should be followed, especially to investigate the degradation mechanism of DAHP/PEI 

layered coatings and the subsequent in vivo behavior along with the degradation. 
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Chapter 6 

Iron Hybrid Laminates on Magnesium 

 

 

6.1. Introduction 

Since Lane introduced the application of metal plate for bone fracture fixation more than 

100 years ago, metallic biomaterials have achieved huge development for a variety of 

biomedical applications [158]. The best known metallic biomaterials are high corrosion-

resistant materials, such as 316 stainless steel [171,201], cobalt-chromium alloys [202–204], 

titanium and its alloys [151,205–207], tantalum alloys [207–211], as well as precious metals 

[7,212,213]. Another group of metals consists of biodegradable materials, such as pure iron 

and a variety of Fe-based alloys as well as pure magnesium and Mg alloys. Compared with  

non-degradable materials, biodegradable metals should not cause permanent physical 

irritation, and such biodegradable metals avoid the need to remove a temporary implant in a 

second operation [104]. In principle, a controllable degradation rate should be achieved as 

this is a key requirement for degradable metallic biomaterials. Regarding degradation, Mg 

(Mg alloys) and Fe (Fe alloys) present different challenges.  For example, the high 

dissolution rate of magnesium in biological environments largely limits its biomedical 

application [214]. On the contrary, several studies have been performed to increase the 

degradation rate of Fe-based materials for their possible application in temporary implants, 

as Fe based materials show a too slow corrosion rate in biological environments 

[29,95,215,216]. 

In this study, iron coatings were produced on magnesium substrates by a simple single-step 

dip coating method. The reactions taking place in aqueous solution are spontaneously 

driven by the electrochemical properties of the participating elements (Mg and Fe), and no 
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external energy was introduced during the process [217].This approach is in contrast to 

previous attempts to produce metallic coatings via several deposition ways, such as high 

velocity oxygen fuel, plasma spraying, laser cladding and kinetic spraying [218,219]. In 

most of these methods, fine powders as feedstock and complex apparatuses are needed to 

fabricate the metallic coatings on the substrate.  The here explored one-step dip coating 

method combines biodegradable metallic magnesium and iron together in one composite, 

and the different degradation behaviors of the two metals are exploited.  The principle of the 

coating process is the electroless deposition of Fe taking advantage of the difference in the 

electrochemical potentials of the substrate and the coating material. 

6.2. Experimental methods 

6.2.1. Materials preparation 

Pure magnesium rod mentioned in Chapter 3 was cut into 2-4 mm thickness slices to be 

used as substrates. The grounding and polishing procedures were followed as in Chapter 3 

(section 3.2).  

The fabrication of the layered composite coating was carried out by a dip-coating method. 

According to the electrochemical series of the elements, a metal cation in an electrolyte can 

be reduced by any metal with a lower electrochemical potential. In this study, a less noble 

Mg substrate was applied to reduce Fe3+ into Fe and, as a consequence, Mg was oxidized to 

Mg2+ during the dipping process. The chemical reaction is according to eq. (1).: 

3Mg + 2Fe3+ 
→ 3Mg2+ + 2Fe 

For this process, 1 g iron (III) chloride hexahydrate (Sigma-Aldrich) was completely 

dissolved in 20 mL de-ionized water under magnetic stirring for 5 min. The Mg substrates 

were immersed in the coating solution. The dip coating procedure was carried out at room 

temperature for 90 sec. Immediately after being taken out from the suspension, the samples 

were rinsed in ethanol for 20 sec and dried with hot air stream. As shown in Fig. 6.1, 

mirror-like polished magnesium samples were completely covered by a brown composite 

coating after the treatment. A thin outer oxidize layer was formed after taking the samples 

out of the solution, which could contribute to the brown color. 
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Fig. 6.1. Evidence of the change of appearance of the Mg sample surface upon treatment 

in Fe-bearing coating solution.  

 

6.2.2. Microstructure and composition of the coatings 

The surface and cross-section morphologies and the chemical composition of the fabricated 

layered composite coatings were examined using SEM, equipped with energy-dispersive X-

ray spectroscopy (EDX).  The cross-sectional samples were prepared by Ar ion milling 

system (IM4000, HITACHI). X-ray diffraction (XRD) analyses were performed using an 

X‘pert Philips MPD instrument (equipped with PanalyticalX‘celerator detector, Germany) 

employing graphite monochromized Cu Kα radiation (Wavelength 1.54056 Å). 

6.2.3. Electrochemical measurements 

The electrochemical measurement of the samples was carried out using the same procedure 

described in Chapter 3 (section 3.2). Long-term open circuit potential (OCP) was 

monitored continuously up to 8 h in DMEM at room temperature. To accelerate corrosion, 

the samples were polarized with sweep rate at 3mV/s from -2V to 1V. 

6.3. Results and discussion 

6.3.1 Microstructure and composition 

The morphology and elemental composition of freshly prepared samples were studied via 

SEM coupled with EDX and representative results are shown in Fig. 6.2. EDX analysis was 

carried out on the whole surface and at special locations to determine the composition of the 

layered composite coating. Clusters, as magnified in Fig. 6.2(a), precipitated randomly on 

the entire surface. These clusters were principally composed of metallic iron, such as at 



 Chapter 6. Iron Hybrid Laminates on Mg  
  

Page 79 

Spot 2 in Fig. 6.2(b). The iron signal indicates successful chemical conversion reaction, 

namely reduction of Fe3+ to Fe by the less noble Mg substrate (subsequent XRD results 

confirmed this observation as discussed below). In the general survey 62.43 wt% iron was 

detected, with 25.73 wt% of O, 8.27 wt% of Mg, and 3.57 wt% of Cl. The small amount of 

chlorine is incorporated in the coating as a contamination from the reaction solution. The 

weight percentage of Mg at Spot 1 in Fig. 6.2(a), which is the rather flat area between the 

clusters, represents the highest value (12.34 wt%) compared with that of the whole area and 

that in Spot 2. It is confirmed that the surface of the sample mostly consists of iron. 

 

 
Fig. 6.2. SEM images (a) withEDX analysis (b) of a freshly prepared sample.  

 

6.3.2 Crystal structure of the coatings 

XRD measurements were conducted to characterize the crystal structure of the formed 

coatings. Fig. 6.3 shows the XRD patterns of pure Mg, pure Fe and the treated sample. All 

peaks in the pattern of the hybrid laminate appear in the corresponding positions of those of 

pure Mg and pure Fe substrates. Besides, a weak peak at approx. 60°, 2θ is assigned to 

Mg(OH)2. XRD results therefore confirm that the layered composite coating is mainly 

composed of metallic Mg and Fe, and a small amount of Mg(OH)2 ,which is in good 

agreement with the EDX results 
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Fig.6.3. X-ray dif fraction patterns of pure Mg, pure Fe and the freshly prepared 
composite laminate (hybrid).  

 

6.3.3 Proposed formation mechanism 

The proposed formation mechanism of the particular structure shown in Fig. 6.2(a) is 

schematically illustrated in Fig.6.4. The chemical reactions occurring during the dipping 

process are schematically shown to explain the mechanism. As Mg is less noble than Fe, 

metallic Fe can be formed on Mg from the Fe3+ ion containing solution. Therefore, upon 

immersion of pure Mg samples in FeCl3 solution, the following chemical reactions take 

place: 

3Mg + 2Fe3+
→ 2Fe + 3Mg2+ 

Mg + 2H2O → Mg(OH)2↓ + H2 ↑ 

The sites of Fe3+ ion reduction and deposition as metallic Fe coincide with the sites of Mg 

oxidation into Mg2+ and its dissolution.  Simultaneously, with the hydrolysis of water, H2 is 

produced and OH- released. Mg2+ easily precipitate with OH- as Mg(OH)2. 
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Fig.6.4. Schematic i l lustration representing the formation of the coating. 

 

After 2 weeks storage in air, the surface morphology and chemical composition of the 

prepared samples were observed again by SEM coupled with EDX, as shown in Fig. 6.5. 

Compared with the fresh sample, a characteristic “pompon-like” structure is formed at the 

sites between clusters, for instance near Spot 3 and framed areas in Fig. 6.5 (a). The framed 

areas are shown in magnification to reveal the nano scale features on the surface, showing 

the presence of nano needles or nano wires branching out in all directions from the center of 

the pompon. EDX analysis revealed that the locations of the pompons are primarily 

enriched with Mg (35.89 wt%) and O (57.98 wt%), but contain only traces of Fe (0.1 wt%), 

such as  in Spot 3. Conversely, much less Mg (4.61 wt%) and O (4.04 wt%) are detected in 

other areas, such as in Spot 5,where random disorganized clusters are observed, while 84.43 

wt% Fe is discovered in this spot. As regards the chemical composition in Spot 4, the total 

weight percentage of Mg and O takes up more than 99% throughout the coating. In addition, 

many fine cracks are observed, which is a typical observation for conversion coatings on 

magnesium [220]. Storage in air results in strongly increasing amounts of O and Mg on the 

whole surface, namely, from 25.73 wt% and 8.27 wt% in the fresh sample (in Fig. 6.2 (b)) 

up to 49.79 wt% and 37.32 wt% after lying in air (Fig. 6.5(b)). Since Mg is more active 

than Fe under atmospheric conditions, galvanic corrosion has occurred between these two 

metals. As a result, Mg has been oxidized into pompon-like MgO/Mg(OH)2 structures 

which gradually form on the whole surface, and metallic iron has remained unattacked. The 

process is schematically shown in Fig.6.6. Eventually, the resulting structure is a metallic 

Fe coating buried under a Mg(OH)2 layer, as shown by the cross-sectional element mapping 

in Fig. 6.7. 
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Fig.6.5. SEM images (a) of  the surface and EDX analysis (b) of a sample after 2  weeks 

exposure to air.  

 

 
Fig.6.6. Schematic illustration to represent the oxidation process on investigated 

samples.  

 

For observing the morphology and element distribution from cross sections of the hybrid 

laminate after two-week exposure to ambient air, SEM observations and EDX elemental 

mapping were carried out, as shown in Fig. 6.7. The total thickness of the coating was 

determined to be approximately 19 µm. Elemental mapping of the cross-section revealed an 

uneven distribution of Mg, O, Fe and Cl through the thickness of the coating. The top layer 

contains mainly Mg and O, this layer also shows cracks which are typical for 

MgO/Mg(OH)2 surface layers. In addition, the chlorine contamination is only present in the 

uppermost part of the surface layer. Interestingly, the Fe coating with a thickness of 1-2 µm 

is buried under the top MgO/Mg(OH)2 layer, as suggested in the schematic diagram in Fig. 

6.6. Additional MgO/Mg(OH)2 formation can be seen at sites of cracks through the top 

MgO/Mg(OH)2 and the Fe layers. 
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Fig.6.7. SEM images and EDX mapping of the cross-section of the hybrid laminate after 

2 weeks exposure to air.  

 

6.3.4 Electrochemical behavior in DMEM 

6.3.4.1. Micromorphology and composition after electrochemical measurements 

To demonstrate the coating behavior under a highly accelerated corrosion scenario, the 

coated samples were polarized up to + 1 V (this condition does not correspond to a normal 

corrosion scenario of Mg alloys, but the experiment was carried out to indicate a worst-case 

behavior). Corrosion products after the electrochemical measurement were examined by 

SEM along with EDX to determine the morphology and chemical composition. As shown in 

Fig. 6.8 (a), the coating is still present on the surface, exhibiting some large clusters of 
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compact precipitates. Tiny cracks are seen to spread between or through the clusters on the 

rough surface. The chemical composition of the corrosion products was analyzed by EDX. 

The results in Fig. 6.8 (b) show the composition in overview for the whole surface and for 

three different sites. For the overview, strong signals for Fe (54.53 wt%) and  O (34.17 wt%) 

are observed, with some Ca (5.17%) and minor amounts of Mg, Na, Cl, P and K (in total 5 

wt%). A similar case for element distribution is found at Spot 13 and Spot 14 in Fig. 6.8(b). 

The Fe content in Spot 12 (73.69 wt%) is even higher than in the whole surface. The 

comparable presence of Fe and the reduced Mg content after the electrochemical 

measurement as compared with the average amount present in the fresh treated samples (see 

Fig. 6.2(b)) may be attributed to the unstable MgO or Mg(OH)2 and other compounds 

present on the top layer have likely dissolved during the testing period in DMEM, exposing 

the underlying Fe compact coating, as shown in Fig. 6.8(a). Noteworthy is that the Fe 

coating has not been destroyed by polarization up to + 1V in DMEM. The Fe coating will 

work as a barrier against the penetration of external corrosive ions onto the magnesium 

substrate. Furthermore, the weight percentage ratio of oxygen to iron in the fresh sample 

(Fig. 6.2) and after electrochemical tests (Fig. 6.8) increases approximately from 1:3 to 1:2, 

revealing partial oxidation of the iron layer. 

 

 
Fig.6.8 SEM image (a) and EDX result (b) of the surface morphology of hybrid laminate 

after electrochemical tests.  

 

6.3.4.2. Electrochemical corrosion behavior in long-term OCP measurements 

To investigate the corrosion behavior of the new layered metals, long-term open-circuit 

potential (OCP) measurements were carried out in DMEM for the coated sample, as well as 

for pure Fe and pure Mg. The OCP variation as a function of time for the different samples 

is shown in Fig.6.9. Clearly, pure Mg and pure Fe samples reach rather stable values around 

-1.75V after 2500s and -0.7V after 4000s, respectively, whereas the OCP of the coated 

sample is seen to fluctuate markedly between -0.2V and -1.2V during the first 8h of 
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immersion. However, interestingly, the OCP always recovered back to near -0.2V every 

time after a sharp drop down to values close to -1.2V. These oscillations in the OCP 

indicate breakdown events in the coating (sharp drop of OCP), followed by “self-healing” 

of the coating, for instance by precipitation of Mg(OH)2 or other corrosion products 

blocking the sites of coating breakdown. Similar oscillations occurred again during the 27-

35h OCP observation, but the potential in this case recovers back to around -500mV and the 

fluctuation frequency is reduced compared with that during the first 0-8h of immersion. 

After 46h immersion in DMEM, OCP dropped down to around -1200mV and stayed stable 

in the following 4h.  

 
Fig.6.9. Open-circuit potential as a function of immersion time in DMEM. 

 

In order to investigate changes in the morphology during the long-term OCP immersion 

experiment, samples were observed after 8h (in Fig.6.10 (a)(b)) and 50h (in Fig. 6.10(c)(d)) 

OCP monitoring in DMEM.  As shown in Fig. 6.10(a), randomly distributed clusters are 

still displayed on the whole surface after 8h OCP measurement. In the magnified images, 

many precipitates deposited on the surface can be observed. A typical magnesium 

conversion coating morphology with cracks is observed after 50h OCP monitoring in Fig. 

6.10(c). Protuberances, such as in Spot 11, could be seen on the separated pieces of the 

cracked coating in high magnification images in Fig. 6.10(c). The results in Fig. 6.10(b)(d) 

show the coating composition in overview for the whole surface and for three different sites. 

Since the depositions formed on the top surface, EDX data in Fig. 6.10(b)(d) shows a 

nearly 50 % reduction of iron signals as compared with a fresh sample (in Fig. 6.2(b)). On 

the other hand, the O content increased significantly from 25.73 wt% in Fig. 6.2(b) to about 

50 wt% in Fig. 6.10(b)(d). With longer immersion time in DMEM, the weight percentage 
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of Mg increased from ca. 10 wt% at 8h up to 30 wt% at 50h. The growing amount of O and 

Mg coincides with the formation of the typical cracked coating, as observed in Fig. 6.10(c). 

Compounds containing Na, P, K and Ca are incorporated in the surface layer and stem from 

the DMEM solution which was employed as electrolyte for the OCP measurements. Overall, 

the levels of Na, P, K and Ca decrease from the values at 8h in Fig. 6.10(b) to the values at 

50h in Fig. 6.10(d). The decreasing trend might be due to the fact that the compounds 

containing such elements are buried by the subsequently formed Mg(OH)2 on top.  

 
Fig.6.10. SEM images with EDX analysis of the hybrid layers after 8h (a)(b) and 50h 

(c)(d) OCP monitoring in DMEM. 

 

6.4. Summary 

In this part of the research project, a simple, single-step dip coating process was used to 

fabricate a novel layered composite coating composed of metallic Fe and Mg(OH)2 on a Mg 

substrate. A metallic Fe coating with a thickness of 1-2µm is formed between the Mg 

substrate and a Mg(OH)2/MgO top layer. Under immersion conditions in DMEM, the open-

circuit potential of the coated samples showed large oscillations, indicating local breakdown 

events followed by a self-healing behavior of the coated samples.  

The simple coating process developed here; based on spontaneous electrochemical reactions, 

combined with the self-healing nature of the composite coating, represent a promising 

approach for tackling the challenge of controlling the corrosion rate of both Mg and Fe. 
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Chapter 7 

Iron Oxide Nanostructured Layers on Iron 

 

 

7.1. Introduction 

Pure iron and Fe-based alloys are considered promising metallic biomaterials which can 

degrade in vivo, so that a second operation for removing a temporary implant could be 

avoided if such materials are used[95,207]. Many works have focused on the corrosion 

behavior, biocompatibility and mechanical properties of different iron-based alloys 

[102,221].  

Comparing with another biodegradable metallic candidate, namely magnesium, the 

corrosion behavior of iron-based materials is more stable in respect of dissolution rate. 

Actually, in most of the cases, degradation of iron-based metallic materials shows an 

undesired slow rate for being a biodegradable metallic implant [106]. 

The degradation products from iron mostly consist of iron oxides and hydroxides, and also 

the layers contain P and Ca, all of which are biocompatible for the human body [104,106]. 

A previous in vivo study on pure iron stent showed that there was no local or systemic 

toxicity due to corrosion products, revealing the significant potential of iron to be used in 

the production of a large-size degradable stent [94].  

As for the mechanical properties, when compared to biodegradable polymers, iron is 

attractive for load-bearing implants, particularly in the field of orthopedics [221,222]. 

Especially, regarding ductility and strength, iron-based materials are even more appropriate 

than magnesium [102].  

Nanotube arrays, especially titanium oxide and carbon nanotubes, have drawn great 

attention for biomedical applications. Due to the porous structure, nanotubes could be used 
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as drug carrier which can be loaded with different drugs depending on their specific 

application [223,224]. Further surface treatments of the nanotubes can be developed to 

control the drug release [225]. The nanotube array could be sealed by, for example, 

different polymers to avoid the burst release of the loaded drug and thus to control the 

release rate. Magnetic particles can be loaded into nanotube array so that the drug release 

could be triggered by external stimulation [226–228]. In terms of stimuli-responsive drug 

delivery systems, ultrasound technologywas also used as a trigger of local drug release 

[229].  

Besides drug delivery, nanotube arrays have been studied as an efficient way to 

functionalize different biomaterials. For example, for enhancing the biocompatibility of 

implant materials, titanium nanotube arrays incorporated with Ca, P, and Ag were 

investigated [230]. As reported by Schmuki et. al [231–233], the titanium nanostructures 

significantly influenced proteins adsorption and mesenchymal stem cell adhesion. Besides, 

the superhydrophobic TiO2 nanotubes were used to coat stainless steel to avoid restenosis 

by reducing the adhesion of blood platelet [234]. Moreover, the anticorrosion, 

biocompatibility, and osteoinductivity of tantalum oxide nanotube arrays on tantalum have 

also been investigated [235]. 

Considering Fe-based nanomaterials, research concerning iron oxide magnetic nanoparticles 

for biomedical application has mainly focused on drug delivery systems. Because of the 

magnetic property, Fe3O4 nanoparticles were bonded or encapsulated into different porous 

structures, like silica nanoparticles [236] and titanium nanotube arrays [237], to design 

advanced drug delivery systems. The magnetic nanoparticles are also used in other 

bioapplications such as bioseparation [238,239]. 

In addition to the above mentioned anodically formed TiO2 nanotube arrays on Ti, a similar 

self-organizing electrochemical treatment can be used for Fe to produce Fe-oxide 

nanostructured surface layers [240–242]. As far as the author knows, such iron oxide 

nanotube arrays have not yet been studied as biomaterials. This could be due to the poor 

corrosion resistance of iron in a physiological environment. In this work, pure iron is, 

however, considered as a biodegradable material, so that iron oxide nanotube arrays are 

expected to degrade in vivo at the same time of the iron substrate. In this case, iron oxide 

nanotube arrays may be promising surface structures to functionalize iron substrates for 

various biomedical applications.   

In biodegradable materials, controlling their corrosion behavior is a crucial factor for 

considering clinical applications. It is therefore, essential to investigate the influence caused 

by iron oxide nanotubes on the degradation process of iron. For most metallic biomaterials, 
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the development of different types of oxide coatings is aimed to increase the corrosion 

resistance of the substrate. On the contrary, a low corrosion resistance of oxidation layers is 

the desired property for Fe-based biomaterials considered for biodegradable implants.  

Cytocompatibility is another important property for any biomaterial. The cell toxicity of an 

implant material is mainly determined from two aspects, namely the degradation products 

and the surface properties. A porous surface structure could endow iron substrates several 

potential applications, but also, some influence on the biocompatibility of Fe implant. 

Therefore, it is important to study the cytocompatibility of the iron substrates decorated by 

iron oxide nanostructured arrays. 

In this part of project, iron oxide nanostructures were developed on iron substrates for 

biomedical applications. A comprehensive characterization of these materials was carried 

out. 

7.2. Experimental preparations 

7.2.1. Fabrication of iron oxide nanotube 

Iron oxide nanotube layers were fabricated on pure iron foils (0.125 mm thickness, 99.5 %, 

Advent Research Materials Ltd). The foils were cut into 1.2 × 1.2 cm2 pieces, followed by 

sonicating in acetone and ethanol, and they were then dried with nitrogen flow. Anodization 

was performed by a two-electrode system, in which platinum plate serves as the cathode 

and iron foil as the anode, in two fluoride-containing ethylene glycol (anhydrous EG, 

Sigma-Aldrich) electrolytes. Electrolyte A contained1.3 M H2O and 0.5 wt% NH4F, and 

electrolyte B contained 2.0 M H2O and 0.8 wt% NH4F. The electrolytes were chosen 

according to previous work [240]. The anodization voltage was set to 60 V and the 

durations of the treatments was 90 s. Two groups of samples were studied in this work and 

their names are presented in Table 7.1. After anodization, samples were rinsed with water 

and ethanol followed by drying in nitrogen. Annealing of samples was carried out at 400 ℃ 

in air for 1 hour to crystallize the as-anodized amorphous structure [240]. 
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Table 7.1. Denominations of the two samples produced and their anodization condition 

including electrolyte and anodization duration.  

 

7.2.2. Characterization 

The morphology and cross section views of iron oxide nanotube were observed by using a 

scanning electron microscope (SEM, model Auriga, Zeiss). To investigate the surface 

elementary composition, an energy dispersive X-ray (EDX) analyzer linked with SEM was 

also employed. X-ray diffraction (XRD) analysis of samples was performed with an X’pert 

Phillips PMD equipped with a PanalyticalX’celerator detector using graphite-

monochromatizedCuKa radiation. 

7.2.3. Electrochemical tests and immersion test 

To evaluate the corrosion resistance of the anodized samples, both electrochemical 

impedance spectroscopy (EIS) and potentio-dynamic polarization tests were conducted. All 

electrochemical tests were performed in simulated body fluid (SBF)[34] using a three-

electrode-system, including a platinum plate as counter electrode, an Ag/AgCl (3 molor KCl) 

reference electrode, and the anodized sample as a working electrode (exposure area was 

0.785 cm2). The EIS measurement was performed after the sample was immersed in SBF 

for 1 hour. Then the impedance data were collected at the corrosion potential in a frequency 

range from 105 to 10-2 Hz, with AC amplitude of 10 mV. Subsequently, potentio-dynamic 

polarization test was started to scan from -1 V to 0 V at a rate of 1 mV·s-1. All experiments 

were repeated three times, and the representative figures are shown. For the immersion test, 

samples were immersed in SBF for up to 28 days to investigate the changes of surface 

morphologies and adhesion condition of iron oxidation nanotube layers. Samples were 

placed separately in sealable bottles containing 10 mL of SBF which was refreshed every 7 

days and incubated at 37 ℃. At each time point, samples were taken out and rinsed gently 

with water and ethanol, respectively, for further characterizations. 

7.2.4. In vitro cell biocompatibility of iron oxide nanostructured arrays 

Cell viability and proliferation were evaluated by WST-8 assay in indirect contact methods. 

The protocol was performed as described in Chapter 4 (section 4.2.6). 
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7.2.5. Statistical analysis 

One-way analysis of variance (ANOVA), Bonferroni’s multiple comparison tests, and 

paired sample T-test were used to determine whether differences in group means were 

statistically significant. The significance was considered to increase from significant (when 

p < 0.05) to very significant (when p<0.01). 

7.3. Results and discussion 

7.3.1. Morphology and structure of nanoarrays 

Fig. 7.1 shows the surface morphology and the cross-section of nanostructured array 

resulting from anodizing in different electrolytes. In the electrolyte A of sample A90 shown 

in Fig. 7.1(a1-a3), the characteristic features of nanopores arrays are shown. There is no 

obvious free interspace between pores so that the surface of sample A90 is relatively flat. 

On the contrary, in the electrolyte B in Fig. 7.1(b1-b3), the morphology of nanostructured 

arrays can be classified as nanotubular arrays. There is interspace among nanotubes and 

therefore the roughness of sample B90 is higher compared to nanopores arrays in Fig. 

7.1(a1-a2). Moreover, the average diameters of A90 and B90 were 47 ± 5nm and 62 ± 

5nm, respectively. It is obviously observed that the diameter of nanotublar arrays (sample 

B90) in Fig. 7.1(b1) is larger than that of nanopores structures (sample A90) in Fig. 7.1(a1). 

As reported previously, the size of such nanostructures is generally considered to depend 

strongly on the anodization voltage [240,242,243]. In our present work, the applied voltage 

is fixed at 60 V. Therefore, the different concentration of electrolyte mainly results in the 

different diameter of the nanoarrays.  

When comparing the morphology of the nano arrays at lower magnification, as shown in 

Fig. 7.1(a2), there are a number of cracks distributed in nanopores arrays of sample A90, 

which could be due to the high internal stresses of the compact nanopores structure. While 

for the nanotubes samples in Fig. 7.1(b2), no significant cracks are observed. This could be 

because the existence of interspaces among nanotubes leads to better relaxation of the 

internal stress produced during fabrication. 
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Fig. 7.1. The surface and cross-section morphology of sample A90 (a1-a3), and B90 (b1-
b3) (left column: topography with high magnification, middle column: topography with 

low magnification, right column: cross-section pictures).  

 

Besides, from the cross sectional view of the nano arrays in Fig. 7.1(a3)(b3), it is observed 

that they consists of a thermal oxide layer at the bottom and a nano array on the top. The 

thermal oxide layer was produced along with the nano arrays by the heat treatment which 

aims to crystallize the amorphous structure and to remove fluoride ions from thenano 

structures [240]. The thickness of the thermal oxide layers was around 652nm and 466nm 

for A90 and B90, respectively. The mechanism of thermal oxide layer grow was not 

investigated in detail. The thickness is hard to control during the heat treatment. While the 

thickness of nano arrays was mainly manipulated by the electrolyte in our case, for A90 it is 

around 1.4µm and for B90 it is around 1.9µm.  

In general, the morphology of the nanostructured arrays depends strongly on the 

composition of the electrolyte. In this study, the high content of water and NH4F (electrolyte 

B) leads to the enhanced dissolution, which not only dissolves the nanostructures in the 

vertical direction, but also creates the interspace between the pores and therefore, develops 

a clear tubular structure. As for the electrolyte A, the intensity of dissolution is too low to 

dissolve the walls between nanopores, and only nanopore structures can be achieved. This 

finding is similar to the previously reported transition from nanopores to nanotubes as a 

function of H2O-content in the electrolyte for anodic TiO2 nanostructures [244,245]. 

Fig. 7.2 presents XRD patterns of A90 and B90 samples after thermal annealing at 400 ℃ 

in air for 1 hour. Besides signals derived from the substrate, only peaks of α-Fe2O3 and 

Fe3O4 can be clearly identified in the XRD patterns. XRD results reveal that the oxide 

layers of all samples are composed of two iron oxides, namely α-Fe2O3 and Fe3O4. 
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Fig. 7.2. XRD patterns of sample A90 and B90. 

 

7.3.2. Electrochemical corrosion behavior in DMEM 

Fig. 7.3 presents the electrochemical behavior of the bare iron and of iron oxide 

nanostructured arrays. No significant difference can be found among the impedance value 

and polarization curves of different iron oxide nanostructured arrays, meaning that neither 

of the difference in nanostructured nor the thickness of arrays bring influence on the 

corrosion resistance of nanostructured arrays. 

When comparing impedance value of the bare iron and iron oxide nanostructured arrays, 

both curves in Bode impedance plots (Fig. 7.3a)  and Bode phase angle plots (Fig. 7.3b)  of 

iron oxide nanosturcutured arrays had a shift to lower frequency. In the frequency range of 

100 kHz to10 mHz, Nyquist curves of iron oxide nanostructured arrays in Fig. 3c show the 

linear relationship between Z＇and –Z＂, which might be a sign of the diffusion control. 

Compared to iron oxide nanostructured arrays, the bare iron shows notable different 

electrochemical behavior. From the Nyquist curve and phase angle, one clear capacitive 

loop can be found which should correspond to the time constant of the electrical double 

layer and the charge transfer resistance [104].  
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Fig. 7.3. (a) Bode impedance, (b) phase angle plots, (c) Nyquist and (d) potentiodynamic 

polarization curves of the bare iron and different iron oxide nanostructured arrays 

(Sample A90 and B90).  

 

In order to evaluate the relationship between the corrosion current density and corrosion 

potential, the potentio-dynamic polarization measurements were performed after impedance 

measurements. As shown in Fig. 7.3(d), from cathodic branches of polarization curves, it 

can be seen that the cathodic current density (S1) of iron oxide nanostructured arrays is 

slightly higher than that of the bare iron. This could be due to the high surface area of iron 

oxide nanostructure. The corrosion potential of all samples is at around -0.71V to -0.75V 

(vs Ag/AgCl, 3 molar KCl). Different electrochemical behavior can be found in anodic 

branches in S2 area, where the anodic current density of iron oxide nanostructured arrays is 

lower than that of the bare iron from the corrosion potential to around -0.55 V (vs Ag/AgCl, 

3 molar KCl). This result indicates a minor protective effect provided by iron oxide 

nanostructured arrays. When the applied potential is higher than -0.55 V (vs Ag/AgCl, 3 

molar KCl), the anodic current density of the bare iron in S3 area is going to decrease. The 

formation of passive oxide layers on the bare iron during the polarization leads to this 

decrease, does not take place for the anodized samples due to the existence of iron oxide 

nanostructured arrays. Therefore, the anodic current density of iron oxide nanostructured 

arrays still slowly increases and is higher than that of the bare iron from -0.55 to -0.23 V (vs 
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Ag/AgCl, 3 molar KCl). Afterwards in S3 area, the anodic current density of the bare iron 

starts to increase from 0.38 V (vs Ag/AgCl, 3molar KCl), which could be due to the 

breakdown of surface oxide layers, and higher than of iron oxide nanostructured arrays 

above -0.23 V (vs Ag/AgCl, 3 molar KCl).  

From the results of electrochemical measurements in this work, an extra corrosion 

resistance derived from the presence of iron oxide nanostructure arrays on the substrates 

cannot be observed. 

7.3.3. Degradation behavior up to 14d in DMEM 

The topography of sample A90 after different immersion time in SBF is shown in Fig. 7.4. 

The majority of oxide arrays maintained as distinct nanopores structure after 1 day 

immersion in Fig. 7.4(a). Meanwhile, the cracks originally formed during the anodization 

(see Fig. 7.1) were broadened during 1day immersion in SBF. The precipitation of 

corrosion products on the surface may enhance the internal stresses and eventually lead to 

the enlarged cracks on surface. From the digital photo of A90, it can also be seen that oxide 

layers well adhered to the substrate after 1 day immersion. The great morphological changes 

happened after 3 day immersion as shown in Fig. 7.4(b) comparing with that after 1 day 

immersion in Fig. 7.4(a).  It can be seen from SEM photos that iron oxide nanopores 

structure collapse and deteriorate after 3 days immersion. Only partial of iron oxide layer 

still maintains as nanopores structure on the surface. While the iron oxide layer adhered 

well to substrates after 3 days immersion as displayed in digital image in Fig. 7.4(b3). In 

Fig. 7.4(c), most nanostructures have completely disappeared after 7 days immersion either 

in macro or micro scale. EDX results show that surfaces of both two samples are still 

mainly composed of iron oxide after 7 days immersion, but not in nano porous structure any 

more. And the existence of element P may indicate the formation of phosphate among iron 

oxide layers.  
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Fig. 7.4. The SEM and digital photos of sample A90 after 1 day (a1 -a3), 3 days (b1 -b3) 

and 7 days (c1 -c3) immersion in SBF. The anodically oxidized area (in dark brown color) 

in digital photos (a3), (b3), and (c3) is of 10mm diameter.  

 

As shown in Fig. 7.5(a1)(a2), nanotube arrays on B90 were divided by wide cracks and 

become several separated arrays. Besides, nanotubes around each separated array collapse 

to the center. This could due to the existence of interspace between nanotubes, and there 

was less structural support for each other by comparing with the nanopores one. The digital 

picture showed that the oxide layer was complete after 1 day immersion in SBF. The 

deterioration of nanostructure was further preceded along with the dissolve of nanotubes, as 

observing the disappearance of nanotubular structures from Fig. 7.5(b2) to Fig. 7.5(d2). 

When the nanostructures completely breakdown, they were losing the connection with the 

matrix and partial layer started peeling off as shown in Fig. 7.5(d). 
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Fig. 7.5. SEM and digital images of B90 in 1 day (a1 -a3), 3 days (b1-b3), 7 days (c1 -c3) 

and 14 days (d1 -d3) immersion test in SBF. The anodically oxidized area (in dark brown 

color) in digital photos (a3), (b3), and (c3) is of 10mm diameter.  

 

The separation between the thermal oxide layer and the iron substrate likely occurs due to 

the internal stresses between nanostructures and the corrosion of the iron substrate. The 

corrosion may start from the defects in thermal oxide layer. By increasing immersion time, 

the new corrosion products emerge between the thermal oxide layer and the iron substrate, 

leading to deformation of the thermal oxide layer and its subsequently detachment from the 

substrate. Both the deterioration of the iron oxide nanostructures and the exfoliation of the 

whole iron oxide layers contribute to the process of biodegradation of the iron oxide 

nanostructure arrays.  
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Fig. 7.6. Schematic illustration of the biodegradation process of iron oxide 

nanostructured arrays in SBF solution.  

 

In summary, four stages (shown in Fig. 7.6) are proposed to illustrate the biodegradation 

process of the iron oxide nanostructured arrays on iron substrates: 

 (i) partial iron oxide nanostructures detach from the thermal oxide layer and original cracks 

were broadened, 

(ii) deterioration of remaining iron oxide nanostructure further proceeded, 

(iii) thermal oxide layers start to break and separate from the substrate.  

(iv) oxide layers either peeled off from the substrate or degrade into medium. 

In specific applications, the iron oxide nanostructured arrays could be designed to be 

degradable and capable of peeling off after their function has terminated, for example, 

localized temporary drug release. In the present study, iron oxide nanostructured arrays 

deform and afterwards peel off in relatively short immersion duration, so that the present 

iron oxide nanostructure arrays are considered only suitable for short-term drug release 

systems. Combining with other surface treatments, such as polymer coatings, the stability of 

the nanostructured arrays is expected to be enhanced, and long-term applications could be 

achieved [246,247]. 
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Fig. 7.7. XRD patterns of sample A90 and B90 after different immersion periods and the 
bare iron after 14 days immersion in SBF. 

 

Fig. 7.7 shows XRD results of samples immersed for different duration. Since the oxide 

layer of A90 peeled off after 7 days immersion, while the oxide layers of samples B90 

remained up to 14 days immersion in SBF. Oxide layers on all samples after immersion are 

seen to contain α-Fe2O3 and Fe3O4, similarly to the freshly prepared samples, and no other 

crystal structure after immersion can be clearly detected by XRD. Except peaks derived 

from the substrate, no clear peaks derived from bare iron after immersion testing can be 

found in the XRD pattern after 14 days in SBF immersion. 

7.3.4. In vitro cyto-compatibility assessment 

In order to investigate the cell viability of MG-63 cells in extracts, WST-8 assays were 

carried out after 48h cell cultivation, and results are presented in Fig. 7.7. The activity value 

of reference samples without adding any extracts is taken as positive control (100% cell 

viability). MG-63 cells in the extract from A90 showed the highest relative viability, and the 

one from B90 shown slightly higher viability than that from bare sample. Anyhow, the 

value of cell activity in extracts from all samples was over than 95%, which indicates that 

no toxic effect on MG-63 cells in 48h cultivation. 
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Fig. 7.8. Iron ions release level in the extracts from nano arrays after 2 day immersion in 
cell culture medium. Cell viabil i ty of MG-63 cells in extracts from the bare iron, posit ive 
control, and dif ferent nanostructured arrays after 48h of cul tivation. Asterisks denote 
significant dif ference compared to bare iron, *p < 0.05, **p < 0.01 and ***p < 0.001. 

 

For better interpretation on how the released iron ions in the extracts influence the cell 

activity, iron ions concentration was determined by ICP-AES measurement and the result is 

shown in Fig. 7.8. The iron concentration in the extract of bare iron sample stayed in the 

lowest level, at around 309 mg/L, and that of A90 was the highest one, at 368 mg/L.  It 

could be concluded that the ions released from the nanostructured arrays bring no negative 

effect on cell activity compared with the control group. Conversely, A90, the sample with 

more ions releasing, has higher cell activity. Therefore, the higher ions release in this level 

could facilitate MG-63 cell activity. Furthermore, the higher ions release from 

nanostructured arrays indicates the faster degradation rate in the cell cultivation process, 

which is in agreement with the conclusions from electrochemical assessments and 

immersion tests presented above.  
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Fig. 7.9. Fluorescence microscopy images ofMG-63 cells  cultured for 48 h in extracts 

from (a) the bare iron, (b) A90, (c) B90 and (d) positive control.  

 

In Fig. 7.9 shows MG-63 cell morphologies under fluorescence microscope after 48 h 

cultivation in different extracts. There is no significant difference among all groups and 

cells in all extracts appear elongated in a spindle shape becoming longitudinally aligned at 

similar cell densities.  

In line with the WST assay, fluorescence microscopy images show that extracts from 

nanostructured arrays bring no adverse influence to the growth of MG-63 cells after 48 h 

cultivation. Compared with the extract from bare iron, extracts from nanostructured arrays 

contain a different concentration of released iron ions and also iron oxide nanostructures 

separated from arrays. In the present experiments, there is no evidence that these differences 

in extracts could cause cytotoxicity. The cytotoxicity study of extracts illustrates therefore 

the possibility of applying the nanostructure arrays as biomaterials. 

In this present study, indirect assays were considered to determine cytotoxicity. For the 

biocompatibility of a biomaterial, the surface morphology could also cause significant 

influence. Some works have shown the interaction between cells and different 

nanostructures, for example, titanium oxide nanotube[232,234,248,249], nanoparticles 

[236,250], and polycaprolactone nanofibers [251]. Possible cytotoxicity concerning the 

surface morphology of iron oxide nanostructure arrays were also studied by direct contact 

assays in this work. 
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Fig. 7.10 Fluorescence microscopy images ofMG-63 cells cultured with (a) the bare iron, 

(b) A90 and (c) B90 in DMEM for 48 h.  

 

The fluorescence images of MG-63 cells in direct contact method were shown in Fig. 7.10. 

When comparing the direct contact assay with the indirect one, it is easily seen that the cell 

density fell down into a low level. It demonstrates that the morphology of sample surface 

has strong effect on cell adhere and cell proliferation. The cell density of all samples in 

direct contact way was rather comparable to each other, which may indicate that nanoarrays 

influence cell growth, but no worse effect was brought by when comparing that with bare 

iron. 

7.4. Summary 

Degradable iron oxide nanostructured arrays with two different morphologies were 

successfully fabricated on iron sheets by electrochemical anodization. The formation of 

nanopores and nanotube depends on the composition of the anodization electrolytes. 

Electrochemical tests reveal that iron oxide nanostructured arrays bring no improvement to 

the corrosion resistance of substrate, which is desired from the point of view of speeding up 

the biodegradation rate of iron based materials. Before and after the immersion in SBF, the 

main composition of iron oxide nanostructured arrays is α-Fe2O3 and Fe3O4. The 

degradation processes of different iron oxide nanostructured arrays in SBF solution are 

thoroughly investigated and described as four steps. The nano structures either peeled off 

from substrate or degrade into medium after 14d immersion. Results of  in vitro cell tests by 

indirect contact methods indicated that extracts from different iron oxide nanostructured 
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arrays cause no adverse influence to cell activity and morphology of MG-63 cells. Cell 

density of nanoarrays was comparable to bare iron. The direct contact experiment showed 

that cell density of both pure iron and nanostructured arrays decreased compared to indirect 

way. While, the cell culture was performed only for 48h, the long-term cell viability and 

activity should be assessed in the further work. 
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Chapter 8 

General Discussion, Conclusions and 

Outlook 

 

 

8.1. General Discussion 

Approaches to tailor the degradation behavior and to enhance the biological performance of 

biodegradable metallic magnesium and iron materials by applying different surface 

modification technologies were presented in this work. 

Spin coating and hydrothermal methods were applied on magnesium surface to increase 

anti-corrosion properties and to develop biocompatibility. Spin coating technique provides a 

simple method to deposit thin layers on relatively flat substrates. Therefore, for obtaining a 

homogeneous coating, the applied samples should possess moderately smooth surfaces. 

Besides, the layer thickness could be highly influenced by the rotational speed, operating 

temperature duration of the process, and by the viscosity of the applied solution. In Chapter 

3, Chapter 4 and Chapter 5, the thickness of PCL and PEI coatings was optimized by 

varying the rotational speed, operating time and viscosity of the solutions used in a clean 

room at constant temperature. It was found that thicker coatings can be obtained by 

increasing the rotational speed and the viscosity of solution, and by shortening the duration 

of the process in a certain range. However, thick coatings were found to possess weak 

adhesion to the substrate. Thus, the formation of a pre-layer was achieved by using an 

hydrothermal approach to improve the adhesion between the substrate and the top-layer 

(coating). As shown in Chapter 5, DAHP was chosen to form a bioactive pre-layer on the 

substrate before applying spin coating technique. Moreover, dip coating was also used in 
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the work presented in Chapter 6 to apply iron hybrid laminate on magnesium via 

electrodeless reactions. Compared to spin coating, the dip coating method is more cost-

effective and easier to operate. The significant advantage of this method is that it has no 

limitation about the shape of the sample. In addition, nanostructured iron oxide arrays were 

achieved, as presented in Chapter 7 by an anodic oxidation method. Anodization is a 

common way to fabricate metallic nano oxides on metal surfaces. The fabricated oxide 

arrays are considered to speed up the degradation rate of the iron substrate, as well as to 

functionalize the nanostructures for biomedical applications. 

Therefore, in the part of this project dedicated to magnesium, different methods were 

applied on magnesium samples to achieve different goals according to their respective own 

pros and cons. Biodegradable and biocompatible polymeric and composite coatings were 

obtained on the surface of magnesium substrates. PCL, PEI-based composite coatings and 

iron hybrid laminate were successfully fabricated on pure magnesium by employing spin 

coating method, hydrothermal technique, and dip coating method. 

As the first approach, spin coating was used to prepare PCL/nBG and Cu-BGN/PCL 

composite coatings. Two types of bioactive glass particles, nBG, and Cu-BG, were 

introduced into PCL coatings on magnesium. The influence of the addition of BG on the 

biodegradation and bioactivity of pure magnesium was studied. Three different 

concentrations of PCL dissolved in chloroform resulted in different coatings’ thickness 

during the spin coating process, and the same amount of nBG addition into PCL coatings 

had no influence on the coatings’ thickness. The addition of nBG was found to decrease the 

barrier properties of the PCL coatings in physiological solution, but still the composite 

coating was able to significantly protect the Mg surface. The barrier properties of the 

coatings are a function of coating thickness and of the absence/presence of nBG in PCL. All 

coatings were confirmed to strongly degrade or delaminate during 7 days of immersion in 

SBF. The degradation kinetics was significantly faster for the PCL/nBG composite coatings 

than for pure PCL coatings. Moreover, the addition of nBG into PCL coatings induces Ca-

phosphate formation after 7 days immersion in SBF, which was not observed for pure PCL 

coated Mg. Therefore, PCL/nBG composite coatings endow magnesium with a potential 

bioactivity beneficial to biomedical applications in the orthopedic field, e.g, when a strong 

bonding of the implant to bone is required.  

Since the barrier properties of PCL coatings depend on the thickness, the highest PCL 

concentration, at 7.5 wt%, was chosen to prepare Cu-BGN/PCL composite coatings with 

different content of Cu-BGNs addition. Cu-BGNs were randomly scattered in PCL coatings 

and more obvious clusters of different size were observed with increasing content of Cu-
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BGNs were incorporated in PCL coatings. A slightly decreasing contact angle measured 

with increasing content of Cu-BGNs addition in the coatings. The increasing concentration 

of Cu-BGNs in coatings also led to a slight decrease in anti-corrosion properties. The 

corrosion resistance of Cu-BGN containing coatings was still much higher than that of pure 

magnesium. The chemical composition analysis of immersion tests in DMEM showed that 

higher Cu-BGNs contents in the coatings facilitate higher calcium phosphate formation 

after 7 days of immersion. Antibacterial activity tests indicated that the growth of both S. 

carnosus and E. coli was restricted by the release of Cu2+ ions from Cu-BGN coatings and 

the increase of Cu2+ ion levels showed no significant increased antibacterial effect in the 

culture medium. Direct cytocompatibility experiments showed that Cu-BGN containing 

coatings could highly promote the viability and proliferation of MG-63 cells compared to 

pure magnesium. However, a slight decrease in cell proliferation and cell activity came 

along with increased Cu-BGNs addition in the coating, the rougher surface morphology, 

and higher concentration of Cu-BGNs dissolution products during the cultivation period 

could explain this behavior. 

Moreover, as a second approach, DAHP/PEI layered coatings were successfully obtained on 

magnesium samples with a combination of hydrothermal and spin coating methods. The 

electrochemical measurements indicated that DAHP/PEI layered coatings significantly 

improved the corrosion resistance of pure magnesium. 72h immersion test in DMEM 

showed that no microstructural changes occurred on DAHP/PEI composite coatings. In 

vitro cytocompatibility assessment demonstrated that MG-63 cells on DAHP/PEI possess 

the highest viability, proliferation rate and LDH activity. Even though the cell ALP activity 

of MG-63 cells on DAHP/PEI 70 was less pronounced, the pre-DAHP treated layer could 

still facilitate the formation of a phosphate compound after the degradation of 

PEI.DAHP/PEI composite coatings offer magnesium a highly improved corrosion 

resistance and a good platform for cell adhesion and proliferation. 

Furthermore, a third approach was investigated, namely a simple, single-step dip coating 

process to fabricate layered composite coatings composed of metallic Fe and Mg(OH)2 on 

Mg substrates. A Fe coating with a thickness of 1-2µm was formed between the Mg 

substrate and a Mg(OH)2/MgO top layer. Under immersion conditions in DMEM, the open-

circuit potential of the coated samples showed large oscillations, indicating local breakdown 

events followed by a self-healing behavior of the coated samples. The simple coating 

process developed here, based on spontaneous electrochemical reactions, combined with the 

self-healing nature of the composite coating, represent a promising approach for tackling 

the challenge of controlling the corrosion rate of both Mg and Fe.  
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In iron part, to achieve the objective of increasing the corrosion rate of iron, degradable iron 

oxide nanostructured arrays were fabricated by anodic oxidation method. The parameters of 

anodization process were thoroughly investigated and the tubular and porous nanoarrays 

were successfully prepared. The formation of nanopores and nanotubes was shown to 

depend on the composition of the anodization electrolytes. Electrochemical tests revealed 

that iron oxide nanostructured arrays did not lead to improvement of the corrosion 

resistance of the substrate, which is desired from the point of view of speeding up the 

degradation rate of iron-based materials. The nano structures either peeled off from the 

substrate or degraded into the medium after 14d immersion in SBF. Before and after the 

immersion tests, the main composition of iron oxide nanostructured arrays was α-Fe2O3 and 

Fe3O4. Results of the indirect cell culture test indicated that extracts from different iron 

oxide nanostructured arrays cause no adverse influence to the cell activity and morphology 

of MG-63 cells. The cell density on nanoarrays was comparable to bare iron. The direct 

contact experiments showed that cell density of both pure iron and surface modified by 

nanostructured arrays was at the same level, while the cell density decreased compared to 

the results of indirect tests. 

8.2. Conclusions and Outlook 

In the present work, surface modifications were performed on biodegradable pure 

magnesium and pure iron to tailor the degradation rates and to enhance the biocompatibility 

of these materials. PCL-based and PEI-based composite coating systems provided good 

corrosion protection and improved in vitro biocompatibility for magnesium. The PCL/nBG 

composite coatings developed in the first part of this project could be used for controlling 

the fast degradation of magnesium implants in the short term, as well as for strengthening 

the bonding between bone tissue and implants given the hydroxyapatite forming ability of 

these coatings. To consider device-associated infections, Cu-BGN/PCL composite coatings 

are an option for magnesium implants, due to the ability of these coatings to release Cu ions 

in a sustained manner. Compared with PCL-based coatings, PEI-based coatings developed 

in the second part of this project would be more stable in the physiological environment. 

Therefore, PEI composite coatings can be applied on magnesium implants when longer 

implantation is needed.  

In order to combine both magnesium and iron, iron hybrid laminates were successfully 

fabricated on magnesium substrates and a “self-healing” effect was found. In the iron part, 

the biodegradable and cytocompatible oxide nanoarrays were found to increase the 

degradation rate of iron substrates. Thus, the corrodible iron with nanostructured materials 

can be applied to fabricate biodegradable cardiovascular stents as well as bone implants.  
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Based on the results and the discussions presented in this work, a series of topics are 

proposed for further research studies: 

� The precise degradation behavior of the polymeric monolayer, layered and composite 

coatings on magnesium, developed in this study, should be systematically studied to 

fulfill the diverse requirements in different biomedical applications. For example, 

compared to the temporary scaffolding of cardiovascular metallic implants, bone 

implants may need longer healing time to induce new bone formation near the defects. 

� Muti-functionalities of the polymeric coatings on magnesium could be explored in 

further research. In particular, drugs could be loaded in PCL-based coatings, 

considering that PCL is as a slowly degradable polymer in a physiological environment, 

and such drug-loaded PCL coatings could offer sustained drug release. The drug 

release can be tailored by rationing the amount of drug and the relative contents of 

other fillers, and PCL. 

� Complex coating systems on magnesium could be developed by combining the merits 

from different coatings presented in this thesis. In the present work, DAHP/PEI 70 

layered coatings provided good corrosion protection for magnesium substrates, and 

Cu-BGN/PCL composite coatings provided bioactivity. Therefore, the combination of 

favorable barrier properties, bioactivity, and antibacterial effects could be achieved by 

building advanced composite coating systems combining the two approaches. 

� Further research will focus on attempting to increase the thickness of the coatings and 

decrease the presence of cracks in the coatings, as well as on further elucidation of the 

degradation mechanisms and the origin of the self-healing property of the coatings. 

Comprehensive characterizations, such as in vitro cyto-compatibility and 

biomineralization behavior, should also be carried out to examine in detail the metallic 

iron/magnesium hydroxides hybrid layer on magnesium in its relevance for biomedical 

applications.  

� Long-term degradation studies are suggested to be carried out especially to elucidate 

the degradation mechanisms involved and the cyto-compatibility of DAHP/PEI layered 

coatings which should form the basis for subsequent in vivo studies. 

� The influence of the degradation behavior of iron substrates could be evaluated by the 

long-term investigation of the defects left by the degraded nanoarrays. Moreover, post-

treatment of nano arrays formed on iron should be performed to maintain the nano 

structures to enable filling with drug molecular and control the drug release kinetics. 
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Appendix 1: The calculation of coatings’ thickness 

 
Fig. A1 Schematic drawing of the coating on substrate  

The thickness of the coatings was calculated by mass difference of the sample before and 

after coating as follows: 

V �
∆m

ρ
 �1� 

V � d � ����2� 

d �
∆m

ρ � ���
 �3� 

with: 

ρ -- density of pure PCLand PCL/nBG coatings 

Δm -- mass difference for before and after coating (g) 

r -- radius of the magnesium sample, cm 

 

Appendix 2: Cytotoxicity evaluation of extraction medium (indirect assay) 

Extracts were prepared according to ISO 10993-5:1999 [162] and the ratio of surface 

area/extraction medium was 1cm2/5ml. After 48h of incubation in DMEM in a 6-well plate 
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Substrate 

r 
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(Corning, Cambridge, MA) at a humidified atmosphere with 5 % CO2 at 37°C, the 

extraction medium was collected for indirect assays. Culture medium (100µl) with 1,000 

MG-63 cells was pre-seeded in each well of a 96-well plate and was incubated at a 

humidified atmosphere with 5 % CO2 at 37°C for 24 h to allow for cell attachment. After 

that, the old medium was replaced with 100µl extracts. The cell culture in the well 

containing 100µl DMEM were taken as the positive control. Then the 96-well plate was 

incubated in a humidified atmosphere with 5 % CO2 at 37°C for another 48h. Afterwards, 

the cell activity was detected by WST-8 assay as described above.Live staining was 

performed with calceinacetoxymethyl ester (Calcein AM, Invitroge) after 48 h cultivation. 

The old culture medium was discarded, and the samples were washed thoroughly with PBS 

twice. 1mL master mix (5µL calcein solution in 1mL PBS) was added in each well and 

incubated for 45min. After that, the mix solution was removed and washed with PBS again. 

A fixing solution containing 3.7% paraformaldehyde in PBS was added to the samples for 

15min. Then the solution was discarded, and the samples were kept in PBS in the dark for 

further characterization. Fluorescence microscope (FM) (Axio Scope A.1, Carl Zeiss 

Microimaging GmbH) was used to take images of calcein-stained cells. 

The viability and morphology of living cells were assessed by using calcein AM and WST-

8 assay. Calcein AM stains the cytoplasm of living cells and gives information about the 

plasma membrane integrity and intracellular esterase activity, which are the hallmarks of 

the normal cell equilibrium [182]. Live cells fluorescently green are shown in Fig. A2 

(a)(b)(c)(d) which are assigned to MG-63 cells co-cultured with extracts from pure 

magnesium, 1Cu-BGN, 2Cu-BGN, and 5Cu-BGN for 72h of immersion in DMEM. Fig. 

A2(e) was taken as positive control. Cell density of Cu-BGN coatings was almost as high as 

the positive control, while that of pure Mg was quite low. Besides, the cell distribution of 

Cu-BGN coatings displayed a higher uniformity than that of bare magnesium. The results of 

WST-8 assay in Fig. A2(f) support the same argument. The relative cell activity of Cu-BGN 

coatings was above 80%, when taking the positive control as 100%. The relative activity of 

pure Mg was only 36% compared to the control. Interestingly, with increasing content of 

Cu-BGNs in PCL coatings, the higher was the cell activity. The copper and silicon ion 

release from Cu-BGN coatings into DMEM was examined by ICP-AES, and the results are 

displayed in Fig. A2(g). The amount of released Cu2+ ions from 1Cu-BGN, 2Cu-BGN, and 

5Cu-BGN after 72h of immersion in DMEM, was 0.58 mg/L, 0.90 mg/L, and 2.98 mg/L, 

respectively. The values for Si release were approximately 10 times higher than those of 

copper ions. Theoretically, release of Ca ions also occurred during the immersion process. 

Since the Ca ion released from Cu-BGN coatings was almost hundred times lower than the 

Ca ions possessed in DMEM, the effect of released Ca ions could be neglected. There is one 
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report that indicated that physiological concentrations of soluble Si stimulate collagen type 

1 synthesis in human osteoblast-like cells (especially MG-63 cells) and promote 

osteoblastic differentiation [183]. Therefore, the enhanced cell activity with increased 

amounts of Cu-BNGs in the coatings may mainly be due to the relatively higher Si ions 

concentration in the extracts. We can conclude that higher contents of Cu-BGNs in the PCL 

coatings, at least within the concentrations investigated in this study have positive 

consequences on cell viability. 
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Fig. A2. Live-stained MG-63 cells with calcein (green) at 48h cultivation in medium with 

pure Mg sample (a), 1Cu-BGN(b), 2Cu-BGN(c), and 5Cu-BGN(d) immersed for 72h in 

DMEM and control group (e). The relative cell viabil ity in WST-8 assays compared with 

the control group (f).  Pure magnesium was used as the reference for each assay. 

Asterisks denote significant differences compared to pure magnesium, *p < 0.05, **p < 

0.01 and ***p < 0.001. Copper and silicon ions released in extracts from Cu-BGN 

coatings after 72h incubation in DMEM (g).  
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ALP Alkaline phosphatase 

BGs Bioatctive glasses 

Cu-BGNs Copper-containing BG nanoparticles 
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EBD Breakdown potential 

Ecorr Corrosion potential 

E. coli  Escherichia coli 

EDX Dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 
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FTIR Fourier transform infrared spectroscopy 

icorr Corrosion current density 

ICP-AES Inductively coupled plasma atomic emission spectroscopy 

LDH Lactate dehydrogenase 

nBG Nano-scaled bioactive glass 

OCP Open circuit potential 
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PBS Phosphate buffer saline 

PCL Polycaprolatone 
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Pen Strep Penicillin streptomycin 

Rct Charge transfer resistance 

SBF Stimulated Body Fluid 

SEM Scanning electron microscopy 

S. carnosus Staphylococcus carnosus 
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