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        William Gregor (1761-1817): 

 

       Titanium: „It is black and in its color & 
appearance bears some resemblance to Gun-powder. Its grains are of different sizes and have no 
determinate figure. It is mixed with another sand which is of a grey color, and whose grains are for the most 
part finer than those of the Black Sand“ [1] 
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KURZZUSAMMENFASSUNG 
 

 Die Strukturierung der Oberfläche im nanometerbereich besitzt ein hohes Potential die 

chemischen und physikalischen Eigenschaften des Materials für fortschrittliche Anwendungen im 

Bereich der Medizintechnik zu verbessern, da die Wechselwirkung mit der Körperumgebung 

hauptsächlich von den Oberflächeneigenschaften des Materials abhängt. Die Anbindung von 

neuem Gewebe findet auf zellulärer bzw. molekularer Ebene und somit im Nanometerbereich statt. 

Ein stabiler Knochen-Implantat-Kontakt ist für die Einheilung des Implantates von großer 

Bedeutung, daher eignen sich nanostrukturierte Oberflächen besonders für eine gute 

Osseointegration sowie Protein- bzw. Zellanbindung. Die auf das Volumen des Partikels normierte 

spezifische Oberfläche ist bei Nanopartikeln sehr groß und führt daher zu einer höheren 

chemischen Reaktivität. Diese erhöhte Reaktivität kann genutzt werden um die Bildung einer 

neuen Calciumphosphat Schicht aus physiologischer Umgebung zu beschleunigen.  

 In dieser Arbeit werden unterschiedliche nanostrukturierte Oberflächenbeschichtungen und 

deren Einfluss auf die Calciumphosphat Bildung sowie auf die Korrosionseigenschaften einer 

TiAl6V4 Legierung beschrieben. Diese Titanlegierung ist auf Grund ihrer mechanischen 

Eigenschaften die am häufigsten eingesetzte Implantat Legierung. Durch diese 

Nanostrukturierung der Oberfläche besteht die Möglichkeit die Biokompatibilität der gewählten 

Legierung deutlich zu erhöhen und somit die Knochen-Implantat Wechselwirkung zu verbessern. 

Für die Beschichtung werden TiO2 Nanopartikel sowie Hydroxylapatit Nanopartikel über einen 

Spin-Coating Prozess aufgebracht. Des Weiteren wird die Legierung TiAl6V4 mittels leitfähiger 

Pyrrol-Schicht beschichtet, die über eine einfache chemische Polymerisation hergestellt wurde. 

Um zudem die Adsorption von Proteinen aus dem Medium bzw. den Einfluss dieser Proteine auf 

das Korrosionsverhalten und die Deckschichtbildung zu untersuchen wird eine Albumin 

Beschichtung (Bovine Serum Albumin, BSA) mittels AC-EPD  abgeschieden. Die Auslagerung 

für die Langzeitversuche (bis zu drei Monaten) wird mit einem Zellkulturmedium (Dulbecco`s 

Modified Eagles Medium, DMEM) bei 37°C und einem CO2 Gehalt von 5% im Inkubator 

durchgeführt. Durch die Zugabe von Kälberserum (Fetal Calf Serum, FCS) wird der Einfluss der 

Proteinadsorption an die bereits beschichtete Oberfläche in einigen Versuchsreihen untersucht. 

Um die Auslagerungsversuche noch weiter an die in-vivo Bedingungen anzupassen, werden neben 

den physiologischen Bedingungen bei pH 7 Entzündungsreaktionen simuliert. Hierfür werden die 

Proben für eine Dauer von 14 Tagen diesen angepassten Bedingungen (pH 5 + H2O2) ausgesetzt 

und nach Ende der Entzündungsdauer wieder unter normalen Bedingungen bei pH 7 ausgelagert. 
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 Die Oberflächenanalyse zeigt, dass sich bei allen Auslagerungsbedingungen eine 

Calciumphosphatschicht ausbildet, dessen Bildung jedoch abhängig von der Beschichtung 

zeitversetzt einsetzt und sich zudem im Ca/P Verhältnis unterscheidet. Elektrochemische Analysen 

weisen ebenso auf eine unterschiedliche Deckschichtbildung sowie Korrosionsbeständigkeit nach 

Auslagerung in DMEM hin. Bei der Beschichtung mit BSA mittels AC-EPD wird der positive 

Einfluss der Proteine auf die Korrosion, selbst nach Auslagerung unter den aggressiven 

Entzündungsbedingungen, deutlich. Um den Einfluss der verschiedenen nanostrukturierten 

Beschichtungen auf die Zelladhäsion und Proliferation zu untersuchen, werden Zellversuche mit 

unterschiedlichen Zelllinien durchgeführt. Hierfür werden Zellaktivität und Morphologie mittels 

embryonalen Maus-Fibroblasten und menschlichen Osteosarkom Zellen in Kurzzeitversuchen 

untersucht. Den Einfluss der verschiedenen Beschichtungen auf die Kalzifizierung und 

Differenzierung zeigen Untersuchungen mittels menschlichen Stammzellen. 
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ABSTRACT 
 

 The surface structure in the nanometer range has a high potential to improve the chemical and 

physical properties of materials for advanced applications in the field of medical technology, and 

the interaction with the biological environment mainly depends on the surface properties of the 

material. In addition, the connection of new tissue takes place at the cellular or molecular level 

and thus on the nanometer scale. Therefore, a stable bone-implant contact for the healing of the 

implant is of great importance and so nanostructured surfaces are particularly suitable for good 

osseointegration and protein and cell attachment. The normalized specific surface area of the 

particle is very large and therefore leads to a higher chemical reactivity. This increased reactivity 

can be utilized to form a new calcium phosphate layer from the physiological environment.  

 In this thesis different nanostructured surface coatings and their influence on the calcium 

phosphate formation and on the corrosion properties of TiAl6V4 alloy will be described. This 

titanium alloy is, due to the good mechanical properties, the most frequently used implant alloy. 

Due to this nanostructuring of the surface, it is possible to increase the biocompatibility of the 

alloy and thus to improve the bone-implant interaction. For the coatings, TiO2 nanoparticles and 

hydroxyapatite nanoparticles are applied via spin coating process. Furthermore, the alloy TiAl6V4 

is coated by polypyrrole, which has been prepared via chemical polymerization. To see the effect 

of protein adsorption from the medium or the impact of these proteins on the corrosion behavior 

and layer formation, an albumin coating (bovine serum albumin, BSA) using AC-EPD is 

investigated. The long-term immersion tests up to three months are carried out with a cell culture 

medium (Dulbecco's Modified Eagle's Medium, DMEM) at 37°C and a CO2 content of 5% in the 

incubator. By the addition of calf serum (Fetal Calf Serum FCS), the influence of protein 

adsorption is examined using the coated surface. To further customize the immersion tests to the 

in-vivo conditions, in addition to the physiological conditions of pH 7 inflammatory responses are 

simulated. For this, the samples are exposed for a period of 14 days to these adjusted conditions 

(pH 5 + H2O2) and at the end of the inflammatory conditions, the pH is renewed to pH 7.  

 The surface analysis shows that all immersion conditions lead to a calcium phosphate layer 

formation and this formation is time delayed depending on the coating and also differs in the Ca/P 

ratio. The electrochemical analysis also shows a different layer formation and corrosion resistance 

after immersion in DMEM. After the coating with BSA by AC-EPD the positive influence of the 

proteins on the titanium corrosion, even after immersion under aggressive inflammatory conditions 

is observed. In order to investigate the influence of different nanostructured coatings on cell 



IV |  
 

 

  Friedrich-Alexander University Erlangen-Nürnberg 

Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

adhesion and proliferation, cell experiments are carried out. For this purpose cell activity and 

morphology are tested by means of embryonic mouse fibroblasts and human osteosarcoma cells 

in short-term as well as long-term experiments using adipose-derived stem cells. 
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1.  Introduction 
 

The use of reactive metals such as titanium and Ti-based alloys for medical applications or for 

biomedical devices and components serves to substitute simple physical functions. Due to their 

desired mechanical properties, such as comparatively low modulus compared to stainless steel or 

CoCr-alloys, titanium and titanium alloys are used as hard tissue replacements as well as in cardiac 

and cardiovascular applications. The Young’s moduli of commercially pure (CP) titanium 

(100 GPa) deviates only slightly from the alloy TiAl6V4 (110 GPa) and also the strength of pure 

titanium is less than half the strength of TiAl6V4. So the resulting low stiffness leads to an 

optimum adaptation of the implant to the elastic properties of the bone, thereby reducing the so-

called “stress shielding”- effect. Therefore, titanium is one of the corrosion resistant and 

biocompatible alloys because of the formation of a highly stable and pure oxide layer. Further 

advantages of Ti-based alloys are a high specific strength, low drop in strength at elevated 

temperatures, high ductility down to low temperatures and high fatigue strength [2–5].  

The renewal of the hip and knee by so-called total hip replacement (THR) is to relieve pain, to 

ensure the mobility of the patient. Depending on the complexity and type of load, hip and knee 

implants can reach durability of up to 20 years. But as more and more young patients have become 

dependent on implants in recent years and due to increasing life expectancy, it is desirable to 

extend the durability [6,7].  

Furthermore, it is important to improve the osteoconduction. Because in the field of orthopedic 

and dental implants, it is essential that the implant will quickly and reliably be absorbed by the 

surrounding bone. So it is expected of a material such as titanium that the material does not cause 

any toxic reactions or inflammation. The success of implantation is therefore based on the first 

reaction of the implant with the human body, and this means that the material can form a resilient 

interface [3,4,8,9]. The salts present in blood or plasma, especially chlorides, however, lead to an 

aggressive attack of the material and thus to a lower corrosion resistance. In addition, the alloying 

elements aluminum (Al) and vanadium (V) can lead to allergic reactions in the case of TiAl6V4. 

For this reason, studies carried out in the last decades, on the one hand, aim to prevent the release 

of such alloying elements, but on the other also to improve the integration of material and bone. 

So, surface structures in the micron range have already shown a positive impact. These include 

methods such as sandblasting, etching and plasma coating, or other similar methods  [4,9,10]. 

Human bone shows due to its hierarchical structure regions in the macro-, as well as in the 

micro- and nanometer range. However, the formation of a resilient interface under compressive 

stress and tension requires a certain surface roughness in the nanometer scale, because new 
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connections of tissue at the surface of the implant preferably take place at the cellular and 

molecular level [4,9,10]. The influence of nanostructuring has been of great interest in the last 

years, because of the great importance to the “osseointegration” or bone-bonding features. By 

nanocrystalline materials or nanoscale coatings, some significantly different physical properties 

can be partially achieved. Thus, the physical properties differ, since there are characteristics 

determined by the particle size and characteristics determined by the interface. This is due to the 

small particle size in relation to the high interfacial shear. Manufacturing methods include methods 

such as the surface sol–gel processing (SSP). With this new process, thin bioactive nanostructured 

oxide layers can be coated on the titanium surface [11]. Also, simple dip coating or spin coating 

techniques can be used to generate nanostructured coatings on the implant surface and were used 

in this thesis. Highly ordered self-organized nanotube layers or compact TiO2 oxide layers are 

produced by means of anodization [12,13]. Other methods, such as self-assembly monolayers can 

show similar effects.  

The aim of this work is to implement new approaches in the field of surface structuring and 

modification. Based on the relevance for biomedical applications of the TiAl6V4 alloy, various 

surface coatings will be carried out in the nanometer scale range. In addition, the behavior of in-

vitro investigations on corrosion behavior and surface layer formation, as well as the release of the 

alloying elements are adapted to in-vivo conditions. By coating with TiO2 nanoparticles, 

hydroxyapatite, polypyrrole or bovine serum albumin monolayers, the possibilities of the protein 

adsorption and the formation of a calcium phosphate layer are investigated. The aim is also to 

outsource attempts as far as possible to adapt in-vivo experiments. The use of a cell culture medium 

(DMEM: Dulbecco's Modified Eagle Medium), a CO2 content of 5% and the study of the corrosion 

behavior over long-term experiments should allow the adaptation. Since after implantation, due to 

inflammatory reactions, the pH decreases to about 5 and after two weeks a renewed setting of 7.4 

should also be investigated [14]. To achieve this, the cell culture medium was acidified and 

different immersion times were carried out. In addition to the lowering of the pH value, an 

inflammatory response leads to the formation of H2O2 so that these experimental conditions should 

be simulated. The structural and chemical influence of surfaces in the nanometer range on the cell 

proliferation of the bone-forming system should also be investigated. For this purpose, long-term 

cell tests with two different cell lines were carried out. Therefore, MEF cells (mouse embryonic 

fibroblasts) were used to evaluate the cell response with regard to different applications in 

medicine. On the other hand, the aim of this work was to find out cell architecture-cell function 

dependencies of human MG-63 osteoblast-like cells (human osteosarcoma cells) on TiAl6V4. 

Attachment as well as morphology, proliferation, and differentiation of the cells were examined. 
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Human adipose-derived stem cells (ADSC) have the potential to differentiate into cells of 

connective tissues, including bone.  In this study, the phenotypic profile of ADSCs was examined 

and an osteogenic inductive media was used to assess ADSC differentiation. 
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2. Fundamentals of TiAl6V4 in medicine 
 

2.1 Titanium and Ti-based alloys 
 

Titanium is the fourth most common metal in the earth's crust and is only bound as oxide or 

mineral. It is produced in the so-called Kroll process and can be available in four  

purities depending on the oxygen content. In addition, other elements such as nitrogen or hydrogen 

are also present interstitially in the lattice. Pure titanium has a hexagonal close-packed crystal 

structure (α-phase) at lower temperatures and at high temperatures (above 883 °C) body-centered 

(β-phase) structure. The properties of titanium and its alloys are mainly determined by these two 

structures. The alloys may exist, depending on their alloying elements, as pure α-phase, β-phase 

or present as a mixed phase of α + β. Generally, titanium possesses a high specific strength, a low 

modulus of elasticity and an excellent corrosion resistance. In addition, Ti alloys exhibit a high 

biocompatibility and the tendency for osseointegration [15]. 

The (α + β) titanium alloy TiAl6V4, originally a classic aircraft alloy, nowadays has a 

production share of over 50% of all Ti alloys. The alloy exhibits, in addition to the aforementioned 

advantages of pure titanium, a high fatigue strength, which is important for load-bearing implants 

[16]. The alloying element aluminum is α-stabilizer and thus responsible for good corrosion 

properties. The  β-stabilizer V achieves a higher strength [17]. 

Titanium and Ti-based alloys have a high affinity to oxygen to form a natural passive TiO2 

oxide layer on the surface. In addition, the metal has the ability of re-passivation, so the corrosion 

protection layer is conserved even after mechanical damage or will be restored [18].  

The α + β TiAl6V4 alloy is widely used in biomedical applications due to the superior 

mechanical properties, high corrosion resistance, and good compatibility with biological materials 

[19]. However, V free titanium alloys have been developed. The toxicity of V to the human body 

has led to the development of alloys using nontoxic elements (Nb, Ta, Zr, Mo) [20]. These new 

alloys possess higher fatigue strength, lower modulus of elasticity and better biocompatibility 

compared to the conventional TiAl6V4 alloy.  
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2.1.1 Titanium and Ti-based alloys in medicine 
 

In the case of biomaterials, the biocompatibility and the function of the medical device itself is 

decisive. Depending on the application, the material has to resist against long-term stress or forces, 

such as in orthopedic or dental implants. Titanium, compared to other metallic biomaterials, has 

the lowest modulus of elasticity (~100 GPa), but in contrast to cortical bone (~10-20 GPa), it is 

very high. If this difference cannot be compensated for the geometrical shape of the implant, it 

may induce the so-called "stress-shielding” effect [5]. Compared to CoCr-alloys and stainless 

steel, titanium exhibits a lower modulus of elasticity, so the mechanical properties can be 

converged to that of human bone and the “stress-shielding” effect can be reduced [4,21]. In 

addition to the structural compatibility, the adjustment of the implant structure to the mechanical 

behavior of the host tissue, the surface compatibility (chemical, physical, biological and 

morphological) is of preferential importance. In the case of titanium and Ti-based alloys, the 

biocompatibility and surface compatibility can be achieved with the formation of a passive oxide 

layer of  TiO2 [4,15,21]. Due to the spontaneous passivation in the air and in aqueous solution TiO2 

is formed on the titanium surface (~4 nm). Titanium is commonly referred to as biologically inert, 

which means that it is not biologically active and does not cause toxic tissue reactions [9]. The 

biocompatibility of the alloy TiAl6V4 is generally described as good, although the tissue response 

to the alloying elements Al and V are particularly controversial [4,21].  

 
Table 1: Surface properties of titanium dioxide under physiological conditions [9]. 

Isoelectric point 5-6.7 

Surface charge at pH 7 
slightly 
negative 

Solubility at pH 7 3*10-6 mol/L 

Tissue reaction inert 

 

Titanium dioxide (TiO2) is the most stable titanium oxide. OH-groups (5-6 OH/nm2) and water 

molecules (2-3 H2O/nm2) can adsorb to the oxide layer. Depending on the humidity, an additional 

weakly bound water molecule monolayer can be formed. The OH-ions are amphoteric, which 

means they can react both as a base and as acid. The acidic reaction leads to negative surface 

charges (binding to two cations), and the basic reaction leads in contrast to positive surfaces 

charges (binding to one cation). In addition, the surface charge also depends on the pH value of 
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the solution, so at physiological pH (pH 7.4) the titanium dioxide layer is slightly negatively 

charged [9]. Other surface properties of titanium dioxide are shown in Table 1. 

 The oxide layer of the alloy TiAl6V4 differs from that of pure titanium slightly. The natural 

oxide layer also contains aluminum oxide (Al2O3) and vanadium oxide (VO2, V2O4, V2O5). 

Alumina is mainly represented in the outer region of the oxide layer, while the V oxides are closer 

to the bulk material [9]. The aim after implantation is a successful osseointegration, i.e. a direct 

connection to the implanted material to the human bone. So in recent years, there have been more 

and more studies focusing on the positive effect of surface structuring and surface modifications 

of implants, due to better bone connection and incorporation [2].  
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2.1.2 Corrosion behavior of TiAl6V4 under in-vitro experimental conditions 
 

Corrosion of metals is defined as the electrochemical reactions of the surface with the 

electrolytic environment. This may cause, on the one hand, the loss of functionality of the metallic 

medical device and on the other hand, the resigned metal ions to alter the physiological 

environment and may cause tissue reactions. The corrosion of metals is generally described by the 

equation (1) [2,15].  

→  +                     (1) 

    

Simultaneously with the metal oxidation, two reduction processes can take place in aqueous 

solution. Hydrogen evolution (2) and reduction of dissolved oxygen (3) [15]. 

 

                                                              2 + 2   ↔                                                                    (2) 

                                                     + 4 + 4   ↔   2                                                           (3)                                                     

 

The electrochemical reactions will occur at the metal surface/electrolyte interface and lead to 

the formation of a stable passive TiO2 oxide layer. Depending on the pH value, type of metal cation 

and the acid/base properties of the hydroxide ions, the overall charge at the surface will be changed 

[9,22,23]. In the case of hydroxides and an increase or decrease of the pH, the surface charge will 

be negative and positive according to equation (4) and (5). Hence, these two types (more negative, 

more positive) lead to an increased electron transfer due to the OH-coordination to the titanium 

surface [9,23].  

  

    − +   ↔   [ − ] +         (4) 

                          − +    ↔   [ − ] +            (5) 

  

The doubly coordinated OH groups (acidic) act as a proton donor, as the strong polarization of 

the Ti-ions enhanced polarize the OH-bond. The simply coordinated OH groups on the Ti-cations 

show a relatively basic character, which can be replaced by other anions in an acidic environment. 

Substances with such dual properties are called amphoteric [23].  
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Figure 1: Schematic view of titanium oxide surface charge and the adsorbed hydroxide ions depending on the pH. 
The pH decrease to physiological pH values leads to zero net charges on the surface with equivalent concentrations 
of negative and positive hydroxide ions. 

 
In addition, the isoelectric point (IEP) can be explained by these two mechanisms and needs to 

be considered in more detail (Figure 1). The IEP represents the pH with zero net charge and 

equivalent concentrations of negative and positive hydroxide ions [24]. For titanium dioxide, the 

point of zero charges is located between 5 and 6.7, so in physiological solutions of neutral pH 

(~7.4 pH), there is a slight negative surface charge [9].  

Furthermore, physicochemical processes can take place, so calcium ions of the simulated body 

fluid can adsorb to the titanium surface and can modify the surface charge. Due to this, the IEP 

can be changed and induces the formation of an electric double layer. The composition of this 

double layer depends on the cations and anions, and consequently on the concentration of the 

species in the physiological solution [9,22]. Incorporated ions from the environment also play an 

important role in the interaction between the oxide film and the electrolyte (Figure 2). It is assumed 

that a freshly inserted implant first comes into contact with body fluids, such as blood or 

extracellular liquids and ions diffuse into the metal oxide surface. These include cations such as 

calcium (Ca2+), magnesium (Mg2+), sodium (Na2+) and anions such as chloride (Cl-), phosphate 

(PO4
3-), mono-hydrogen phosphate (HPO4

2-) and peroxide (O2
2-) [23].  
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Figure 2: Adsorption of different ions or incorporation of physiological species. Re-drawn from [9]. 

 
The aforementioned hydrogen peroxide is produced after transplantation during wound healing 

and inflammatory reactions. Bacteria or inflammatory cells in general release superoxide and 

hydrogen peroxide into the extracellular environment to defense foreign bodies [14,25–27]. 

However, titanium is chemically attacked, which is caused by unexpected dissolution/oxidation at 

the interface and long-term oxide growth followed by releasing titanium ions into the electrolyte 

[28]. In the context of wound healing, the pH decreases to pH 5 and is renewed after two weeks to 

normal values. Studies in recent years have shown that in stage I of wound healing, a pH value of 

5.7, in stage II of 6.9 and in stage III a pH of 7.6 is dominated [14,29].   

For a better understanding of the reactions occurring at the interface of metal/electrolyte under 

inflammatory reactions and in-vivo conditions, these processes have to be simulated using 

biologically relevant model electrolyte solutions. Some studies on the reactions between TiO2 

surfaces and electrolytes are described in the literature [30–34]. A strong film formation of calcium 

phosphate on the oxide surface has been observed for calcium phosphate containing electrolytes. 

Interestingly, the structure and composition come as close as possible to calcium phosphate 

hydroxyapatite [35,36]. There are various mechanisms described for binding the calcium 

phosphates to the TiO2 surfaces. Electrostatic interactions between Ca2+ ions and the slightly 

negative charged surface at pH 7 are expected because the Ca-adsorption turned out to be 

reversible. In the presence of both Ca2+ and PO4
3- ions a phosphate binding to the TiO2 surface can 

be described, and there is only an increase in the Ca content in the calcium phosphate layer in the 

course of immersion. This is due to the connection of H2PO4
- or HPO4

2- by ion exchange with the 

OH- ions of the hydroxylated TiO2 surface (Figure 2).  Hence, due to the chemical composition 

and the resulting Ca/P ratio brushite (CaHPO4) and hydroxyapatite were suggested; it also 

concerns amorphous calcium phosphate or octacalcium phosphate [37].  
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Titanium is generally very biocompatible, toxic effects have so far mostly been attributed to 

impurities or the alloying metals [2,4]. V can dissolve under physiological conditions from the 

implant and be suspected of being under suspicion to be cytotoxic. V chloride shows in-vitro a 10-

fold higher toxicity than cobalt or nickel chlorides [38]. The V is excreted in-vivo as V oxide from 

the body within 24 hours so that despite the widespread use serious toxic problems have hardly 

been observed up to now. Crevice corrosion was not observed even after several years of use in 

the human body [39]. Aluminum has been linked to the pathogenesis of Alzheimer’s disease and 

producing impaired memory, dementia, aphasia, ataxia, convulsions, and characteristic 

electroencephalogram changes [40,41]. Aluminum also slows calcification of new bone and 

becomes deposited in the bone matrix in place of calcium. However, the effect of aluminum on 

the bone is now thought to be the result of cellular toxicity [42].  

 

2.1.3 Surface modification of oxide materials 
 

Previous knowledge indicates that particularly the specific surface area of the implant material, 

which can be changed by various surface treatments, can affect the interaction between the implant 

and the organism. In addition to the specific surface and thus the purely statistical probability of 

interaction, the surface structure, in particular, plays an important role. With porous structures, it 

is possible to have an influence on the nature and size of tissue ingrowth. So, increased surface 

patterning methods have been developed in recent years to increase the bioactivity of implant 

surfaces [2]. An increase in the bioactivity (in terms of  of implants can be achieved on the surface, 

for example, by deposition of a hydroxyapatite layer [2]. These deposition methods can be divided 

into physical, chemical and electrochemical modification techniques. Physical methods for 

binding calcium phosphates are, in addition to the commercially widely applied plasma spraying 

of hydroxyapatite [2], dip-coating methods in supersaturated solution and ion implantation of 

calcium and phosphorus ions [43].  

An improved apatite deposition has been detected by chemical sol-gel pre-treatment processes 

[44,45], with hydrogen peroxide [46] or with alkalis (NaOH, KOH) [2,47]. By means of sol-gel 

processes, calcium phosphates or TiO2-CaP composites can be deposited directly on the surface. 

The electrochemical methods for apatite deposition include electrophoretic and electrolytic 

deposition, as well as electro-crystallization. 
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The mechanical process of sandblasting as well as plasma spraying enables an increase in the 

surface roughness and hence a better adhesion of bone tissue to the implant surface [2,48]. Both 

methods are used commercially for surface treatment of titanium implants. An increase in the 

specific surface area can also be performed by spark anodization. A thick porous TiO2 oxide layer 

is readily formed on the titanium surface through an electrochemical process. This layer is focused 

on optimizing the adsorption behavior and the porosity. Different surface or crystal structures are 

formed, or the chemical composition is changed. Thus, the incorporation of electrolyte elements 

including calcium, phosphorus, and chloride can enhance the surface characteristics and properties 

of the implant.  

Generally, these oxide layers consist of two sub-layers: an outer porous and a dense inner layer 

[49,50]. Porous surfaces are prepared to promote an apatite deposition from simulated body fluids 

[51]. Another approach to improve the performance of titanium surfaces in the presence of 

biological systems is to combine the macro and micro roughness by a sub-structure in the 

nanometer scale. Various methods have been described in the literature, in order to produce 

textured surfaces in the sub-100nm range [52,53]. The connection of new tissue to implants 

primarily takes place at the cellular and molecular level, generally in order of several nanometers; 

the influence of the size scale range of less than 100 nanometers is of great interest [54]. To 

investigate cell types on such surfaces in the human body, most reactions occur at surfaces and 

interfaces. Thus, the key to the design of improved biomaterials is properly managing interactions 

with the surface and at the interface between the material and the host tissue. To improve implants, 

it is essential to engineer materials on the nanoscale in ways that promote tissue integration and 

improve biological function [55,56]. Nanostructured materials or nanoparticles are well known for 

their excellent physical and mechanical properties due to their extremely fine grain size and high 

grain boundary volume fraction [57]. Such nanoparticles can be easily prepared in large quantities 

from various materials by relatively simple methods. The dimensions of the nanoparticles can be 

controlled from one to about several hundred nanometers, with a fairly narrow size distribution. 

Most often, the particles are comprised of metals, metal oxides, and semiconductor materials, such 

as TiO2. Particle agglomeration is another specific parameter that is strongly dependent on the 

surface size, medium and surface charge [58,59]. 

 

 



15 Protein adsorption and cell adhesion at titanium interfaces 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

 

 
 

 

 

 

 

Figure 3: Particle characteristics that influence the surface oxide properties and thus the corrosion behavior and 
metal release: Size distribution (A); Agglomeration (B) and shape (C). 

 

2.2 Protein adsorption and cell adhesion at titanium interfaces 
 

The processes that take place at the implant surface are very important for the implantation of 

a biomaterial. It is well known that the adsorption of proteins is also an important step in the 

implantation, so if an aqueous protein solution is in contact with a substrate material, it comes to 

the spontaneous adsorption of proteins. Both various electrostatic and hydrophobic interactions 

and indirect entropic effects are responsible for this according to the current state of research.  

Proteins have a very complex structure of different amino acids. Distinctions can be made 

among three different groups: 

 
- Amino acids with covalent, hydrophobic side chains 

- Amino acids with positive or negative side chains 

- Amino acids with polar, hydrophilic side chains 

 
The protein core is therefore more hydrophobic and serves to stabilize the protein tertiary 

structure. However, the adsorption of proteins is dependent on the structure and less on 

physicochemical properties of the metal surface [60,61]. 

In the case of titanium, the metal surface reacts with oxygen und adsorbed water (section 2.1.2), 

resulting in a slightly negative surface charge at physiological pH value of 7.4 [9]. The large 

protein size and the heterogeneous nature can cause a complex dynamic protein adsorption process 

onto the metallic surface. In fact, during all the dynamic processes, proteins expose several sites 

to reach its minimum free-energy state while approaching and adsorbing to the surface.  
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The various interactions also play a certain role for the protein adsorption. These include van-

der-Waals and Coulomb interactions. However, the hydrophobic effect is of even greater 

importance. This effect refers to a regular arrangement of water molecules at a hydrophobic 

surface. The water molecules form around the non-associated molecule a structure, whose 

arrangement leads to a decrease in entropy (Figure 4). The following release of the surface water, 

which in turn leads to an increase in entropy, whereby the ordered structure of water is broken and 

the water molecules recover their degrees of freedom [61–63].  

 

 

 
Figure 4: Hydrophobic effect: water molecules and the hydrophobic protein (A); the regular structure of the water 
molecules (B) and the release of the adsorbed water (C). 

 
The properties of the titanium surface also affect cell adhesion, since this has an influence on 

the adsorption of H2O, ions, and proteins. After the aforementioned formation of an oxide layer, 

the H2O molecules adsorb to the metal surface and accumulate as a so-called mono- or bilayer. In 

the second step, the ions from the surrounding medium will adsorb. Which ions are deposited from 

the medium depends on the previously formed H2O layer. Then the formation of a protein mixed-

layer takes place, which now serves as a substrate for the cell adhesion (Figure 5).  
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Figure 5: Formation of mono- or bilayer of water molecules (A), adsorption of the ions (B) and amino acids (C). 

 

2.2.1 Albumin adsorption and influence on corrosion 
 

Human serum albumin (HSA) with a share of 60% is the most abundant protein in human blood 

plasma. The concentration in a healthy person is in the range of 35 to 50 g/L. It is mainly produced 

in the liver and is also present in the skin, the muscles, the gastrointestinal tract and secretions 

[64]. Proteins are adsorbed as soon as they reach the surface (diffusion controlled). After that, it 

will be harder to find a suitable place on the surface, so adsorption slowly reaches saturation. Most 

proteins bind irreversibly to the surface and can only be solved by strong surfactants again. The 

binding proteins can change their conformation, thereby triggering further interaction with the 

biomaterial [65]. With low protein concentrations, a compact protein monolayer will be formed, 

in which the individual protein molecules are spread out. At high concentrations, however, the 

molecules have less time to spread and are more densely packed [66]. The molecular outstretched 

proteins dissolve from the surface with more difficulty [65]. Albumin adsorbed on polymorph 

titanium dioxide surfaces (anatase, rutile), in very low levels of protein. The adsorption increases 

with the increase in concentration, but only up to a concentration of 0.8 mg/L [67,68]. By the 

adsorption of human albumin on a nanocrystalline titanium dioxide surface, the oxide layer acts 

as an n-doped semiconductor, and the protein amount increases continuously [69,70]. The 

influence on the corrosion behavior by the presence of albumin is controversial in the literature. 
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Previous studies show that albumin has a negative [71] or a positive influence on the general 

corrosion behavior.  

An increasing amount of bovine albumin (up to 4.0 g/L) in the outsourcing solution leads to 

reduced release of V ions [72]. An albumin coating on the metal surface can inhibit the formation 

of an apatite layer. This means that the bioactivity of the metal decreases [15]. On the one hand, 

albumin binds to free calcium ions of the solution, so fewer calcium ions for deposition are 

available, or on the other hand, a competitive adsorption of albumin and calcium to the oxide layer 

occurs. It is believed that a calcium phosphate layer builds up under the adsorbed protein layer [4]. 

The pre-adsorption with albumin is therefore generally used to protect surfaces against cell 

adhesion [64,65]. 

 

2.2.2 Influence of surface structure and modification 
 

The healing effect in the human body can be influenced significantly by the implant material 

and especially by the specific surface due to different surface modifications. Furthermore, the 

surface structure can affect the incorporation of the tissue and the bioactivity with different shapes 

and sizes of pores [2,4]. In the case of titanium and titanium alloys the implant is separated from 

the human bone by a non-mineral tissue layer, so the bone/implant connection is purely based on 

the mechanical interlocking [9]. With increasing roughness of the surface, the function and 

structure of the implant/tissue contact are changed [73]. Roughness in the 10 µm scale increases 

the shear strength while micropores in the range of 20-50 µm affect the bone incorporation. But 

the incorporation of the bone tissue requires macropores up to 500 µm [74]. After the implantation, 

the implant is mechanically connected to the human bone and this leads to the development of the 

primary stability (old bone). Indeed, in the first weeks, the primary stability decreases and the 

secondary stability (osteogenesis, new bone formation) increases time-delayed. This time-delayed 

formation of new bone and therefore incorporation of the implant result in a stability gap of 2-4 

weeks after implantation (Figure 6). In order to reduce the stability gap, the osseointegration has 

to be improved and accelerated [75–77]. 
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Figure 6: The decreasing primary stability (old bone) and increasing secondary stability (new bone) result in a 
decrease in total stability (A). Optimized surface modification leads to higher stability and osseointegration (B).Re-
drawn from [78]. 

 

In order to increase the bioactivity of the implant material, different surface modifications are 

of great interest nowadays.  As mentioned in part 2.1.3 (Surface modification of oxide materials) 

dip-coating of hydroxyapatite and ion implantation of calcium and phosphor ions as well as plasma 

spraying are physical techniques to improve the osseointegration by calcium phosphates [4,79,80]. 

In addition, a mechanical method to increase the surface roughness in order to improve the bone 

incorporation is sand blasting [9]. The aforementioned surface roughness also plays an important 

role in the case of protein adsorption followed by adhesion, differentiation, and proliferation of 

cells [73,81]. Some surface modifications lead instead to the change of the surface topography to 

chemical transformation of the metal surface [82]. Size, shape, chemical and physical properties 

of the implant surface can also affect the intensity of reaction as foreign material and this leads to 

different adsorption properties of the proteins. Furthermore, the proteins themselves have an 

influence on the formation of monolayers. First smaller proteins with higher mobility diffuse to 

and adsorb on the metal surface (albumin), while for example, fibrinogen due to higher surface 

affinity replaces the smaller proteins (Figure 7). This effect is called “Vroman” effect [83]. 
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As already discussed in section 2.1.3, the implant stability and osseointegration of titanium 

surfaces can be improved by a sub-structuring on the nanometer scale. Zinger et al. showed the 

positive effect of the combination of micro- and nano-scales on cell adhesion on titanium surfaces 

[84]. 

 

 
 

Figure 7: Vroman effect. Adsorption of smaller proteins (Albumin) with higher mobility (A) and replacement of 
proteins with a higher surface affinity (Fibrinogen) (B). 

 

 

2.2.3 Surface structuring in the nanometer range 
 

In addition to physicochemical properties, the contact zone itself between the material and the 

interface of the surface of the biological system can influence further interactions. Due to the nano 

structuring, there is an increase of surface to volume area. Nanostructured surfaces change and 

gain new properties which can be very different from the macroscopic properties of the material. 

Compared to conventional micro structured surfaces the number of interfaces occurring between 

individual grains and the material defects per unit area increases in nanostructured material 

surfaces with decreasing grain size. Thus, the specific surface area and the number of atoms also 

increase, compared to the bulk material. So for the interaction with adsorbed proteins whose 

dimensions are also in the nanometer range, and subsequent cell adhesion more reactive atoms and 

atomic groups are available on the material surface (Figure 8). 

 The shape, area, and roughness, as well as the chemical composition and crystallinity, are of 

great interest with regard to the properties of the material. Besides, steric effects which are caused 

by the adsorbed molecules also play an equally important role. The third level of interactions can 

influence the surface structure of the cells together with the proteins themselves [85,86].  
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The extracellular matrix (ECM), whose topography is in the nanometer range, can influence 

together with signaling molecules the cell adherence, cell migration, and proliferation. The 

nanostructured surface can mimic the ECM and increase the aforementioned cell properties. 

Furthermore, the nanostructures lead to an improvement of the connection implant/bone matrix on 

the molecular level [87,88] and promote the adsorption of ions or double-layer formation.  

 

 

Figure 8: Surface functionalization on conventional (A) and nanostructured surfaces (B); * functional group on the 
implant surface.  

 

Because nanoparticles only contain few atoms, the Van-der-Waals forces between the material 

and other species are highly dependent on the positioning of the surface atoms [89]. The interaction 

with biological components might also be influenced by the nature of the particle (binding to 

surface ligands), contact with hydrophobic or charged regions and changes in free surface energy. 

In order to consider the example of a particle interacting with a cell, the surface heterogeneity has 

to be observed. For cells, the heterogeneity is on the length scale of 10-50nm because of the 

presence of surface proteins and other structures. Hence, a micrometer-sized particle interacting 

with the cell surface leads to the covering of many heterogeneous patches. But a nanoparticle with 

10-50nm size can only interact with one patch at a time.  
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2.2.4 Calcium phosphate coatings on TiAl6V4 implant material 
 

The clinical use of calcium phosphates as bone substitute material is carried out due to the 

chemical similarity of the materials for the mineral phase of bone. A significant advantage of the 

materials is the rapid growth of bone tissue without the formation of fibrillar connective tissues. 

Due to the low mechanical strength, apatite is mainly used in non-load-bearing areas or for filling 

bone defects in regenerative medicine. The important calcium phosphate compounds are listed in 

Table 2 in order of increasing molar Ca/P ratio and basic character.  

 

Table 2: Calcium phosphate compounds in order of increasing Ca/P ratio [90] 

 
 

empirical 
formula 

 

Ca/P 
log (LP)  

at 25°C 

log (LP)  

at 37°C 

Dicalcium phosphate dihydrate 
(DCPD) 

CaHPO4 x 2H2O 1.0 6.59 6.63 

Octacalcium phosphate (OCP) Ca8H2(PO4)6 1.33 96.6 95.9 

Hydroxyapatite (OHAp) Ca5(PO4)3OH 1.67 58.4 58.6 

 

 

Brushite or dicalcium phosphate dihydrate (DCPD) crystallizes as the dihydrate of calcium 

hydrogen phosphate with the formula CaHPO4 x 2H2O in a monoclinic crystal lattice [91]. 

Octacalcium phosphate has the formula Ca8(HPO4)2(PO4)4 x 5H2O, with variable water content 

and serves as an intermediate in the formation of observed more thermodynamically stable 

hydroxyapatite in aqueous solutions, as OCP crystallizes more easily than apatite. The presence of 

CO3
2-, Mg2+, and F- ions suppress the growth of OCP [92,93]. OCP is hydrolyzed in water to 

hydroxyapatite, depending upon the availability of Ca2 + ions [94]. Hydroxyapatite has the formula 

Ca5[OH/(PO4)3] and is a major part of teeth (98%) and the mineral phase of bone (60-70%) [95,96]. 

HA is produced in the body by the osteoblast of calcium and phosphate ions with collagen as a 

crystal nucleus. In contrast to stoichiometric HA with a molar Ca/P ratio of 1.67, there is the 

crystallized biological apatite with a lower Ca/P ratio. This is due to the intercalation of foreign 

ions, such as Na+, Mg2+, CO3
2-, F- and Cl- in the monoclinic crystal structure in the exchange for 

Ca2+ and PO4
3- ions [96]. Hydroxyapatite is the most insoluble calcium phosphate in the 

physiological pH range of 7.4. The difference in solubility of calcium phosphates in the aqueous 

system is decisive for the direction of reactions taking place at the interface.  
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For calcium phosphates, the solubility varies by several orders of magnitude depending on 

various parameters, such as the pH value of the solution or the ambient temperature. In addition, 

it is generally established that biological molecules interact with hydroxyapatite and therefore are 

responsible for their conformation. Acid molecules adsorb on C- sites and basic molecules on the 

P-sites [97,98]. Some authors have proven that electrostatic interactions between the HA surface 

and the proteins are the dominating factor in the adsorption process [99,100]. 
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2.3 Wettability of surfaces - Contact angle 
 

Wetting describes the behavior of fluids in contact with a solid interface [101]. For complete 

wetting, the liquid spreads completely after it comes into contact with the solid surface. The energy 

for this kind of increase the surface area of the liquid provides the interfacial tension of the 

interface solid/gas [102–104]. The equilibrium state of wetting is achieved when the forces 

generated by the interfacial tensions of the three phases are zero [105,106]. The second wetting 

condition is the partial wetting. In this case, the liquid forms a drop with a characteristic angle 

between liquid and solid, the so-called contact angle θ. Here, the contact angle depends on the 

physicochemical nature (the wetting behavior) of the three phases which determines the shape of 

the interfaces [107]. Furthermore, a direct determination of the surface tension of a solid is not 

possible if the tension is determined indirectly via the contact angle measurement. The 

measurement of the contact angle is used for characterizing the wettability of solid surfaces. 

 

 

Figure 9: The Wetting stage of water on a textured surface. (A) Water cannot penetrate the structures of the surface 
(Cassie-Baxter-stage); (B) Water covers the structures and the material surface (Wenzel-stage). 

 
For biological surfaces, the wetting can be considered limited, as they are never ideally smooth 

and chemically homogeneous. In fact, we can find a large number of different structures on these 

surfaces. A transfer of the equation by Young on such rough surfaces was investigated by Wenzel 

et al. in 1936 [108]. He started from the assumption that the rough surfaces are chemically 

homogeneous, and the structures on the surface are smaller than the wetting water droplets (Figure 

9). The following equation describes the relationship between the static contact angle θm (textured 

surface) and the contact angle θ on a smooth surface of the same material. The roughness factor r 

is the ratio of actual and projected surface and is always greater than 1. 

 
  cos = r cos                                                           (6) 
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Since with increasing r the actual surface increases as well as the total interfacial energy (6). 

Thus, the dimension of the structuring of a surface affects the macroscopic (static) contact angles. 

However, the structuring must be less than the liquid drops to affect the static contact angle [109]. 

Due to the increase in roughness the contact angle decreases on a hydrophilic solid surface. It 

becomes more hydrophilic. On a rough hydrophobic surface, the opposite effect can be seen: The 

contact angle shows compared to the contact angle on a smooth solid surface of the same material 

higher values, so the surface is more hydrophobic. For Wenzel et al. it is provided that the liquid 

penetrates through the roughness of the surface structures. Hence, there are air pockets between 

solids and water drops (heterogeneous wetting) if the wetting liquid does not completely penetrate 

through the structures of the surface [104]. As described above, the wetting of structured surfaces 

can lead to two different wetting stages: a homogeneous wetting (Wenzel-stage), or to a 

heterogeneous wetting (Cassie-Baxter-stage) [110]. In addition to homogeneous wetting (Wenzel-

stage) and heterogeneous wetting (Cassie-Baxter-stage) some authors [104,111] mention two other 

wetting states on structured surfaces. Thus, the liquid can spread on a non-hydrophobic structured 

surface between the structures and form a liquid film. But if the liquid droplet only partially 

penetrates between the structures, the contour of the drop is retained. However, this drop is not on 

a solid-gas interface as in the Cassie-Baxter state. In relation to the protein adsorption, it is 

generally noticed that the more hydrophobic the surface and therefore the contact angle higher 

than 90°, the higher the protein affinity and protein adsorption [66,112]. 
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2.4 Surface characterization 
 

2.4.1 X-ray photoelectron spectroscopy (XPS) 
 

 The underlying principle of the X-ray photoelectron spectroscopy is the photoelectric effect. 

The sample is irradiated with photons (energy hν) and this leads to the emission of photoelectrons 

which vacate the core level of the atom with the specific kinetic energy Ekin (Figure 10). Due to 

the binding energy and the relation to the relative element and orbital, the XPS is surface sensitive 

(~nm) and provides information about the surface composition. Furthermore, the binding energy 

is also influenced by the oxidation state and this results in a peak shift in the XPS spectra [113,114]. 

The characterization of the CaP layer is carried out with the Ca2p- and P2p signal. The detection 

limit is typically 0.1 – 1.0 at%.  

 

Figure 10: Photoelectric effect: Atoms will be irradiated with x-ray and then emitted from the core level with specific 
kinetic energy.  

 

2.4.2 X-ray diffraction (XRD) 
 

The determined diffraction pattern using XRD reveals information about the surface structure, 

crystallinity of the different coatings, type of bonds and existing phases. The electromagnetic wave 

of the primary beam can be absorbed and can induce ejection of electrons from the atom. The other 

process which can occur is that the wave can be scattered, which produces an acceleration of the 

electrons. The following accelerated charge and the resulting radiation has the same frequency as 

the aforementioned electromagnetic wave and spreads out in all directions. In addition, there are 

two kinds of scattering, namely the unmodified scattering with the same wavelength and the 

Compton scattering which occurs at longer wavelengths.  
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Diffraction in a crystal (unmodified scattering) refers to the Bragg reflections, while the 

scattering from electrons is completely different due to the change in wavelength [115]. To 

determine the structure of the resulting diffraction pattern, a consideration of the interference 

conditions is important. The path difference of two adjacent lattice planes of scattered radiations 

is given by 2dsinθ (Figure 11). As for maximum constructive interference, the path difference 

should correspond to a multiple of the radiation wavelength and so the condition of intensity 

maxima in the diffraction pattern is given by the so-called Bragg equation (7). λ is the wavelength 

of the monochromatic x-ray beam, d describes the interplanar spacing, θ the angle at which the 

radiation impinging on the lattice plane, and n is an integer [115,116].   

 

                                                              2 sin =                                                                  (7) 
 

The measurements are performed with a θ/2θ -diffractometer. The change of the incident angle 

is achieved by rotating the sample and the detector. With the θ/2θ arrangement, the angle is 

initiated in the field of total reflection and recorded using the PC.  

 

 

Figure 11: Bragg diffraction. 
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2.4.3 Characterization of Bovine Serum Albumin (BSA) 
 

Chemical information about the molecular mass or chemical composition of the surface with 

high mass resolution provides the time-of-flight secondary ion mass spectroscopy due to the high 

surface sensitivity. This technique with a detection limit of several nm up to 1-2nm is, therefore, 

suitable for the detection of proteins (dimension ~10nm). Hence, ToF-SIMS enables information 

to be obtained about the conformation and orientation of the protein without dissolution and 

evaporation of the sample (Figure 12) [117–120]. 

 

 

Figure 12: Sampling depth of ToF-SIMS compared to protein dimension in nm. Re-drawn from [117]. 

 
The samples are irradiated with a focused primary ion beam (Bi, Au, Ga or Cs) with defined 

energy and this leads to collision cascade in the material. Atoms and molecules from the top layer 

can desorb as secondary ions (Figure 13). In the analyzer, the generated ions are extracted by a 

positive or negative potential U and enter the analyzer with the same energy E [121]. Here, the 

ions are sorted according to their flight time t, which is proportional to their mass m according to 

(8). 

                  = 2                                                              (8) 

 
In order to optimize the mass resolution, the primary ions should reach the sample surface 

simultaneously. Therefore, the ion beam is bunched resulting in chromatic aberrations. Secondary 

ions can have different energy (energy spread) and this can also have an influence on the detection 

[122]. 
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Figure 13: Sputtering on the surface of the material - basis of the surface analytical method ToF-SIMS; Irradiation 
of the sample with a primary ion beam (A) and collision cascade in the material and desorption of secondary ions 
(B). 

 

 

2.4.4 Fourier-Transformation-Infrared spectroscopy (FT-IR) 
 

Infrared spectroscopy (IR) is a method to determine the composition of organic molecules. Due 

to the absorption of radiation in the infrared range, the molecules are stimulated to vibrate and 

rotate. This absorption can be measured directly and the functional groups can be detected by the 

characteristic position of the absorption band in the IR spectrum. Hence, these functional groups 

can be easily assigned to the corresponding chemical family and chemical characteristics. The test 

sample is irradiated with an infrared light source and the frequency-dependent attenuated residual 

radiation registered by a detector [123]. The Fourier transform IR spectroscopy is an evolution of 

conventional IR spectroscopy, which is faster, has a better signal-to-noise ratio and provides high-

precision wavenumbers [65,123]. All of its frequencies are simultaneously detected 

(interferogram) and then the interpretable spectrum can be created by Fourier transformation 

[123]. For the interpretation, there are many available reference spectra in the literature and in 

databases. Generally, above a wave number of 1500cm-1, there are the absorption bands of 

individual functional groups. Below is the so-called "fingerprint" region [123]. 
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2.4.5 Electrochemical Impedance Spectroscopy 
 

Compared to the measurements of pure resistance and capacitance, impedance is more general 

and the underlying concept is to measure the difference between the input voltage and output 

current. Hence, the flow of electrical current is represented in the “real impedance”, however, the 

ability to store electrical energy is characterized as “imaginary impedance” [124]. The impedance 

has the ability to subtend a resistance, so the total impedance consists of the Ohm resistance and 

the resistance of capacitors and inductors. For linear systems the voltage input is sinusoidal and 

the current response will also be a sinusoidal course but shifted in phase (ϕ) [124].  

 

                                                           It = I0 sin( + )                                                         (9) 

 

The impedance can be described with different contents. At the electrode-electrolyte interface, 

an electric charge across the interface takes place followed by the electrochemical reaction at the 

electrode. This nanometer thick “Helmholtz” layer is represented in the impedance as the so-called 

“charge transfer” resistance Rct (Figure 14). Recharge and discharge at the interface lead to a 

“double layer capacitance” CDL [125].  

In addition to the charge transfer in the double layer, ions or neutral species are released or 

consumed into or from the electrolyte. The release of this species due to the electrochemical 

reaction leads to the diffusion of the ions resulting in the formation of a concentration gradient and 

thick “diffusion layer”. This diffusion mass transport process is measured by the impedance as a 

complex diffusion impedance element [124,126].  

 

 

Figure 14: Equivalent circuit (A) and the Nyquist-plot semicircle (B). 
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 The expression for the measured impedance can be divided into “real” and “imaginary” 

parts. So if the negative imaginary part is plotted against the real part the so-called Nyquist-plot is 

revealed and has the shape of a semicircle. As shown in Figure 14 (B) the low-frequency part of 

the plot is on the right side, while the higher frequencies are on the left side. Hence, at low 

frequencies, the impedance is resistive (RCT) and is, therefore, equal to the diameter of the Nyquist-

plot semicircle. At high frequencies, it becomes completely capacitive.  

The double layer is followed by a “diffusion” layer, where the different species are 

electrostatically attracted to the electrode surface. And the diffuse layer capacitance is dependent 

on the electrochemical potential and concentration of the electrolyte. Migration of the species in 

the bulk solution and migration and diffusion of the species in the diffusion layer lead to general 

mass transport and this mass transport is closely connected with adsorption, charge transfer, and 

double-layer formation. If the diffusion layer has an unlimited thickness in the experimental 

frequency range, the diffusion model is “semi-infinite” and is called “Warburg” element. The 

resulting Warburg impedance can be represented in the Nyquist-plot as a line with a slope of 0.5, 

while in the Bode-plot at low frequencies this element leads to a constant phase shift of -45°. In 

some cases, the charge transfer and diffusion are coupled. A typical electrochemical cell with the 

combination of kinetic and diffusion can be modeled by the solution resistance RE followed by 

double-layer capacitance CDL in parallel with charge-transfer resistance RCT and diffusion 

impedances in series (Figure 15). 

 

 

Figure 15: An equivalent circuit with kinetic and charge-transfer (A) and electrochemical impedance with a diffusion 
layer of infinite thickness (B). 
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 Based on the Nyquist-plots numerous statements can be made about the underlying material 

electrolyte system. The form of the Nyquist-plots can provide information about, for example, 

whether the impedance is dependent on a single or multiple charge transfer reactions and thus has 

several time constants [124]. For details about the relationship between impedance and the 

frequency, impedance is plotted logarithmically on the logarithmic frequency in the Bode plot, 

which also includes the plot of the phase angle Φ. At high frequencies, the impedance curve shows 

a plateau, and Φ = 0. Hence, there is no phase shift, which means that a pure resistance is present. 

Compared to the Nyquist plot the plateau at high frequencies also represents the resistance of the 

electrolyte RE. At low frequencies, a plateau can also be seen which corresponds to the charge 

transfer resistance RCT plus RE (charge-transfer). Again, the phase angle is zero. Several time 

constants lead in the Bode-plot lead to several local maxima of the phase angle [124,127]. In the 

case of charge-transfer and diffusion controlled kinetics, the low-frequency region represents the 

mass-transport limited by diffusion, while the medium frequency region is determined by the 

charge-transfer and infinite diffusion. At high frequencies, the impedance is controlled by the 

double-layer capacitance and also by the electrolyte.  If the phase angle rises -90° the system shows 

a purely capacitive response due to blocking or reflecting boundaries [128].  

 

 

2.4.6 Metal ion release of Titanium, Aluminum, and Vanadium 
 

Inductively coupled plasma optical emission spectrometry (ICP-OES) is used to determine the 

concentration of titanium, aluminum, and V after the predetermined immersion time. It is an 

analytical technique used for the detection of trace metals. It is a type of emission spectroscopy 

that uses the inductively coupled plasma to produce excited atoms and ions that emit 

electromagnetic radiation at wavelengths characteristic of a particular element. The argon gas is 

ionized in the intense electromagnetic field and flows in a particular rotationally symmetrical 

pattern towards the magnetic field of the RF coil. A stable, high-temperature plasma of about 7000 

K is then generated as the result of the inelastic collisions created between the neutral argon atoms 

and the charged particles [129]. A peristaltic pump delivers an aqueous or organic sample into an 

analytical nebulizer where it is changed into mist and introduced directly inside the plasma flame. 

The sample immediately collides with the electrons and charged ions in the plasma and is itself 

broken down into charged ions.  
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The various molecules break up into their respective atoms which then lose electrons and 

recombine repeatedly in the plasma, giving off radiation at the characteristic wavelengths of the 

elements involved. Within the optical chamber(s), after the light is separated into its different 

wavelengths (colors), the light intensity is measured with a photomultiplier tube or tubes 

physically positioned to "view" the specific wavelength(s) for each element line involved, or, in 

more modern units, the separated colors fall upon an array of semiconductor photodetectors such 

as charge coupled devices (CCDs). The intensity of each line is then compared to previously 

measured intensities of known concentrations of the elements, and their concentrations are then 

computed by interpolation along the calibration lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
Experimental part  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 Preparation of the coatings 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

3. Experimental 
 

3.1 Preparation of the coatings 
 

This section refers to the materials used in this thesis, the substrate preparation and so the 

chemical modification of the substrates. Additionally, the parameters for treatments and surface 

analytical characterization are described. The TiAl6V4 alloy (Protasul-64WF) used in this study 

was obtained from Zimmer (previously Sulzer Orthopedics Ltd., Winterthur, Switzerland). The 

rod was cut into 22 mm diameter disks with a thickness of 2 mm. The samples were mechanically 

polished with SiC paper (grid size 320) and subsequently polished with polish pads from Buehler 

GmbH, Düsseldorf to a 9 µm finish. Finally, they were cleaned in an ultrasonic bath and rinsed 

with ethanol. 

 

3.1.1. Compact oxide layer 
 

Compact oxide coatings can be grown in electrolytes that do not dissolve the oxide produced. 

For the compact oxide layer, the samples were anodized in 1M H2SO4 (Merck) in a conventional 

two-electrode setup with a Pt counter electrode, at 20 V for 20 min, to obtain a ~50 nm thick 

compact oxide film of TiO2 with a characteristic dark blue color. Anodization was carried out 

using a high-voltage potentiostat (Jaissle IMP 88-200 PC), connected to a digital multimeter 

(Keithley 2000).  

 

3.1.2. Nanostructured TiO2 particles 
 

In addition to the bare sample, TiO2 nanoparticle coated samples were prepared, following a 

route described in Zaveri et al. [130]. For the preparation of the TiO2 nanoparticle coating a 

solution was manufactured by mixing 6 g TiO2, with a particle size of ~20 nm  (Sigma-Aldrich; 

Titanium(IV) oxide nanopowder, 21 nm particle size (TEM), ≥99.5% trace metals basis), 300 µl 

Triton X100 (Sigma-Aldrich) and 200 µl acetylacetone (Sigma-Aldrich). Then the TiO2 was 

diluted with deionized water to 50 ml and ultra-sonicated for 10 min [130]. In order to coat the 

TiAl6V4 samples completely with the TiO2 particles, the spin coating process was repeated twice, 

with 2 ml of the nanoparticle solution and a rotating speed of 2500 rpm at room temperature. 
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Finally, the samples were allowed to dry in air at 100°C for 10 min at a heating plate, so the 

particles form a protective oxide film with superior adhesion to the surface.  

 

3.1.3. Calcium phosphate coatings on TiAl6V4  
 

In order to enhance the bioactivity of the surface, coatings with TiO2-NP/hydroxyapatite 

composite (HA-NP) and hydroxyapatite NP (pHA) were prepared. Clinical use of calcium 

phosphates as a bone substitute material is carried out due to the chemical similarity of the 

materials for the mineral phase of bone. For the successful preparation of different nanoparticle 

coatings (HA-NP + pHA), it is essential to prepare a solution, in which the nanosized TiO2 and 

HA particles are homogeneously dispersed. To achieve this, commercially available TiO2 and HA 

powders (Sigma-Aldrich; Titanium(IV) oxide nanopowder, 21 nm particle size (TEM), 

Hydroxyapatite nanopowder, < 200 nm particle size (BET)) were mixed with deionized water, 

Triton-X100 and acetylacetone [131]. The amount of HA and TiO2 powder was 3 g L-1. The 

solution was agitated using an ultrasonic bath for 10 min to prevent agglomeration. In order to coat 

the TiAl6V4 samples completely, the spin coating process was repeated twice, with 2 ml of the 

nanoparticle solution and a rotating speed of 2500 rpm at room temperature. Finally, the samples 

were allowed to dry in air at 100°C for 10 min on a heating plate. 

 

3.1.4. Bovine Serum Albumin (BSA) coating 
 

The BSA used in this study was obtained from Sigma-Aldrich (lyophilized powder, ≥96% 

(agarose gel electrophoresis)). The rod was also cut into 22 mm diameter disks and was ground 

with P1200 paper (Microcut, Buehler; only one side) and cleaned ultrasonically in ethanol and 

acetone for 15 min. In order to coat the samples using AC-EPD, the EPD process was shut down 

after 1800 s with 4 mg/ml BSA in MilliQ water. EPD of BSA offers an additional challenge as 

albumin is negatively charged at neutral pH (Figure 16), so the TiAl6V4 sample must act as an 

anode. In order to prevent the oxide layer formation and to minimize the electrochemistry, the 

BSA was deposited using unbalanced AC-fields (AC-EPD). In addition, the peak-to-peak 

amplitude was set to 100 V, 2 V for DC-offset and a frequency of 50 Hz. After the EPD process, 

the samples were rinsed with ethanol and dried with nitrogen gas.  
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Figure 16: Anodic electrophoretic deposition of BSA.  

 

3.1.5. Pyrrole nanostructured coatings 
 

A simple chemical synthesis procedure was used to prepare the soluble pyrrole (PPy) 

nanostructured coatings. The TiAl6V4 samples were immersed in 4 mmol PPy in 50ml ethanol at 

3°C. After 60 min a pre-cooled aqueous solution of ammonium persulfate (APS, 6 mmol in 10ml 

distilled water) was added to initiate the polymerization. The samples were then immersed for 1h 

at 3°C to decelerate the polymerization. The coated samples were afterward carefully rinsed with 

distilled water to remove undesirable residues and dried in air at 60°C for 24h. In order to observe 

a greater weight loss attributed to an exothermal reaction of the PPy with oxygen to PPy cross-

linking, the samples were annealed at 180°C for 1h [132]. In relation to accelerated CaP adsorption 

pyrrole was mixed with 11-Hydroxyundecylphosphonic acid (HUPA).  

 

 

Figure 17: Process of PPy coatings; Combining 11-Hydroxyundecylphosphonic acid (HUPA) with calcium nitrite 
hydrate to accelerate CaP adsorption. Ammonium persulfate is used to initiate the polymerization. 
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So, 4 mmol PPy and 0.5 mmol HUPA were dissolved in 50 ml ethanol at 3°C. The samples 

were immersed for 60 min and afterward a pre-cooled solution of ammonium persulfate was added 

to initiate the polymerization. After 1h at 3°C, the samples were immersed in 0.5 mmol calcium 

nitrite hydrate dissolved in 50 ml distilled water for 1h, carefully rinsed with distilled water and 

dried at room temperature for 24h. The aforementioned annealing temperature of 180°C cross-

linking the PPy is not used for further treatment. In order to compare the different pyrrole coatings 

three different reference samples were investigated (Figure 17): pure PPy, pA, and pACa. 
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3.2 Characterization of the samples 
 

Before and after immersion in DMEM, the bare and treated samples were investigated by SEM 

(Hitachi S4800 FESEM) for morphological observations and by XPS measurements to determine 

the surface chemistry by using a high-resolution X-ray photoelectron spectrometer (PHI 5600; Al 

Kα radiation (1486.6 eV; 300 W) for excitation). The binding energy of the target elements was 

determined at a pass energy of 23.5 eV, with a resolution of <0.4 eV (values measured every 

0.1 eV) and a take-off angle of 45° with respect to the surface normal. The background was 

subtracted using the Shirley method in all spectra. To obtain the molar fractions of each species, 

the peak areas of the measured XPS spectra were corrected with the photoionization cross sections 

of Scofield [133] σ and the asymmetry parameter β (orbital geometry) [134], which are contained 

in the sensitivity factors of the acquisition software (MultiPak V6.1A, 99 June 16, Copyright © 

Physical Electronics Inc., 1994-1999).  

Positive and negative static SIMS measurements were performed on ToF-SIMS spectrometer 

(ION-ToF, Münster) on five different spots on each sample. The sample investigated was 

bombarded with a pulsed 25 keV Bi3+ liquid-metal ion beam. Spectra were recorded in the high 

mass resolution mode (m/Δm > 8000 at Si and > 12000 at m/z 200). The beam was 

electrodynamically bunched down to <1.0 ns in order to increase the mass resolution and rastered 

over a 500 x 500 µm² area. Images were recorded in the high lateral resolution mode with a pulse 

length of 100 ns and nominal mass resolution after signals of interest had been assigned from the 

high mass resolution spectra. A Poisson correction was used for integration of the signal intensities 

[135]. Positive and negative ion ToF-SIMS spectra were calibrated to the CH3
+, C2H3

+, C3H5
+ 

peaks, and CNO- peaks, respectively, before further analysis. 

In addition, ATR-IR was used to study the composition of the surface layers by attenuated total 

reflection (ATR) spectroscopy (Thermo Scientific Nicolet 6700/Smart iTR) with diamond as 

special ATR-crystal over the wave number range of 500 - 4000 cm-1.  

Crystallographic features and formation of CaP were determined using X-ray diffraction 

(Phillips, X-PERT – MPD System, laterally graded multilayer mirror (for parallel beam) with fixed 

divergence slit 1/8°). The samples were also studied by AFM (NT-MDT Atomic Force Microscopy 

for Nanotechnology) to investigate the surface roughness after the coatings. The images were 

recorded in tapping mode at room temperature using Bruker Oltespa cantilevers (f=70-77 kHz, 1 

Ω/cm2 silicone).  
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After the predetermined soaking time, the concentrations of titanium, aluminum, and vanadium 

in DMEM were measured by using inductively coupled plasma optical emission spectroscopy 

(ICP-OES, Optima 5300DV, Perkin-Elmer). The detection limit depends on the element(s) being 

analyzed and the sample matrix. In the case of DMEM immersion solution the detection limit can 

be calculated as follows: Ti ~ 0.01 mg/L; Al ~ 0.018 mg/L; V ~ 0.016 mg/L. 

Electrochemical impedance spectroscopy (EIS) measurements were carried out using a 

potentiostat (AUTOLAB model PGSTAT 302N) with the conventional three-electrode system 

(Figure 18). Hence, Pt foil served as a counter electrode and an Ag/AgCl (3M KCl) electrode as a 

reference electrode. During measurements, the samples were immersed in 100 ml DMEM (DMEM 

at pH7 or DMEM at pH5; with or without FCS) heated up to 37.5°C with thermostat (Thermostat 

HAAKE F3). A sine wave with an amplitude of 10 mV was applied to the working electrode, 

polarized at the previously measured open circuit potential.  The open circuit potential was 

measured before versus the Ag/AgCl electrode (3 mol dm-3 KCl) for 30 min. The spectra were 

acquired in the frequency range of 100 kHz to 10 mHz. 

 

reference electrode
counter electode

O-ring cell
sample (anode)

Cu-plate

 
Figure 18: Electrochemical impedance spectroscopy setup with the conventional three-electrode system [136]. 
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3.3 Cell-material interaction 
 

In-vitro cell investigations were carried out in order to evaluate the biocompatibility as well as 

cytotoxicity of the aforementioned different coatings. Different cell types were used in order to 

assess the specific cell response.  

 Fibroblasts play an important role in wound healing as well as in regulating extracellular 

matrices. They are also prevalent in most tissues and organs [137]. Therefore, MEF cells (mouse 

embryonic fibroblasts) were used to evaluate the cell response with regard to different applications 

in medicine. On the other hand, the aim of this work was to find cell architecture-cell function 

dependencies of human MG-63 osteoblast-like cells (human osteosarcoma cells) on TiAl6V4. 

Attachment to the surface, as well as morphology, proliferation, and differentiation of osteoblast-

like cells was examined by short-term tests. Osteoblasts are specialized fibroblasts that secrete and 

mineralize the bone matrix [138] and play therefore an important role in in-vitro cell experiments 

for improved bone interaction and regeneration. 

 Stem cells exist in undifferentiated states with the ability to self-renew and the capability to 

differentiate into more than one type of cell. Adipose tissue is derived from embryonic mesoderm, 

so as mesenchymal stem cells, they are capable of forming bone, cartilage, and muscle. The use 

of stem cells from adipose tissue allow the simulation of tissue regrowth, repair of damaged or 

failing organs and have shown promise in the field of regenerative medicine. Therefore, adipose-

derived stem cells (ADSCs) were used to evaluate in-vitro differentiation studies up to 21 days. 

  

3.3.1 Cell viability - culture, counting, and staining  
 

The cells were grown in culture flasks containing culture medium (DMEM, containing 20% 

fetal bovine serum FCS and 1% penicillin-streptomycin) and kept at 37.5°C in an atmosphere of 

5% CO2. Passaging was done at 70% - 80% confluency every 2 – 3 days. The cells were washed 

with 6 ml PBS (phosphate buffered saline) and were detached using 3 ml trypsin solution for 3 

min and seeded in culture flasks again using 1 – 2 ml cell/medium solution and 10 ml fresh medium 

was supplied. 

In order to obtain a viable cell count from suspension, a glass hemocytometer was used. The 

hemocytometer was cleaned with alcohol and afterward moistened with water to fix the coverslip. 

100µl of cell suspension and 100µl trypan blue were gently mixed in a new Eppendorf tube.  
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Both chambers underneath the coverslip were filled by using a pipette with trypan blue/cell 

suspension allowing the suspension to be drawn out by capillary effect. By means of a microscope, 

the grid lines were focused and using a hand tally counter the live cells (live cells do not take up 

trypan blue) can be counted as follows (Figure 19). 

 

 

Figure 19: Hemocytometer with different squares. The counting can be done in the corner square or in the central 
large square, depending on the size of the cells. In this study, the central large square is used to count the cells in 
the order specified on the blue line.  

 

For the cell viability studies, the prepared or coated TiAl6V4 samples were also sterilized in a 

furnace at 160°C during 2h to remove any possible bacterial contamination. The samples used 

were round 7 mm pellets. After sterilization, the samples were transferred into a 48-well plate 

(VWR, Leuven, Germany). The cells were seeded at a density of 104 – 105 cells/well, cultured in 

DMEM supplemented with 20% FCS and 1% penicillin-streptomycin and incubated for 24h or 

48h in humidified atmosphere with 5% CO2. Afterward and to assess the viability of the seeded 

cells, live staining was performed with Calcein AM (Calcein AM, Invitrogen, USA) after 

cultivation. Calcein AM readily passes through the cell membrane of viable cells because of its 

enhanced hydrophobicity and masks the part of the molecule that chelates calcium resulting in it 

acquiring strong green fluorescence. The images of Calcein AM-stained cells were taken by means 

of a fluorescence microscope (Axio Scope.A1, Leica, Germany).  



45 Cell-material interaction 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

In order to observe and to quantify the cell number, counterstaining of the cell nuclei was 

performed and also analyzed using fluorescence microscopy. A commercially available DAPI kit 

(4′,6-diamidino-2-phenylindole (DAPI), SelectFX® , Life Technologies GmbH, Darmstadt, 

Germany) was used at 0.5 µl/ml concentration to label A-T (Adenine, Thymine) rich regions of 

DNA and allow easy visualization of the nucleus. Automatic cell counting in the fluorescence 

images was performed using the ImageJ software (version 1.51f, National Institutes of Health, 

Bethesda, MD, USA).  

 

3.3.2 Mitochondrial activity and cell adhesion after short-term cell growth 
 

The mitochondrial activity (cell vitality) was assessed using a WST-8 kit (Sigma-Aldrich, 

Germany) after 24h and 48h of cultivation. The WST reagents were filled in each well and the 

plate was incubated for 4h. Subsequently, the media of all samples were transferred to 98-well 

plate (100µl in each well) in order to prevent the influence of the cells, which were adhered to the 

surface of the samples and well-plate during cultivation. The absorbance of produced WST-8 

formazan was measured at 450nm by ELISA-Reader (Perkin Elmer, Multilabel Reader Enspire 

2300, Germany). The results were represented as optical density values (OD). 

In order to analyze the samples by means of SEM, the samples were washed with PBS after 

cultivation and the cells were fixed and dehydrated in graded ethanol series (30, 50, 70, 80, 90, 95 

and 99.8 vol.%). Afterward, the samples were critical-point dried (Leica, EM CPD 300).  

 

3.3.3 Long-term differentiation of adipose-derived stem cells 
 

For adipose-derived stem cells differentiation into osteoblasts, the cells (ADSCs, Lonza Group 

US) were seeded into tissue culture flasks for at least 1 passage prior to plating cells for assays. 

The ADSC medium (ADSC Growth BulletKit, Lonza Group US) is a serum containing medium 

designed to proliferate the stem cells in an undifferentiated state and is specifically screened to 

ensure that the serum neither promotes spontaneous differentiation nor inhibits differentiation to 

osteogenic lineages. The medium kit includes the basal medium and the necessary supplements 

for proliferation. For assays of osteogenic differentiation, the cells were seeded at recommended 

seeding density of 10.000 cells/well on the different samples and were incubated at 37.5°C, 5% 

CO2, and 90% humidity. However, the samples were pre-coated with rat tail collagen I to plating 

cells for differentiation (Sigma-Aldrich, Germany).  
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This will prevent the ADSC monolayer from peeling or delamination. Collagen is the major 

structural component of extracellular matrices found in tissues and internal organs but is most 

prevalent in bones. However, collagen I is an excellent substrate for a number of cell lines and has 

also been used in the study of growth and differentiation.  

The next day after cells have attached (~ 18-24 hours later) the ADSC growth medium was 

carefully removed and 0.3 ml osteogenic induction medium was added to each well. The induction 

medium contains additional supplements such as dexamethasone, β-glycerophosphate, and 

ascorbate for differentiation. For feeding the ADSCs, the induction medium was completely 

replaced with fresh medium every 3-4 days for 3 weeks. In order to evaluate the time-dependent 

changes in cell morphology (spindle-shaped to cuboidal shaped) during differentiation, some 

samples were used for calculating cell vitality and staining after 7 and 14 days (WST-8, Calcein 

AM and SEM images).   

For further evaluation of the cell morphology and mineralization after 21 days, the OsteoImage 

assay was used. The OsteoImage assay can quantitate the in-vitro mineralization by osteogenic 

stem cells. This assay is based on the specific binding of fluorescent staining (green fluorescence) 

to the hydroxyapatite portion deposited by the cells. Hence, the culture plate was removed from 

the incubator and allowed cooling to room temperature. After removing the media, the samples 

were washed with PBS and were fixed using FluoFix. In order to distinguish cells from mineralized 

nodules, the living cells were stained with Vybrant (red fluorescent staining) for 45 min. For 48-

well, 0.2 mL Staining Reagent were added to each well and the samples were incubated for 30 

min.  

In addition, osteoblast mineralization is marked by the formation of mineralized nodules 

composed of inorganic hydroxyapatite and organic components like collagen I. Type I collagen 

forms the fibrous framework of all connective tissues and is synthesized as procollagen. 

Procollagen consists of mature collagen with extension peptides at both the amino termini and 

carboxy termini. The release of these peptides provides a stoichiometric determination of the 

production of collagen. Hence, the MicroVue CICP EIA Kit (QUIDEL Corporation, USA) was 

used to determine the levels of C-terminals of type I collagen (CICP). CICP levels are indicative 

of collagen production and type I collagen levels have been linked to bone growth and formation. 

The assay procedure contains different steps. First, 100 µL of each standard, control and diluted 

specimen (1:12 with Assay Buffer) were added into the Assay Wells and incubated for 120 min at 

20°C. 100 µL of Rabbit anti-CICP were filled in each well for 45 min and also washed 3 times.  



47 Cell-material interaction 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

The Enzyme Conjugate was mixed with 7 mL of Wash Buffer and 10 µL were pipetted and 

incubated for further 45 min. The next step was to pipette 100 µL of Substrate Solution and allow 

to incubate for 30 min. In order to stop the assay, 50 µL Stop Solution was added and the optical 

density was read at 405 nm. For analyzation, a 4-parameter curve fit was used and the sample 

results were corrected for the dilution. 

For quantification of cell proliferation, a colorimetric immunoassay is used based on the 

measurement of BrdU incorporation during DNA synthesis (Cell Proliferation ELISA, BrdU, 

Sigma-Aldrich, Germany). This non-radioactive method is based on the incorporation of the 

pyrimidine analog BrdU instead of thymidine into the DNA of proliferating cells. After the 

incorporation into DNA, BrdU is detected by means of optical density at 450 nm. For the 

preparation of the kit working solutions, BrdU labeling reagent was diluted 1:100 with sterile 

culture medium. Anti-BrdU-POD was dissolved in 1.1 mL double dist. water and further diluted 

1:100 with antibody dilution solution. For the removal of unbound antibodies, a dilute Washing 

Buffer was used (1:10 double dist. water). After the incubation period of the cell culture, 20 

µL/well of BrdU labeling solution was added and the cells were incubated for additional 2 h at 

37°C. After removal of the labeling solution, 400 µL/well FixDenat was left for 30 min followed 

by adding 200 µL/well anti-BrdU-POD working solution and incubation for approx. For color 

development, 200 µL/well Substrate Solution was used and the culture plate was incubated for 15 

min until color change to blue is sufficient for detection. In order to stop further color development, 

25 µL of 1 M H2SO4 was pipetted to each well followed by a color change to yellow. The 

absorbance measurement was carried out within 5 min after adding the stop solution by means of 

optical density at 450 nm. 

Bone sialoprotein (BSP) is a component of mineralized tissues and therefore a significant 

component of the bone extracellular matrix. For quantitative detection of BSP in cell culture, the 

Human Bone Sialoprotein ELISA Kit was used (Abbexa Cambridge Science Park, UK). This kit 

is based on the enzyme-linked technology. Anti-BSP antibody is precoated onto 96-well plates 

and an HRP conjugated antibody specific to BSP is used to detect the antibody afterward. The 

standards, test samples, and HRP conjugate reagent are added to the wells and incubated for 30 

min. The TMB substrate is then used to visualize the HRP enzymatic reactions by means of color 

change to blue. After adding 50 µl of the acidic Stop solution to each well the color is changed to 

yellow. The intensity of the color yellow is proportional to the BSP amount and is measured at 

450 nm as optical density. 
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4. Nanostructured surfaces and their influence on corrosion behavior and 
bioactivity 

 

This main chapter concerns the influence of immersion in DMEM under long-term immersion 

tests of different nanostructured surfaces on the calcium phosphate adsorption and hence 

nucleation and growth of hydroxyapatite as well as the influence of different immersion conditions 

on the corrosion behavior of TiAl6V4. Therefore, the effect of immersion under physiological 

conditions on CaP formation compared to inflammatory conditions is investigated. In relation to 

different coatings and surface treatments used in this work, the subsections will be divided in 

surface morphology, chemical surface analysis, and electrochemical measurements. 

 

4.1 Immersion test in DMEM and influence of immersion conditions 
 

A wide variety of studies has been conducted dealing with the adaptation of in-vitro to in-vivo 

conditions. Previous studies have reported that it is possible to reproduce bonelike apatite 

formation on bioactive materials using a simulated body fluid at room temperature [139]. 

Additionally, immersion tests dealing with CaP formation in different simulated body fluids at 

37.5°C have been published. The experiments were carried out in simple saline solutions and 

simulated body fluids containing Ca2+ and PO4
3- [140–142]. In addition, the immersion solutions 

were buffered with HEPES and TRIS. These conditions lead to the formation of different surface 

morphologies and precipitations, caused by predominantly negative surface charges at pH 7. 

Hence, the hydrated surface can form Ti-phosphates due to the reaction with calcium CaP layers 

[143,144]. Depending on the type of hydroxides and pH values on the surface, acid-base reactions 

occur and enhance the formation or nucleation of apatite. The hydroxylation modifies the electric 

charge at the metal/electrolyte interface and as a result, the surface charge can affect many 

interfacial reactions, including adsorption of ions [9]. Moreover, HEPES and TRIS are not the 

body`s natural buffer system and simulated body fluids do not have the exact composition. Mandel 

et al. (2010) and Lee et al. (2011) suggested that a cell culture medium and immersion conditions 

at 37.5°C can be a better alternative to conventional simulated body fluids [145,146]. The 

requirement of 5% CO2 is adapted to human serum equilibrium and should better simulate the 

physiological conditions in-vivo. Therefore, the effect of different immersion conditions on 

corrosion and formation of calcium phosphates (CaP) on the TiAl6V4 surface were examined with 

the help of immersion tests in DMEM at room temperature, at 37.5°C and in the incubator at 

37.5°C with 5% CO2.  
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DMEM (Merck KGaA, Darmstadt, Germany) is a cell culture medium with a composition 

similar to SBF and in addition, it contains amino acids, vitamins, glucose and especially the 

inorganic salts at concentrations similar to those present in serum (Table 3).  

 
Table 3: Compositions of the DMEM cell culture medium. 

Substance Concentration 
(mg/L) 

Substance Concentration 
(mg/L) 

Glucose 1000 L-Phenylalanine 66 
Fe(NO3)3

.9H2O 0.1 L-Threonine 95 
Na-Pyruvate 110 L-Tryptophan 16 
Phenol red 15 L-Tyrosine 72 

L-Arginine-HCl 84 L-Valine 94 
L-Cystine 48 Glycine 30 

L-Glutamine 580 L-Serine 42 
L-Histidin-HCl.H2O 42 Choline chloride 4 

L-Isoleucine 106 Folic Acid 4 
L-Leucine 106 Myo-Inositol 7.2 

L-Lysine-HCl 146 Nicotinamide 4 
Riboflavin 0.4 D-Ca-Pantothenate 4 

Thiamin-HCl 4 Pyridoxal-HCl 4 
L-Methionine 30   

 
 
The samples were placed in a crystallizing dish together with 50 ml of DMEM and were 

removed after 24h, 14 days and 28 days, thoroughly washed with distilled water, and dried with 

nitrogen gas. The temperature of the DMEM was incubated at 37.5°C under humidified 

atmosphere of 95 % air and 5 % CO2. In the case of immersion tests at room temperature and 

37.5°C, the samples were exposed to laboratory air and in the furnace, without adding 5% CO2. In 

order to prevent the solution evaporation, to the greatest possible extent, during the 1-week period 

of solution change, the samples were covered with aluminum foil. During immersion, the pH was 

measured with a pH meter (PCE-228, PCE instruments) up to 60 h. In addition, the pH 

measurements were carried out without TiAl6V4 samples as a reference to compare them with and 

without immersed samples. The surface morphology was investigated by scanning electron 

microscopy (Hitachi S4800 FESEM). By means of XPS measurements (PHI 5600) surface, 

chemistry and calcium phosphate adsorption were determined. Furthermore, X-ray diffraction and 

ATR-IR were used to study the composition of the surface layer by attenuated total reflection 

(ATR) spectroscopy (Thermo Scientific Nicolet 6700/Smart iTR). 

 
The following section has been published in reference [147] by the author of this thesis. 
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4.1.1 Effect of different immersion conditions on pH and surface net charge 
 

In relation to the different immersion conditions at room temperature, 37.5°C and in the 

incubator at 37.5°C with the constant CO2 content of 5% followed by the effect of surface charge 

on CaP formation the pH of the DMEM solution was measured for 60 hours. Firstly, without the 

immersion of TiAl6V4 samples as reference data, and also with the samples in order to investigate 

the influence of the surface reactions on the pH value. During the measurements, the solution 

evaporation and therefore the decrease in the solution volume was not significant when observed 

during 1-week exposure (before solution change); therefore, we do not consider the slight increase 

in ion concentration of the DMEM as a function of immersion time. In comparison, the immersion 

solution without TiAl6V4 samples in Figure 20 (A) only shows a slight increase of the pH value 

to 8.5 at RT and 37.5°C. With the addition of CO2, the value does not exceed 8.0 within the first 

60 hours. What is noteworthy is the major difference between the conditions with and without an 

addition of 5 % CO2 in the case of DMEM with TiAl6V4 samples in Figure 20 (B). There is a 

significant increase in the pH value to almost 10 without CO2. With CO2 the curve does not change 

significantly, so that the constant CO2 content leads, even by the surface reactivity of TiAl6V4 

such as the formation of hydroxide ions, to a slight increase.  

In the DMEM solution HCO3
-/CO2 are compared to HEPES and TRIS a more physiological 

buffer system; the equilibrium of the pH depends on the CO2-content in solution. Due to the CO2 

content in solution, the DMEM forms carbonic acid or H2CO3, which is in equilibrium with 

bicarbonate (HCO3
-) and hydrogen ions (H+). A change in the concentration (outgassing CO2 or 

not) of the reactants on either side of the equation affects the subsequent direction of the reaction. 

Therefore, a decreased CO2 content leads to the formation of CO2 from HCO3
- and in addition to 

further protons. Hence, the number of protons is reduced and the pH value increases. The 

hydroxide ion can bind to the metal cations to form acid/basic complexes depending on the 

material used and bonding state. These complexes lead, depending on the pH value of the 

electrolyte, to a negative ([M-O]- + H3O+) or a positive surface charge ([M-OH2]+ + OH-) 

[23,148,149]. 
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Figure 20: Measurement of the DMEM pH values as a function of immersion time; compared are RT, 37.5°C and 
37.5°C + CO2 without (A) and with (B) TiAl6V4 samples. The pH of the solution will influence the overall charge and 
hence interaction of the surface with charged ions contained in the fluid.  

 

A pH increase up to pH 9 leads to a more negative surface termination of the samples immersed 

at RT and at 37.5°C. At lower pH values (CO2 content) the system is more in balance (Figure 21). 

The resulting surface charge at the metal surface at higher pH values leads to electrostatic 

interactions of the Ca2+ with the negatively-charged surface [150] followed by the replacement of 

the basic hydroxides with phosphate forming H2PO4
- and HPO4

2- complexes. The nucleation and 

formation of CaHPO4 is now possible [22,151,152]. The Ca2+ ions can also change the surface 

charge at the oxide/electrolyte interface due to the adsorption and induce a rise of the isoelectric 

point (for TiO2 at pH 6.5) [9,24]. The IEP (isoelectric point) represents the pH with zero net charges 

of the surface and equivalent concentration of negative and positive ions and can be explained by 

these two mechanisms of acidic and basic reactions [24]. In addition, the physicochemical reaction 

of the calcium ions to adsorb on the metal surface can also modify the net surface charge and the 

IEP can be changed followed by the effect on the electrochemical double layer. The composition 

of this double layer depends on the cations and anions, and consequently on the concentration of 

the species in the physiological solution [9,22].  
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Figure 21: Change in contamination level depending on immersion conditions and pH values; [Ti-O] - and [Ti-OH2] + 
describe the acidic and basic reactions on the metal surface depending on the pH values. Immersion at 5% CO2 leads 
to a zero or slightly negative net charge. Increasing the pH during immersion at RT and 37.5°C leads to negative 
overall surface charge and increasing adsorption of ions[147]. 

 

4.1.2 Chemical surface analysis and CaP formation 
 

In relation to the aforementioned influence of the immersion conditions and hence the formation 

of acidic and basic complexes, the surface characteristics were also studied by XPS analysis. For 

the XPS high-resolution spectra, the samples were immersed for a maximum of one hour in order 

to minimize further surface modification during immersion. In order to study the influence of pH 

on the formation of acidic and basic hydroxyl complexes the O1s spectra and the deconvoluted 

peaks fitted using the Gaussian fitting method were investigated.  

So Figure 22 show the surface characteristics of TiAl6V4 after immersion in DMEM at RT (A), 

37.5°C (B) and incubated at 37.5°C with 5% CO2 (C). The revealed peaks at 529 or 530 eV can 

be attributed to oxygen of the surface oxide layer of TiO2 (Ti–O) [153–155]. Surface acidic and 

basic hydroxyl groups (531 and 532 eV) are bound to two surface titanium atoms, whereas the 

basic OH (532 or 534 eV) is bound to one surface titanium atom [156–158]. Immersion at RT and 

37.5°C (exposed to air) show more [Ti-O]- groups on the surface resulting in a more negative net 

surface charge and accelerated adsorption of calcium. On the other hand, immersion at 37.5°C and 

constant CO2 content favors formation of relatively equal amounts of  – [Ti-O]-  and – [Ti-OH2]+ 

complexes. Hence, the XPS results confirm to the aforementioned influence of pH on the surface 

termination and consequently surface charge. 
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Figure 22: XPS measurements and fitting curves of the TiAl6V4 samples immersed in DMEM at RT (A), 37.5°C (B) 
and at 37.5°C with the additional CO2 content of 5 % (C). The samples were immersed for 24h and show the 
concentration of the different charged and uncharged hydroxyl-related species at the oxide surface. -OHa and -OHb 
denote acidic and basic hydroxyl groups. Immersion at RT and 37.5°C leads to negative overall surface charge, while 
at 37.5°C + CO2 the surface charge is close to the IEP and a net charge of zero. 

 

In addition to the O1s signal, other surface-specific elements were also detected, including 

titanium, phosphorus, and calcium. The atomic concentrations of the different elements are 

compared for samples immersed for 24 hours in DMEM under simulated physiological immersion 

conditions. The untreated sample (TiAl6V4) in Figure 23 (A), as expected, has no atomic 

concentrations of the elements phosphorus and calcium, while the oxygen content is very high. 

However, after immersion at RT and 37.5°C and therefore in the absence of CO2, the atomic 

concentration shows a very strong increase in the elements Ca and P, while the Ti2p signal 

decreases due to the presence of an additional CaP cover layer. On the other hand, immersion at 

37.5°C in presence of 5 % CO2 leads to minor amounts of Ca and P detected on the surface. Hence, 

the pH-induced surface charge plays a crucial role in the adsorption/precipitation of CaP on the 

TiAl6V4 surface.  
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Figure 23: Atomic concentration of O, Ti, Ca and P after 24 h in DMEM as obtained by XPS (A). The control TiAl6V4 
alloy and samples after immersion at RT, 37.5°C, and 37.5°C + CO2 are shown. In addition, ATR-IR extinctions over 
the wavenumber cm-1  are shown in (B); the ATR-IR results show a TiAl6V4 alloy in DMEM after 28 days at 37.5 ° C 
and 5 % CO2 (blue line) and after 28 days in DMEM exposed to air at 37.5 ° C (black line). 

 

Precipitation of nano-crystalline CaP can also be observed in the ATR-IR results. A recent study 

by Faure et al. (2009) also supports this observation; after incubation in DMEM, the apatite nuclei 

are formed to improve the bone-bonding and therefore, the crystal growth can be started by the 

adsorption of calcium and phosphorus ions from the solution [159]. Bands of the O–H stretching 

and bending of H2O are seen at 3440 and 1649 cm-1. The presence of carbonate groups is confirmed 

by the bands at 1490–1420 and 875 cm-1. PO4 bands are recorded at 1045 and 1096 cm-1 [160–

162]. Again, much stronger signals of PO4
3- and CO3

2- are found when immersion was carried out 

in DMEM exposed to air (Figure 23 (B)). 

The accelerated CaP formation during immersion at RT and 37.5°C can also be seen in the SEM 

images in Figure 24.  The attachment of calcium phosphate onto the surface after 28 days at 37.5°C 

without CO2 and at RT (Figure 24 (A and B)) formed a significant uniform surface coverage; this 

again can be explained by the influence of the increase in the pH value of the solution and the 

subsequent change in surface charge, promoting adsorption/precipitation of CaP on the surface. 

The cracks in Figure 24 (B) can be explained by dehydration during SEM imaging due to building 

the vacuum as well as during desiccation processes after immersion. In DMEM solution exposed 

to CO2 (incubator), the surface of TiAl6V4 is covered within the first 14 days of immersion only 

with scattered and insular textured calcium phosphate particles in the size of several nanometers. 

Even after 28 days of immersion at 5% CO2 content, there is no significant increase in adsorption. 

Additional information on the composition of the precipitates was obtained after 28 days of 

immersion in DMEM at RT and 37.5°C.  
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Figure 24: Scanning electron microscopic overview images of the samples immersed in DMEM under different 
immersion conditions. After 28 days at RT (A), 37.5°C (B) and after 14 days and 28 days in DMEM at 37.5°C and a 
CO2 content of 5 % (C and D). The CaP formation is accelerated at RT and 37.5°C compared to 37.5°C + CO2 due 
to differences in surface charge and interaction with charged ions contained in the DMEM cell culture medium. 
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Figure 25: XRD patterns for the precipitates after 28 days immersion in DMEM at RT (black line) and 37.5°C (blue 
line); the additional layer formed during immersion consists of hydroxyapatite and TiO2. After immersion at 
37.5°C + CO2, the characteristic apatite signals were not observed.  

 
The XRD profiles of the samples display an apatite phase (Figure 25) of hydroxyapatite. From 

this and the aforementioned XPS results, the total Ca/P ratio of the calcium phosphate phase was 

in the range of  0.93 (CO2) < 1.67 (RT) < 1.71 (37.5°C) indicating the formation of crystalline 

calcium phosphate layers [163,164]. These Ca/P ratios corresponded to dicalcium phosphate and 

hydroxyapatite as already shown in Table 2. Consequently, immersion conditions at RT and 
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37.5°C accelerate the CaP adsorption and formation of a compact layer due to negative surface net 

charges as well as affecting the CaP crystallinity to form hydroxyapatite during 24 h of immersion. 

 

4.1.3 Electrochemical impedance spectroscopy and effect of surface charge 
 

 Figure 26 depicts the variation of the impedance with immersion conditions of bare TiAl6V4 

and after immersion in DMEM for 24 h. In general, the electrochemical interface and the corrosion 

resistance of oxide-covered metals are related to the barrier properties of the oxide film. Typically, 

the oxide film on a passive material, like TiAl6V4, consists of an inner layer which is compact 

and comprises barrier properties, and an outer layer which is porous [165–168]. From 

Figure 26 (B), the phase angle of bare TiAl6V4 and the samples after immersion in DMEM for 

24h in the incubator was near -80°. At intermediate frequencies, the phase angle remains constant, 

indicating a capacitive response and a single thin passive oxide film on the surface. In contrast, for 

the samples immersed in DMEM exposed to air, two time-constants in the impedance spectra can 

be seen.  

 
 

 

 

 

 

 

          

           

Figure 26: Electrochemical measurements; Bode plots of TiAl6V4 after 24 h in DMEM at RT and 37.5°C (A) and with 5 % CO2 
(B) compared to the control TiAl6V4 alloy. Accelerated formation of the inner compact layer and outer porous layer in the case 
of RT and 37.5°C. 

 
A similar behavior is observed for immersion at RT and 37.5°C. The two distinct capacitive 

behaviors indicate the formation of a new layer, in addition to the first barrier layer (passive film) 

at the surface. The Bode plots, therefore, indicate that the film formed on the more negatively 

charged surface - due to the different exposure conditions - exhibits a two-layer structure 

composed of a dense inner layer and a porous outer layer.  
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Therefore, the impedance spectra demonstrated the different nature of surface layers formed in 

DMEM in the absence or presence of constant CO2 content in the surroundings. 

 

4.1.4 Summary – Effect of pH on surface net charge 
 

Various immersion conditions were investigated including immersion tests at RT, 37.5°C as 

well as 37.5°C with the constant CO2 content of 5% in the incubator compared to the control 

TiAl6V4 alloy without immersion. 

It was shown that at RT and 37.5°C the pH values of DMEM solution are significantly increased 

compared to the presence of CO2. Due to the pH increase during the first 60 h (Figure 20) in the 

case of exposure to air, the surface net charge of the TiAl6V4 alloy was changed to negative values 

which result in an accelerated CaP formation. More [Ti-O]- species were detected on the surface 

while immersion under CO2 content favors formation of relatively equal amounts of [Ti-O]- and 

[Ti-OH2]+
 complexes. In addition, it was found that samples exposed to air showed significantly 

higher calcium and phosphorus concentrations indicating the formation of hydroxyapatite and this 

correlates well with the XRD patterns. The influence of different immersion conditions and surface 

charge was also examined with impedance spectroscopy. The Bode plots indicate the formation of 

a new porous layer after 24h immersion at RT and 37.5°C while the samples immersed in the 

incubator showed a capacitive response and therefore a single thin oxide film. Consequently, the 

choice of immersion conditions is important for in-vitro experiments and adjustment of in-vitro to 

in-vivo conditions. 
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4.2 Effect of physiological pH and inflammatory conditions on TiAl6V4 
 

Following the implantation of an orthopedic device, macrophages and neutrophils secrete high 

reactive species in the tissue and surrounding area. These inflammatory reactions are provoked 

due to the implantation procedure as well as the physical presence of the implanted material 

[169,170]. Hence, these bacteria or inflammatory cells, in general, release superoxide and 

hydrogen peroxide into the extracellular environment as a defense against foreign bodies 

[14,25,27]. In addition, in the context of wound healing the pH decreases to pH 5 and after two 

weeks will shift back to normal physiological values. This process can be divided into three stages: 

in stage I a pH value of 5.7 is dominant, while in stage II and III of wound healing values of 6.9 

and 7.6 are prevalent [171]. For this reason, and to investigate the detailed process of CaP 

deposition also under inflammatory immersion conditions after implantation, the immersion 

solution was simulated by the addition of H2O2 (37%, Sigma-Aldrich) to reach 150 mM peroxide 

concentrations. In this case, the pH of the final solution was adjusted to 5, simulating the pH during 

an inflammatory process, by adding a few drops of a 1 M HCl solution. After two weeks, the 

DMEM/H2O2 solutions were replaced by fresh DMEM (pH 7.4), which would correspond to the 

end of the inflammatory response, and the experiments were continued. After immersion, the 

samples were also washed with distilled water and dried with nitrogen gas. During immersion, the 

pH value in solution was also measured with a pH meter (PCE-228, PCE instruments) to keep the 

pH constant and the DMEM was refreshed every 7 days. In relation to the comparison of 

physiological pH and immersion under inflammatory reactions immersion experiments were 

investigated under both conditions for both the untreated and anodized samples in order to 

determine the differences in CaP formation, surface composition, and metal ion release. The 

samples were immersed at different times for three months in the incubator at 37.5°C and 5% CO2 

to adjust the immersion conditions as investigated before. In addition to the different immersion 

times, the pH was changed in the first 14 days due to inflammatory conditions and also compared 

with the results at physiological pH values. Anodized samples were investigated because of the 

good biocompatibility of the compact TiO2 and typical field of application in the medicine.  

 

The following section has been published in reference [172] by the author of this thesis. 
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4.2.1 Surface morphology under physiological and inflammatory conditions 
 

The surface morphology of the different samples after immersion at pH 7 in DMEM was 

characterized with SEM. The morphology was recorded after 14 days and 90 days and compared 

among each other. The SEM overview of the bare TiAl6V4 and anodized surface can be seen in 

Figure 27. The images (A and C) show the samples after immersion for 14 days while the images 

(B and D) were recorded after 90 days in DMEM. After 14 days immersion for both samples, the 

surface is not yet covered completely (Figure 27 (A)). Only some precipitation spots can be seen 

for the bare alloy. In the case of the anodized sample, the white precipitations are residues from 

the anodization and not instead CaP. As well as the bare surface the anodized surface shows a 

compact dense covering layer after three months. The chemical composition will be discussed 

later.  

 

 

Figure 27: SEM images of TiAl6V4 immersed in DMEM at pH value of 7 after 14 days (A) and after 90 days (B). 
(C and D) show the surface after anodization for 20 min at 20V also immersed in DMEM for 14 days and 90 days. 
After long-term immersion, compact and dense CaP layers are observed. 

 
Under acidified, H2O2-containing DMEM (simulating inflammatory conditions) the SEM 

images of the bare and anodized samples in Figure 28 after 14 days (A and C) and after 90 days 

(B and D) show the dissolution or etching of the polished surface and TiO2 oxide layer. In the case 

of immersion under inflammatory conditions, the pH was changed after 14 days (end of 
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inflammatory reactions) from pH 5 to physiological pH 7. Hence, the samples were immersed in 

the first two weeks at pH 5 + H2O2 and then under normal conditions at pH 7 up to three months. 

In particular, selective etching of the β-phase and phase boundaries is observed. After 90 days 

immersion, the bare alloy in Figure 28 (B) shows the formation of a compact layer compared to 

the anodized sample. These significant differences in CaP formation after 90 days can be explained 

by the reduction of Ti4+ and complex formation of TiO2. Hence, the surface composition and 

reactivity are significantly modified.  

 

 

Figure 28: SEM images of the bare (A and B) and anodized (C and D) samples after 14 days and 90 days in DMEM 
at a pH value of 5 + 150mM H2O2. Selective etching of the V-rich β-phase and dissolution of the anodized oxide layer 
is observed after 14 days. Longer immersion times of up to 90 days lead to the formation of CaP layer in the case of 
the bare alloy, while there is no additional CaP layer observed for the anodized samples.  

 
On the on hand, the TiO2-H2O2 interaction has been widely studied in the literature to form 

soluble Ti-complexes (mentioned below) [25,172–174]. On the other hand, the composition of the 

spontaneously formed TiO2 layer is rutile, while in the case of anodization the structure is 

amorphous. Hydrogen peroxide leads to localized corrosion and selective etching of the phase 

boundaries between the aluminum rich α-phase and V-rich β-phase as well as the phase itself. The 

chemical composition of the oxide on the two phases is significantly different. The passive film 

on the α-phase contains TiO2 and amounts of Al-oxide while the passive film on the β-phase 

consists of almost pure TiO2 [175]. Hence, the etching of TiO2 and the β-phase is described by the 

formation and dissolution of Ti-complexes [176]. Reaction (10) - (12) describe the dissociation of 

A) B) 
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the hydrogen peroxide to form the unstable perhydroxyl ion and the reaction with titanium to the 

meta-stable and soluble titanium peroxide complex, (Ti[OH]2O2) [177].  

 

                              H2O2 + OH- → HOO- + H2O                                                               (10) 

                              TiO2x(H2O) + HOO- → (Ti[OH]2O2)ads + (x-1)H2O + OH-                       (11) 

                              (Ti[OH]2O2)ads + HOO- → HTiO3
- + H2O + O2                                                                       (12) 

 
Hence, as the TiO2 rutile layer forms and is also dissolved on the β-phase, the remaining reactive 

Ti-OH sites (negatively charged) act as nucleation sites for calcium interaction (positively 

charged). This Ca2+ on the surface then interacts with phosphate groups to form CaP. In contrast, 

the reason for increased dissolution and decreased CaP formation on the aforementioned pure 

amorphous oxide layer (Figure 28 (C) and (D)) is the dissolution of the oxide layer more easily 

and may also be reduction of the Ti(IV)O2 surface so that hydroxyl, peroxide, superoxide, oxygen 

and/or water are chemically bound. There are only a few reactive sites and therefore the surface 

free energy is lowered after H2O2 exposure. The surface becomes unreactive.  

It is necessary to understand how the aggressive environment created by inflammation impacts 

the metal ion release of the TiAl6V4 alloy. Furthermore, it is important to determine if the 

dissolution of the oxide layer, as well as V-rich β-phase, affects the electrochemical properties and 

CaP formation. The ability to understand the corrosion processes and phosphate adsorption is 

assessed using electrochemical impedance spectroscopy (EIS), inductively coupled plasma 

spectroscopy (ICP-OES) to quantify the metal ions released to immersion solution and X-ray 

electron spectroscopy (XPS) to examine the chemical composition of the surface. 

 

4.2.2 Chemical composition of the surface and metal ion release 
 

In order to clarify the composition of the surface and CaP formation, the atomic concentration 

of titanium, calcium, and phosphorus was calculated with XPS. Therefore, the relative sensitivity 

factor (RSF) was determined and used to scale the measured peak areas so that variations in the 

peak areas are representative of the amount of the material at the metal surface. The atomic 

concentration of Ti, Ca and P after the different immersion times at the physiological pH of 7 is 

shown in Figure 29 for the bare and anodized samples.  
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The control TiAl6V4 alloy without immersion, Figure 29 (A and B), shows, as expected, no 

atomic concentrations of phosphorus and calcium.  

Ti2p P2p Ca2p
0

10

20

30

 

 

A
to

m
ic

 C
on

ce
nt

ra
tio

n 
(%

)

 TiAl6V4_pH7
 TiAl6V4_1d_pH7
 TiAl6V4_28d_pH7
 TiAl6V4_60d_pH7
 TiAl6V4_90d_pH7

A) B)

Ti2p P2p Ca2p
0

10

20

30

 

 

A
to

m
ic

 C
on

ce
nt

ra
tio

n 
(%

)

 Anod_pH7
 Anod_1d_pH7
 Anod_28d_pH7
 Anod_60d_pH7
 Anod_90d_pH7

  
 

Figure 29: Atomic concentrations of Ti, Ca and P after different immersion times at physiological pH 7 in DMEM 
cell culture medium as obtained by XPS; TiAl6V4 (A) and after anodization at 20 V for 20 min (B) compared to the 
control sample without immersion. 
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Figure 30: Atomic concentrations of Ti, Ca and P after different immersion times at pH values of 5 and additional 
H2O2 in DMEM cell culture medium as obtained by XPS; TiAl6V4 (A) and after anodization at 20 V for 20 min (B) 
compared to the control sample without immersion. 

 

The time-dependence of the CaP formation on the surface is straightforward for the polished 

and anodized samples. During immersion, there is an increase in the concentration of Ca and P, 

while the Ti signal decreases due to the formation of an additional CaP layer. Even after longer 

immersion times the atomic concentration increases constantly and compared to the anodized 

samples the adsorption is accelerated for the bare TiAl6V4 alloy.  
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The very high Ti2p concentration for the control sample, Figure 29 (B), is explained by the 

formation of an approximately 50 nm thick amorphous TiO2 oxide layer during anodization. In 

addition to the measurements at pH 7, the samples immersed under inflammatory conditions and 

in presence of H2O2 were also analyzed (Figure 30). The CaP formation is delayed, while the 

titanium concentration decreases significantly due to the aforementioned dissolution processes 

during inflammation.   

After the predetermined immersion time, the concentrations of metal ion release of titanium, 

aluminum, and vanadium were measured in the DMEM solution. The quantities of titanium release 

are shown in Figure 31. In relation to the different effects of immersion conditions the ion 

concentrations of the samples immersed at pH 7 and pH 5 + H2O2 are compared for the different 

treatments. For the polished and anodized samples, the concentrations of titanium at pH 7 are 

markedly lower compared to the inflammatory conditions and can be explained by the aggressive 

dissolution and etching of the metal surface and oxide layer. Clearly, the anodic oxide layer 

dissolved during 7 days, while after 14 days the quantities decreases continuously due to the pH 

change to 7. A comparison of both immersion conditions (pH 7 and pH 5) indicates that the oxide 

layer is more protective and even less Ti release takes place than for the polished TiAl6V4 surface.  

The concentration of aluminum ions released in the immersion solution as a function of 

immersion shows that the Al release is noteworthy higher at pH 5 compared to pH 7. However, 

the release decreases with time at pH 5 whereas, at pH 7, Al release increases with longer 

immersion times for both surface treatments. This might be due to the different composition of the 

passive or oxide layer, especially the amount of Al-oxide on the α-phase formed at pH 5 or pH 7. 

Aluminum oxide itself shows limited corrosion resistance in the presence of Cl- ions in contact 

with the human body. So a significant Al release can be observed for 60 days and 90 days 

immersion in DMEM at pH 7 [9]. Selective aluminum ion release and the diffusion from the thin 

native oxide film may be the reason for the small aluminum release at pH 5.  

The concentration of V is compared to Ti and Al lower for all surface treatments. As mentioned 

before, the oxide layer also contains, in addition to TiO2, Al2O3 and V oxides, like VO2, V2O4, and 

V2O5. In relation to the composition of the oxide layer Al is mainly present in the outer region, 

while V are closer to the bulk material. And this is related to the low V release after immersion at 

pH 7 [9]. The V release also shows a more constant release at pH 7. After immersion at pH 5, the 

V concentration in the solution is higher and can be explained by the dissolution and etching of 

the β-phase in the presence of H2O2. For the anodized samples, the concentration is lower and can 

be explained by the aforementioned composition of the oxide layer.  
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V oxides are closer to the bulk material, so the dissolution of the anodized layer leads to a higher 

ion release of Ti and Al, while V is released very constantly even after the amorphous oxide layer 

is completely dissolved. 
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Figure 31: Quantity of Ti, Al and V released from the bare and anodized TiAl6V4 alloy after immersion in DMEM at 
37 °C and 5% CO2 at pH 7 and pH 5: Ti release of the bare alloy at pH 7 and pH 5 (A), Ti release after anodization 
(B). Al release for the bare TiAl6V4 alloy in (C) and Al release for the anodized samples in (D). (E and F) show the 
V ion release into solution during immersion. 
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4.2.3 Electrochemical impedance spectroscopy (EIS) 
 

In order to obtain information about the effect on corrosion resistance and layer formation, 

electrochemical impedance measurements were performed. The impedance spectra of the different 

surface treatments are presented as Bode plots in Figure 32 after immersion in DMEM at pH 7 and 

pH 5. To see the effect after long-term immersion tests, only some immersion times were plotted 

and compared. For each treatment, the impedance was measured three times and the representative 

curve progression can be seen. In the Bode magnitude plot in Figure 32 (A) (polished TiAl6V4) 

the samples show the same impedance values up to 60 days at pH 7, indicating the same high 

corrosion resistance in the first two months. The high phase angle of almost -90° at intermediate 

frequencies is explained by the presence of a single thin compact oxide film and a barrier layer 

formed on the surface [168,178–180]. After three months, a second time constant can be seen by 

the increase in impedance in the high-frequency range, the phase angle shift and the second phase 

angle peak at -40°. This can be explained by the formation of a new additional layer after 

immersion of 90 days [168]. The EIS spectrum of the anodized samples indicates that the anodic 

oxide layer is composed of a bi-layered oxide with a porous outer layer and there is no significant 

change in the corrosion behavior after long-term immersion.  
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Figure 32: Electrochemical measurements of the bare and anodized TiAl6V4 alloy immersed in DMEM cell culture 
medium. The corrosion behavior was investigated at physiological pH 7 and 37.5°C during measurement. Bode plots 
of TiAl6V4 (A) and after anodization (B) after different immersion times. 

 

 The impedance data after immersion under inflammatory conditions is shown in Figure 33. For 

the polished TiAl6V4, the data also shows the typical behavior of a thin passive oxide film formed 

on the surface. After 60 days there is a significant decrease in the impedance values in the low-

frequency range due to the decrease in corrosion resistance and even after three months there is no 
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additional time constant and therefore no formation of a new layer. Consistent with the findings 

from the surface analysis and SEM images the decrease in pH leads to the dissolution and etching 

of the surface and time-delayed formation of an outer CaP layer. The EIS data after anodization in 

Figure 33 (B) exhibit a similar decrease in the impedance after 1-day immersion and particularly 

noteworthy is the shift of the spectra to lower frequencies, indicating changes in the interfacial 

capacitance. Hence, after long-term immersion up to 90 days the corrosion behavior is comparable 

to the bulk TiAl6V4 and shows a large range with phase angles approximately to -90° at low 

frequencies. This is also consistent with the SEM images showing the complete dissolution of the 

anodized oxide layer after three months of immersion under inflammatory conditions.  
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Figure 33: Electrochemical measurements of the bare and anodized TiAl6V4 alloy immersed in DMEM cell culture 
medium under inflammatory conditions. The corrosion behavior was investigated at pH 5 + 150 mM H2O2 and 37.5°C 
during measurement. Bode plots of TiAl6V4 (A) and after anodization (B) after different immersion times. 

 

4.2.4 Summary – Immersion at pH 7 and pH 5 
 

Investigations of immersion tests at physiological pH values and under inflammatory conditions 

at pH 5 and in addition of H2O2 were carried out with anodized and polished TiAl6V4 samples. In 

relation to the release of superoxide during wound healing hydrogen peroxide is dissociated to 

form the unstable perhydroxyl ions followed by reaction with titanium to the meta-stable and 

soluble titanium peroxide complex, (Ti[OH]2O2). Therefore, immersion at pH 5 leads to the 

selective dissolution of the V-rich β–phase (polished) and dissolution of the anodized oxide layer 

compared to pH 7. The electrochemical results showed enhanced corrosion under physiological 

pH values, while during exposure to inflammatory conditions the bare and anodized TiAl6V4 alloy 

showed increased corrosion rates and etched surface morphology.  
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The inflammatory conditions also indicate modified surface oxides and aggressive localized 

corrosion. Hence, the corrosion characteristics of TiAl6V4 were influenced by the role of 

dissolution processes followed by increased metal ion release. 
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4.3 TiO2- NP coated TiAl6V4 in DMEM 
 

To further improve the biological response to the surface of the implanted material, various 

surface modification technologies have been developed. Mechanical treatments such as grinding 

as well as polishing produce specific surface topographies and improve the biological 

performance. Chemical surface treatments include the improvement of the wear resistance, 

corrosion resistance as well as biological cell and tissue response [2,181,182]. Surface 

modification in the nanoscale promote the control of the human body´s reactions and have an effect 

on the surface reactivity and ionic or biomolecular interactions [87,183,184]. Inorganic 

nanoparticles are very promising as a means to generate larger superstructures. Such nanoparticles 

can be prepared from different materials and by simple methods [185]. The dimension of the 

particles can, therefore, be controlled during the preparation process from one to about several 

hundred nanometers. The properties of inorganic nanoparticles are significantly different from 

those of the bulk material. Due to an increased surface to volume ratio, the chemical reactivity to 

adsorb ions or biomacromolecules such as proteins can be increased [186]. In addition, insoluble 

nanoparticles can be used for corrosion protection since they have several advantages, notable 

resistance to pH changes and solvent conditions as in the case of inflammatory immersion 

conditions.  

So in this section, a nanostructured coating of TiO2-NP was investigated and compared with 

both the bare TiAl6V4 surface and after anodization in order to determine the differences in CaP 

formation, surface composition, and metal ion release after immersion in DMEM at pH 7 and 

under inflammatory conditions. In addition, to accelerate the CaP adsorption a hydroxyapatite-

incorporated TiO2-NP coating was also investigated. The HA is expected to enhance the 

bioactivity and osteoconductivity. The phase and morphology of the coating were characterized. 

The biological performance was investigated in relation to further CaP adsorption, and the 

corrosion resistance of the samples was examined. 

 

The following section has been published in reference [131,172] by the author of this thesis. 
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4.3.1  Surface morphology and roughness of the TiO2-NP coatings 
 

The increased interfacial area between the implanted material and the bone results in a 

decreased movement of the implant (biological fixation). On the other hand, an increased surface 

area can facilitate corrosion of the implant material and loss of metal ions into the surrounding 

area, which may cause a variety of medical problems. These potential problems can be reduced by 

using a bioactive ceramic material such as hydroxyapatite (HA) as a coating on the porous material 

or, as described in this work, as incorporated nanoparticles.  

Images from the cross section of the TiO2-NP and HA-incorporated coatings were taken to 

determine the particle size, distribution, and layer thickness. From Figure 34 (A) it can be seen 

that for the TiO2-NP a homogeneous layer of several hundred nanometers can be reached by a 

spin-coating process. The layer thickness of the HA-NP sample in Figure 34 (B) is significantly 

thicker by up to 1µm, while the included particle size is approximately ~700 nm. However, both 

layers show an explicit porosity for bone ingrowth. All adhesive interactions among macroscopic 

or colloidal and inorganic particles are mediated by physicochemical interactions. There are only 

a few basic forces including van-der-Waals forces, electrostatic interaction and hydrogen bonding 

in nature able to exert these interactions. All other forces are direct or indirect corollaries of these 

basic forces.  

 

 

Figure 34: SEM cross sections: The thickness of the TiO2-NP coating (A) is very smooth and calculated to ~ 500 – 
700 nm; in contrast, the HA-NP coating (B) is more varied and the layer thickness is calculated to ~ 1.145 µm, while 
the included particles are ~ 700 nm in size. 
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In addition, the surface roughness of the TiO2-NP coating was measured compared to the 

polished bulk material. Due to the significant differences in size of the particles in the case of HA-

NP, only the TiO2-NP layer was measured with AFM (Atomic Force Microscopy). Figure 35 (A) 

shows a topographical image of the layer, while (B) show the phase-contrast image. The phase-

contrast image shows more details about the rough surface because the nanoparticles have no clear 

differentiated boundaries. The images (C and D) were 3D pictures with a size of 2 µm x 2 µm. 

After calculation, the bare TiAl6V4 has a surface roughness Ra in the range of 4.86 nm and 47.7 

nm, depending on the imaging size. The NP coating show, as expected, an increase in surface 

roughness in the range of 36.5 nm up to 76.7 nm.  Hence, the differences in surface topography 

such as roughness can affect the adsorption of proteins [187,188],  influencing cell attachment and 

adhesion [73,189] and will be discussed in section 5. 

 

 
Figure 35: AFM images of the TiO2-NP layer (A and B); compared to the polished bare alloy (C) the TiO2-NP coating 
show an increased surface roughness (B). AFM images of the HA layer was not possible due to the huge difference 
in the size of the smaller and larger particles. 
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Auger Electron Spectroscopy (AES) in Figure 36 shows the evolution of Auger spectra of the 

HA coating at area 1 (A), area 2 (B), area 3 (C) and area 4 (D). Area 4 showed the Auger spectra 

separated from bigger particles, while area 1-3 corresponds to measurements on top. The Auger 

spectral sequence indicates that Ca is augmented (Figure 36 (A - C)), the titanium concentration 

in the bigger particles decreases. In conclusion, the bigger particles are composed of HA in the 

TiO2 nanoparticle coating and the smaller particles are composed of a mixture of TiO2 and HA. 

 

100 200 300 400 500 600 700 800 900 1000
-5x104

-4x104

-3x104

-2x104

-1x104

0
1x104

2x104

3x104

4x104

100 200 300 400 500 600 700 800 900 1000
-5x104

-4x104

-3x104

-2x104

-1x104

0
1x104

2x104

3x104

4x104

100 200 300 400 500 600 700 800 900 1000
-5x104

-4x104

-3x104

-2x104

-1x104

0
1x104

2x104

3x104

4x104

100 200 300 400 500 600 700 800 900 1000
-5x104

-4x104

-3x104

-2x104

-1x104

0
1x104

2x104

3x104

4x104

D)C)

B)

 

 

c/
s

Kinetic Energy (eV)

 Area 1

P1 C
1

Ca
1 O

2
O

1

A)

Ti
2

Ti
1  

 

Kinetic Energy (eV)

 Area 2

O
1

O
2C
a1

C
1P1

Ti
1 Ti

2

Ti
1 Ti

2

Ti
1 Ti

2
 

c/
s

Kinetic Energy (eV)

 Area 3

O
1

O
2

C
a1

C
1P1  

 

Kinetic Energy (eV)

 Area 4

O
1

O
2Ca

1
C1P1

  
Figure 36: Sequence of Auger spectra for the HA coating measured at different areas of the sample; bigger particles 
(A - C) and smaller particles (D).The smaller particles show significantly higher Ti and lower Ca signals and are 
therefore correlated to the TiO2-NP. Hence, the bigger particles are correlated to apatite. 

 

To determine the particle size of the TiO2-NP, SEM images were recorded and can be seen in 

Figure 37 (A). It can be shown that a particle size of approximately 20 – 30 nm can be reached 

during fabrication of the nanoparticles and the distribution is very uniform. In addition, after 14 

days immersion in DMEM at pH 7 there are only small CaP precipitations on the surface, while 

after 90 days immersion the formation of a compact new layer with a slight porosity occurred 
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(Figure 37 (B)). Compared to the TiO2-NP coating the HA-incorporated nanoparticles in Figure 

37 (C and D) show no significant differences in the layer formation and layer morphology. 

However. during the first two weeks, immersion under inflammatory conditions of the NP coated 

samples, no significant layer formation can be seen (Figure 38 (A and C)), while after 90 days the 

particles themselves are covered and increased in size from 20 – 30nm up to 2 – 4µm.  

 

         

Figure 37: SEM overview images of the nanoparticle coated samples. TiAl6V4 + TiO2-NP in DMEM at 37.5°C and 
a pH value of 7 (A) and after 90 days (B). HA-incorporated samples can be seen in the images (C and D); without 
immersion and after 90 days immersed in DMEM at pH 7. 

 

An explanation for the reduced CaP adsorption may be the addition of H2O2 to the immersion 

solution, enhancing the affinity of calcium and phosphorus to the nanoparticle surface at lower pH 

values but with the added fact that due to the higher surface to volume ratio and higher reactivity, 

in general, the morphology of the particles is changed  [172]. The different chemical composition 

of the NP (anatase) and the anodized surface (amorphous) indicate the significant different 

dissolution or etching processes followed by higher stability against dissolution in the case of 

TiO2-NP (anatase). 
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Figure 38: SEM images of TiAl6V4 + TiO2-NP in DMEM at a pH value of 5 + 150 mM H2O2 after 14 days (A) and 
90 days (B). The HA-incorporated TiO2-NP samples can be seen in the images (C) and (D); the samples were also 
immersed at pH 5 + H2O2 for 14 days and 90 days. 

 

The NP are prepared as anatase particles and are therefore nanocrystalline, while the anodized 

compact oxide layer is amorphous. Hydroxide groups (OH) can be formed on the nanocrystalline 

TiO2 surface during immersion in aqueous solution. Hence, H+ ions adsorb to the OH groups under 

acidic conditions as in the case of inflammatory so that the adsorption leads to the particles having 

a positive polarity. In addition, with an increase in the pH up to 6-7 the zeta potential rapidly 

decrease because the pH is now close to the isoelectric point [190]. So a decrease in the zeta 

potential causes a decrease in the interparticle repulsive forces and therefore accelerated CaP 

adsorption under simulated physiological conditions. On the other hand, an increase in the zeta 

potential at acidic pH values causes an increase in the repulsive forces and leads to the different 

morphology at pH 5 as well as reduced CaP adsorption. In conclusion, the nanoparticles affect the 

dissolution of the metal surface due to the formation of a protective layer of TiO2 (anatase). The 

nanoparticle coating will have a positive effect on CaP adsorption and formation of a compact CaP 

layer at pH 7. Immersion under inflammatory conditions and the decrease in the pH values of pH 

5 lead to an increase in the zeta potential and positive surface charge followed by changes in the 

morphology of the particles after immersion. The aforementioned porosity and therefore increased 

interfacial area particularly during immersion at pH 5 promises an increased biological fixation as 

well as preventing corrosion. 
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4.3.2 Chemical analysis and metal ion release 
 

Due to hydroxyapatite [Ca5(OH)(PO4)3], the control sample (Figure 39 (B); HA without 

immersion) shows a high atomic concentration of Ca and P compared to the TiO2-NP coating. The 

time-dependence of the CaP formation on the surface is straightforward for the polished, anodized 

and TiO2-NP coated samples. After a single day of immersion, there is a significant increase in the 

concentration of Ca and P, while the Ti signal decreases due to the formation of an additional 

layer. Even after longer immersion times, the atomic concentration increases constantly. For the 

TiO2-NP in Figure 39 (A) the Ca and P concentration increases significantly after 7 days. For the 

HA-incorporated TiO2 coating the concentration for Ca and P is not noticeably increased so that 

the ratio of the apatite is constant over a wide period of immersion. In addition to the measurements 

at pH 7, the samples immersed under inflammatory conditions and in the presence of H2O2 were 

also analyzed in relation to the CaP formation in Figure 39 (C and D).  
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Figure 39: Atomic concentrations of Ti, Ca and P after different immersion times at pH values of pH 7 and pH 5 in 
the DMEM solution as obtained by XPS; TiAl6V4 coated with TiO2-NP (A and C) and HA-incorporated TiO2 coating 
(B and D). 
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The CaP layer formation is delayed and hence the concentrations are reduced. But after pH 

change at the end of the inflammatory conditions from pH 5 to pH 7, the Ca and P concentration 

increases. In the case of HA coating, the atomic concentrations are comparable to pH 7. No 

increase is observed with longer immersion times. The Ca concentration is also reduced at pH 5, 

but an increase observed after 28 days due to starting immersion at pH 7. After 90 days the 

concentration is also comparable to pH 7 in Figure 39 (B). Both coatings also lead to a significant 

decrease of the Ti concentration due to CaP formation and adsorption of Ca and P on the surface. 

No significant increase is observed during immersion at pH 5 compared to pH 7 indicating good 

stability of both nanoparticle coatings. However, compared to both bare and anodized TiAl6V4 

the CaP formation is accelerated followed by significantly higher Ca and P concentration after 28 

days of immersion. 

The concentrations of metal ion release of Ti, Al, and V were also measured in the DMEM 

solution with ICP-OES. The quantities of Ti release is shown in Figure 40 (A and B). In relation 

to the different effects of immersion conditions, the ion concentrations of the samples immersed 

at pH 7 and pH 5 + H2O2 are compared for the different treatments. For both NP coated samples 

the Ti ions are measured in very low concentrations of ~ 0.08 – 0.04 mg/L after immersion for 

90 days under both immersion conditions. Hence, the TiO2-NP and HA-NP coating shows a good 

stability during immersion and reduced Ti release compared to bare TiAl6V4 and anodized 

samples. However, the low Ti ion release, in general, can be explained by debonding of some 

nanoparticles. In the case of immersion under inflammatory conditions, both nanoparticle coatings 

show an increased Ti release, but still lower concentrations compared to TiAl6V4 and after 

anodization. pH change to pH 5 and the presence of H2O2 also leads to increased debonding and 

interparticle repulsive forces in the case of the nanoparticles, but there is no selective dissolution 

of the phases observed and the particles remain on the surface to prevent corrosion. Figure 40 (C 

and D) shows the concentration of Al ion release as a function of immersion time. The 

nanoparticles show a significantly reduced Al release over the same period of immersion. It is 

reported in the literature that Al is present throughout the oxide film, but is more enriched on the 

oxide/liquid interface (TiAl6V4 interface) [191,192]. Therefore, selective Al ion release and 

diffusion from the thin native oxide film formed underneath the coatings and close to bulk material 

interface due to higher porosity and solution penetration through the pores, explain the small Al 

release. In addition, the nanoparticles themselves can prevent significantly increased ion release 

and protect the phases against corrosion. Compared to Ti and Al, the concentration of V (Figure 

40 (E and F)) is also lower for both surface treatments. As mentioned before, the oxide layer also 

contains in addition to TiO2, Al2O3 and V oxides, such as VO2, V2O4, and V2O5. In relation to the 
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composition of the oxide layer Al is mainly present in the outer region, while V are closer to the 

bulk material. And this is related to the low V release after immersion at pH 7 [9]. In general, the 

NP coatings can also efficiently inhibit V release. 

 
  

 
 
Figure 40: Quantity of Ti, Al, and V release from TiO2-NP and HA coated TiAl6V4 alloy at 37 °C + 5% CO2 during 
long-term immersion. The immersion tests are compared to physiological pH 7 (black pattern) and under 
inflammatory conditions at pH 5 and H2O2 (blue pattern); Ti release of TiO2-NP coating (A), Ti release of HA coating 
(B), Al release of TiO2-NP coating (C), Al release of HA coating (D) and V release of TiO2-NP coating (E) as well as 
V release of HA coating (F). 
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4.3.3 Electrochemical impedance spectroscopy 
 

Electrochemical impedance spectroscopy was performed using a potentiostat-galvanostat 

AUTOLAB PGSTAT controlled by Nova software. The measurements were carried out in 100 ml 

DMEM at pH 7 and pH 5 at 37.5°C. 10 mV were applied in a frequency range from 100 kHz to 

0.1 Hz. The impedance spectra of the two nanoparticle coatings are presented as Bode plots in 

Figure 41 after immersion in DMEM at pH 7. To compare the effect after long-term immersion 

test for the bulk and anodized samples as well as nanoparticles the same immersion times were 

plotted and compared. For each treatment, the impedance was measured three times and the 

representative curve progression can be seen for 1 day, 60 days and 90 days. The reference samples 

were only coated with the nanoparticles and measured in DMEM at 37.5°C.  

The corrosion behavior is very similar for both coatings and, compared to the impedance data 

of the bare and anodized samples, the formation of an outer porous layer can be observed after 28 

days. The nanostructured surfaces lead to an onset of CaP formation but postponed to shorter 

immersion times. The shorter phase angle at intermediate frequencies is explained by the 

aforementioned porosity and penetration of the solution through the nanoparticle layer. The second 

time constant after three months indicated by the increased impedance in the high-frequency range, 

the phase angle shift as well as second phase angle peak at -40° to designate the formation of a 

new additional layer [168]. 

10-2 10-1 100 101 102 103 104 105
101

102

103

104

105

106

Frequency (Hz)

Im
pe

da
nc

e 
(O

hm
*c

m
2 )

0

20

40

60

80

100

 TiO2 _60d_pH7
 TiO2 _90d_pH7

 TiO2 _pH7
 TiO

2
 _1d_pH7

 TiO2 _28d_pH7

10-2 10-1 100 101 102 103 104 105
101

102

103

104

105

106

Frequency (Hz)

0

20

40

60

80

100

B)

 HA_pH7
 HA_1d_pH7
 HA_28d_pH7
 HA_60d_pH7
 HA_90d_pH7

-Phase (deg)

A)

 
Figure 41: Electrochemical measurements of the TiO2-NP and HA coated TiAl6V4 alloy immersed in DMEM cell 
culture medium under physiological pH. The corrosion behavior was investigated at pH 7 and 37.5°C during 
measurement. Bode plots of TiO2-NP (A) and HA (B) after different immersion times. 
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The minimum of the phase angle and its corresponding frequency are useful indicators of the 

adsorbed layer efficiency. When the adsorbed layer is defective, the minimum of the phase angle 

became lower, while its frequency shifted to higher values [193]. For TiAl6V4 pre-treated by 

immersion for 14 days, the minimum phase angle was 10° and its frequency about 10 Hz. The 

TiO2-NP sample immersed for 90 days or even 60 days has a minimum phase angle of about 10° 

and 20° suggesting that the calcium phosphate layer after 90 days immersion is considered to be 

less defective. For the HA-incorporated coating, the phase angle minimum has the same values of 

10° but also after 90 days, the minimum is shifted to lower frequencies. In relation to the bare and 

anodized samples, this observation is not possible due to the designation of the CaP layer only 

after 90 days. 

In the case of NP coatings immersed under simulated inflammatory conditions in Figure 42 

(A and B), the formation of the additional CaP layer is decelerated and started at the earliest after 

60 days (higher impedance in the high-frequency range). As compared to the physiological pH of 

7, the adsorption of the calcium and phosphate from the DMEM under inflammatory conditions 

decreases the corrosion resistance of the bare alloy, delays the formation of the CaP layer in the 

case of the TiO2-NP and HA-NP coatings, and leads to dissolution of the compact oxide layer for 

the anodized samples. Nevertheless, the nanostructured surfaces are more stable against corrosion 

or dissolution during immersion at pH 5 and compared to the polished and anodized samples show 

the formation of CaP despite two (TiO2-NP) or three (HA-NP) months in the EIS spectra. 
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Figure 42: Electrochemical measurements of the TiO2-NP and HA coated TiAl6V4 alloy immersed in DMEM cell 
culture medium under inflammatory conditions. The corrosion behavior was investigated at pH 5 + 150 mM H2O2 
and 37.5°C during measurement. Bode plots of TiO2-NP (A) and HA (B) after different immersion times. 
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4.3.4 Summary – Nanoparticle coatings 
 

Various nanoparticles (TiO2 and HA) were coated via spin-coating process on TiAl6V4 

substrates in order to prevent selective dissolution of the V-rich β-phase and to enhance CaP 

formation. So, immersion tests were carried out at physiological pH values as well as under 

inflammatory conditions at pH 5. 

It was shown that nanoparticles decrease the corrosion rate compared to control TiAl6V4 or 

with anodized surfaces. Due to the higher porosity of the nanoparticle layer, the immersion 

solution can diffuse easily through the pores which result in the formation of throughout CaP 

layers. In addition, the high surface to volume ratio which results in higher reactivity of the surface 

could be an added advantage in relation to bioactivity. So, a positive effect of the nanosized 

morphology on CaP formation and corrosion protection was observed. The nanoparticle coatings 

also consistently resulted in reduced metal ion release.  
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4.4 Hydroxyapatite nanoparticle coating 
 

Hydroxyapatite (HA) is quite similar to the materials forming the bones in the human body and 

also thought to be a coating material to induce chemical bonding and promote bone growth [194]. 

Many pyro processing methods of HA and other calcium phosphate coatings on metallic materials 

have been reported, such as plasma spraying [195], electron beam sputtering method [196] and ion 

beam sputtering [197]. In this study, the pure HA (pHA) coating was deposited during a simple 

spin-coating process in order to determine the influence of pHA at calcium phosphate adsorption 

and electrochemical properties compared to the HA incorporated TiO2-NP.  

 

4.4.1 Surface morphology and chemical analysis of the pHA particles 
 

The coating with a smooth spherical geometry is helpful for ingrowth and attachment of bone 

tissue that improve osseointegration. As shown in Figure 43 the pHA coatings also show smaller 

particles with 30 – 70 nm in size as well as bigger particles of up to 1µm. With longer immersion 

times at pH 7, the particles start to agglomerate and this leads to the formation of a compact layer 

after 90 days (Figure 43 (F)). In comparison to the HA incorporated TiO2-NP the pHA coating 

shows a significantly decelerated CaP layer formation under physiological immersion conditions.  

 

 

Figure 43: SEM images of the pHA nanoparticle coating; without immersion (A and B), after 28 days (C) and after 
90 days (D) at pH 7. The pHA coating also shows two different particle sizes: ~700 – 900 nm and ~ 20 – 70 nm. After 
immersion in DMEM cell culture medium, the pHA coating leads to the formation of a compact and dense CaP layer. 
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To complete the identification and determination of the nanoparticles Auger electron 

spectroscopy (AES) was also used. In the case of HA-incorporated NP, it was already clarified 

that the particles with sizes up to 1 µm correspond to the HA and the smaller particles consist of a 

mixture of TiO2 and HA. Hence, the AES was used to detect the Auger spectra at different areas 

of the sample immediately after pHA coating. First, as expected no Ti peaks were detected and 

calcium seems to be more or less the main component of the bigger particles (area 1-3) as well as 

in the case of the smaller ones (area 4), thereby resulting in no compositional changes at the 

material surface. So the surface composition was close to apatite with a very low degree of carbon 

contamination. The phosphorus species adsorbed on the surface can also be identified from the 

peak positions and line shape of the measured P transitions. A double peak structure at 95 eV and 

111 eV indicates the presence of phosphates. No contribution of a phosphide, with a single peak 

at 119 eV is observed. The double peak structure and a shift in transition energy identify the 

adsorbate as either PO4, HPO4, or H2PO4.  
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Figure 44: Sequence of Auger spectra for the pHA coating measured at the different particle sizes; the Ca 
concentration is constant over the whole surface. Hence, the two different particle sizes correspond to hydroxyapatite. 
However, these Auger spectra also indicate a mixture of pHA and TiO2 nanoparticles (HA ~ 30 nm) in the case of HA 
coating. 
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4.4.2 Chemical surface analysis after immersion 
 

The atomic concentrations of Ti2p, Ca2p and P2p are shown in Figure 45 (A – C) compared to 

the HA coating after immersion at pH 7. The values show a significantly reduced Ti2p 

concentration due to additional apatite coating as well as increased calcium and phosphorus 

concentrations in the case of the control sample. After immersion at pH 7 the Ca and P 

concentration is also reduced by up to 28 days, while the concentration remains constant in the 

case of HA. However, after 90 days the concentration is comparable to HA and immersion leads 

to the formation of CaP layers. In order to characterize the apatite crystallization, the Ca/P ratios 

were calculated and are shown in Figure 45 (D). As expected, pure apatite (pHA) shows higher 

Ca/P ratios compared to HA. Although the Ca2p and P2p concentration are reduced, the Ca/P ratio 

remains constant up to 14 days immersion with values close to 1.4 – 1.5. The biological apatite 

has a lower Ca/P ratio (< 1.67) [96,198] due to defects forming in the apatite crystals in the course 

of structural transformation of octacalcium phosphate (OCP) into hydroxyapatite. Hence, 

imperfections are caused by impurities like Na+ and Cl-. The most widespread impurity in apatite 

are CO3
2- carbonate complexes, which originate from CO2 in the environment. The calcium 

phosphates are therefore referred to as calcium-deficient hydroxyapatite (CDHA). The variability 

in Ca/P ratio of CDHA can be also explained by the surface adsorption, lattice substitution and 

intercrystalline mixture of e.g. hydroxyapatite (1.67) and OCP (1.3) [199,200]. However, after 28 

days the Ca/P ratio of pHA is significantly reduced, though HA showed the ratio unchanged, and 

is increased with longer times to similar Ca/P ratios. The crystallization of calcium phosphates in 

aqueous solutions also depends on interactions with immersion solution. Partial dissolution of Ca 

and P ions from the apatite leads to combination reactions with ions from the immersion solution 

followed by chemical changes [201,201]. In addition, the surface morphology is a major factor in 

dissolution processes. The nanoparticle coatings (TiO2, HA, pHA) are the most porous and thus 

have the most contact with the body fluid during immersion. Though in DMEM the pHA coating 

has the maximum resorbability due to 100 % hydroxyapatite. Hence, the factors which control the 

resorption of the pHA coating are both chemistry and material structure [201,202].  
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Figure 45: XPS analysis of the Ti (A), Ca (B) and P(C) atomic concentration of pHA (black border color) compared 
to HA-NP (blue fill pattern) coating. The samples were immersed in DMEM cell culture medium at pH 7; In addition, 
the Ca/P ratio is calculated in (D) to compare the characteristic apatite ratios. Ca/P ratios close to ~ 1.5 (pHA; blue) 
correspond to tricalcium phosphate (TCP), while Ca/P ratios close to ~ 1.33 correspond to octacalcium phosphate 
(OCP); lower or higher values are combinations due to transformation processes as well as the substitution of PO4- 
and OH-groups (A/B type apatite). 

 

 XPS characterization under simulated inflammatory conditions (Figure 46) also revealed very 

low atomic concentrations of Ti2p in the case of pHA (Figure 46 (A)). The Ca2p and P2p XPS 

spectra are significantly higher after 1 day, however as low as in Figure 45 after 28 days. When 

the pHA coating was immersed in DMEM at pH 5, the apatite can immediately incorporate the 

calcium and phosphate ions in solution to form different calcium phosphates and the ions are 

released with increased immersion time into the DMEM solution again. Amorphous calcium 

phosphates as well as octacalcium phosphate are more stable at pH values > 5 or > 6, while 

dicalcium phosphates (Ca/P ~ 1.0) are more stable at 2 < pH > 5 [203]. Hence, immersion at pH 5 

leads to conversion processes to more stable dicalcium phosphates at pH 5 followed by conversion 

to more stable apatite at the end of inflammation by consuming the calcium and phosphate ions in 

the DMEM solution. And this is consistent with the calculated Ca/P ratios in Figure 46 (D).  
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With increasing immersion time, the Ca/P ratios decrease to ratios close to 1.0, corresponding to 

dicalcium phosphates. At the end of inflammation and change of pH from 5 to physiological pH 

7, the ratio increases and shows no significant differences compared to HA. This aforementioned 

conversion process is less dominant in the HA-incorporated nanoparticle coating due to the 

mixture of HA and TiO2. The factor controlling the CaP formation at pH 5 is also the chemistry 

of the coating as well as pH of immersion solution. 
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Figure 46: XPS analysis of the Ti (A), Ca (B) and P(C) atomic concentration of pHA (black border color) compared 
to HA-NP (blue fill pattern) coating. The samples were immersed in DMEM cell culture medium at pH 5 + H2O2; In 
addition, the Ca/P ratio is calculated in (D) to compare the characteristic apatite ratios. Ca/P ratios close to ~ 1.5 
(pHA; blue) correspond to tricalcium phosphate (TCP), while Ca/P ratios close to ~ 1.33 correspond to octacalcium 
phosphate (OCP) and ~ 1.0 to dicalcium phosphate dehydrate (DCPD). Lower or higher values are combinations due 
to transformation processes as well as the substitution of PO4- and OH-groups (A/B type apatite). 
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4.4.3 Electrochemical impedance measurements  
 

In order to compare the effect of electrolyte, coating and morphology on corrosion properties 

of both hydroxyapatite coatings (HA and pHA), electrochemical impedance measurements were 

investigated and are presented in Bode plots in Figure 47 and Figure 48. The samples were 

immersed under physiological and inflammatory conditions, hence the measurements were also 

carried out at pH 7 and pH 5.  

The XPS results showed very constant Ca2p and P2p concentrations on the surface in the case 

of HA-incorporated nanoparticles at pH 7, while a significant decrease after 1 day was observed 

for the pHA coating. And this is consistent with the EIS results in Figure 47. The HA-incorporated 

nanoparticle coating (Figure 47 (B)) leads to accelerated formation of an additional layer covering 

the surface at pH 7, indicated by two time constants in the impedance and two maxima in the phase 

angle after 28 days. The one appearing at high frequencies represents the additional layer, while 

the one at low frequencies corresponds to the TiAl6V4 alloy coated with nanoparticles. This layer 

formation is time-delayed in the case of pHA (Figure 47(A)) and can be observed after 90 days. 

In addition, both the pHA and the HA coating show high impedance values in the low-frequency 

range indicating high corrosion resistance during immersion [178,204]. 
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Figure 47: Electrochemical measurements of the pHA and HA coated TiAl6V4 alloy immersed in DMEM cell culture 
medium under physiological pH. The corrosion behavior was investigated at pH 7 and 37.5°C during measurement. 
Bode plots of pHA (A) and HA (B) after different immersion times. 
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As shown by constant phase angles of almost 90° in the Bode plot in Figure 48 (A), the pHA 

coating remains unchanged with immersion time, indicating a stable property of the coating during 

immersion under inflammatory conditions with a pure capacitive response. The decrease of the 

peak height after 28 days indicates that the response becomes less capacitive [143,204]. As 

immersion time increases, the solution is penetrating through the pores to the TiAl6V4 surface, 

causing interaction with the substrate. In contrast to this, the HA-incorporated nanoparticle coating 

in Figure 48 (B) leads to phase angle shifts toward low frequencies, as the immersion time 

increases, suggesting that the properties of the coating may be effected due to immersion. 

However, after 90 days immersion under inflammatory conditions also two time constants are 

observed, with a phase angle close to 40° corresponding to the aforementioned additional layer. 
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Figure 48: Electrochemical measurements of the pHA and HA coated TiAl6V4 alloy immersed in DMEM cell culture 
medium under simulated inflammatory conditions. The corrosion behavior was investigated at pH 5 + H2O2 and 
37.5°C during measurement. Bode plots of pHA are shown in (A) and the HA coating in (B) after different immersion 
times. 

 

4.4.4 Summary – Hydroxyapatite coatings 
 

It is widely accepted that the inorganic constituent of bone is a nanoscale Ca-deficient 

hydroxyapatite crystal. Therefore, much attention has been paid to mimic the nanostructure in 

order to improve the biocompatibility.  

In this study, a nano-sized pure hydroxyapatite coating was prepared and successfully 

investigated due to corrosion properties and CaP adsorption at pH 7 and under simulated 

inflammatory conditions. The nano-sized coating tended to convert to dicalcium phosphate at pH 5 

with increasing immersion time, while the corresponding Ca/P ratios calculated by means of XPS 
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are more constant at pH 7. However, after 90 days of immersion, the pHA nano-sized coating 

showed a densely covered CaP layer on the surface with high corrosion resistance under both 

immersion conditions. These results suggest that the biological response to the material is 

controlled not only by the physicochemical property of the hydroxyapatite but also by immersion 

conditions. The size of the pHA particles causes increasing surface roughness and the coating to 

have the potential to enhance bone regeneration. ICP-OES measurements were carried out to 

determine metal ion release of Ti, Al and V. However, the release of metal ions was significantly 

reduced and under the detection limit of the ICP device. 
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4.5 AC-EPD of BSA on TiAl6V4 surfaces 
 

AC-EPD of albumin was investigated with the aim to promote the adsorption of biomolecules 

and to increase the corrosion resistance of the TiAl6V4 alloy under physiological and 

inflammatory conditions. EPD is highly relevant in biochemistry and material science for 

processing bioactive coatings and for manipulation of proteins, enzymes, cells and colloids 

[205,206]. The electrophoretic mechanism is used with a two-step reaction process including the 

migration of the charged particles or molecules and deposition or accumulation on the surface 

[207]. After contact with human blood, proteins are adsorbed on the surface immediately. Hence, 

the adsorption of proteins can play an important role in corrosion resistance [208–210]. In order 

to increase the dissociation of the proteins, pH values higher than the isoelectric point (IEP ~5) 

have to be adjusted. This results in a negative overall charge and the acidic amino acids 

predominate. In the physiological pH of 7 BSA is very hydrophilic and dissolves in neutral 

aqueous solutions [64,211]. In addition, BSA can interact with the TiAl6V4 surface to generate 

organometallic complexes and can now enhance the metal dissolution and corrosion rate 

[212,213]. So this section describes the results of the experimental work for the AC-EPD coated 

TiAl6V4 alloy with bovine serum albumin (BSA). An evaluation was carried out as to how the 

activity of the protein can be determined with surface analytical means and how the BSA layer can 

influence the bioactivity and formation of CaP layers. 

 

The following section has been published in reference [214] by the author of this thesis. 

 

4.5.1 Interaction of the BSA layer with DMEM 
 

 The morphology of BSA on TiAl6V4 surfaces, before and after immersion under physiological 

and inflammatory conditions, was investigated with SEM (Nova NanoSEM 450, FEI; Hitachi 

S4800 FESEM). The additional BSA layer is clearly seen in Figure 49 (A and B). After 14 days 

immersion at pH 7 (Figure 49 (C and D)), the BSA coating is very smooth and no significant 

differences are shown compared to the BSA control sample. In relation to the corrosion protection 

of the BSA layer, the samples were also immersed under inflammatory conditions. The images 

after 14 days at pH 5 (Figure 49 (E and F)) show that the BSA coating dissolves during immersion 

and this results in increasing surface roughness.  
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In relation to corrosion protection, however, the surface shows no dissolution of the phase 

boundaries or etching of the V-rich β-phase as seen for the uncoated TiAl6V4 alloy in section 

4.2.1. (Figure 28).  

The ICP-OES measurements for the metal ion release show Ti, V and Al concentrations below 

the detection limit of the measurement and this is in accordance with these observations. The 

detection limit depends on the element(s) being analyzed and the sample matrix. In the case of 

DMEM immersion solution, as mentioned before, the detection limit can be calculated as follows: 

Ti ~ 0.01 mg/L; Al ~ 0.018 mg/L; V ~ 0.016 mg/L.  

 

 

 

Figure 49: Scanning electron microscopy images of the BSA-coated TiAl6V4 alloy (control) in (A and B), after 
immersion under physiological pH 7 for 14 days (C and D) and under inflammatory conditions at pH 5 and the 
addition of H2O2 after 14 days (E and F). Defects in the BSA coating during the AC-EPD process are marked with a 
blue rectangle in (C). 
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In addition, ToF-SIMS was used to analyze the protein adsorption on the surfaces. These 

fragments are characteristic for proteins and allow the qualitative verification of their presence. As 

characteristic amino acid signals, alanine (Ala, m/z ~ 44), valine (Val, m/z ~ 72), histidine (His, 

m/z ~ 110) and phenylalanine (Phe, m/z ~ 120) peaks relative to Σprotein substrate peak were 

analyzed for the positive mass spectra. While valine, histidine, and phenylalanine can originate 

from both the BSA coating and DMEM medium, alanine is only present in BSA (see Table 4).  

 

Table 4: Prevalence of the different amino acids in DMEM and BSA [172,215]. The table should only show the content 
of amino acids, not the amino acid concentration. The characteristic signals are highlighted (blue color) to confirm 
the BSA layer and further protein adsorption as well as differentiation between DMEM and protein. 

 

 

 

 

 

After immersion under physiological conditions, Figure 50 (A), the ratio of peak intensities of 

Val in the positive spectra shows a slight decrease after 1 day and increase after 7 days. 

Furthermore, the intensities after immersion under inflammatory conditions show an increase in 

the first 28 days similar to pH 7. At the end of the inflammatory reaction and pH change to pH 7, 

the Val ratio increases again. As expected, this can also be observed for His and Phe ratios in 

Figure 50 (B and C). In contrast, the Ala intensities decrease under both physiological and 

inflammatory conditions during immersion. Since Ala can only originate from the BSA coating, 

the decrease in the ratio of intensities indicate the gradual decrease of the BSA coating over time. 

And this is in agreement with the SEM observations. Immersion under simulated inflammatory 

conditions leads to dissolution or etching of the BSA layer followed by decreased Ala ratios by 

means of ToF-SIMS. 

 

 DMEM (mg/L) BSA (%) 

Leu 106 10.46 

Lys 146 10.12 

Met 30 0.69 

Phe 66 4.63 

Pro  4.80 

Ser 42 4.80 

Thr 95 5.66 

Trp 16 0.34 

Tyr 72 3.43 

Val 94 6.17 

 
DMEM (mg/L) BSA (%) 

Ala  8.06 

Arg 84 3.95 

Asn  2.40 

Asp  6.86 

Cys 48 6.00 

Gln  3.43 

Glu 580 10.12 

Gly 30 2.74 

His 42 2.92 

Ile 106 2.40 
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Figure 50: Ratios of characteristic amino acid signals in relation to the Σprotein signal after different immersion times 
and immersion conditions for the BSA coating in DMEM. The ratios are calculated from the accurate mass as well as 
the isotopic pattern. The different characteristic amino acid signals after immersion in DMEM at physiological pH 7 
are shown in black border color. In addition, the samples immersed under inflammatory conditions are shown with 
fill pattern; valine (A), histidine (B), phenylalanine (C) and alanine (D). Alanine can only originate from the BSA 
layer, while valine, histidine, and phenylalanine can originate from both DMEM solution and BSA layer. 

 

In order to see the effect of amino acid and protein adsorption on the calcium phosphate 

formation, XPS measurements were carried out. So Figure 51 shows the atomic concentration of 

the BSA-coated surface after immersion in DMEM at pH 7 and pH 5. The concentration of the 

Ti2p signal, corresponding to the substrate, decreases at pH 7 while the P2p and Ca2p signal 

increases, indicating the adsorption and formation of an additional CaP layer (Figure 51). Hence, 

the additional BSA layer reduces the Ti substrate signal in general, but this effect is less 

pronounced under inflammatory conditions due to degradation of the BSA layer during immersion 

followed by reduced BSA layer thickness. Compared to pH 7 the concentration of the Ti2p signal 

increases in the first 14 days at pH 5 (Figure 51). This can be explained by the aforementioned 

dissolution of the BSA coating and the corresponding increased detection of titanium.  
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At the end of the inflammatory conditions and after pH change from pH 5 to pH 7, the Ti2p 

signal decreases again due to the formation of the CaP layer. The CaP formation is thus time 

delayed at the time of pH change. 
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Figure 51: Atomic concentrations of Ca and P for TiAl6V4 and TiAl6V4 with AC-EPD BSA coating after immersion 
in DMEM. TiAl6V4 (black border color) and AC-EPD BSA coated TiAl6V4 after 28 days of immersion (fill pattern) 
in DMEM under physiological and simulated inflammatory conditions.  

 

This investigation has shown that binding of calcium and phosphorus is pH dependent due to 

changes in the BSA properties. The XPS results represent the significantly higher adsorption of 

calcium and phosphorus to the TiAl6V4 surface during immersion at pH 7 as well as higher Ca2p 

concentration for BSA. Under inflammatory conditions, the surface charge of the BSA layer is 

changed (zwitterion) followed by increased adsorption of phosphorus.  

Regarding the different adsorption of Ca and P obtained by XPS in DMEM at pH 7 and pH 5, 

it is necessary to compare the structures in which the adsorbed amino acids and BSA molecules 

exist in neutral and acidic pH values during immersion. It is well known that amino acids can form 

zwitterions at neutral pH due to the protonation of positive ammonium groups (-NH3
+) and 

contrary negative carboxy groups (-COO-). Figure 53 thus shows the chemical structure and 

zwitterion properties of Val, His, Phe, and Ala. In addition, differences in the pKa values make it 

possible to change the amino acid charge by pH. At acidic pH (pH < pKa
COOH), the amines are 

protonated and ionized to positive, while a negative charge is provided at basic pH values (pH > 

pKa
NH

3
+) corresponding to deprotonated carboxyl groups (Figure 53) [216,217].  
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Figure 52: pH responsiveness of amino acids and change of net charge depending on the IEP. 

 

At the same time, it should be mentioned that BSA is negatively charged at pH 7 and slightly 

positively charged or show zwitterion properties at pH 5. Hence, during immersion at pH 7, the 

negative charge of the adsorbed amino acids and the negatively charged BSA layer allow attractive 

electrostatic interactions between opposite charges, dominating the kinetic of Ca2+ binding. Under 

simulated inflammatory conditions, the net charge of the BSA layer (IEP ~ 5) is close to zero 

(zwitterion) or slightly positively charged, while the amino acids show positively charged 

ammonium groups. Hence, attractive interactions are now the dominating factor at 

pH values < IEP for PO4
3-. In summary, attractive or repulsive interactions depending on pH 

promote or prevent the adsorption of CaP to the BSA surface and this is in accordance with the 

XPS results. 
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Figure 53: Chemical structure and zwitterion form of the different amino acids (valine, histidine, phenylalanine and 
alanine) in which they exist in DMEM solution at neutral pH values. Due to the positive and negative charge of the 
amino- and a carboxyl group at pH 7 Val, Phe and Ala are neutral amino acids. In contrast, His has one additional 
positive charge at pH ~ 7 (white circle) due to the ionizable side chain in the aromatic ring [218,219]. 
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After different surface characterization methods were used in order to investigate the effect of 

the BSA layer on CaP formation and amino acid adsorption out of solution, the following 

investigations are focused on the electrochemical behavior of the samples at pH 7 and pH 5, based 

on electrochemical impedance spectroscopy studies. The impedance measurements for the BSA 

coated TiAl6V4 alloy after the different immersion times are shown as Bode plots in Figure 54. It 

can be noted that in the case of immersion at pH 7 (Figure 54 (A)) the adsorption of amino acids 

on the surface leads to no significant changes in the impedance values in the low-frequency range 

and thus have no effect on corrosion resistance. Hence, the presence of the BSA layer does not 

modify the behavior of the impedance in the low-frequency range but it slightly affects the phase 

angle in the middle-frequency range. In the case of the fresh BSA-coated sample without 

immersion, the BSA layer can be seen in the phase angle due to the decrease in the lower frequency 

range, while on the first day of immersion the phase angle also shifted to lower frequencies that 

can be due to denaturation and dissolution of some BSA molecules (as already seen in Figure 49) 

followed by an effect in the capacitive behavior. It also corresponds to an effect of coating defects 

on the corrosion behavior of the metal/coating interface [220]. Furthermore, the samples show a 

high phase angle of almost -90° at intermediate frequencies. Hence, there is a single thin compact 

BSA layer (barrier layer) on the surface [166,168,221]. Phase angle shift to lower frequencies and 

dissolution of the BSA layer as well as constant phase angles of -90° are also observed under 

inflammatory conditions in Figure 54 (B). However, these are more pronounced due to reduced 

pH values and presence of H2O2.  
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Figure 54: Electrochemical measurements of the BSA coating after different immersion times in DMEM cell culture 
medium. Bode at pH 7 (A) as well as at pH 5 and 150 mM H2O2 (B).  
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4.5.2 Interaction of the BSA layer with DMEM and FCS 
 

Proteins in solution adsorb spontaneously at interfaces depending on protein concentration and 

buffer system. Experience shows that low protein concentration causes lower deposition on the 

surface, while the adsorption is increased when Ca2+ containing electrolytes are used during 

immersion [9,222,223]. Furthermore, proteins act as an intermediary in interaction with cells and 

the expected antibacterial effect can reduce the formation of biofilms on the metal surface. Hence, 

the protein adsorption from multi-protein solution was investigated by adding 20% fetal calf serum 

to DMEM cell culture medium. The following investigations deal with the effect of added proteins 

to the DMEM solution under the same conditions at pH 7 and pH 5.  

 

     
Figure 55: Scanning electron microscopy of the uncoated control TiAl6V4 alloy (A and B) and the BSA coating (C 
and D) after immersion under inflammatory conditions in DMEM + FCS; the images show the surface morphology 
after immersion for 14 days with two different magnifications (x5.0k and x15.0k). 

 
Figure 55 shows the SEM micrographs after 14 days immersion at pH 5 for the uncoated control 

TiAl6V4 alloy (A and B) and BSA-coated samples in (C and D). Compared to the images shown 

in Figure 49, the surface is not affected by the presence of H2O2 for both types of samples. No 

etched parts of the β-phase can be seen, but the microstructure is clearly shaped. The 

aforementioned surface roughness in the case of the BSA coating is not observed either. Hence, 

proteins in immersion solution have a positive influence on the TiAl6V4 surface and the protection 

behavior of the BSA layer against corrosion and dissolution.  
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And these observations are consistent with the ICP-OES measurements. All metal ions were 

under the detection limit, suggesting very limited or no metal ion release during immersion.  

Assuming that the aforementioned covering of the BSA-coated surface after immersion can be 

explained by the interaction and adsorption of the present proteins or other ingredients of the 

DMEM, ToF- SIMS analysis were also carried out. The ratio of peak intensities for the different 

immersion times over the significant isotope atomic masses are shown in Figure 56. Figure (A) 

shows the Val ratios while (B) shows the ratios in the positive spectra of Ala for the BSA coated 

samples after different immersion conditions at pH 7 and pH 5. In relation to characterizing the 

adsorption of serum proteins during immersion, Val and Ala ratios are compared as Ala can 

originate from the FCS and BSA layer, but not from the DMEM itself. Hence, the corresponding 

ToF-SIMS ratios of Ala was investigated in order to characterize the serum protein adsorption 

during immersion. 
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Figure 56: Ratio of peak intensities of alanine in relation to the Σprotein signal after immersion under physiological 
and inflammatory conditions for BSA coated TiAl6V4. Val is shown in (A), while Ala is shown in (B); physiological 
pH 7 (black border color) and simulated inflammatory pH 5 (blue fill pattern). 

 

The presence of serum proteins in solution leads to higher Val and Ala ratios after immersion 

under physiological conditions and a significant increase in the case of inflammatory compared to 

DMEM without FCS. In addition, the Ala ratio is also observed for the samples without immersion 

and for all immersion times and conditions and is confirmed with the successful BSA coating. In 

relation to different immersion conditions and comparison of pH 7 and pH 5, adsorption of serum 

proteins is accelerated during inflammation by up to 14 days. Compared to the dissolution of the 

outer BSA molecules from the surface resulting in increased surface roughness (DMEM without 

FCS), the adsorption of further amino acids and proteins is more incidental in the case of 
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DMEM + FCS. At pH 5, BSA is close to the isoelectric point (IEP) so the resulting net charge is 

zero (zwitterion) and therefore, the proteins especially albumin in DMEM + FCS solution also 

show zwitterion properties with foaming properties due to few free charges for protein-protein 

interaction and surface binding [9,112]. With increasing pH values, electrostatic repulsion occurs 

between the now positively charged protein molecules, so the adsorption is limited. In the case of 

TiAl6V4, the surface is also close to the IEP at pH 7 as shown in section 4.1 (IEP ~ 5-7). Hence, 

only the negatively charged BSA side chains can interact with the positively charged TiAl6V4 

surface, resulting in decreased protein adsorption and stability. In contrast, at pH 5 the BSA as 

zwitterion can interact with the protonated base [Ti-OH2]+ (OHb) and the acidic hydroxy groups 

[Ti-OH] (OHa) as seen in Figure 57. So compared to DMEM without FCS, the ToF-SIMS 

measurements show an increased adsorption at pH 5 (DMEM at pH 7) due to higher attractive 

interactions between the proteins in solution and the control TiAl6V4 alloy or BSA coating.  

 

 

Figure 57: Illustration of surface charge and interaction between TiAl6V4 and BSA molecules in DMEM + FCS. At 
pH 7 and pH 5 the TiAl6V4 surface is close to the IEP with zero net charges (OHa = OHb). The BSA molecules are 
negatively charged at pH 7, so the adsorption to the surface is limited and repulsive interactions between the BSA 
molecules themselves also occur. However, at pH 5 both TiAl6V4 surface and BSA molecules show zwitterion 
properties with increased attractive interactions. 

 

By means of XPS adsorption characteristics of protein molecules and especially CaP formation 

after different immersion conditions were carried out. Hence, TiAl6V4 and the BSA coating were 

compared after 28 days in DMEM + FCS. The investigations reveal characteristic Ti2p and N1s 

signals indicative for the substrate and protein (Figure 58).  
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Figure 58: Surface chemistry of TiAl6V4 and BSA-coated samples as obtained by XPS; atomic concentrations of Ti 
and N were calculated for control samples without immersion and after 28 days. Ti2p as substrate signal and N1s to 
determine protein adsorption. Uncoated control TiAl6V4 (black border color) and AC-EPD BSA coating (blue border 
color) at pH 7 in DMEM + FCS (A) and at pH 5 in DMEM + FCS (B). No N1s concentration (green circle) on the 
surface of control TiAl6V4 without immersion due to the absence of nitrogen source. 

 

The Ti2p signals decrease for both type of samples indicating reduced detection due to adhesion 

or adsorption of DMEM compounds (Figure 58 (A) and (B)). The absence of nitrogen source 

(proteins) leads to detection of no N1s concentrations on the control alloy, while the BSA coating 

shows significantly higher N1s concentrations due to protein coating (black and blue border color). 

After immersion in DMEM + FCS for 28 days, the N1s concentration shows an increase at pH 7 

and pH 5 for TiAl6V4, and this is in accordance with the ToF-SIMS measurements. While in 

contrast, a decrease in the N1s signal occurs for the BSA coating, although the Ala ratio is 

increased. Hence, changes in the secondary structure during immersion (conformational changes 

in the protein molecules) can affect the protein adsorption on solid surfaces, BSA, in particular, 

can undergo such structural changes very easily [224,225].  

In order to confirm the conformational changes in the protein molecules, further ToF-SIMS 

measurements were carried out. During changes in conformation or orientation, different amino 

acid side chains were detected in the ToF-SIMS sampling region [226]. The ratio of peak 

intensities is now calculated (Figure 59) by the sum of hydrophobic side chains to the sum of 

hydrophilic side chains, which correspond to highly negative (Val, Phe, Leu/Ile) and highly 

positive charged amino acids (Arg, Gln, Asn) [226,227]. In order to compare these results with 

XPS, the ratios were calculated up to 28 days. So, the ratios show that the proteins have different 

orientations during adsorption on the BSA interface and show low hydrophobic contents in the 

outer layer of the protein corresponding to values smaller than 0.4 [226]. And this correlates well 

with the decrease in the N1s concentration by means of XPS.  
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Figure 59: Ratio of peak intensities of Ihydrophobic to Ihydrophilic. The ratios were calculated by the sum of amino acids 
with hydrophobic side chains (Val, Phe, Leu/Ile) to the sum of amino acids with hydrophilic side chains (Arg, Gln, 
Asn). The results indicate that after 1-day immersion under both immersion conditions, the proteins may be slightly 
more denatured or more changed in orientation, while after longer immersion times the proteins change their 
conformation at the surface-protein interface again. Low ratio of hydrophobic to hydrophilic in the range of 0.3 to 
0.4 indicates low hydrophobic side chains in the outer protein layer [226]. 

 

It is also well known that proteins in solution have a delayed adsorption effect on Ca2+ and 

PO4
3- on the surface [228–231]. For this reason, XPS is used to determine the CaP formation after 

immersion in DMEM + FCS in comparison to DMEM under both immersion conditions (pH 7 

and pH 5).  So Figure 60 shows the Ca2p and P2p atomic concentration after 28 days immersion 

in DMEM at pH 7 (A) in DMEM at pH 5 (B) and after immersion in DMEM + FCS at pH 7 and 

pH 5 ((C) and (D)) for the TiAl6V4 and BSA-coated alloy. Accelerated CaP adsorption is observed 

on the neutral charged TiAl6V4 alloy in (A), while due to the highly negatively charged BSA layer 

at pH 7 the adsorption of Ca2+ is preferred. In contrast, at pH 5 (B) the CaP adsorption is 

accelerated for the BSA coated samples. In relation to the dose-dependent effect of the proteins on 

the calcium phosphate crystal growth process, the Ca2p and P2p signals decrease with longer 

immersion times ((C) and (D)). The CaP formation is also diffusion controlled, so at higher protein 

concentration the ionic diffusion to the surface slows down [232–234] and the proteins can also 

interact with the free calcium ions in solution and this results in few calcium ions for calcium 

phosphate formation and adsorption [4]. The proteins and calcium ions can adsorb simultaneously 

on the surface, so proteins in solution seem to inhibit the growth and crystallization but in contrast 

seem to have no effect on the nucleation of CaP [230]. 
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Figure 60: Calculated atomic concentrations (XPS) of Ca and P after immersion under physiological and 
inflammatory conditions in order to compare the CaP formation; TiAl6V4 compared to BSA coated surface at pH 
7(A) and at pH 5 (B) in DMEM. (C) and (D) show the concentrations after immersion in DMEM + FCS. In addition, 
TiAl6V4 is represented in black border colors, while the BSA coating is shown in blue fill pattern. All samples were 
immersed for 28 days. 

  

The calculated Ca/P ratios are shown in Table 5 in order to investigate the effect on CaP growth 

and crystallization. The control TiAl6V4 alloy show apatite phases corresponding to ACP and 

calcium-deficient hydroxyapatite (CDHA) depending on FCS content. In more acidic solutions, 

lower Ca/P ratios for ACP (ACP ~ 1.2 – 2.2) can be observed due to HPO4
2- ions instead of PO4

3- 

and the conversion rate to octacalcium phosphate (OCP) and CDHA become slower [235]. The 

ratios for the BSA coating and corresponding apatite phases are very similar with and without the 

addition of FCS depending on pH. The calculated ratios are in the range of apatite phases 

corresponding to dicalcium phosphates (DCP) and amorphous calcium phosphate (ACP) or 

octacalcium phosphate (OCP) when taking transformation processes as well as the substitution of 

PO4-groups with carbonates (B-type apatite) into account [236,237]. DCP are the most stable 

phosphates at pH 5 and can easily be crystallized in the range of 2.0 < pH > 6.5 [235,236].  
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However, OCP as formed at pH 7, occurs an intermediate in precipitation of thermodynamically 

more stable hydroxyapatite and is more resorbable or can be replaced by newly formed 

bone [238,239]. According to these observations, proteins in surrounding solution are also 

involved in ionic exchange mechanism, so the interaction with solid surfaces and CaP growth 

depends on surface composition, surface charge, coating properties as well as pH and dose-

dependent effect of the proteins [234,240]. 

 
Table 5: Ca/P ratio calculated after immersion under pH 7 and pH 5 for 28 days in DMEM and DMEM + FCS. Ca/P 

ratios are calculated based on XPS results. Hence, the corresponding calcium phosphate phases are indicated due to 

characteristic Ca/P ratios; dicalcium phosphates dihydrate (DCPD, ~ 1.0), octacalcium phosphate (OCP, ~ 1.33), 

amorphous calcium phosphate (ACP, 1.2 – 2.2), amorphous tricalcium phosphate (ATCP, ~ 1.5) and calcium-deficient 

hydroxyapatite (CDHA, 1.5 – 1.67).  The Ca/P ratios with lower values (highlighted in blue color) are combinations 

due to transformation processes as well as the substitution of PO4 – groups with carbonates (B-type apatite). 

 

 
Ca/P ratio  

   DMEM        DMEM + FCS 
Calcium phosphate phase 

TiAl6V4 pH7 
1.51  ATCP; CDHA 

 1.25 ACP 

TiAl6V4 pH 5 1.41  ACP 

 1.23 ACP 

BSA pH 7 1.37  OCP; ACP 

 1.34 OCP; ACP 

BSA pH 5 0.88  DCPD 

 0.86 DCPD 

 

 

From the Bode plots in Figure 61 (A) it can be noted that the TiAl6V4 alloy coated with BSA 

shows a high corrosion resistance (phase angle ~ 90°) over a wide period of immersion time at pH 

7 in DMEM + FCS. Even after 90 days, no further effect of immersion is observed in the 

impedance as well as in the phase angle compared to the samples immersed in DMEM without 

FCS (Figure 54). After immersion at pH 5 (Figure 61 (B)) the impedance shows only a slight 

decrease in the low-frequency range, while the phase angle is shifted to lower frequencies, 

suggesting denaturation of the protein due to exposure to H2O2. However, the phase angle shift 

after immersion in DMEM without FCS is more pronounced, indicating less corrosion protection 

against dissolution. And this is in agreement with the SEM images in Figure 55.  
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No dissolution or etching of the BSA layer is observed, so the proteins can influence the 

corrosion resistance positively and prevent the phase angle shift to the lower frequency range. In 

addition, with increasing immersion time the phase angle shift turns toward higher frequencies. In 

more general terms, it is a clear indication of a modification of the film/electrolyte interface. So 

the FCS can accelerate the adsorption of further proteins on the BSA surface, which can improve 

the corrosion resistance under inflammatory conditions. 
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Figure 61: Electrochemical measurements of the BSA coating after different immersion times in DMEM + 20% FCS. 
Bode at pH 7 (A) as well as at pH 5 and 150 mM H2O2 (B). 

 

4.5.3 Summary – Bioactivity of BSA coating 
 

Different immersion conditions were examined with regard to protein activity for BSA coatings 

on TiAl6V4. To achieve this, BSA was coated via AC-EPD to TiAl6V4 substrates. The samples 

were immersed at pH 7 and pH 5 in DMEM solution as well as DMEM with fetal calf serum 

(FCS).  

The highest activity in CaP content was observed for the BSA samples immersed under both 

physiological and inflammatory conditions without FCS. Higher protein concentrations in DMEM 

(DMEM + FCS) slow down the ionic diffusion to the surface as well as increase the interaction of 

the protein molecules with the free calcium ions in solution. Coverage effects regardless of protein 

concentrations in immersion solution were observed. In contrast immersion under inflammatory 

conditions in DMEM + FCS leads to a higher ratio of peak intensities, measured by means of ToF-

SIMS, and stability against corrosion (EIS) due to the maximum adsorption at the isoelectric point 

of the BSA molecules (IEP ~ 5) under these immersion conditions.   



106 Pyrrole nanostructured coatings 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

4.6 Pyrrole nanostructured coatings 
 

Pyrrole (PPy) is one of the intrinsic conductive polymers with many applications in 

anticorrosion layers [241] and biosensors in the medicine field [242,243]. The oxidative 

polymerization of conductive polymers and pyrrole lead to positive charges formed along the 

backbone chain. Hence, strong electrostatic interactions are established with oppositely charged 

species. Regarding the improvement of biocompatibility by surface modifications, the surface 

properties are changed, such as surface texture, surface charge, energy and surface chemistry 

followed by polymer or biomolecule coatings to prevent the implant from being recognized a 

foreign body from having less reactive surface layers. Peripheral nerves, spinal nerves, skin, and 

bone respond to electric fields and for this reason coatings of conductive polymers are of great 

interest [244–246]. In the last decades, the synthesis of conducting polymers, especially pyrrole, 

have been widely studied due to their environmental stability, high biocompatibility and 

electroconductive properties [247–249]. In addition, hybrid nanocomposites are also of great 

interest to improve different physical properties by combining organic polymers with inorganic 

salts [250–252].  

Pyrrole can be generally prepared by electrochemical and chemical oxidative polymerization. 

The electrochemical polymerization is based on the anodic oxidation leading to the formation of 

thin pyrrole films on the surface. Powders can be produced by homogeneous reactions of PPy with 

high oxidizing agents. These oxidants such as hydrogen peroxide, iron (III) chloride, and copper 

(II) perchlorate or ammonium persulfate are able to oxidize the pyrrole monomer in the initiation 

step resulting in the formation of radical cations. These radicals can couple with themselves or 

with other cations to form a dimer. According to another polymerization mechanism, the pyrrole 

radical cation reacts with a neutral monomer and oxidizes immediately to form a dimeric radical 

cation. This repeating process leads to the finally insoluble black polymer powder (Figure 62) 

[253].  

In order to combine biocompatibility, conductive properties, and high reactivity, PPy 

nanoparticles were prepared with sizes down to a nanometer scale. The size and stability of the 

PPy nanoparticles are hence influenced by the concentration of the oxidant and preparation 

conditions, as well as structure, molecular weight, and concentration of the dopants. Pyrrole (PPy) 

is one of the most promising polymers due to its advantages such as relatively easy synthesis, 

superior mechanical stability, and corrosion protection. The PPy layer prevents the release of toxic 

ions and also show high biocompatibility. In addition, PPy offers the potential to combine 

polymeric coatings with biological modifications, such as the inclusion of hydroxyapatite and 
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grafting peptide sequences that can promote a specific cellular response [254,255]. The process of 

doping generally occurs during the synthesis of the polymer and this affects surface and structural 

properties [256].  

 

 

Figure 62: Polymerization mechanism of polypyrrole. The monomer adsorbs to the surface and forms a pyrrole cation 
radical. These cations can couple with themselves, with other cations or with neutral monomers. The more stable 
dimer radicals lead to the chain growth by coupling dimers and monomers due to lower oxidation potentials 
[253,257]. 

 
 

4.6.1 Characterization of the pure pyrrole coating 
 

In this section, the biological properties of the pyrrole coating were analyzed by estimating the 

capability to act as a biocompatible coating by immersing the samples in DMEM solution for 

different days. The pyrrole coated control TiAl6V4 surface without immersion shows distinct 

topography with characteristic “cauliflower” nanoparticles (Figure 63). The topography seems to 

depend on the layer thickness and coating conditions as described by Ateh et al. [257].  



108 Pyrrole nanostructured coatings 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

Figure 63 (C and D) are deliberately depicted with higher magnification in order to underline 

the structure of the nanoparticles as well as the topography of the cross features of the subjacent 

structure.  

 

 
Figure 63: SEM images with different magnifications of the TiAl6V4 coated samples with pyrrole. The surface shows 
distinct topography in the micrometer scale with characteristic “cauliflower” nanoparticles and subjacent 
nanostructured topography.  

 

The structure of the PPy coating was also confirmed using FT-IR spectroscopy, as shown in 

Figure 64, which depicts the characteristic absorption bands of PPy. The absorption band at 1549 

cm-1 (1) corresponds to the pyrrole ring with a combination of C-C and C=C stretching vibrations 

[250]. The bands located at 1467 cm-1 and 1362 cm-1 can be attributed to C-N and C=N stretching 

vibrations (2 and 3) [258,259]. In addition, the band at 1276 cm-1 corresponds to in-plane 

deformation modes of C-H and C-N (4) as well as to in-plane bending vibrations in the pyrrole 

ring of C=C located at 908 cm-1 (8). Furthermore, the band at 1175 cm-1 can be assigned to C-N 

stretching vibrations (5) [259–261]. C-H and N-H bands located at 1037 cm-1 correspond to in-

plane deformation vibrations (6). The occurrence of bands at 960 cm-1 and 820 cm-1 are assigned 

to the presence of C-H vibrations (7 and 8) [262,263]. The absorption bands at 773 cm-1 and 

678 cm-1 are attributed to C-H out-of-plane bending vibrations (9 and 10) [264]. These results 

confirm the structure of the pyrrole and match well with the ones available in the literature. 

Furthermore, the transmittance is decreased due to the layer thickness of the pyrrole. 

20 µm 10 µm 

1 µm 1 µm 

A) B) 

C) D) 
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Figure 64: FT-IR spectra of PPy after dip-coating. The characteristic absorption bands of PPy are labeled with 
numbers in ascending order and correspond to different vibrations in the pyrrole ring. Furthermore, the spectra 
confirm well the pyrrole structure in literature, so the adsorption of pyrrole on the TiAl6V4 surface may be evidenced. 

 

Figure 65 shows the results of the fitted XPS analysis in carbon and nitrogen regions for the 

PPy layer. The results of deconvolution, peak separation, as well as chemical bonds of these peaks, 

are also described in Table 6. The deconvolution of the C1s spectrum in Figure 65 (A) gave five 

Gaussian components. The main C peak in Table 6 (b) at 284.8 eV (corrected from the raw data) 

corresponds to the C-C in the aromatic ring while the smaller peak at position (a) arises from the 

C at the fused ring position. The smaller peak at the higher binding energy (c) arises from the C-

N binding. The very small peak at 290.5 eV (e) can be attributed to the π-π* satellite, which is 

commonly present in the aromatic system [265–267]. Hence, these results are in accordance with 

the FT-IR results. The N1s peak in Figure 65 (B) was decomposed into three peaks. The main peak 

centering at 399.5 eV Table 6 (b) corresponds to the neutral N in –NH at the pyrrole ring while 

the small shoulder at lower binding energies (a) arises from the positively charged N in different 

environments [267]. In addition, the peak (c) can be attributed to the polaron charge carrier in the 

–NH*+ [268]. 
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Figure 65: XPS results of the TiAl6V4 samples coated with pyrrole; C1s signal (A) and N1s signal (B). The C1s 
region shows five distinct signals arising from the aromatic ring of the PPy as well as aromatic system (C-N). The 
N1s region shows also three signals from the aromatic system (C-N, N-H). 

 

Table 6: Summary of the fitted XPS results for the TiAl6V4 surface coated with pyrrole. 

 

 

 

 

 

 

 

In order to compare the biological properties of the pyrrole coating after immersion at pH 7 and 

pH 5, the surface structures were analyzed by SEM. The micrographs obtained for immersion 

under physiological pH values are presented in Figure 66. The pyrrole subjacent structure is 

homogeneously covered as well as the pyrrole nanoparticles after 7 days immersion (A). The Ca 

ions in the DMEM solution are initially attracted to the interface and a new layer with globular 

particles is formed. On further increase of the immersion time to 14 days, agglomeration of the 

pure spherical shape apatite fully covering the PPy coating is observed (B). When the PPy coating 

is immersed for 28 days in the DMEM solution at pH 7, the ion adsorption between the surface 

layer and the solution leads to the formation of several agglomerations (C) as a result of the 

different chemical potentials of the ions, while after 90 days (D) the subjacent pyrrole structure 

has been changed and the surface shows a homogenously covered cauliflower structure. 

Carbon Nitrogen 

PPy 

Nr. Bond eV Nr. Bond eV 

(a) C-C 283.60 (a) Aromatic 397.51 

(b) C-C 284.62 (b) N-C, N-H 399.64 

(c) C-N 286.00 (c) polaron/bipolaron 400.71 

(d) Oxide 288.00    

(e) π 290.94    
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Figure 66: SEM images of the pyrrole coated TiAl6V4 alloy after 7 days immersion in DMEM at pH 7 (A). The 
surface structure after 14 days, 28 days and 90 days is shown in (B), (C) and (D).The images are shown in different 
magnifications in order to point out specific structures. 

 

       

Figure 67: SEM images of the pyrrole coated TiAl6V4 alloy after 7 days immersion in DMEM at pH 5 (A). The 
surface structure after 28 days, 56 days and 90 days is shown in (B), (C) and (D). 
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From Figure 67, where the topography of the surface after immersion under inflammatory 

conditions is depicted, the subjacent structure is not completely covered by the aforementioned 

globular film (A) and the structure seems to be dissolved during longer immersion times, 

especially after 28 days (C). But the PPy coating is not completely dissolved and the protection 

capabilities against phase etching of the TiAl6V4 persists. In addition, there seems to be no further 

CaP adsorption compared to the experiments at pH 7 and after pH change (end of inflammatory 

reactions) the adsorption of CaP is time-delayed.   

To clarify the composition of the surface and CaP formation of the PPy coating, the atomic 

concentration of titanium, calcium, and phosphorus, as well as nitrogen, were calculated with XPS. 

The relative sensitivity factor (RSF) was determined and used to scale the measured peak areas so 

that variations in the peak areas are representative of the amount of the material at the metal 

surface. Most samples that have been exposed to the atmosphere have a detectable quantity of 

carbon contamination and therefore nitrogen was used to verify the PPy coating. The atomic 

concentrations calculated from the XPS data are presented in Figure 68. In addition, Figure 68 (A) 

shows the surface composition after immersion at pH 7 while Figure 68 (B) shows the results for 

the samples immersed under inflammatory conditions. 

In the case of Figure 68 (A) only very small amounts of titanium are detected on the surface, 

indicating that titanium ions did not diffuse through the polymer film and that the PPy film seems 

to be rather thick. With increasing immersion time the titanium concentrations stay as low as 

without immersion while the nitrogen slightly decreases. The P2p and Ca2p increase during the 

first 14 days and afterward show the same values or significantly lower concentrations. After 

immersion under inflammatory conditions (Figure 68 (B)), the titanium concentration detected on 

the surface is not significantly higher compared to pH 7 while the nitrogen is reduced. Hence, the 

PPy film is dissolved as also seen in the SEM images, but Ti is not detected in very high 

concentrations, so the PPy layer may be in the micrometer range in thickness. In relation to the 

CaP adsorption, the SEM images showed a time-delayed CaP formation and this correlates with 

the XPS measurements. Even after 28 days only very small calcium and phosphorus concentrations 

are detectable. 
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Figure 68: XPS analysis of the PPy coated TiAl6V4 surface under different immersion conditions; immersion at 
physiological pH 7 (A) and under inflammatory conditions (B). A significant increase of P2p and Ca2p after 1-day 
immersion at pH 7 and decrease after 28 days. However, an only slight increase of P2p and Ca2p at pH 5 and a 
significant decrease of the N1s concentration.  

 

The electrochemical behavior of polymers is a vital factor in understanding their corrosion 

protective capabilities. Therefore, the impedance spectra for the PPy coating at pH 7 and pH 5 are 

presented as Bode plots in Figure 69. In the case of pH 7 in Figure 69 (A) the PPy coating without 

immersion showed a pronounced ohmic behavior in the higher frequency range. In the middle 

frequency range of values of the phase angle of up to ~10°, corresponds to the processes taking 

place at the polymer/solution interface. At lower frequencies, a nearly linear log Z – log f plot, and 

phase angles ~50° have been obtained. Such a behavior is characteristic for very slow, 

doping/undoping controlled processes in the bulk of the PPy film in accordance with the “finite 

diffusion model” [269,270]. Furthermore, the presence of DMEM compounds facilitates the 

transport of doping anions in the bulk of the polymer film due to microporosity. After immersion 

in the DMEM solution, the impedance values showed essential differences and a significantly 

higher resistance. The phase angle values of ~80° corresponding to the reduced (undoped and 

insulated) state of the PPy film can be explained by the increased quantity of DMEM compounds 

in the film and at the polymer/solution interface as well as the formation of conductive pathways 

through the coating. In addition, the impedance values are considerably lower after 7 days than 

those observed for 28 days. In accordance with traditional interpretation, higher values of 

impedance are associated with a higher corrosion resistance. The data obtained would indicate that 

samples immersed for 7 days present lower corrosion resistance than those immersed for longer 

times. This could be explained by water up-taking processes within the polymer film [193,271].  
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On the other hand, no other significant changes were revealed between spectra obtained from 

up to 28 days immersion at physiological pH values indicating a coated metal surface, assigned to 

the time constant observed in the low-frequency range and only resistive components as well as 

barrier properties of the coating. However, under inflammatory conditions (Figure 69 (B)) the 

impedance for the samples without immersion showed a resistive-capacitive behavior where the 

impedance is nearly constant over the frequency range from 100 KHz -10 MHz. The θ values soon 

increased and reached the value of ~80 (at around 10 Hz) and remained constant. These values 

would normally be observed for an ideal capacitor and are attributed to the contribution of some 

resistive components such as diffuse layers. Only one time constant is observed throughout the 

Bode plot, which is attributed to the formation of a passivating film. Hence, immersion under 

inflammatory conditions and the presence of H2O2 leads to the initial dissolution of the PPy film 

and therefore electrochemical behavior comparable to the TiAl6V4 alloy. In addition, there is no 

phase angle shift observed as well as no change in the impedance values indicating the preservative 

corrosion resistance of the alloy against selective phase etching due to a remaining polymer film, 

as already seen in SEM images in Figure 67 (C).  
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Figure 69: Electrochemical impedance spectroscopy measurements of the TiAl6V4 alloy coated with PPy; The Bode 
plots show corrosion performances after immersion in DMEM at pH 7 (A) and under inflammatory 
conditions at pH 5 (B). 
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4.6.2 Pyrrole doped with calcium phosphate 
 

In the last section, characterization of pure polypyrrole coatings was investigated. XPS 

measurements showed significantly increased Ca and P concentrations during the first days of 

immersion, while after 28 days the CaP formation is reduced. Hence, in order to accelerate and 

stabilize CaP formation on the pyrrole surface, 11-Hydroxyundecylphosphonic acid (HUPA) was 

used as linker molecule for additional calcium nitride coating. Calcium nitride acts an intermediate 

in CaP interaction during immersion. With increased Ca2+ concentration on the surface, calcium 

phosphate deposition and formation is accelerated and is, therefore, suitable for further bone 

formation. The coating process is shown in Figure 70. 

 

 

Figure 70: Process of PPy coatings; Combining 11-Hydroxyundecylphosphonic acid (HUPA) with calcium nitrite 
hydrate to accelerate CaP adsorption. Ammonium persulfate is used to initiate the polymerization. 

 

Morphology of the different coatings is shown in Figure 71. The pA coating (polypyrrole with 

HUPA) in Figure 71 (A) and (B) shows the aforementioned “cauliflower” structure and also a 

nanostructured substructure compared to pure pyrrole (Figure 71 (B)). In the case of pACa 

(polypyrrole with HUPA and calcium nitride) in Figure 71 (C) and (D), small nanostructured 

particles can be observed and are homogeneously distributed on the surface. 

After immersion under physiological conditions at pH7 (Figure 72 (A)-(D)) the pA morphology 

show agglomeration of the “cauliflower” structure as well as of the substructure, while even after 

90 days (Figure 72 (D)) no CaP formation can be observed. However, the coating and the 

substructure seem to be stable during immersion. Compared to PPy and pA, the pACa coating 

assumes that the number of nanostructured particles is reduced after 7 days of immersion (Figure 

72 (E)), while with longer immersion times the CaP formation is clearly observable.  
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Hence, after 90 days in DMEM at pH 7, the surface is completely covered. Therefore, SEM 

images show clearly an accelerated CaP formation during 90 days of immersion in the case of 

pACa. These perceptions will be investigated by means of XPS in the course of this section.  

 

 
 

Figure 71: Surface morphology of the TiAl6V4 alloy coated with 11-Hydroxyundecylphosphonic acid and pyrrole 
(pA) without immersion in (A) and (B); (C) and (D) show the surface coated with phosphonic acid, pyrrole and 
calcium nitrite hydrate (pACa). 

 

In addition, the surface morphology of pA and pACa is also investigated after immersion under 

simulated inflammatory conditions and the images are presented in Figure 73. The morphology 

changes for pA during immersion are shown in images (A-D), while images (E-I) correspond to 

pACa. Compared to the results investigated during immersion under physiological conditions at 

pH 7, both pA and pACa also show the formation of CaP on the surface and high stability of the 

coating under inflammatory conditions. Accelerated coverage of the surface is clearly observable 

in the case of calcium doped samples, so the biocompatibility is significantly increased under both 

simulated physiological and inflammatory conditions compared to PPy and pA. However, after 14 

days, indicating the end of inflammatory reactions followed by pH increase up to 7, the pyrrole 

coating seems to start to degrade. Degradation in the protective performance of the coating is 

attributed to the deprotonation and overoxidation of PPy with an increase of pH. In acidic solution, 

proton acid doping occurs, while with increasing pH PPy would be deprotonated and even 

overoxidized in alkaline solutions.  
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The corrosion protection of PPy coatings is also related to the anion exchange mechanism as 

well as the ability to inhibit the migration and diffusion of corrosive anions to the substrate.  

 

 

Figure 72: Surface morphology of the TiAl6V4 alloy coated with 11-Hydroxyundecylphosphonic acid (pA) after 7 
days immersion in (A) and after 14 days at pH 7 (B); (C) and (D) show the surface after 28 days and 90 days 
immersion under the same conditions at pH 7. In addition, (E) – (H) show the morphology of the pA coating with 
calcium nitride. The samples were also immersed under physiological conditions at pH 7 for 7, 14, 28 and 90 days.  
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Figure 73: SEM images of pA (A-D) and pACa (E-I) coated TiAl6V4 after immersion under inflammatory conditions. 
The images show the surface morphology after 7, 14, 28 and 90 days. 
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Results of the quantitative analysis by XPS are reported in Figure 74. The evolution of the 

relative concentration of Ti, P, Ca and N atoms have been studied as a function of immersion time 

and immersion condition (pH 7 and pH 5). Both doped PPy coatings, the pA, and the pACa are 

compared in order to evaluate the effect on CaP formation and degradation of the coating. It is 

observed that the nitrogen concentration exhibits a relatively rapid fast decrease during immersion. 

Simultaneously, the Ca2p and P2p contents increase. The evolution of the nitrogen would have to 

involve depolymerization or PPy chain breaking. This means that the decrease in the nitrogen 

concentration is due to the aging process during immersion.  
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Figure 74: Evolution as a function of immersion time: atomic percentage as determined by XPS quantitative analysis. 
(A) pA at pH 7, (B) pACa at pH 7 and (C + D) after immersion under inflammatory conditions at pH 5. 

 

Negligible or rather contents of Ti2p were detected on the surface, indicating that Ti ions did 

not diffuse through the polymer film. Holes in the polymer film for another Ti source seems not 

to be the case. The depth analyzed with XPS is significantly smaller than the coating thickness and 

straight holes all the way through the film are unlikely. Regarding CaP formation, both the pA and 

pACa coating lead to continuously increased concentrations at pH 7 and compared to PPy to higher 
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ultimate values after long-term immersion. After immersion under inflammatory conditions, the 

CaP formation is still increased in the case of Ca-doped PPy. Due to deprotonation/protonation 

processes during immersion at pH 5 (pH change from 5 to 7 at the end of inflammation), the 

adsorption of CaP can be promoted and leads to complete coverage of the surface after three 

months (as seen in Figure 73 (H)). 

 

4.6.3 Summary – doped vs. undoped PPy 
 

  Polypyrrole nanostructured surfaces were synthesized by chemical oxidative polymerization. 

In order to accelerate and stabilize the CaP adsorption as well as formation, a hydrophilic linker 

molecule (HUPA) was examined in terms of its suitability to act as intermediate for additional 

calcium nitride coating. By means of calcium ions on the surface, further CaP adsorption is 

promoted. Immersion tests and surface characterization were carried out to determine 

biocompatibility, surface chemistry, and corrosion properties. 

 SEM and FT-IR confirmed that PPy was deposited on the surface. Compared to PPy and pA (PPy 

with HUPA) the calcium nitride coating accelerated the CaP formation during immersion and 

increased Ca2p and P2p concentrations were detected on the surface by means of XPS. The 

increase in interaction between material and immersion solution is due to the large surface area of 

the calcium nanoparticles as well as already existing calcium nuclei. Both the PPy and pACa 

coatings also showed a high stability against corrosion under simulated inflammatory conditions 

and can act as a corrosion protection layer against dissolution or etching of TiAl6V4. 
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5. In-vitro cytocompatibility and cell-material interactions  
 

Physico-chemical properties of the material and proteins, as well as integrins of the cells, are 

involved in cell-materials interactions [272]. In-vivo models typically involve animal models 

which are used to evaluate the interaction between the implant and the host tissue. On the other 

hand, in-vitro models are comparatively simple and are generally used prior to in-vivo. The 

conventional two-dimensional (2D) cell culture model is generally used to evaluate properties, 

physiological and biochemical characteristics of cells as well as their functional activity [273]. The 

2D model is also very useful to investigate the cytotoxicity of substrate materials or coatings over 

short cultivation periods [274]. If the seeded cells are attached on the surface of the relevant 

material or coating and proliferate, the material is considered as cytocompatible. On the other 

hand, if the material does not promote cell adhesion so the cell-cell interaction becomes stronger 

than the cell-material interaction, the cells will eventually form clusters. Hence, the material 

exhibits inertness to the cells but does not exhibit any detrimental effect [275].  

So in this section viability and cytocompatibility are investigated in-vitro on bare TiAl6V4 alloy 

as well as on inorganic and organic (TiO2-NP, pHA-NP, PPy) coatings. In the case of BSA coating, 

the anti-bacterial properties are widely investigated. BSA also acts as anti-attachment protein and 

prevent biofilm formation. In contrast, BSA shows attachment characteristics for cells [276]. 

Hence, the attachment of various cells is significantly promoted. Therefore, it is suggested that 

AC-EPD coated BSA acts as an intermediary coating in cell interaction that promotes attachment 

and proliferation of cells and is therefore not investigated by the author of this thesis.  

 

5.1 Viability and vitality of fibroblast- and osteoblast-like cells 

5.1.1 Fibroblast- like MEF cells 
 

Viability and morphology of living cells can be evaluated by means of staining. Apart from the 

viability, Calcein AM staining is used to provide information about the cell shape, resulting in the 

green fluorescent cytoplasm of living cells. The cells were also stained with DAPI (nuclei staining) 

in order to evaluate the integrity of the nucleus, resulting in blue fluorescence (Figure 75). As 

shown in Figure 75 (B) – (F), compared to the control group (Figure 75 (A); well-plate), an obvious 

increase in viable cell numbers is observed for all different coatings, while the cell shape is similar 

compared to the control. Interestingly, the MEF cells formed cluster-like structures on the HA-

incorporated TiO2-NP coating (Figure 75 (E)).  
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These, as formed clusters, indicate stronger cell-cell interactions than the cell-material 

interactions. In the case of PPy (Figure 75 (F)), focusing on all live cells turned out to be difficult 

due to high surface roughness and irregularities in thickness.  

 

 

Figure 75: Fluorescence microscopy images of MEF cells adhered on the bottom of the well plate (A), on the TiAl6V4 
substrate (B), TiO2-NP (C), pHA-NP (D), HA-incorporated TiO2-NP (E) and PPy (F) after 24h of incubation. The 
cells were stained for live cells:  cytoskeleton (green) and cell nuclei (blue). 

 
 

 The morphology of the cells attached to the surface was analyzed by SEM in order to evaluate 

the cell-cell as well as cell-material interaction. In addition, by means of SEM, the cell attachment 
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and the spreading was observed. As shown in Figure 76, similar to fluorescence images, clusters 

of cells were detected on the bare TiAl6V4 and on almost all coatings excepting PPy.  

 The cell morphology is spindle-elongated indicating high cell activity. Due to charging effects 

of the nonconductive cells by the electron beam image artifacts can be observed but also 

disregarded. The higher magnification in Figure 76 (D) show the typical morphology of microvilli, 

which are microscopic cellular membrane supernatants that increase the surface area and are 

involved in different functions including cell adsorption and adhesion. Compared to the 

aforementioned cluster-like structure the morphology of the MEF cells on PPy (Figure 76 (F)) 

exhibits a more cuboidal morphology. And this also conforms to the fluorescence images. 
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Figure 76: SEM images of MEF cells on the surface of TiAl6V4 (A), TiO2-NP (B), pHA (C) with typical morphology 
of the microvilli (D; higher magnification), HA (E) and PPy coated TiAl6V4 (F) after 24 h of cultivation. 

 

In addition to the cell viability, the cell numbers were quantified by counting the DAPI stained 

cell nuclei (Figure 77) with ImageJ software. In general, after 24h of cultivation (Figure 77 (B)), 

the number of cells on the TiAl6V4 alloy as well as on the different coatings significantly increased 

compared to the control group (well-plate). Moreover, the cell numbers for the bare TiAl6V4 alloy 

show the highest values, while the TiO2-NP and PPy cell counting is significantly reduced. These 

results are in accordance with the fluorescence as well as SEM images. Hence, a strong correlation 

between cell viability and a number of cells can be observed for MEF cell line after 24 h of 

cultivation. 
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Figure 77: DAPI staining (A) of the cell nuclei (image of well-plate control) was performed to visualize the total cell 
number shown in (B). Cell counting was performed at x 20 magnification. Data are represented as means ±  
(n = 3). 

 

 In order to evaluate the cell viability in more detail, the mitochondrial activity by means of the 

WST-8 assay was also investigated. During this WST assay, formazan is formed and secreted into 

the DMEM medium resulting in the change of the medium color. Hence, this change in medium 

color is measured, so the relative mitochondrial activity of the cells can be determined and 

normalized with respect to WST-control (medium without cells). The absorbance was measured 

at 450 nm and is represented as optical density values in Figure 78 (A) and as normalized cell 

viability with respect to the viability of the control group (well-plate with cells) in Figure 78 (B). 

 For the TiAl6V4 alloy as well as for the HA and PPy coating the optical density at 450 nm is 

significantly reduced (PPy: p~0.0002) while the TiO2-NP and pHA coating show higher values 
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compared to the control group. In most cases, the cell activity is reduced whereas the cell number 

is increased and this indicates that even though the mitochondrial activity is reduced the samples 

do not show any cytotoxicity. The significant reduction of cell activity in the case of PPy is likely 

due to the polymerization process. As mentioned in section 4.6.1 the topography of the PPy coating 

is dependent on layer thickness and thus of monomer concentration. Increased monomer 

concentration leads to increased PPy thickness and therefore causes the release of toxic leachable 

or surface properties with inhibiting cell attachment [277]. 
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Figure 78: Cell viability of MEF cells after 24h of incubation. The viability was determined by using WST-8 cell 
proliferation assay. The absorbance was normalized with respect to WST-control and is shown in (A). The cell 
viability in (B) was normalized with respect to the viability of the control group (well-plate). The data are expressed 
as mean ±  (n = 10). *** = p < 0.0005. 

 

5.1.2 Osteoblast-like MG-63 cells 
 

Similar to the MEF cell tests in section 5.1, MG-63 cells were also seeded directly on the 

different coatings as well as on the bare TiAl6V4 alloy. Human osteosarcoma cells were used to 

examine the cell-material interaction of osteoblast-like cells after 24 h and 48 h of cultivation. 

Growth and activity of the cells on the samples were estimated from measurements of live cell 

staining, cell counting by means of DAPI assay and absorbance at 450 nm with the WST-8 assay. 

To determine whether cell morphology varied as a function of surface composition, the cultures 

were examined by SEM.  

Good cell attachment and growth of osteoblast-like cells was observed with direct cell seeding. 

No signs of cytotoxicity were observed so the cells can attach to the surface. MG-63 cells can be 
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used to monitor the attachment of human osteoblasts as they show a similar integrin profile. The 

appearance and especially the number of cells on the surface varied significantly with the type of 

coating as shown in Figure 79. The cells grown on the well-plate (control) and on the bare TiAl6V4 

alloy (Figure 79 (A + B)) were well spread and form a thin monolayer. In contrast, the cell number 

and therefore cell density is increased on all coatings and the cells appeared to partially form 

clusters indicating strong cell-cell interaction.  

 

 
 

Figure 79: Fluorescence microscopy images of MG-63 cells after 24 h; adhered on the bottom of the well plate (A), 
on the TiAl6V4 substrate (B), TiO2-NP (C), pHA-NP (D), HA-incorporated TiO2-NP (E) and PPy (F) after 24h of 
incubation. The cells were stained for live cells:  cytoskeleton (green) and cell nuclei (blue). 
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Furthermore, and in order to declare cell-cell and cell-material interactions, cell morphology, 

as well as attachment, were investigated by means of SEM. The representative images are 

presented in Figure 80 after 24 h of cultivation. All types of samples are well covered by cells. A 

closer observation of the gap between cells showed expressed filopodia in contact with the 

different coatings. Well-developed microvilli were also observed on the spread cells on all type of 

samples indicating high cell activity. In addition, the cells displayed a typical osteoblastic 

phenotype with elongated polygonal and flat structures. 

 

 

Figure 80: SEM images of MG-63 cells on the surface of TiAl6V4 (A), TiO2-NP (B), pHA (C), HA (D) and PPy coated 
TiAl6V4 (E) after 24 h of cultivation. 
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 To compare proliferation rates, the number of cells on TiAl6V4 or on nanostructured coatings 

was quantified after 24 h by counting DAPI-stained nuclei (Figure 81). The number of cells was 

quantified in at least 5 photomicrographs, which were captured at various regions and samples. 

After 24 h more cells adhered to the TiO2-NP and HA coated surface compared to well-plate 

without any sample. However, the number of cells on the bare TiAl6V4, on pHA as well as on 

PPy decreased (150 – 200 cells). Compared to MEF cells after 24 h of cultivation, the well-plate 

had a greater number of cells, while the number of cells seeded directly on HA was not 

significantly different (~400 cells). Although the bare TiAl6V4 alloy showed the highest number 

of cells in the case of fibroblasts, the number is significantly reduced for MG-63 cells even below 

the number quantified on the well-plate.  
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Figure 81: DAPI staining (A) of the cell nuclei (image of well-plate control) was performed to visualize the total cell 
number shown in (B). Cell counting was performed at x 20 magnification. Data are represented as means ±  
(n = 3). 

 

The attachment and proliferation of MG-63 osteoblast-like cells were also quantified using 

WST-8 assay. For the direct evaluation of the cell viability, well-plate without cells was used as 

reference sample. The activity of mitochondrial enzymes, measured by WST-8 assay, also showed 

increased proliferation capacity and activity for TiO2-NP coated TiAl6V4 (Figure 82). And this is 

in agreement with the live/dead assay (Calcein AM staining) and cell counting. The cell viability 

was not significantly different among the TiAl6V4 alloy and both the pHA and HA coating. High 

statistical differences (p<0.0001) were observed for the PPy coating, although the cell number was 

identical to the well-plate group. 
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Figure 82: Cell viability of MG-63 cells after 24h of incubation. The viability was determined by using WST-8 cell 
proliferation assay. The absorbance was normalized with respect to WST-control and is shown in (A). The cell 
viability in (B) was normalized with respect to the viability of the control group (well-plate). The data are expressed 
as mean ±  (n = 10). * = p < 0.05; ** = p<0.005; **** = p<0.0001.  

 

 Since MG-63 cells after 24 h of cultivation, in contrast to MEF cells, lead to differences in 

growth and proliferation, the samples were also cultured for 48 h. By using the live/dead cell assay 

for 24 h, it was shown that most viable cells were presented on both the TiO2-NP and the HA 

coated TiAl6V4. MG-63 cells were seen to form clusters and showed homogeneous distribution 

on the surface. These results confirm the biocompatibility and indicate that the nanostructured 

surfaces can enhance the adhesion of MG-63 after 24 h. In addition, due to the wide applications 

of coated or uncoated TiAl6V4 in medical technology or implantology, the assessment of 

biocompatibility as well as cytotoxicity with respect to the adhesion of osteoblast-like cells is of 

great importance.  

 Therefore, in the case of 48 h culture, it is likely that cell adhesion was improved. The cell 

density and formation of clusters is significantly increased (Figure 83). Even on the pHA coating 

(Figure 83 (D)), the cells form tube-like structures due to increased cell-cell interaction. This tube 

formation is very important for vessel morphogenesis and contributes to bone matrix. 
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Figure 83: Fluorescence microscopy images of MG-63 cells after 48 h; adhered on the bottom of the well plate (A), 
on the TiAl6V4 substrate (B), TiO2-NP (C), pHA-NP (D), HA-incorporated TiO2-NP (E) and PPy (F) after 24h of 
incubation. The cells were stained for live cells:  cytoskeleton (green) and cell nuclei (blue). 

 
 It is necessary that the porosity of a material is sufficient to allow cell penetration but also that 

the cells are able to grow effectively. To investigate the suitability of the coatings for cell growth, 

SEM was used to evaluate morphology and attachment (Figure 84). It was observed that the cells 

adhered and spread well. Penetration of cells into the pores was also observed for the PPy coated 

TiAl6V4 (Figure 84 (F + G)). The cells on the surface were spindle shaped and well attached with 

lamellipodia and filopodia, thus reflecting a good attachment to the material. Differences in surface 

compositions did not show differences in cell morphology even with same cell configuration. 
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Figure 84: SEM images of MG-63 cells on the surface of TiAl6V4 (A) and higher magnification (B), TiO2-NP (C), 
pHA (D), HA (E) and PPy coated TiAl6V4 (F) and (G) after 48 h of cultivation. 
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 The cell adhesion results of MG-63 grown on different coatings are illustrated in Figure 85. 

The data show increased cell numbers on all coatings as well as on bare TiAl6V4 compared to 

well-plate. Compared to MG-63 cells after 24 h of cultivation, the cell number is significantly 

increased on the pHA coating and this is in agreement with the SEM and fluorescence images. 

Hydroxyapatite has been used clinically to treat bone defects. Therefore, such surface 

modifications improve bone matrix deposition as well as host tissue integration. So in this study, 

the better performance of the pHA coating with respect to other modifications can be explained by 

the characteristics of the chemical composition. Hence, the surface promotes the interaction with 

bone cells by providing sites for calcium and phosphate nucleation. High cell numbers are also 

observed on the TiO2-NP coated alloy indicating good cell-material interactions due to small 

particle diameter and high surface roughness. But also the presence of hydroxyl groups on the 

surface promote the aforementioned interaction with bone cells due to specific sites for calcium 

and phosphate adsorption. On the other hand, in the case of HA- incorporated TiO2-NP, the cell 

number is significantly decreased compared to TiO2 and pHA. This decrease corresponds to the 

different isoelectric points. The isoelectric point of TiO2 is at pH 5.8, while the IEP occurs for the 

apatite powder at pH 9 – 10, so different surface charges affect the cell adsorption.  
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Figure 85: DAPI staining (A) of the MG-63 cell nuclei (image of well-plate control) was performed to visualize the 
total cell number shown in (B). Cell counting was performed at x 20 magnification. Data are represented as means 
±  (n = 3). 

 

The measurement of cell viability by WST-8 assay (Figure 86) indicated that the inorganic and 

organic coatings had no significant inhibition effect on the viability. The viability of the MG-63 

cells was substantially increased depending on surface treatment. In contrast, cell viability was 

significantly reduced on polypyrrole coating (p<0.0001). And this is related to the 

protonation/deprotonation of the PPy during immersion resulting in the release of surfactants and 
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effect on cell viability. Hence, PPy could exert some cytotoxic effects on the cells due to the 

released ions during immersion compared to 24 h of cultivation. However, the cell viability of 

osteoblast-like cells is enhanced by surface modification in the nanometer range and this leads to 

no cytotoxic effects resulting in good biocompatibility and to enhanced chances for different 

applications.  
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Figure 86: Cell viability of MG-63 cells after 48h of incubation. The viability was determined by using WST-8 cell 
proliferation assay. The absorbance was normalized with respect to WST-control and is shown in (A). The cell 
viability in (B) was normalized with respect to the viability of the control group (well-plate). The data are expressed 
as mean ±  (n = 5). * = p < 0.05; ** = p<0.005; **** = p<0.0001. 

 

5.1.3 Summary – comparison of different cell types  
 

Bone regeneration remains an important challenge in the field of orthopedic surgery, as trying 

to mimic the natural environment to recreate and regenerate the affected tissues using various 

materials. The main requirement of the materials is biocompatibility, so the material has to be 

modified that it bonds with the living tissue to help in regeneration.  

In this study, the initial adhesion of MEF and MG-63 cells was investigated. These fibroblast-

like and osteoblast-like cells are commonly used for fibroblastic and osteoblastic models. Cellular 

characteristics were assessed by proliferation kinetics and morphometric analysis. Obtained results 

demonstrated that the inorganic and organic coatings are a promising candidate to be used for 

living bone graft production in-vitro. Both MEF and MG-63 revealed a capability to proliferate on 

the surface of the material. In addition, both the surface properties and topography of the coatings 

appeared to dominate the cell proliferation and cell viability. 
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5.2 Long-term cytocompatibility and differentiation of ADSC cells 
 

Human adipose-derived mesenchymal stem cells with the ability to differentiate into cells of the 

mesodermal lineage including osteoblasts are potentially interesting to analyze the effect of toxic 

substances.  Osteogenic differentiation was assessed by evaluating cell morphology, cell viability, 

and calcium deposition after long-term differentiation in osteogenic induction medium.  

The cells were allowed to grow in tissue culture plates and were cultured for 72 h using growth 

medium. In addition to this, the cells were passaged on reaching 80-90% confluence and were 

seeded on the different samples including well-plates as a control using osteogenic induction 

medium (more details in section 3.3). In order to track cell growth and differentiation under both 

conditions, images of tissue culture plates (up to 72 h) and also well-plates (up to 14 days) were 

recorded by means of light microscopy.  

 

5.2.1 Cell staining and cell vitality during osteogenic differentiation 
 

The optical microscopy images are shown in Figure 87. The growth phase is shown in 

(A) – (C), while the first 14 days of differentiation are shown in (D) – (F). It is noted that the 

ADSCs were stretched with spindle-like shape morphology and the cells adhered well to the 

surface of the flasks after one day. The cells start to proliferate after 24 h so more and more cells 

appeared as a monolayer of broad, flat cells in growth medium and all cells were bi- or multi-polar. 

The morphology of ADSCs was altered after 7 days of induction and calcified nodules were 

gradually observed on the surface (marked with blue square dots in Figure 87 (E) and (F)). In 

addition, with longer induction time and additional induction medium, the cells show osteoblast-

like morphologies with more contracted cell bodies and similar results were obtained at 14 days 

of incubation compared to (E) at 7 days. Only the amount of calcified nodules is significantly 

increased.  

In order to evaluate differences in cell morphology and calcification, the cell growth is 

investigated on the different coatings as well as on bare TiAl6V4. For this, the well-plate and 

hence the cell behavior is used as positive control. 
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Figure 87: Optical microscope images after seeding the ADSC cells and cultivation. The images (A) – (C) represent 
the cell growth after 24 h, 48 h, and 72 h without osteogenic induction medium in cell culture flask. In addition, images 
(D) – (F) show the cell growth and morphology after 3 – 14 days cultivation in osteogenic induction medium on the 
well-plate (control). The calcified nodules are marked with blue square dots. 

 

 The Calcein AM staining is used for determining cell viability since the fluorescence intensity 

of calcein is proportional to a number of live cells. As shown in Figure 88, the bare TiAl6V4, as 

well as all different coatings, present good biocompatibility but the effects of the different surface 

morphology depending on the coating were different after 7 days of induction. Hence, the cell 

density is increased visually from Figure 88 (B) to (E) compared to the positive control in (A). So 

with decreasing the surface roughness to the nanometer scale, the cell growth is influenced 

positively.  
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 However, the PPy coating show gradually spread out cells instead of forming a monolayer, with 

a significantly decreased number of cells. The pH decrease close to the polymerized surface due 

to the release of the surfactant as well as morphology or composition affect the cell growth and 

lead to reduced biocompatibility compared to TiO2-NP or HA-NP coatings. These findings are in 

agreement with the aforementioned MEF and MG-63 cell tests. 

 

 
Figure 88: Fluorescence images of ADSC cells stained with Calcein AM after 7 days of cultivation in the osteogenic 
induction medium. The images show the cell growth on all different types of samples: well-plate (control) is shown in 
(A), TiAl6V4 in (B), TiO2-NP in (C), pHA in (D), HA in (E), and the PPy coating in (F). 
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Calcein AM binds to calcium and is also incorporated into calcium carbonate crystals during 

immersion [278]. As can be seen in Figure 89 after 14 days of induction, the staining can only be 

partially assigned to ADSC cells owing to the incorporation of calcein in calcium carbonate 

crystals precipitated in-vitro as a result of calcification.  

 

      
Figure 89: Fluorescence images of ADSC cells stained with Calcein AM after 14 days of cultivation in the osteogenic 
induction medium. The images show the cell growth on all different types of samples: well-plate (control) is shown in 
(A), TiAl6V4 in (B), TiO2-NP in (C), pHA in (D), HA in (E), and the PPy coating in (F). 
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The calcified nodules are obtained on all type of samples in a very different from. In the case 

of the well-plate in Figure 89 (A) and PPy (F), both the calcifications and the cells are stained by 

Calcein AM whereas the bare TiAl6V4 alloy, as well as the nanostructured coatings, show 

calcified clusters (pHA (D)) up to calcified layers (TiO2-NP in (C)). The distinction between 

ADSCs and calcified nodules is shown later in this chapter. 

Proliferation and viability of the ADSCs after 7 and 14 days of induction were estimated using 

the WST-8 kit. At both time points, the WST reagent was added and the optical densities were 

measured. As shown in Figure 90 (A), in the first 7 days, the cells proliferated similarly to the 

positive control while the PPy coating show significantly decreased optical densities due to the 

decrease in cell number as shown in the fluorescence images. The production of orange formazan 

is increased after 14 days and directly proportional to the increase in living cells. So the production 

of formazan is increased with increasing induction time although the production varied depending 

on the type of samples. Enhanced viability is obtained for the PPy coated TiAl6V4. The 

proliferation is significantly increased compared to Figure 90 (A) and conform to the image in 

Figure 89 (F). 
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Figure 90: Cell viability of ADSC cells after 7 and 14 days of cultivation in the osteogenic induction medium. The 
viability was determined by using WST-8 cell proliferation assay. The absorbance was normalized with respect to 
WST-control and is shown for 7 days in (A) and for 14 days in (B). The data are expressed as mean ±  (n = 10). * 
= p ~ 0.02; *** = p ~ 0.003. 

 

Morphology of the ADSC cells on the surface after 7 (Figure 91) and 14 days (Figure 92) was 

analyzed by means of SEM. Similar to the results of fluorescence images, a monolayer of cells 

was detected on the surface of TiAl6V4 (Figure 91 (A)) and on the nanostructured organic and 

inorganic coatings (Figure 91 (B) – (D)).  
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However, a cluster of cells was visible on the PPy coating instead of a homogeneous monolayer. 

In addition, both the cauliflower nanoparticles and the subjacent structure of the PPy are shown at 

higher magnification in Figure 91 (F). Therefore, the ADSC cells were differentiated to osteoblasts 

with osteoblastic cuboidal morphology and marked cell-material and cell-cell interactions. The 

images in Figure 92 after 14 days showed corresponding results. Enhanced cell proliferation and 

osteoblast-like cell morphology. 

 

 
Figure 91: SEM images of ADSC cells after 7 days of osteogenic differentiation on the surface of TiAl6V4 (A) TiO2-
NP (B), pHA (C), HA (D), and PPy coated TiAl6V4 (E). Higher magnification of the PPy coated surface is shown in 
(F). There both the cells and the subjacent morphology of PPy are observed as well as the PPy cauliflower 
nanoparticles. 
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Figure 92: SEM images of ADSC cells after 14 days of osteogenic differentiation on the surface of TiAl6V4 (A) TiO2-
NP (B), pHA (C), HA (D), and PPy coated TiAl6V4 (E).  
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5.2.2 Evaluation of osteogenic induction growth of ADSC cells and 
mineralization 

 

The capability of the implant`s surface to induce or to stimulate the osteogenic differentiation 

of stem cells plays an important role for the successful osseointegration of the implant [279]. In 

addition, surface characteristics are mainly determined by the material and biological interactions 

with the host tissue. Interactions with biomolecules or mineralization will be a conditioning layer 

to interact with cells and determine the aforementioned successful osseointegration.  

The osteoblast differentiation is marked by the formation of mineralized nodules or it can be 

induced by the material itself. These mineralized nodules are composed of inorganic 

hydroxyapatite and organic type I collagen. In-vitro mineralization can be assessed using 

histochemical methods including Alizarin Red or rapidly assessed qualitatively by fluorescent 

microscopy. To visualize the mineralization in this study, the OsteoImage assay was used based 

on the specific binding of the green fluorescent reagent to the hydroxyapatite portion. Hence, 

calcium deposits were stained green (OsteoImage), while the cells were counterstained red 

(Vybrant) as shown in Figure 93. On day-21, calcification was detected in all sample groups, as 

the TiO2-NP (Figure 93 (C)) had the most extensive calcification in cultures. Vybrant staining 

indicated that the cells are proliferated on the surface and that the calcification and cells co-localize 

with each other in the case of positive control (A), TiAl6V4 (B), TiO2-NP (C) and pHA in (D). 

More calcium is deposited where more cells were proliferated on the surface as well as where the 

medium was in contact with the coating. This deposition is due to the osteogenic induction of the 

ADSC cells and the stimulating phenomenon of the coating or surface. More interestingly, the HA 

(E) and the PPy coating (F) showed green fluorescence and calcified nodules more or less on the 

coating itself and therefore, related to the more stimulating effect of the hydroxyapatite coating as 

well as surface properties of the PPy including hydrophilicity and roughness. Compared to Calcein 

AM stained images after 7 and 14 days, and in relation to the decreased cell viability of the PPy 

coating, it is notable that the mineralization is enhanced by the coating after 21 days.  

The mineralized nodules are composed of hydroxyapatite and in addition to the inorganic phase 

composed of type I collagen. The collagen is synthesized as procollagen with peptides at both the 

amino and carboxy termini. The release of these peptides provides a stoichiometric representation 

of the collagen production. Hence, the CICP Kit is used as a quantitative method for determining 

the CICP levels (C-Terminal of type I collagen), as the CICP level is indicative of collagen 

production in-vitro.  
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Figure 93: Fluorescent microscopy images of the specific binding of OsteoImage reagent to the hydroxyapatite 
deposited on the different coatings after 21 days of cultivation. The images show the calcified nodules (OsteoImage, 
green) and the ADSC cells (Vybrant, red) for the positive control (A), TiAl6V4 (B), TiO2-NP (C), pHA (D), HA (E) 
and PPy coating in (F). 

 

The optical density of the control samples was measured at 405 nm to evaluate a representative 

standard curve (Figure 94 (A)). The sample results were calculated by means of the standard curve 

and were corrected for the dilution made. The corrected CICP results of the samples used in this 

study are shown in Figure 94 (B) indicating the collagen production after 21 days of osteogenic 

induction. Increased amounts of type I collagen deposited by ADSCs correlates with increased 

synthesis of this protein. The present study demonstrated the ability of both the bare and coated 

TiAl6V4 alloy to promote CICP protein expression in ADSCs compared to the positive control 

(well-plate). 
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Figure 94: The standard curve measured in the optical density (A) and CICP level (B) after 21 days of osteogenic 
induction. Increased production of type I collagen is observed for all type of samples compared to the positive control.  
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Figure 95: Cell viability (WST-8) and cell proliferation (BrdU) was measured at 450 nm and the optical densities are 
shown as mean ±  (n = 10).  

 

To confirm if the different coatings have an effect on the proliferation rates of ADSCs, WST-8 

and BrdU incorporation were evaluated. The WST-8 assay, in Figure 95 (A), showed increased 

optical densities of both the TiAl6V4 alloy and the coated samples compared to the well-plate. 

Values up to 0.3 indicate that the production of formazan achieved the production limit after 21 

days, as the values are not significantly increased compared to day 14. The cell proliferation test 

based on bromodeoxyuridine (BrdU) incorporation showed corresponding results. Taken together, 

these data support a role of all coatings in stimulating cell proliferation during osteogenesis.  
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In order to investigate the impact of surface morphology and coating on bone sialoprotein (BSP) 

gene expression during osteogenic differentiation in-vitro, BSP ELISA Kit was used. Bone 

sialoprotein is a component of mineralized tissue as well as a significant component of the bone 

extracellular matrix and is highly expressed by osteoblasts [280]. BSP acts as a nucleus for the 

formation of apatite crystals. The Kit is based on the interaction of BSP with specific anti-BSP 

antibodies in order to detect the potential marker of bone metabolism. Figure 95 shows expression 

of bone-related BSP (B) as well as generated standard curve (A) for calculation.  
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Figure 96: Osteogenic related gene expression of bone sialoprotein (BSP) in different groups after 21 days. The pHA 
coating has the highest gene expression, while the PPy coated TiAl6V4 show the lowest BSP values after induction. 
The data are expressed as mean ±  (n = 4). ** = p ~ 0.02; *** = p ~ 0.003. 

 

 For bone matrix genes, the positive control, TiAl6V4, pHA, and HA showed increased 

gene expression on day 21. However, the TiO2-NP, as well as PPy, has shown an inhibitory effect 

on bone sialoprotein expression. As shown in Figure 96, the TiO2-NP and PPy coated samples also 

showed higher values of type I collagen compared to the positive control and this is related to the 

production of type I collagen by cells, in general. However, BSP is present in mineralized tissue 

and the absence or reduced expression correlates with delayed initiation of mineralization. Hence, 

the TiO2-NP and the PPy coated TiAl6V4 enhance the formation of mineralized nodules but this 

is related to the stimulating effect of the coating itself. 
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Figure 97: SEM images showing the cell-biomaterial interaction after 21 days on TiAl6V4 (A), TiO2-NP (B), pHA 
(C), HA (D) and PPy (E). The cell-cell interaction on PPy is shown at higher magnification in (F). 

  

 Cellular infiltration was observed by means of SEM. So Figure 97 (A)-(F) show the cell-

biomaterial interaction on day 21 and on the surface the filopodia were observed to be in direct 

contact with neighboring cells as well as with the different architecture of the coatings. As 

indicated on all type of samples the surfaces appeared to be completely covered with multi-layers 

of cells. All type of coatings, as well as bare TiAl6V4, support cell proliferation and it is the effect 

of TiO2 and apatite that stimulated a more significant level of bone cell formation when using the 

nanocomposite and nanoparticles. 
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5.2.3 Summary – Mineralization and differentiation of ADSCs 
 

The importance of this study is the application of different bioactive coatings and the surface 

of inorganic and organic nanostructures to regulate and improve specific biological functions like 

adhesion, proliferation, as well as differentiation. Materials that can also stimulate the cell 

proliferation are of great interest as an implant material for bone tissue engineering with various 

applications.  

This study demonstrated that ADSCs can differentiate osteogenic followed by production of 

calcified nodules, which imparts osteoconductivity. Moreover, the ADSCs had increased type I 

collagen expression and cell viability on the nanostructured surfaces. Significantly increased cell 

proliferation is observed in multilayers, as well as direct contact with neighboring cells. Both the 

properties and topography of the coatings appeared to dominate the cell growth and mineralization 

processes. Thus, the surface modifications in the nanometer scale show promise as effective 

implant surface coatings. 
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6. Properties of nanostructured surfaces 
 

This section describes the properties of the different TiAl6V4 surfaces in relation to wettability 

as well as the influence on nucleation and growth of calcium phosphates. To achieve this, the 

different coatings were compared due to inorganic and organic surfaces. The different behavior of 

inorganic and organic coatings in terms of interaction with immersion solutions is affected by 

electrostatic interactions, surface roughness, and wettability. How the surface properties can have 

an influence on CaP nucleation is evaluated and how the choice of inorganic and organic coatings 

influence the bioactivity of the implant material.  

 

6.1 Contact angle measurements and Ca/P ratios of the different coatings 
 

The interaction of the different coatings with the immersion solution is very important from a 

biomedical point of view. Cell adhesion, protein adsorption, and CaP adsorption or formation, as 

well as wetting of the surface, are affected by such wetting properties. The 

hydrophilic/hydrophobic properties of the surface functionalized TiAl6V4 were expected to vary 

compared to the untreated alloy due to the different properties of the coatings. Regarding the 

influence of surface properties and wettability on the biological response of the body, contact angle 

measurements were performed directly on the uncoated and coated TiAl6V4 alloy. When blood 

comes into contact with solid surfaces, specific adsorptive interactions were initiated and can be 

influenced by surface energy, surface preparation, roughness and contact angle [281]. Changes in 

the contact angle have direct effects on the biology and adherence of tissue to the implant surface 

and can be the reason for the different effect of the coatings on the CaP adsorption. Hence, the 

values in Figure 98 and Figure 99 reveal the influence of the surface properties on the contact 

angle. TiAl6V4 displayed contact angles of ~75° while after anodization the angle decreases to 

~45°. Surface wettability is not only affected by surface topography but also by surface chemistry 

such as incorporated ions. Compared to the bare TiAl6V4 alloy, SO4
2- ions (contained in 

anodization solution) are incorporated in the anodized layer and can reduce the contact angle to 

lower values as well as increase the wettability.  
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Figure 98: Contact angle measurements of the different coatings.  

 

The decrease in the contact angle of the TiO2-NP coated surface to 13° compared to the 

TiAl6V4 sample (~ 75°) can be explained by the increased surface roughness of the nanoparticles 

confirming with the AFM measurements in section 4.3.1. It is mainly concluded that roughness 

decreases the contact angle if the surface contact angle is θ < 90° and increases if the angle is 

θ > 90° [282]. In addition, the images in Figure 34 showed a high porosity of the coating, so after 

the liquid´s contact with the solid interface, some infiltration will occur due to capillary flow. The 

lower the contact angle the faster the infiltration or penetration of the liquid and thus the better the 

wettability (Washburn method). In contrast, in the presence of hydroxyapatite, the contact angle 

increases again for the HA incorporated TiO2-NP (~ 70°) and even exceeds the value of the 

uncoated sample in the case of pure HA coatings (~ 82°). In this case, the wettability is influenced 

by different surface energies. The surface energy is the energy at the surface of a solid, which is 

greater than its interior energy. The outer atoms are not equally attracted to each other as in the 

inner layer, hence, the energy is the greatest on the outermost atomic layer because the unsaturated 

bonds generate surface energies. When a liquid is placed on a lower-energy surface, the contact 

angle will be higher. In addition, the size effect of the nanoparticles can also influence the surface 

energy leading to an increase in surface energy by decreasing the nanoparticle diameter [283]. In 

conclusion, due to the small sizes of the TiO2-NP (~30nm), the surface energy will be increased 

followed by a decreased contact angle and therefore increased wettability. In contrast, in the case 

of the HA incorporated or pure HA coating the surface energy is influenced by the surface size 

effect of the different nanoparticles and thus a mixture of smaller and bigger diameter. The surface 

energy is decreased, while the contact angle increased and this leads to the aforementioned 

decelerated adsorption of calcium and phosphorus and thus CaP formation. 
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Regarding the decreased CaP formation on the BSA coating, the wettability reinforces a 

hydrophobic surface with contact angle higher than 90°. The hydrophobicity affects the CaP 

adsorption and in turn the layer formation and layer growth. In contrast, the protein adsorption is 

accelerated on hydrophobic surfaces and this conforms to the Tof-SIMS measurements. Albumin 

has three domains which are sustained by hydrophobic interactions, hydrogen bonds and disulfide 

bridges [284]. Thus, the protein/solution interaction is strongly related to surface chemistry. 

Furthermore, each protein has a hydrophobic peptide backbone which could be exposed during 

adsorption resulting in an increased hydrophobicity of the surface [285].  

 

       

Figure 99: Contact angle measurements of the different coatings: uncoated TiAl6V4 (A), after anodization (B), coated 
with TiO2-NP (C), HA incorporated TiO2-NP (D), pHA-NP (E) and coated with BSA (F).  
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A super hydrophilic surface with contact angles less than 5° or nearly zero is enhanced by the 

surface roughness and porosity. In order to make the polymer super hydrophilic, the treatment or 

coating process must also have an effect on surface roughness or the treatment must be performed 

in conjunction with surface roughening. The pyrrole coating has such a strong affinity to water 

and the droplet spread fast over the surface and was soon imbibed in the PPy coating (an image of 

such a small angle could not be recorded). The coatings, therefore, show a super-hydrophilic 

property with a contact angle close to zero. As mentioned before, it is well known that both the 

topography and chemical composition contribute to the wettability. The surface of the PPy coating 

exhibits homogeneous nanostructure and roughness in the submicrometer scale, resulting in 

hydrophilicity. In addition, the incorporation of anions of the ammonium persulfate (peroxy 

disulfate) in the PPy coating can also contribute to the hydrophilicity through their hydrophilic 

functional groups. 

Controlled nucleation and growth of calcium phosphate on the implant surface are essential for 

the further bone formation and other hard tissue structures. There have been numerous previous 

studies of calcium phosphate adsorption and growth in model in-vitro systems. In general, all 

studies involve the formation of CaP layers during immersion in supersaturated solutions similar 

to physiological solutions [286–288] and kinetic studies onto particles, films and macromolecules 

[289–291]. In addition, previous studies described also rapid CaP formation during immersion in 

simulated body fluid at 37°C [292–294].  

In contrast, as shown in this work, the pH change during immersion at room temperature and 

37°C influences the CaP formation significantly due to the change in surface net charge. Hence, 

the positive effect of the coatings immersed under room temperature and 37° to simulate in-vivo 

conditions is therefore not suitable for the evidence regarding the behavior under physiological 

conditions in the human body. In general, calcium phosphate is believed to be initiated by 

heterogeneous nucleation by the formation of critical nuclei onto the substrate. Nonspecific 

electrostatic interactions are responsible for the interaction between charged surface and charged 

CaP crystal lattice. Nucleation represents an activation barrier to the spontaneous precipitation of 

a solid phase from supersaturated solutions related to the creation of interfacial energy. In addition, 

crystallization at surfaces (heterogeneous nucleation and crystal growth) may be induced at 

supersaturations lower than those required for spontaneous precipitation. Another important 

parameter is the presence of adsorbed molecules that can change the interfacial energy and 

stabilize the formed nuclei [233,234]. Furthermore, the growth of these nuclei is prevented due to 

the adsorbed molecules. And these interactions of the TiAl6V4 surface and calcium phosphate 
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were investigated in this work during long-term immersion test in DMEM at 37.5°C and 5% CO2 

using inorganic and organic coatings.  

Significant differences in the CaP adsorption exist between the inorganic and organic coatings 

and thus differences in the characteristics and stoichiometry of the calcium phosphate layer. So 

Figure 100 shows the Ca/P ratios of the different coatings in order to characterize their biological 

properties. Among all bioceramics, particular attention has been given to hydroxyapatite due to its 

bioactivity, and to tricalcium phosphate due to its resorbability. In addition, the stability, reactivity, 

resorbability and mechanical properties of the calcium phosphates depend on their ratio of calcium 

to phosphorus [295,296]. For example, calcium phosphates with a Ca/P ratio of 1.67, known as 

hydroxyapatite and a Ca/P ratio of 1.5, known as tricalcium phosphate. Therefore, in order to 

choose appropriate coatings for medical applications, it is also important to characterize the 

biological properties of the adsorbed calcium phosphate. The aim was to elucidate the relationship 

between calcium phosphates with various Ca/P ratios and to determine the influence of the 

different coatings. In addition, recent studies have shown that crystalline TiO2 exhibits good 

bioactivity and therefore good apatite-forming ability [297,298].  
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Figure 100: Ca/P ratio of the uncoated and coated TiAl6V4 alloy after immersion in DMEM and DMEM + FCS at 
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6.2 Nucleation and growth of CaP, corrosion resistance, and cytocompatibility 
 

Titanium and Ti alloys are nowadays one of the common metallic materials in the field of 

orthopedic or dentistry applications. And this is due to its excellent mechanical properties and 

corrosion resistance as discussed in section 2.1, which is ensured by a spontaneously formed 

compact TiO2 layer. In spite of the corrosion resistance in-vitro, amounts of metal ions have been 

found in the surrounding tissue. An explanation for the higher corrosion rates and metal ion release 

is the generation of H2O2 during inflammatory reactions.  

So in this work, the corrosion resistance of different nanostructured coatings was investigated 

in a biofluid, to which H2O2 was added in small concentrations. As already described, the etching 

of the V-rich β -phase during immersion is caused by the formation and dissolution of Ti-

complexes as well as reduction of the surface free energy. In the case of anodized samples, the 

dissolution is enhanced compared to the uncoated TiAl6V4 alloy due to the different oxide 

compositions (rutile vs. amorphous). Hence, ICP-OES measurements showed increased Ti, Al, 

and V release for both the bare alloy as well as anodized surfaces. Compared to conventional micro 

structured surfaces the number of interfaces occurring between individual grains and the material 

defects per unit area increases in nanostructured surfaces with decreasing grain size. Thus, the 

specific surface area and the number of atoms also increase. In addition, due to the higher surface 

to volume ratio and higher reactivity, in general, the morphology is also changed. Compared to 

amorphous TiO2, the TiO2-NP are prepared as anatase nanoparticles with a nanocrystalline 

structure, which showed higher stability against corrosion and significantly reduced metal ion 

release. However, depending on the pH the resulting zeta potential has an influence on the surface 

charge and therefore on the interparticle forces. There is also no dissolution or etching of the β–

phase seen in the case of hydroxyapatite nanoparticles. The structure of the hydroxyapatite, in 

general, is not changed during H2O2 treatment, so the hydroxyl radicals did not damage the 

inorganic particles and the corrosion resistance is increased. The low stability of peroxide and the 

fast peroxide degradation reaction may also lead to less interaction of the peroxide with the 

nanoparticles. There is also an increasing interest in the use of conductive polymers as protective 

coatings against corrosion. Polypyrrole is attractive due high stability and ease of synthesis. 

According to the results shown in section 4.6, the PPy coating acts as a barrier against the corrosive 

species reaching the surface and still offers effective protection for the substrate even after long-

term immersion. The pH of the physiological medium is an important aspect to influence 

protonation/deprotonation of PPy. In acidic solution, proton acid doping occurs, while with 

increasing pH PPy would be deprotonated and even overoxidized in alkaline solutions. The 
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corrosion protection of PPy coatings is also related to the anion exchange mechanism as well as 

the ability to inhibit the migration and diffusion of corrosive anions to the substrate. Therefore, a 

significant increase in the protective properties of all nanostructured coatings is shown under 

inflammatory conditions. By means of ICP-OES measurements, the metal ion release of Ti, Al, 

and V is significantly reduced or under detection limit. The high stability and reactivity of the 

nanoparticles provides sufficient loading capacity for further interactions and is significantly 

influenced by the properties of the surface. 

The reduced Ca/P ratio for the anodized and significantly higher ratio for the TiO2-NP is related 

to the differences between amorphous and crystalline TiO2. Due to the high surface to volume 

ratio of the nanostructured particles followed by higher surface reactivity the apatite formation is 

also increased. So for the interaction with adsorbed molecules, there are more reactive atoms and 

atomic groups available on the material surface. Surface size effects in the case of the HA 

incorporated samples due to the different particle sizes (30 nm and 700 nm) have a significant 

influence on the calcium and phosphate adsorption and apatite formation as well as wettability as 

seen before. Increasing the surface size of almost one material component (HA nanoparticles) 

affects the further CaP adsorption negatively in relation to the Ca/P ratio and crystallinity (Figure 

101).  

 

 
Figure 101: Illustration of the surface to volume ratio, reducing the reactive surface area with increasing size. Longer 
adsorption time to cover the surface of the particle completely leads to decelerated transformation to hydroxyapatite. 
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CaP adsorption in general, as seen in the SEM images, is not affected. The size of a nanoparticle 

determines the number of random fixations. Small sizes, however, maximize the number of 

fixations and lead to stronger electrostatic attractive forces. The surface size effect and different 

composition of the materials, therefore, have a significant influence on the apatite ratio. Compared 

to the same material composition (pHA), the composition factor is negligible. The Ca/P ratio of 

the coating is close to hydroxyapatite and is not changed during immersion. 

In relation to the influence of BSA coating on the nucleation and growth process of apatite, the 

Ca/P ratio is close to 1.67 while the SEM images showed no compact CaP layer after 28 days 

immersion. This results in the decrease of the interfacial energy between the BSA coated surface 

and the DMEM solution. Hence, the CaP formation is reduced to some small nuclei corresponding 

to a Langmuir adsorption isotherm [299,300]. The growth process by Volmer and Weber starts 

with the formation of single localized nuclei followed by the layer formation on the nuclei. So this 

growth corresponds to the situation when the atoms of a film are more strongly coupled with each 

other than with the substrate. In this case, three-dimensional islands nucleate and grow directly on 

the surface. This is due to the strong interaction inside of the nuclei compared to the interaction of 

the nuclei with the surface [301]. In addition, without the proteins, the nucleation process and thus 

critical nucleus size followed by the formation of a compact CaP layer is accelerated. The 

interaction between the substrate and deposited atoms are substantially stronger than the 

interaction of the deposited atoms with each other. Hence, during the Frank-van-der-Merwe 

growth, the CaP film is formed by layer on layer [301]. The film atoms are more strongly bound 

to the substrate than to each other, hindering the formation of clusters. Therefore, the film coverage 

is very smooth and conformal to the substrate. 

A schematic representation of the calcium phosphate nucleation process is shown in Figure 102. 

The aforementioned small and isolated apatite nuclei lead to an increase in crystallinity and 

therefore to a higher Ca/P ratio.  After immersion in DMEM + FCS, the uncoated TiAl6V4 and 

the BSA coated samples show reduced Ca/P ratios. In comparison to the protein-free solution or 

in solution with lower protein concentrations the DMEM + FCS solution seems to decelerate the 

CaP growth. As the concentration of proteins increases, the inhibition effect on the growth rate 

becomes dominant and the nuclei growth rate affects the global precipitation rate (Figure 103). 

Furthermore, at higher BSA concentrations the ion diffusion to the surface is slowed down due to 

the adsorbed protein layer and in relation to the coverage of the crystal surface [234,240,302,303].  
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Figure 102: Influence of BSA layer on HA nucleation process. (A) with protein layer; stabilization of small nuclei 
and slow nucleus growth to compact HA layer. (B) in the absence of protein layer; crystal growth is faster due to the 
larger number of HA nuclei. 

 

 
Figure 103: Influence of BSA concentration in immersion solution on HA growth rate. (A) At lower concentration, 
the crystal growth is faster and (B) at higher BSA concentration the ion diffusion is slowed down and the surface is 
coated with the BSA layer.  
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In addition, the presence of the polymer component leads to a “soft” coating , which, in 

comparison to hard coatings composed of inorganic particles (TiO2, pHA), can be expected to 

promote improved mechanical contact between the metal implant and the compliant bone tissue.  

Conjugated and conducting polymers are also promising materials due to their high 

biocompatibility and electrical conductivity. In the case of polypyrrole, surface topography, 

wettability, and mechanical properties can be modified by the different type of dopants and 

synthesis method [257,304]. In addition, polypyrrole undergoes protonation or deprotonation 

processes during immersion in basic and acidic solutions followed by changes in surface charge. 

Hence, the electrical properties of the pyrrole surface depend on solution pH, selective 

adsorption of OH-, dissociation of Cl- and protonation/deprotonation of the nitrogen atoms in the 

polypyrrole chains [305]. During polymerization, the pH of pyrrole/APS solution was measured 

to be 2.46. In the case of pyrrole synthesized with FeCl3, the pH values are close to 3.43 [305]. 

Due to these conditions, the nitrogen atoms in the PPy chains were positively charged and can, 

therefore, contribute to the positively charged PPy surface [306]. After immersion under 

physiological conditions and increased pH values, the surface charge is changed. At pH 6.9 PPy 

is close to the isoelectric point [305], so at pH values of 7.4, the net charge is zero or slightly 

negatively charged. In addition, increased OH- concentration in solution (presence of e.g. NaOH) 

leads to deprotonation of the nitrogen atoms resulting in more negative charge with increasing pH. 

Therefore, at physiological pH values, the adsorption of CaP is accelerated and in agreement with 

the SEM images after immersion for three months. On the other hand, after immersion under 

inflammatory conditions, the decrease in pH and resulting change in surface charge leads to the 

aforementioned repulsive forces compared to van der Waals´ attractive ones. Hence, the 

polypyrrole will be unstable under these immersion conditions followed by time-delayed 

adsorption of CaP and degradation of the layer. And this also conforms to the SEM images. 

Furthermore, doping of pyrrole can stabilize the coating due to electrostatic interactions depending 

on the concentration and surfactant as well as surface modification [305] and in the case of pACa 

the CaP adsorption is accelerated compared to pure PPy. 

As described in this section, the CaP formation is influenced by wettability, surface charge, size 

effects, and immersion conditions. Calcium phosphate deposition and adhesion on a solid surface 

is a result of competition between different type of interactions and conditions involving particles 

and ions present in solution. In addition, the structure of the deposit depends on surface properties, 

particle attachment, and particle growth.   
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Cytocompatibility analysis involves tests which entail morphological evaluations on cell lines 

to determine if cells have died or undergo other negative changes because of interactions with the 

biomaterial. In this work, the direct contact test was used, where the cells and the material are in 

intimate contact. In addition, the biocompatibility of the nanoparticles also depends on a number 

of characteristics specific to the material including size, chemical composition, shape, and surface 

interactions. Hence, the TiAl6V4 and the nanostructured coatings exhibit different cell 

performances including cell attachment, proliferation, and osteogenic differentiation. The 

differences of the coatings depend on their chemical composition, wettability, and morphology. 

The TiAl6V4 alloy has good biocompatibility to promote cell attachment, spreading and 

proliferation as seen in section 5.1.  The cell numbers of MEF cells after 24 h is significantly higher 

compared to all nanostructured coatings, however, the cell viability is reduced. And this indicates 

that even though the mitochondrial activity is reduced, the alloy does not show any cytotoxicity. 

Compared to the MEF cells, the MG-63 cells showed a significant decrease in cell number, so the 

formed TiO2 oxide layer has an influence on cell attachment of different cell lines. The higher cell 

viability results for the nanostructured coatings at the early stage of incubation can be attributed 

to the more rapid release of Ca and P, in the case of both the HA and pHA coating, which has a 

positive effect on the bioactivity of these particles. Although the HA and pHA coatings have 

similar particle sizes and contact angles, the different surface chemistry could potentially cause 

adverse reactions. The biological studies support that the TiO2-NP are more bioactive and 

biocompatible than HA and pHA. The increased HA nucleation on the TiO2 nanoparticle surface 

followed by enhanced CaP formation (Ca/P ratios), is responsible for the higher stimulating effect 

on osteoblast proliferation and cell viability at the early stages of incubation. This effect decreased 

over time, and the differences in osteoblast proliferation (MG-63 after 48h) tend to be minimized 

after longer incubation time. In addition, the hydrophilic surface with a contact angle of 10° can 

also promote the high level of cell attachment, spreading and proliferation. The measurements of 

cell viability in both fibroblast and osteoblast cells in direct contact with the PPy particles and the 

subjacent topography is significantly reduced compared to TiAl6V4 and the inorganic coatings. 

This can be attributed to the release of ions and dissolution products from the PPy coating due to 

protonation/deprotonation properties. Due to accelerated CaP formation on the nanostructured 

surfaces compared to TiAl6V4, more calcium is deposited where more cells were proliferated on 

the surface as well as where the medium was in contact with the coating. This deposition is due to 

the osteogenic induction of the ADSC cells and the stimulating phenomenon of the coating.  
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The nanostructured coatings were able to form a CaP or HA layer in DMEM solution, showed 

increased corrosion resistance under inflammatory conditions and present properties to support 

cell growth and proliferation. Therefore, based on the results, nanostructured inorganic and organic 

coatings fabricated by simple methods are suitable to be used for osseointegration when a rapid 

bioactive response is required at the biomaterial/implant interface. 
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7. Conclusions and perspectives 
 

Nanostructured surfaces based on different compositions such as organic and inorganic 

materials were investigated and were shown to be suitable coatings for biomedical applications. 

In relation to the high surface to volume ratio and increased reactivity of nanostructures, the effect 

on corrosion behavior as well as bioactivity on TiAl6V4 was investigated. This increased reactivity 

is suitable to form a calcium phosphate layer from the physiological environment. Surface 

structures in the nanometer scale also have high potential to improve the chemical and physical 

properties of the material and a stable bone-implant interaction with increased osseointegration 

and cell attachment is achieved.  

Depending on immersion conditions the bioactivity and stability of the different coatings were 

diversified. Due to inflammatory reactions during implantation, adjusted immersion conditions at 

pH 5 with the addition of H2O2 were carried out compared to physiological conditions at pH 7. A 

cell culture medium (Dulbecco`s Modified Eagle Medium, DMEM), the CO2 content of 5% in the 

incubator as well as two immersion conditions (pH 5 + pH 7) were used to adapt to in-vivo 

experimental conditions.  

As presented in this work, increased metal ion release and etching of the vanadium-rich β-phase 

(pure TiAl6V4), as well as the dissolution of the oxide layer after anodization, were observed 

during immersion under inflammatory conditions. The electrochemical results showed enhanced 

corrosion under physiological pH values, while during exposure to inflammatory conditions the 

bare and anodized TiAl6V4 alloy showed increased corrosion rates and etched surface 

morphology. CaP adsorption was assessed in detail by means of XPS and the results were also 

compared under both conditions. While the CaP formation is accelerated at pH 7, the dissolution 

and etching processes are the dominant mechanism at pH 5 followed by decelerated and time-

delayed adsorption of CaP. 

Improved corrosion resistance and significantly increased bioactivity was achieved by means 

of TiO2 and hydroxyapatite nanoparticles. Both surface modifications showed a high stability 

during immersion and therefore reduced metal ion release compared to polished and anodized 

TiAl6V4. The nanostructured coatings required a much lower immersion time to obtain a 

homogeneous and compact CaP layer and open a potential approach for an improved biological 

response. However, size effects and wettability due to increased surface roughness can affect the 

CaP layer in relation to crystallinity and Ca/P ratio. 
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Deposition of bovine serum albumin was investigated in order to promote the adsorption of 

biomolecules. EPD has a high relevance in biochemistry and material science for processing 

bioactive coatings and for manipulation of proteins, enzymes, cells and colloids [205,206]. The 

electrophoretic mechanism is used with a two-step electrode including the migration of the charged 

particles or molecules and deposition or accumulation on the surface [207]. BSA is negatively 

charged at pH 7 and slightly positively charged or show zwitterion properties at pH 5. Hence, 

during immersion at pH 5, the positively charged BSA layer allows attractive electrostatic 

interactions between opposite charges, dominating the kinetic of CaP binding and increased 

adsorption of amino acids from the DMEM immersion solution. Higher protein concentrations in 

solution in the case of DMEM + FCS lead, in contrast, to significantly increased adsorption of 

proteins and reduced CaP formation. Due to additional proteins in solution, the diffusion of ions 

to the surface is slowed down and the inhibition effect on CaP formation becomes dominant. 

In addition to organic and inorganic coatings, polypyrrole was chemically synthesized using 

simple chemistry. Ammonium persulfate an oxidizing agent was used to start the in situ chemical 

radical polymerization. During polymerization, a nanostructured “cauliflower” topography was 

achieved with high corrosion resistance. Compared to nanoparticles the CaP formation is 

decelerated and attributed to protonation/deprotonation processes of nitrogen atoms during 

immersion. Increased adsorption of CaP was observed in the case of calcium nitride doped PPy 

due to initial calcium nuclei for further adsorption. 

 As presented in this work, different nanostructured surfaces and therefore different properties 

will affect the bioactivity as well as nucleation and growth of calcium phosphate. Interaction of 

inorganic and organic coatings with immersion solution is also affected by electrostatic 

interactions, surface roughness, and wettability. Capillary forces due to high porosity and 

increased surface roughness lead to accelerated formation of a homogeneous compact CaP layer 

on TiO2-NP. In contrast, surface size effects and therefore different surface energies have an 

influence on wettability and CaP formation in the case of HA and pHA due to different particle 

sizes. In addition, on BSA the wettability confirms a hydrophobic surface with contact angle θ > 

90° and this results in decelerated CaP formation. In contract, the hydrophobicity accelerates 

protein adsorption. Protonation/deprotonation resulting in attractive and repulsive forces 

compared to van der Waals´ interactions affect stability and degradation of the PPy coating during 

immersion. Therefore, CaP nucleation and growth is influenced negatively compared to inorganic 

and organic coatings.  
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 Generally, the nanostructured surface can be easily processed, enabling a wide range of 

potential applications in the field of biomedical applications. Several challenges related to the 

development of organic and inorganic coatings have been successfully investigated in this thesis. 

However, more investigations should be carried out in future research.  

 Bioactivity and corrosion properties were represented as the main part of this thesis. TiO2-NP 

showed the most accelerated bioactivity compared to TiAl6V4. However, during implantation 

high insertion forces have to be considered. Hence, production of highly mechanical stable 

coatings is the important factor in the field of biomedical applications. In order to increase the 

adhesion of the nanoparticles, in general, surface pretreatments or intermediate layers have to be 

considered. Bacterial infections after implantation are regarded as one of the most problematic 

complications [307]. The bacteria adhere irreversibly to the implant surface to form a biofilm 

followed by infection of the implant. Therefore, to improve the antimicrobial properties of the 

nanoparticle coatings in addition to the high biocompatibility various non-antibiotic antibacterial 

substances can be incorporated. As presented in this thesis, BSA coatings effectively improve 

corrosion resistance, while also increasing protein adsorption. Therefore, AC-EPD coated BSA 

offers the advantage of processing at room temperature and co-deposition of biological entities or 

drugs as well as acting an intermediary in interaction with cells and reduces the formation of 

biofilms due to expected antibacterial effect. However, in order to protect the protein coating and 

to withstand the aforementioned insertion forces or micro movements after implantation, the 

coating could be incorporated into high-strength porous surface coatings. In addition, the 

possibility to deposit PPy directly on TiAl6V4 by simple chemistry was demonstrated. Compared 

to inorganic and organic nanostructures the PPy cannot affect the bioactivity of the material 

significantly. Due to the conductive properties, polypyrrole has emerged as a promising polymer 

group for tissue engineering. Incorporation of pyrrole in ADA-gel hydrogels to combine the 

metallic behavior of conducting polymers with the swelling properties assigned to hydrogels is 

under investigation by the author of this thesis. 
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List of abbreviations and symbols 
 

Acronyms 

AC-EPD Alternating Current Electrophoretic Deposition 

ACP Amorphous calcium phosphate 

AES Auger Electron Spectroscopy 

AFM Atomic Force Microscopy 

Al Aluminum 

Ala Alanine 

ATCP Amorphous Tricalcium phosphate 

ATR-IR Attenuated Total Reflection Infrared Spectroscopy 

BSA Bovine Serum Albumin 

Ca/P Calcium phosphate ratio 

CaP Calcium phosphate 

CCD Charge Coupled Devices 

CDHA Calcium-deficient hydroxyapatite 

CDL Double-layer capacitance 

CO2 Carbon dioxide 

CP Commercially pure 

DAPI 4′,6-diamidino-2-phenylindole 

DCPD Dicalcium phosphate Dihydrate 

DMEM Dulbecco`s Modified Eagle Medium 

EIS Electrochemical Impedance Spectroscopy 

FCS Fetal Calf Serum 

FT-IR Fourier-Transformation-Infrared Spectroscopy 

H2O2 Hydrogen peroxide 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

His Histidine 

HSA Human Serum Albumin 

HUPA 11-Hydroxyundecylphosphonic acid 

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 
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IEP Isoelectric Point 

MEF Mouse Embryonic Fibroblasts 

MG-63 Human Osteosarcoma cells 

OCP Octacalcium phosphate 

OCP Open Circuit Potential 

OD Optical density 

Phe Phenylalanine 

PPy Polypyrrole 

RCT Charge-transfer resistance  

RE Solution resistance 

RSF Relative sensitivity factor 

RT room temperature 

SBF Simulated Body Fluid 

SEM Scanning Electron Microscopy 

SSP Surface Sol-gel Processing 

THR Total Hip Replacement 

Ti Titanium 

TiO2 Titaniumdioxide 

ToF-SIMS Time-of-flight Secondary Ion Mass Spectroscopy 

TRIS tris(hydroxymethyl)aminomethane 

V Vanadium 

Val Valine 

WST Water soluble Tetrazolium salt 

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 

 

 

 

 

 

 



189 List of abbreviations and symbols 
 

 Friedrich-Alexander University Erlangen-Nürnberg 

Chair for Surface Science and Corrosion – WW4 

Roman and Greek Letters 
 
GPa gigapascal (unit)  
m mass 
m/z mass over charge ratio 
mol/L molar volume  
r roughness factor 
t flight time 
U potential 
α Alpha 
β Beta 
θ contact angle 
λ wavelength 
ϕ phase angle 
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