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Abstract 

As the anticipated average life of the population continues to increase, the need for improved implant 

materials grows. There is a whole variety of implants available for various parts of the body, for example 

bone and joint replacement, parts of internal organs or artificial blood vessels. Research in this field has 

become increasingly important to ensure the quality of life of patients after implantation. For joint 

replacement implants, the most important aspect is a perfect fixation of the implant to the surrounding 

tissue to prevent loosening. A loosened implant can lead to infections and pain and has to be removed 

in many cases, decreasing the quality of life of patients. Bioactive materials like hydroxyapatite or 

bioactive glass are useful materials to promote strong bonding of implant to bone. These materials form 

a hydroxycarbonate apatite layer in contact with the surrounding body fluid and enhance osteoblast 

activity. Thus bioactive materials are used as coatings on metallic implants for enhancing the bone-

implant interface. It is also well known that ceramic materials as well as the commonly used metallic 

implants made from stainless steel or titanium alloys exhibit problems concerning their mechanical 

properties. Especially the high Young’s modulus in comparison to bone is disadvantageous as it can 

lead to stress shielding, which can cause decomposition of the surrounding bone. To avoid stress 

shielding, a coating with a lower Young’s modulus can be of advantage. Polymer materials are good 

candidates for this purpose as they can also be used as a matrix material for incorporating bioactive 

ceramic particles. One possible coating process for this purpose is electrophoretic deposition (EPD), 

which gives the chance to deposit several materials in one single step from a suspension that contains 

the different particles and molecules. By using EPD, the coating thickness and composition can be 

tailored by adjusting the processing parameters and suspension composition. In this project two ways 

of parameter optimization were used: trial-and-error, which is a rather time consuming method and the 

Taguchi method, which is a statistical way to find the most robust system with the least variation. Trial-

and-error was used for the more complex composite systems, whereas the successful use of statistical 

evaluation was shown for the single material systems, namely PEEK and chitosan. The use of coatings 

as part of implant materials induces several requirements. Coatings were examined applying a wide 

range of characterization methods. The use of contact angle measurements gives initial information 

about hydrophilicity of the surface and hence about cell attachment, as very high and low contact angles 

are unfavorable. This is also the case for the roughness of the produced coatings. Therefore 

laserprofilometry was chosen to assess the roughness. Another important factor is the evaluation of the 

attachment of the coatings to the substrate material, which was stainless steel in this project.  

A problem that can occur at implant site is a bacterial infection that also can lead to a failure of the 

implant resulting in a second surgery to remove the implant. There are two main ways to overcome this 

problem, either by using drugs (antibiotics) or the use of antibacterial agents (ions) such as silver. Drugs 

can be released directly at the implant site by using a degradable polymer matrix that releases the drug 

over a longer time period. In this project the naturally derived polymer chitosan was selected as a matrix 

for bioactive glass particles and the antibiotic tetracycline. Coatings of this material combination were 

developed and characterized. It was shown that tetracycline can be released over several weeks with a 

burst in the beginning to prevent early infections directly after the surgery when the immune system of 

the patient is weakened. Bacterial studies using E. coli cells confirmed the successful antibacterial effect 

of these coatings that can be adjusted by changing the antibiotic concentration in suspension. In 

addition, studies in simulated body fluid (SBF) showed the bioactive properties of the coatings by the 

formation of hydroxyapatite on the surface after immersion for 21 days in SBF. Different bioactive glass 

particle sizes were used ranging from nanometer to micrometer size and it was depicted that the 
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optimum properties in terms of bioactivity, cell attachment and spreading can be achieved using nano-

sized bioactive glass particles. Prior to cell culture studies the behavior of the coatings applying different 

sterilization methods such as sterilization in the furnace, in the autoclave and under UV light was 

investigated in terms of coating attachment and possible chemical changes of the coatings.  

The second approach to achieve antibacterial properties involved the use of silver nanoparticles. In this 

case a non-degradable polymer matrix was used. Polyetheretherketone (PEEK) was chosen for this 

purpose as it exhibits excellent mechanical properties and is well processible due to its excellent 

chemical and thermal stability. A heat treatment step in a furnace was required to densify the coatings, 

which was optimized at different temperatures and the influence of the heat treatment process on 

materials properties such as crystallinity was investigated. PEEK was taken as a matrix material for 

bioactive glass and silver nanoparticles and the successful composite coating formation by EPD was 

demonstrated. This material combination was also seen to lead to a sufficient apatite formation in SBF. 

Bacteria studies using E. coli indicated that the antibacterial properties can be tailored by changing the 

silver concentration in suspension. However, it is important that not only an antibacterial effect occurs, 

but still the biocompatibility in terms of cell attachment and cell spreading is maintained. This was 

successfully tested using MG 63 osteoblast-like cells. Also in this case the sterilization behavior of the 

coatings was investigated to find the most suitable sterilization process that avoids degradation or 

damage of the coating,  

As a last step for the two material systems, the coating formation on three-dimensional substrates was 

evaluated. For the PEEK system, a dental screw was used, whereas for chitosan, a porous titanium alloy 

TiAl6V4 scaffold was applied. For both systems the successful coating formation using EPD could be 

shown, which reveals that EPD is a suitable method for the deposition of multifunctional biomedical 

coatings on 3D structures. The properties and thicknesses of the coatings can be readily adjusted by 

changing the coating process. Thus, the results of this investigation have expanded the applicability of 

EPD to a family of both biodegradable and permanent coatings which exhibit combined bioactivity and 

antibacterial behavior. 
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Zusammenfassung 

In den letzten Jahren ist die Lebenserwartung der Menschheit stetig angestiegen, was dazu führt, dass 

die Anforderungen an Implantatmaterialien wachsen. Es gibt eine große Anzahl an Implantaten, von 

Knochen- und Gelenkersatz, bis hin zu Teilen von Organen und künstlichen Blutgefäßen. Durch die 

wachsende Nachfrage wird die Forschung in diesem Bereich immer wichtiger, um die Lebensqualität 

nach dem Eingriff zu erhalten. Bei einem Gelenkersatz ist es besonders wichtig eine ausreichende 

Anbindung des Implantats an das umliegende Gewebe zu erreichen, um eine Lockerung des Implantats 

zu verhindern. Eine Lockerung würde die Lebensqualität vermindern, da sie zu Infektionen und 

Schmerzen führen kann. Im schlimmsten Fall ist es nötig das Implantat zu entfernen. Um eine bessere 

Anbindung zu erzielen, werden bioaktive Materialien wie Hydroxylapatit oder bioaktives Glas 

verwendet. Diese Materialien begünstigen eine starke Bindung zwischen Implantat und Knochen. 

Bioaktive Materialien bilden eine Hydroxylcarbonat Apatit Schicht, wenn sie in Kontakt mit 

Körperflüssigkeiten kommen. Zusätzlich wird die Osteoblasten Aktivität erhöht. Aus diesem Grund 

werden Beschichtungen aus bioaktiven Materialien auf metallischen Implantaten verwendet, um die 

Grenzfläche zwischen Knochen und Implantat zu verstärken. Allerdings treten bei der Verwendung 

von keramischen Materialien, genauso wie bei den normalerweise verwendeten metallischen 

Implantatmaterialien aus Edelstahl oder Titanlegierungen Probleme auf. Diese sind bedingt durch die 

mechanischen Eigenschaften, besonders auf Grund des hohen E-Moduls. Dieser ist im Vergleich zu 

Knochen sehr hoch, was zu „stress shielding“ führen kann und damit einen Abbau des 

Knochengewebes zur Folge hat. Stress Shielding kann vermieden werden, wenn die 

Implantatmaterialien mit einem Material beschichtet werden, das einen niedrigeren E-Modul aufweist. 

Es hat sich gezeigt, dass sich Polymere für diesen Zweck gut eignen, da sie auch als Matrix für 

keramische Partikel verwendet werden können. Ein möglicher Beschichtungsprozess ist die 

elektrophoretische Abscheidung (EPD). Bei diesem Prozess können verschiedene Materialien, die in 

Pulverform vorliegen in einem Schritt aus einer Suspension direkt auf das Substrat abgeschieden 

werden. Die Dicke und Zusammensetzung der Schicht können mit Hilfe von EPD einfach eingestellt 

werden, indem man die Prozessparameter und Zusammensetzung der Suspension verändert. In dieser 

Arbeit wurden zwei verschiedene Methoden verwendet, um die Prozessparameter zu optimieren: die 

zeitaufwändigere „Trial-and-Error-Methode“ und die Taguchi Methode. Die Taguchi Methode ist eine 

statistische Prozessoptimierung, bei der das robusteste System mit der kleinsten Schwankung gefunden 

wird. Trial-and-Error wurde für komplexere Kompositsysteme verwendet, während der Gebrauch der 

Taguchi Methode für die Einzelkomponentensysteme PEEK und Chitosan gezeigt wurde. An den 

Einsatz von Beschichtungen auf Implantatmaterialien werden einige Anforderungen gestellt. Aus 

diesem Grund wurden verschiedene Untersuchungsmethoden verwendet, um die produzierten 

Schichten zu analysieren. Kontaktwinkelmessungen geben Aufschluss über das Anwachsen von Zellen, 

da sowohl sehr hohe, wie auch sehr niedrige Kontaktwinkel nachteilig sind. Ein weiterer wichtiger 

Aspekt ist die Rauigkeit der hergestellten Schichten. Diese wurde mit Hilfe eines Laserprofilometers 

untersucht. Die Anhaftung der Schicht an das Substratmaterial, welches in diesem Fall größtenteils aus 

Edelstahl bestand, wurde ebenfalls untersucht. 

Ein weiteres Problem, das an der Stelle der Implantation auftreten kann, ist eine bakterielle Infektion, 

die ebenfalls zu einem Versagen des Implantats führen kann. Das hat zur Folge, dass das Implantat in 

einer weiteren Operation entfernt werden muss. Es gibt zwei Möglichkeiten, um Infektionen zu 

vermeiden, entweder durch Medikamente oder durch die Verwendung von antibakteriellen 

Materialien, wie zum Beispiel Silber. Im Fall von Medikamenten kann eine degradierbare 
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Polymermatrix als Trägermaterial verwendet werden. Aus dieser wird das Medikament über einen 

längeren Zeitraum freigesetzt werden. In diesem Projekt wurden Beschichtungen aus dem natürlich 

gewonnenen Polymer Chitosan als Trägermaterial für bioaktives Glas und das Antibiotikum 

Tetracyclin verwendet. Freisetzungsstudien haben gezeigt, dass das Tetracyclin über einen längeren 

Zeitraum freigesetzt wurde. Anfangs wird eine größere Menge abgegeben, um Infektionen direkt nach 

der Implantation zu vermeiden, da zu diesem Zeitpunkt das Immunsystem des Patienten durch die 

Operation besonders geschwächt ist. Studien mit E. Coli Bakterien haben die antibakterielle Wirkung 

der Beschichtungen gezeigt. Außerdem war es möglich, den antibakteriellen Effekt durch die 

Antibiotikumkonzentration einzustellen. Versuche in simulierter Körperflüssigkeit (SBF) führten zu der 

Bildung von Hydroxylapatit auf der Oberfläche, womit die bioaktiven Eigenschaften der Schichten 

nachgewiesen wurden. Nanopartikel aus bioaktivem Glas zeigten sich im Vergleich mit 

unterschiedlichen Partikelgrößen im Mikro- und Nanometerbereich in Bezug auf Bioaktivität und 

Zellanhaftung und –ausbreitung am optimalsten. Der Einfluss von unterschiedlichen 

Sterilisationsmethoden wurde vor den Zellkulturstudien untersucht. Als Methoden standen 

Sterilisation im Ofen, im Autoklaven und unter UV Strahlung zur Auswahl. Die beste Methode wurde 

an Hand von bester Schichtanhaftung und kleinster Materialveränderung ausgewählt.  

Der zweite Ansatz, um antibakterielle Eigenschaften von Kompositschichten zu erzielen, war die 

Verwendung von Silbernanopartikeln. In diesem Fall wurde eine stabile Polymermatrix aus 

Polyetheretherketon (PEEK) verwendet. PEEK besitzt exzellente mechanische Eigenschaften und lässt 

sich durch eine gute chemische und thermische Beständigkeit sehr gut verarbeiten. EPD ist ein 

kolloidaler Prozess, wodurch eine Wärmebehandlung nach dem Beschichtungsvorgang notwendig ist, 

um die Schicht zu verdichten und die Anhaftung zum Substratmaterial zu verbessern. Im Fall von PEEK 

wurde die Wärmebehandlung in einem Ofen durchgeführt. Verschiedene Temperaturen wurden 

gewählt und die Schichten in Bezug auf ihre Kristallinität, Anhaftung, Kontaktwinkel und Rauigkeit 

untersucht. PEEK wurde in diesem Fall als Matrixmaterial für bioaktives Glas und Nanosilber 

verwendet. Diese Materialkombination weist eine ausreichende Apatitbildung in SBF auf, und 

Bakterienstudien mit E. Coli weisen auf die antibakteriellen Eigenschaften der Schichten hin. Durch die 

Konzentration des antibakteriellen Materials in der Schicht kann die antibakterielle Wirkung eingestellt 

werden. In diesem Fall wurden MG 63 osteoblastenähnliche Zellen verwendet, um die 

Biokompatibilität der Schichten im Hinblick auf Zellanhaftung und Zellausbreitung in vitro zu 

untersuchen. Vor den Zellkulturversuchen wurde der Einfluss von verschiedenen 

Sterilisationsmethoden betrachtet, um den bestmöglichen Prozess zu finden, der einer Beschädigung 

der Schicht vorbeugt.  

Als letztes wurde für beide Materialsysteme das Beschichtungsverhalten auf dreidimensionalen 

Substraten erforscht. Für die PEEK-Kompositschichten kam eine Dentalschraube zum Einsatz, während 

die Chitosanschichten auf einem porösen Schaum aus einer Titanlegierung aufgebracht wurden. 

Obwohl für beide Kombinationen die erfolgreiche Schichtbildung von multifunktionalen Schichten mit 

Hilfe von EPD nachgewiesen werden konnte, sind weitere Untersuchungen nötig, um den Prozess zu 

optimieren. Des Weiteren wurde gezeigt, dass die Eigenschaften und Schichtdicken durch Variation der 

Prozessparameter modifiziert werden können.  
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Introduction 

The anticipated average life of the population worldwide is increasing every year (Figure 11). This 

demographic change leads to an increasing need of implants and prosthetic devices to keep the quality 

of life of the aging population. Therefore also the requirements for implant materials are increasing. On 

the one hand, new implants and medical devices have to be designed and developed, whereas on the 

other hand, the materials already in use need to be improved. Wintermantel et al.2 define the biomaterial 

as a “non-viable material, used in medical devices, intended to interact with biological systems”. Those 

interactions strongly depend on the biocompatibility of the material, which is “the ability … to perform 

with an appropriate host response in a specific application”2. This interaction of the biomaterial with the tissue 

can either be toxic, inert, bioactive or biodegradable.  

The requirements for biomaterials strongly depend on the application. It is important to adjust the 

mechanical properties, the chemical composition and the topography of the surface for the application 

being considered. The mechanical properties, especially the Young’s modulus and the long-term 

mechanical stability, are also rather important, particularly for load bearing applications. For orthopedic 

implants, for example, the Young’s modulus should be as close as possible to that of bone. Figure 2 

shows the Young’s modulus of bone in comparison with typical ceramic and metallic implant materials3. 

If the modulus is too high, which is usually the case for metallic materials, the entire load is carried by 

the implant which leads to stress shielding4. This causes bone degradation as bone cells need mechanical 

stimulation to grow. One way to overcome this problem is to coat the implant with a polymer coating 

that not only adjusts the Young’s modulus at the interface, but can also carry a specific functionality. 

Another challenge with orthopedic implants is the adhesion between bone and implant. If this interface 

fails, the implant loses and the device has to be removed or fixed again, which results in an economic 

burden for the health care system and pain and inconveniences for the patient. Coatings with bioactive 

materials like bioactive glasses that accelerate bone formation and therewith the adhesion of the implant 

to the bone, represent an attractive approach to tackle the mentioned issues. The region of implantation 

is also prone to bacterial infections. A possible solution for this challenge is the introduction of 

antibacterial materials and/or antibiotics on the implant surface to avoid biofilm formation. In this 

context, it is important to adjust the antibacterial properties of the materials used in a way that the 

adhesion and growth of bacterial cells is avoided, while the positive interaction of the surface with 

proteins and target cells is not compromised. 
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The field of coatings for biomedical applications is wide and well established following many years of 

extensive R&D efforts worldwide. Coatings are used, for example, to improve the corrosion resistance 

of materials or to improve mechanical, optical and chemical properties of the substrate materials. A 

large technology field of coatings involves paints to improve the corrosion resistance of metals, in 

particular for cars, but also for decorative purposes on ceramics, such as in porcelain. There are 

numerous coating processes being widely used nowadays like dip coating, plasma spraying or 

electrophoretic deposition. The focus of this work is on coatings produced by electrophoretic deposition 

(EPD). EPD is a two-step colloidal process that requires simple equipment, which makes it more cost-

effective in comparison to other techniques. Other advantages of EPD are the possibility of room 

temperature processing and the possibility to use numerous materials to produce coatings. Materials 

like polymers, ceramics but also complex composites that exist in powder form from micro- to 

nanoscale, can be used. The coating thicknesses are easily adjustable by varying the deposition 

parameters. In addition, it is possible to produce composite coatings in one processing cycle and not 

only on planar, but also on 3D substrates. Electrophoretic deposition is therefore gaining interest in the 

field of biomaterials due to the mentioned advantages5. 

In this project the production of multi-functional coatings by electrophoretic deposition was in the focus. 

The coatings were designed by considering the combination of a bioactive material, which in the present 

case is Bioglass® 45S5 (BG)6, a polymer material, which can be either degradable (chitosan) or stable 

(polyetheretherketone, PEEK) and an additive embedded in the polymer matrix to impart antibacterial 

activity of the coating. This additive was in case of stable coatings, nanosilver, which exhibits excellent 

antimicrobial properties. For the degradable coatings, an antibiotic (tetracycline, TCH) was used. The 

drug should be released over a longer period of time to prevent bacteria growth on the implant material. 

The first step in coating preparation is the adjustment of the deposition process to optimize the 

properties and microstructure of the coatings. Therefore the deposition parameters and the composition 

of the suspensions were adjusted. The produced coatings were then characterized regarding the 

adhesion to the substrate material, morphology, wettability and the ability to form hydroxyapatite on 

the surface, which is an indicator of the bioactivity of a material intended for bone substitution or bone 

regeneration application. Antibacterial tests were performed to assess the antimicrobial behavior of the 

Figure 2: Young's modulus of implant materials 

(reproduced with permission from Creative 

Commons Attribution-NonCommercial-ShareAlike 

2.0 UK: England & Wales License)3 
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coatings after incorporating the additives. Cell culture tests were also carried out as the first step 

towards the biological characterization of the new composite coatings.  

This thesis is organized in the following manner. Chapter 1 to 3 will give an overview about the 

fundamentals of the used methods, especially of the electrophoretic deposition process, but also on the 

materials used. Additionally the state of the art of EPD on PEEK, chitosan and bioactive glass and their 

composites is given. The two subsequent chapters, 4 and 5, deal with the production, optimization and 

characterization of polymer/bioactive glass composite coatings with antibacterial properties. In chapter 

4 PEEK was used as a matrix, whereas in chapter 5 chitosan was used. For both cases, first studies were 

conducted on the pure polymer matrix, followed by composite formation with bioactive glass. In a final 

step, an antibacterial agent was embedded to impart antibacterial activity of the composite coatings. 

Chapter 6 provides the conclusions and scope of future work. 
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1.1  Introduction 

Surface modifications are often necessary to enhance the properties of a given material and make it 

suitable for specific applications. Methods of functional surface modifications include sandblasting, 

grinding or applying a coating to the material. Coatings represent a large technology section, are used 

for many purposes and can have such functions as increasing corrosion and wear/abrasion resistance 

and can also fulfill decorative functions or be used in a combination of both functional and decorative 

purposes7. 

Care must be taken in choosing an appropriate coating process for an implant material from among the 

numerous processes available. Probably one of the best known groups of processes for producing rough 

and porous coatings is thermal spraying. Within this category plasma spraying is the most common 

process. It is used in biomedical applications mostly for depositing titania and hydroxyapatite (HA) to 

produce bioactive coatings or porous structures that enable bone ingrowth. HA is available in crystalline 

form, which is non-resorbable. The amorphous phase dissolves quickly, however, stimulating bone 

tissue growth. Therefore it is important to produce an appropriate HA structure to achieve the desired 

results. Due to the high temperatures, plasma spraying is not applicable to many polymer materials. 

However, in such cases polyetheretherketone (PEEK) can be used due to the high thermal stability. 

Other coating processes include dip coating, spin coating, protein adsorption or plasma deposition in 

addition to electrodeposition processes such as electrophoretic deposition. The correct choice of the 

coating process is important. It must be made while accounting for the desired properties, thicknesses 

and the materials used. Figure 3 lists examples of different coating processes that can be applied to 

achieve different coating thicknesses.  

  

Figure 3: Different coating thicknesses for different processes 

(reproduced by permission of the Royal Society)5 
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1.2 Electrophoretic Deposition 

Electrodeposition is a group of processes that gives the possibility to form coatings using an electric 

field. One such process is electrolytic deposition, in which reactions at the electrodes form particles that 

are deposited directly at the electrode in the next step. Using this process, thin nanostructured films can 

be produced using metal salt solutions. Another, similar process, electrophoretic deposition (EPD), 

provides a broad spectrum of coating thicknesses8. The electrophoretic deposition coating process can 

be divided into two processing steps: 

1. Electrophoresis of charged particles or molecules in a suspension under the influence of an 

electric field 

2. Deposition of the particles at the deposition electrode to form a coating or film 

Particle electrophoresis is a process that was first reported in the early 19th century by Ruess9. He 

reported on the electrophoresis of clay particles in water towards an electrode material. EPD is 

commercially used in the production of vitreous enamel films and manufacturing whiteware and 

structured clay tiles. EPD has several advantages in comparison with other coating and production 

processes, such as PVD and CVD, but also slip and extrusion casting. One of them is the relatively high 

deposition rate, which is an advantage, for example in the casting process of clay-based coatings for 

producing sanitary ware articles7. The EPD method makes possible the use of a large variety of materials 

available as powders having particle sizes smaller than 30 µm10. In the past, it was mainly used for 

manipulating ceramic particles such as clay, alumina or silica7, but in recent years, more focus is placed 

also on other materials and materials combinations that are of interest in the biomedical field5. One of 

the first materials suggested in this field was HA. The normal processing route for HA particles is 

thermal spraying, which can reduce the functionality of the substrate material as well as of the coating7. 

Nowadays the range of materials investigated for the use in the biomedical field, is huge. EPD has been 

shown as a method to deposit other bioactive materials than HA, like Bioglass 45S5. However, not only 

the use of bioactive ceramics, but also of other bioceramics coatings like alumina or zirconia is discussed. 

Additionally, naturally derived ceramics like nacre or pearl powder were deposited successfully using 

EPD. Also the use of polymer materials in this field is interesting. Pure polymer coatings often lack in 

Figure 4: Schematic diagram of a EPD cell 

(reproduced by permission of the Royal Society)5 
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appropriate mechanical properties. However, they can be used as binder materials for ceramic (nano) 

particles, like it was shown for the codeposition of PEEK with bioactive glass or TiO2 particles. Polymer 

coatings are also suggested to be used for drug-delivery coatings. One of the first reports is the 

deposition of PLGA nanoparticles loaded with curcumin to be used on a stent. Other materials 

considered for the deposition using electric fields, are biological entities like bacteria, enzymes or 

proteins to be used for example as biosensors5. The field of application for electrophoretically deposited 

coatings ranges from producing sanitary ware to coatings for electronic devices such as batteries or fuel 

cells to deposition of superconducting materials9. In addition, EPD makes it possible to deposit two- or 

more-component systems in one single step from one suspension. In many cases, the particles have the 

same charge, which makes the deposition process easier to understand, but reports on the deposition 

of particles with opposite charge also exist. It has been reported that in these cases, the finer component 

most often adsorbs on the one with the larger particle size, forcing the coarser particles to deposit onto 

the oppositely charged electrode11. In composite suspensions, the particles move independently 

according to their own electrophoretic mobility at low particle concentrations. If the concentration is 

increased, the particles move with the same mobility. However, if particles with different mobilities 

move through the suspension, the one with the higher mobility deposits more in the beginning, whereas 

with increasing time, these particles become depleted and the rate decreases. With the EPD process, it 

is not only possible to produce composite materials, but also functionally graded and laminated 

structures or fiber-reinforced composites. In the case of fiber-reinforced composites, the fibers must be 

conductive, otherwise complete infiltration fails and the density of the produced product is too low to 

fulfill the required (mechanical) stability11. EPD can be used with a large number of different substrate 

materials also varying in shape. The most common substrate materials are planar metal sheets made 

from materials such as stainless steel or aluminum7. In addition to this, deposition on 3D shapes is 

possible, which is shown later in the experimental part of this thesis. EPD can also be used to produce 

free-standing objects, but limitations exist due to the problem of achieving a homogeneous electric field 

distribution10. Another advantage of EPD is the relatively simple setup needed (Figure 4). The setup 

consists of a power supply connected to the anode and cathode. In most cases, one of them is the 

substrate material. The two electrodes are immersed in the suspension with charged particles. When 

the electric field is applied, the particles move, according to their charge to the oppositely charged 

electrode. 

EPD is a process, in which the deposition rates and thus the thickness of the coatings can be easily 

adjusted by adjusting the deposition parameters. The deposition parameters can be divided into two 

groups12: 

- Suspension-related parameters such as particle size, dielectric constant of the liquid, 

conductivity, viscosity and zeta potential of the suspension 

- Deposition-related parameters such as deposition time, applied voltage, substrate conductivity 

and particle concentration in suspension 

It has been shown that with increasing voltage and increasing deposition time, the coating thickness 

increases7. The particle size also significantly influences the homogeneity of the coatings. Gani7 stated 

that very small particles increase the risk of cracking during drying. A more detailed overview of the 

various influencing factors on the electrophoretic deposition process is given in the following sections. 
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1.2.1 DC EPD vs. AC EPD 

The EPD process can be divided into two groups of suspensions: aqueous suspensions and suspensions 

containing organic solvents. In this project, both systems were used.  

The disadvantages of using organic solvents due to their potential toxicity are health, safety and cost 

issues as well as the need for higher deposition voltages due to the lower dielectric constant of organic 

solvents7. Due to the low dielectric constant, the surface charge of particles in organic suspensions is 

low. For this reason, high electric fields are required to move the particles13. This problem can be solved 

using water as suspension medium, which has a higher dielectric constant. A problem that occurs when 

using pure aqueous suspensions is bubble formation at the electrodes due to electrolysis of water, which 

occurs at 1.23 V at 25°C14. These bubbles can be trapped in the coating, which reduces the homogeneity 

and adhesion of the coatings. Furthermore, in aqueous suspensions, an electrochemical attack on the 

electrode material and localized heating of the suspension around the electrode are possible. These 

phenomena can result in a change in the substrate material as well as in the deposit9. There are several 

approaches to solve this problem. It is possible to reduce the applied voltages to below the 

thermodynamic voltage that results in electrolysis. However, these voltages are low resulting in 

reduced deposition rates and thus in an ineffective process13. Another approach is using hydrogen-

adsorbing palladium electrodes. This is a rather expensive approach and the adsorption capability is 

low. Instead of palladium, sacrificial electrodes can be used, but this can result in coating 

contaminations13. The use of a membrane as substrate material has also been proposed. In this method, 

the coating is formed on a membrane material hanging in front of the electrode. In this way, the coating 

formation is not affected by the bubble formation at the two electrodes7.  

Other solutions involve changing the electric field either to a pulsed direct current (DC) field or to an 

asymmetric alternating current (AC) electric field15. If a DC field is applied to an aqueous suspension, 

electrolysis of water occurs. At one electrode, protons are reduced to molecular hydrogen, and at the 

other, hydroxyl ions are oxidized to form oxygen. Both of these reactions are slow because more than 

one electron has to be transferred and this electron transfer is associated with a “significant molecular 

rearrangement”16. The current required for the electrochemical reactions flows through the double layer 

capacitance. If an AC field is applied and the current flows through this double layer capacitance, a 

frequency high enough to prevent electrochemical reactions also prevents the electrolysis of water and 

no or only very small gas bubbles are formed. It has been shown that deposition rates are very low in 

symmetric AC fields. For this reason, asymmetric fields are the preferred solution in this case. 

Asymmetric signal means that the areas under both curves of voltage vs. time are equal. However, the 

time duration of the applied voltage and the applied voltage itself are unequal. An example of an 

Figure 5: Asymmetric AC-EPD 
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asymmetric curve is shown in Figure 5, which depicts a rectangular curve. The signal can also be 

sinusoidal or triangular. In asymmetric AC EPD, high amplitude is applied for a short duration. During 

this time the net movement of the particles takes place. In comparison, for the longer duration with the 

low amplitude, the particles do not move the same way in the opposite direction. Neirinck et al.16 

deposited Al2O3 powder both in AC and DC fields and compared the homogeneity of the coatings. 

Under DC fields, coatings with voids from bubble incorporation and cracks are formed, whereas under 

AC fields, a homogeneous coating is formed. As was already stated, it is necessary to have asymmetric 

wave signals, because the greater the asymmetry, the greater the movement of the particles. However, 

if the asymmetry is too large, no deposition occurs. In addition to the asymmetry factor, the frequency 

of the applied field is of importance. On one hand, rather high frequencies are necessary to avoid bubble 

formation. On the other hand, if the frequency is too high, the particles are not able to change their 

movement with the changing field because of their inertia. The optimum frequency has to be found 

separately for each system as this is not the only influencing factor. In addition, in the same publication, 

it was shown that AC EPD results in a higher density coating16. This effect can be attributed to reversal 

of the electric field. Loosely bound particles on the surface of the coating resuspend in the bulk, therefore 

only the strongly bound particles remain on the coating and this effect enhances the density of the 

coating16. Another advantage is that under AC fields it is also possible to deposit biological entities 

without losing the functionality of the entity17. Those entities are often sensitive to pH changes and to 

the formation of products from electrode reactions. The use of modulated AC fields provides the 

possibility of depositing those species and retaining their active state. This can be used, for example for 

the production of biosensors, which is an important topic in the field of diabetes17. As an alternative to 

AC fields, pulsed DC fields offer a successful approach to using aqueous suspensions because they also 

avoid bubble formation15. This particular method has been applied for controlled deposition of 

nanoparticles and for production of multilayered composites.  

The setup of AC EPD, depicted in Figure 6, differs slightly from the one used for DC EPD (Figure 4). 

The signal is produced in a high frequency generator, where the frequency, the symmetry, the 

amplitude and the waveform can easily be adjusted. The amplified signal is at the same time recorded 

using an oscilloscope to make sure that the right asymmetry factor is used. As discussed, AC EPD can 

not only be taken for the deposition of traditional ceramic or polymer materials, but it can also be used 

for the deposition of biological entities like bacterial cells or proteins17. 

Department of Materials Science and Engineering  Institute of Biomaterials 5

Alternating Current EPD

Highfrequency

Generator

Oscilloscope

Amplifier

EPD 

Cell

+ -

Figure 6: Setup for AC EPD 
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1.2.2 Suspensions 

A stable suspension is one of the most important requirements for achieving a homogeneous deposit in 

EPD. The suspension stability is dependent on the surface charge of the particles. The surface charge 

depends not only on the particle itself, but also on the surrounding liquid that contains free ions or 

electrons18. According to Sarkar et al.9, this surface charge can be obtained by various processes: 

1. Dissociation or ionization of surface groups on the particles. This effect occurs mainly with 

adsorbed carboxylic, acid, amine and oxide surfaces. In these systems H+ and/or OH- ions 

determine the potential, so the system is pH-dependent. At the surface either H+ or OH- ions 

are produced. 

2. Readsorption of potential-determining ions. Ions are created at the surface of the particles, for 

example, silver ions in a system containing silver, which then adsorb on the surface to create a 

surface charge. 

3. Adsorption of ionized surfactants. 

4. Isomorphic substitution. 

In many cases, there is not only one single process valid for a system, but the charge depends on various 

mechanisms. In nonaqueous systems, only mechanisms 1 (electrostatic stabilization) and 3 (electrosteric 

stabilization) are relevant9. In many cases additives are necessary to stabilize the suspension and/or 

charge the particle surface. Another approach is using polymers to stabilize the suspensions. 

Polyelectrolytes such as polyethyleneimine PEI are good candidates for this purpose. On one hand the 

molecules stabilize the suspension and render the charge, but on the other hand they can hinder the 

dissolution of the particles9.  

A double layer forms around every charged particle. The first theory of double-layer formation was 

given by Helmholtz9, who described the double layer as a capacitor, with the charged particle on one 

side and the oppositely charged electrons or ions in the surrounding liquid on the other side. Guoy and 

Chapman9 proposed a system, in which a layer of diffuse counterions forms around the particle. Both 

of these concepts were combined by Stern in 19249. In his concept, oppositely charged counterions are 

adsorbed on the charged particle surface, which is called the Stern plane. Around this layer, a diffuse 

layer of counterions is present. These counterions are still a part of the electrical double layer. Moving 

further into the liquid, a diffusion layer of counterions surrounds the particles. When an electric field is 

applied, a sliding plane appears between the static and the diffuse part of the double layer. The potential 

arising in this plane is called the zeta-potential, ζ18. The movement of a particle in suspension is 

characterized by its electrophoretic mobility µ, which is dependent on the electric field E and the particle 

velocity v.  

 𝑣 = µ ∙ 𝐸 (1) 

In addition, the electrophoretic mobility is dependent on the zeta-potential and the viscosity of the 

suspension13.  

Ways to stabilize particles in suspension include steric and electrostatic stabilization. Steric stabilization 

involves a reduction of the attractive forces, while electrostatic involves the generation of charge on the 

particles to produce a barrier between them7. The double layer around the particles is sensitive to the 

electrolyte concentration in suspension. If the electrolyte concentration increases, the energy 

barrier/double layer decreases, which means that at very high electrolyte concentrations, the particles 



1.2 Electrophoretic Deposition 

 
15 

coagulate8. As explained above, the zeta potential determines the stability of the suspension: the higher 

the zeta potential, the higher the stability. Coagulation of particles, which occurs by London-van der 

Waals (LVDW) forces VA, is hindered at high zeta potentials. The DLVO (Derjaguin-Landau-Verwey-

Overbeek) theory describes the interplay of two important forces. LVDW forces are the attractive forces 

between particles, whereas there are also repulsive forces VR due to the equally charged double layers 

around particles. The total force VT between the particles can be calculated from the sum of VA and VR.  

 𝑉𝑇 = 𝑉𝐴 + 𝑉𝑅 (2) 

Because both forces depend on the distance from the particle, the total force is either attractive or 

repulsive depending on the distance of the particles (Figure 7). At small distances, the attractive forces 

dominate, which is depicted by the primary energy minimum. With increasing distance, the double-

layer repulsion increases, resulting in a peak, which is the energy barrier EB. Below this point, particles 

coagulate. At larger distances, another smaller energy minimum occurs, with attractive forces 

dominating again. At this minimum, coagulation can also occur, but because it is not as strong as the 

primary minimum, it can be reversed more easily 9.  

1.2.3 Deposition Mechanisms 

Every deposition mechanism can be characterized by the DLVO theory, which gives information about 

the interaction of the double-layer repulsion and LVDW attraction. However, the DLVO theory does 

not involve all particle forces that occur in a suspended system. It does not consider particle interactions 

in a system containing many particles, but is valid under certain conditions for isolated particle pairs. 

In a system with a higher concentration, the volume available for the particles to move freely and 

independently from each other is not large enough, so another attractive force appears in this system8. 

Figure 7: Dependence of interaction energy of 

particles on the distance between the particles 

(reproduced with permission of the Journal of the 

American Ceramic Society9) 
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There are several deposition mechanisms proposed by several groups. These mechanisms are divided 

into three different groups: 

1. Coating formation by sedimentation. 

2. Coating formation by charge neutralization. 

3. Deposition by electric double-layer distortion. 

The first group involves the first theory made by Hamaker and Verwey11, who state that coating 

formation is closely related to sedimentation, which also results in a strong adherent coating. The 

purpose of using EPD is to move the particles in a controlled way to the substrate material, where they 

form a deposit. The particles close to the electrode are pressed together by particles approaching the 

electrode.  

The second method involves a method, in which, according to Grillon et al.9,11 particles deposit by 

neutralization. When the particles come in contact with the electrode, the charge is neutralized and the 

particles remain adherent on the substrate material. This method is valid for monolayers and single 

particles, but not for thick coatings or deposition on membranes, where the particles do not come into 

contact with the electrode material.  

These two examples are just a short overview of the proposed mechanisms. Sarkar and Nicholson9,11 

used the deposit formation on a membrane in front of the electrode to disprove these proposed methods, 

indicating that there is no electrode contact, which hinders neutralization and stating that the coating is 

formed anywhere between anode and cathode.  

The attractive forces also depend on the zeta potential and thus on the pH of the suspension. If the pH 

is around the isoelectric point, the particles are more likely to coagulate. This brings us to the third 

group of methods, which is the “electrochemical coagulation of particles”9,11. An example of one 

mechanism in this group is given by Koelmans and Overbeek, who use the increase in electrolyte 

concentration around the electrode to explain deposit formation. As not only particles, but also ions in 

the suspension approach the electrode, the ionic concentration increases around the electrode. This 

increase causes a reduced zeta-potential, which then induces the coagulation of the particles to form a 

Figure 8: Deposition by lyosphere distortion (reproduced with permission of the 

Journal of the American Ceramic Society9 
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deposit at the electrode. Following extensive studies of a deposition system, Sarkar and Nicholson 

proposed a new method for the deposition of particles (Figure 8) for this third group. If a particle 

approaches the electrode, the layer around the particle is deformed due to the applied electric field and 

fluid dynamics. This distortion results in a locally changed zeta-potential, depending on the position in 

relation to the particle. In addition to the particle, other ions in the suspension also move towards the 

electrode. As the zeta-potential is reduced on the electrode averted side of the distorted double layer, 

the counterions tend to react with the surrounding ions. This causes thinning of the double layer at the 

“tail”. If another particle with the same deformed lyosphere approaches due to electrophoresis in the 

suspension, the particles can approach each other closely enough for the LVDW attractive forces to 

dominate and the particles to coagulate9,11.  

For aqueous systems, another factor must be considered. As for cationic deposition, H+ is consumed at 

the electrode, resulting in a local depletion and a concentration gradient with increasing distance from 

the bulk material. This changed H+ concentration results in a local increase of the pH around the 

electrode, which can, in some cases, cause an approach to the isoelectric point of the system and thus 

the particles coagulate at the electrode.  

 

1.2.4 Kinetics 

Many different parameters can be changed to alter the outcome of a system. The outcome of the 

electrophoretic deposition is defined as the deposition rate, which is evaluated using the deposited mass 

of the coating (deposited weight w). The deposited weight was shown by Hamaker to be proportional 

to the particle concentration in suspension C, the deposition time t, the surface area of the electrode A 

and the electric field E. The Hamaker equation (3) gives the relation between w and the processing 

parameters19: 

 
𝑤 = ∫ 𝜇 ∙ 𝐸 ∙ 𝐶 ∙ 𝐴 ∙ 𝑑𝑡

𝑡

0

 (3) 

The kinetics of the deposition process have also been studied extensively in literature9. For DC EPD, 

there are two approaches: constant current and constant voltage. Figure 9 shows the development of 

the deposited weight over time for different cases. Curve A shows the case for constant concentration 

and constant current, and for constant voltage (curve C). Both curves A and C show a more linear trend 

than the other two curves. The fact that curve C is less steep than curve A is due to the formation of the 

insulating deposit on the substrate. In constant voltage mode, the potential decreases due to an increase 

in the resistivity because of coating formation at the electrode. This results in a decrease in the deposition 

rate with increasing time due to the decrease of particle velocity. When constant current mode is used, 

this effect is eliminated, because the potential is kept constant by adjusting the electric field9.  

Under normal conditions, the particle concentration of the suspension decreases during the deposition 

due to deposit formation. This case can be seen for constant current conditions in curve B and for 

constant voltage conditions in curve D9. Because the conductivity of the suspension is strongly related 

to the particle and ion concentration in suspension, the suspension conductivity is proportional to the 

concentration change of charge carriers in the suspension. This means that if the deposit is formed on 

the electrode, which decreases the particle concentration, the conductivity also decreases along with the 

deposition yield. An exponential decrease of conductivity with the decrease of particle concentration 
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with time was predicted by van der Biest et al.10. It is hypothesized that this decrease probably not only 

stems from the decrease of particle concentration, but also from a change in the ionic concentration due 

to electrode reactions or reactions in the suspension itself. 

As seen in this chapter, optimizing the parameters of the deposition process is of utmost importance, as 

they have a significant influence on the coating homogeneity. It was shown that the concentration of 

particles has a large influence on the density and homogeneity of the coatings. The coating density 

decreases at high concentrations because the many particles in suspension interact with each other, 

which stops them from moving to the preferred site11. In addition, the applied voltage or current is 

important to obtain homogeneous coatings. For this reason, the focus of the next chapter is parameter 

optimization. 

 

  

Figure 9: Kinetics of the EPD process (detailed 

description in the text; (reproduced with 

permission of the Journal of the American 

Ceramic Society 9) 
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1.3 Parameter Optimization 

Nowadays ensuring the quality of a product is a very important requirement, because the market is full 

of competition. Quality in this case refers to ensuring customer satisfaction by providing a product that 

fulfills the required standards, has a good price and a sufficiently long life-time. It is important to reduce 

reworking and manufacturing costs by successfully planning the processing route. Every production 

route is influenced by environmental factors. An important goal is to avoid mistakes. These mistakes 

should be avoided by adjusting the processing parameters that influence the final product. The goal is 

to obtain production parameters that result in a process with the least variation. The parameters in the 

EPD process that can be tailored are the suspension-related variables such as the concentration. In 

addition, the process-related variables such as the electric field or the deposition time are of importance. 

However, there are also parameters, known as noise parameters that cannot be easily controlled. This 

includes parameters such as humidity, air pressure, vibrations and human errors20. In the specific case 

of this work, this is mostly attributed to impurities in the powders or solvents, and to temperature and 

air-pressure changes in the laboratory.  

As shown in the previous section, optimizing the parameters in the EPD process has a significant 

influence on coating thickness and homogeneity. In most cases, optimizing the parameters uses a trial-

and-error approach. This is a rather time-consuming and ineffective method. One factor is evaluated 

experimentally while keeping the others constant. Trial-and-error requires not only a large amount of 

time, but also large amounts of resources, which makes optimization expensive21. Another approach is 

the use of statistical experimental design, for example, Taguchi methods (TM). TM uses a factorial 

method of optimization, which is in contrast to a full factorial approach, where all parameter 

combinations are investigated. TM is less time-consuming and results in a more robust system in the 

end. In this case, robust means, that the system is more insensitive to environmental variations. 

Experimental design also gives a deeper understanding of the process and the interplay of the various 

parameters21. The Taguchi approach gives information about the influence of the various factors on the 

output of a system; in EPD case, one of the most significant factors is the deposition rate. The Taguchi 

method helps in finding the most important parameters and in identifying the correct value of a 

parameter in one step. In addition, information is gained not only about the individual parameters, but 

also about the interplay between the various parameters. The parameter combination that produces a 

system showing the least variability with optimal output results is the most robust system. Information 

about the robustness is gained by calculating the Signal-to-Noise (S/N) ratios. Originally the S/N ratio 

was a value used in communication engineering, which is the reason, the unit is dB. For the S/N ratios, 

two different approaches are of importance22.  

The S/N ratio for the deposition yield is calculated as follows. In this case, the higher the value the more 

efficient the process is22: 

 𝑆

𝑁
= − 10 log [

1

𝑛
 (∑

1

𝑦𝑖
2)] 

(4) 

In the second approach, the S/N ratio for the standard deviation is calculated; here, a lower value is 

better22: 

 𝑆

𝑁
= − 10 log [

1
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(5) 
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In both cases, n is the number of experiments and in Equation (6), y is the deposition yield, while in 

Equation (7) y is the standard deviation of each individual experiment. 

The first step in a successful TM involves choosing of the appropriate output and parameters. In the 

case of EPD, the output is the deposition rate, which, according to Hamaker’s equation, is influenced by 

the deposition time, the electrophoretic mobility, the electric field, the particle concentration and the 

surface area of the electrode. If the surface area and the electrophoretic mobility of a system are kept 

constant, the electric field, particle concentration and deposition time have the most influence, which is 

the reason these parameters are chosen in conducting TM later.  

The next step is the determination of the different levels (different values) of each parameter. 

Preliminary experiments show the range, in which the optimal parameter could be. The levels of the 

parameters are chosen from within this range.  

The different levels of the various parameters then lead to the selection of the appropriate orthogonal 

array (OA). The size of the OA depends on the number of parameters and the number of levels. If, for 

example, three parameters with two levels each are to be investigated, a L4(23) array can be used. “3” is 

the number of maximum parameters that can be used in this array and “2” is the maximum number of 

levels for each parameter. From this combination, the OA provides the number of experimental trials 

necessary, which is “4”in this case. Table 1 shows the resulting OA with the parameter combinations 

for the various trials. 

Table 1: L4(23) Orthogonal array for the design of experiment according to Taguchi 

Trial Number Parameter 1 Parameter 2 Parameter 3 

1 1 1 1 

2 1 2 2 

3 2 1 2 

4 2 2 1 

The OA allows evaluation of each level of each control factor separately. The experiments with the 

parameter combinations given by the OA are conducted and the deposition rates, standard deviations 

and Signal-to-Noise ratios are calculated according to the above-mentioned formulas. Each 

experimental trial is conducted at least three times to get a good, reliable prediction. 

The evaluation of the TM requires intensive studies. In the first step, the different levels of the different 

factors are interpreted by analyzing the various S/N ratios for every single level. This gives information 

about the influence of the factors on the output of a system. The main effects plot shows the significance 

of each parameter; the steeper the slope, the higher the influence. The plots also give information about 

the best parameter combination, which, in our case, is the combination of a high deposition rate and a 

low standard deviation. The significance of the various parameters is investigated using Multivariate 

Analysis of Variance (MANOVA). The next step involves the interpretation of the interaction between 

the different factors. Interaction means that when one factor is changed, the other factor is also 

influenced. In most cases, the means of data sets are plotted for the various factor and level combinations 
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to obtain useful information about the interactions. In the resulting interaction plot, parallel lines 

indicate no interaction between the factors, whereas nonparallel lines are a sign of interaction21. 

After evaluating the TM to find the optimal parameter combination, a prediction is made. The 

prediction gives information about the expected value; in this case, for the deposition rate, the standard 

deviation and the S/N ratio of the deposition rate. The prediction is verified in an experiment. If the 

prediction and the experiment are in agreement, the whole TM is judged to be successful20. 

Statistical parameter optimization can be used in many fields to optimize parameters, for injection 

molding or welding for example20. In addition, it was used for the optimization of silver nanoparticle 

formation23. The use of Taguchi experimental design in the field of electrophoretic deposition has been 

successfully shown24,25. In an example of another statistical parameter optimization technique, Corni et 

al. used the neural network approach for planning a test of the outputs of PEEK-alumina composite 

coatings in relation to processing parameters26. 
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2.1 Introduction 

The choice of the right material is of significance in the field of biomedical engineering, as it influences 

the stability of the implant in the body, the life-time and also the reaction of the body on the implant. It 

is important to choose a material with the relevant chemical and mechanical properties for the required 

application. In this chapter the characteristics of the various materials used in this project are 

introduced. An overview is given on their use in industry and science and their use in biomedicine. In 

addition a brief discussion of applying the materials in electrophoretic deposition is given.   
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2.2 PEEK 

PEEK is part of the polymer group called polyaryletherketones (PAEK). The chemical structure of PEEK 

in Figure 10 shows that the benzene rings are interconnected by two ether and one ketone group. The 

average molecular weight of PEEK is around 80.000 to 120.000 g/mol. PEEK is stable at high 

temperatures and has advantageous chemical and radiation resistance. The good mechanical properties 

and the high stability make it a suitable candidate for use as wire insulations, in the automotive industry 

or in the coating of heat exchangers. Furthermore, PEEK is radiolucent, which is of advantage for 

biomedical applications, because it makes the imaging of an implant material easier. Imaging using 

magnetic resonance imaging (MRI) is often difficult when metallic implants are present because of 

negative influences on the resolution of the image. Metal implants in computer tomography can create 

artifacts, resulting in bad resolution. Radiographic imaging of PEEK and its composites makes it 

possible to record the ingrowth of an implant. If radiopacity is required, it can be achieved by using a 

suitable filling material. Due to its sufficient thermal stability, PEEK is suitable for use with traditional 

polymer processing routes, such as injection molding (production of near-final shape products), 

extrusion (production of rods, sheets or fibers), compression molding (production of plates or sheets) 

and machining from extruded rods or sheets and powder coatings27.  

2.2.1 Chemical Properties and Processing 

PEEK is an aromatic linear polymer. This linear structure is also the reason that it is very stable against 

chemical attack, radiation and thermal influences. The two aryl rings are interconnected via ketone and 

ether groups in para-position. This results in a resonance-stabilization of the chemical structure and a 

delocalization of higher orbital electrons all along the macromolecule. Therewith it is unreactive and 

resistant to thermal and chemical attacks and post irradiation degradation. PEEK offers a 

semicrystalline structure with a typical crystallinity of around 30-35%. This semicrystalline structure is 

another reason for the high chemical resistance and the good mechanical properties of the material. It 

is insoluble in most of the conventional solvents at room temperature and is chemically inert. Because 

PEEK is insoluble in many solvents, it is more difficult and therewith more expensive to synthesize than 

other thermoplasts. Two different routes are applied for the production process:  

- Electrophilic process: produces a thermally stable polymer when the adequate endcapping 

agent is used. However this agent may be present in the polymer, which can decrease the 

biocompatibility of the polymer (Figure 11):  

o Polycondensation of 4-(4’-phenoxyphenoxybenzoic acid) in methanesulfonic acid. 

o Endcapping using 1,4’-diphenoxybenzene. 

- The nucleophilic route is the one producing the largest quantity of PEEK, including that one 

used in this work (Figure 11): 

Figure 10: Chemical structure of PEEK 
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o Difluorobenzophenon and hydroquinone are dissolved together with potassium 

carbonate in diphenylsulfone, which is a solvent that can stand the high processing 

temperature of more than 300°C27.  
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PEEK has very low water solubility and the material itself is not damaged by long-term water exposure. 

However, it is likely that the interface between PEEK and a filler or in the case of this work, the substrate 

material can be weakened also. The water uptake into the matrix can occur either by diffusion or 

wicking27.  

Because sterilization is one of the most important issues for implant materials, the effect of various 

sterilization methods on the stability of a material is of great importance. It has been shown that 

autoclaving has no negative impact on PEEK, which can be attributed to the low water solubility as 

explained above. Only the interface region of composites or the interface between the coating and a 

substrate material can be slightly changed. In addition to the excellent chemical stability, gamma and 

electron beam radiation have no negative effect on PEEK stability. Free radicals are generated during 

irradiation, but in contrast to other polymers, they do not have a long lifetime because they quickly 

recombine due to the good electron mobility along the macromolecule. This quick recombination also 

inhibits post irradiation aging as is the case for other polymers such as ultra-high-molecular-weight 

polyethylene (UHMWPE)27.  

 

2.2.2 Mechanical Properties 

PEEK is a polymer that, in comparison with other polymers, exhibits advantageous mechanical 

properties. The Young’s modulus of PEEK is between 3 and 4 GPa and it can be increased by using a 

filler material, such as carbon fibers, which makes it a candidate for load-bearing applications. The 

mechanical properties of PEEK ensure stability under biotribological conditions. The crystallinity of 

PEEK has an influence on the impact toughness, which decreases with increasing crystallinity. 

Furthermore, fracture toughness decreases with increasing crystallinity27. This is important to keep in 

mind when a heat treatment is performed, because a heat treatment can cause a change of the 

crystallinity and thus a change in the mechanical properties.  

Figure 11: Processing routes for PEEK (top: electrophilic, bottom: nucleophilic 
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2.2.3 Thermal Properties 

PEEK is a semicrystalline polymer. Depending on the cooling temperature after melting, the 

crystallinity of PEEK is affected. If the cooling rates are slow, the molecular chains have time to rotate 

and organize into an ordered structure. The glass transition temperature Tg for PEEK is at 143°C, but 

PEEK remains fairly ductile. If the temperature is raised above Tg, PEEK has the ability to crystallize or 

recrystallize. The differential scanning calorimetry (DSC) curve of an already heat treated PEEK 

material does not show Tg, but the recrystallization temperature Tc, which is the temperature where 

small crystals begin to melt. The melting temperature Tm obtained from DSC data gives information of 

the thickness and perfection of crystals. The higher Tm, the thicker and more perfect are the crystals. For 

all semicrystalline polymers there is the flow transition temperature. This is the temperature where the 

polymer becomes liquid, which for PEEK is around 390°C. It is possible to increase the crystallinity by 

annealing at temperatures between 200 and 300°C. The usual temperature at which PEEK is used in a 

living body is both below Tg and Tm, so problems such as recrystallization or aging should not occur. It 

has been shown that PEEK degradation occurs between Tg and Tm, but it is thermally stable up to 

temperatures of 580°C27,28. 

 

 

 

 

 

2.2.4 Composite Materials 

Composite materials gain more and more interest due to their ability to combine the good properties of 

two or more materials in one. Nature offers good examples of the use of composite materials, such as 

wood or bone. In bone the useful properties of the inorganic phase (hydroxyapatite) and the organic 

collagen Type 1 fibers are combined. The matrix material plays an important role in keeping the filler 

together and transferring the load. The properties of the composite material are a result of the 

combination of the correct characteristics of the filler material as well as the correct (polymeric) matrix. 

Similarly, the mechanical, biological and physical properties of PEEK can be adjusted by using it as a 

matrix material. Candidates for these purposes are, for example, barium sulfate or carbon fillers, which 

are two materials already available for implant materials. Carbon fibers of various length, size and 

orientation can be used to adjust the stiffness of the composite material and make it a suitable candidate 

for spinal fusion cages, compression bone plates, intramedullary nails and joint replacement, such as 

hip prostheses. These implants are normally made of metals and their alloys. However, high differences 

in stiffness between implant and cortical bone can cause stress shielding and fractures of the bone. The 

use of polymer fiber-reinforced materials can help with this problem. In addition to the suitable stiffness 

values, these materials also show excellent wear resistance, long-term stability, and chemical resistance 

and are easily sterilizable using methods such as gamma irradiation or steam.  

   

Figure 12: Spinal implants (from left to right: cervical vertebral body replacement, 

lumbar cage and vertebral body fusion (Photos courtesy of Signus Medizintechnik 

GmbH)) 
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2.2.5 Biocompatibility and Industrial Applications 

PEEK has been successfully used by Invibio, Ltd. since the late 1990s as a material for biomedical 

applications. PEEK is a material exhibiting suitable biocompatibility and is approved by the FDA as of 

1998 for use as a long-term implant material. The range of products stretches from spinal applications 

such as interbody fusion, spine stabilization, arthroplasty devices and anterior column plates to fracture 

plates, intramedullary rods and parts of joint implants in the hip, knee and shoulder29. It is also used 

successfully in craniomaxillofacial implants and suture anchors. Figure 12 illustrates different implants 

for spinal applications30. In addition to its use in spinal applications, PEEK is used in femoral stem 

applications. In this application, PEEK is coated onto a cobalt-chromium-molybdenum core to mimic 

the flexibility of the femur. In this case, a titanium fiber metal that offers a porous structure has been 

selected to achieve osteointegration. Another possibility is to take a composite partner that promotes 

osteoconduction such as hydroxyapatite or bioactive glass.  

In various published in vitro studies, it has been shown that PEEK does not hinder the proliferation and 

attachment of fibroblasts and osteoblasts. Furthermore, PEEK stimulates the osteoblast cell protein 

content, which means that the ingrowth of a PEEK implant can be strengthened in comparison with 

other polymer materials. PEEK and carbon-fiber-reinforced PEEK show the same cell response as the 

Ti6Al4V alloy. The mutagenic behavior of PEEK has been tested using different cell and bacteria 

cultures, including mammalian and fibroblastic cells, and for all tested cells, no mutagenic behavior was 

observed. In addition, no immunogenic behavior of PEEK was observed. The response of soft tissue 

such as muscular tissue was investigated and no or only very little irritation and inflammation was 

obtained. Osteocompatibility investigations of PEEK report an adequate biocompatibility in contact 

with bone tissue. Even though PEEK is not known to be bioactive, but rather inert, direct bone contact 

was reported in in-vivo studies. This means that there is a good ingrowth of PEEK materials, even 

though there is no chemical bonding. However, because the surface of PEEK is hydrophobic, protein 

adsorption is difficult. In many cases, interlocks offer an option for creating a stronger interface. The 

bioinertness of PEEK can be overcome by compounding it, for example with nano TiO231 or, as in this 

project, with bioactive glass. Studies of the body’s reaction to debris of PEEK particles have been done 

and it was shown that the body reacts with an inflammatory response mainly consisting of 

macrophages. For particles larger than 50 µm there is normally no response and the particles are simply 

encapsulated. If the foreign body reaction to the implant consists of mainly macrophages, this is referred 

to as a non-specific inflammation, which means no reaction or only mild to moderate reaction27.  

 

2.2.6. EPD of PEEK and PEEK Composites 

Due to its excellent mechanical and chemical properties, PEEK can be used as a coating material for 

biomedical applications. Coating processes such as flame spraying, plasma spraying, thermal spraying 

or printing are proposed for the fabrication of PEEK coatings for applications in aerospace, automotive, 

electrical, electronics and medical industries19,32. As explained previously, electrophoretic deposition is 

a coating process suitable for producing homogeneous coatings. Successful EPD of PEEK from ethanolic 

suspensions has been shown33,34. In this case, PEEK particles with a particle size <25 µm were used, 

which was too large for the deposition process. It was reported that the suspensions were not very 

stable, because they sediment quickly after the stirring process was stopped33. Ethanol (EtOH) was taken 

as a suspension medium and the pH value was adjusted to values between 2 and 13 using HCl and 

NaOH. The zeta potential ζ was measured depending on the pH value and the isoelectric point was 
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measured to be approximately 12. High ζ values can be obtained for suspensions with pH values from 

7 to 9, which is in the range of the standard pH value that is achieved when preparing the suspension, 

so there is no need for further adjustments. This is of advantage because the pH measurement of EtOH 

suspensions is not accurate. The zeta potential has been shown to be negative in this region, which 

means that the molecule generates a negative charge. If the pH of the suspension is greater than 7, OH- 

groups are formed in the suspensions. These groups attack the C=O double bond of the ketone group, 

resulting in the formation of a negative charge on the oxygen.  

A trial-and-error approach was used to obtain the optimized deposition parameters of PEEK coatings 

not applied to plain substrates, but to NiTi shape-memory alloy wires34. In addition to the pure PEEK 

coatings, PEEK-bioactive glass composite coatings were produced using HCl as dispersant34. The 

composite formation using alumina powders as composite partners was also successfully conducted35. 

In this case EtOH was the solvent, and citric acid and triethylamine were used as dispersants. It was 

reported that this combination led to the formation of a citrate anion COO-, which is absorbed on the 

ceramic surface resulting in a negative surface charge. In some cases, citric acid also has been reported 

to stabilize PEEK suspensions increasing the electrostatic stabilization. The citrate anions interact with 

molecular chains on the surface of the PEEK particles. The anions absorb on the surface resulting in a 

greater negative charge28. The successful combination of PEEK with nanoalumina particles was also 

reported26. 

Because EPD of PEEK produces a colloidal coating, a heat treatment step is required to densify the 

coatings and increase the adhesion to the substrate material. In most cases, this is done using a 

conventional furnace at temperatures around the melting point. De Riccardis et al. proposed the 

application of laser beam irradiation to obtain a densified coating without damaging the polymer 

material. In comparison to the standard heat treatment, this process offers various advantages, such as 

higher flexibility, shorter processing times and high precision, which makes it possible to structure the 

coating by applying the laser in patterns35. However, caution must be taken when using laser 

irradiation, because this treatment can change the properties of PEEK, including roughness, surface 

chemistry and crystallinity of the surface region. These effects are always dependent on the laser used, 

because different lasers have different laser power and impact the material differently36.  
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2.3 Chitosan 

Chitosan is a natural polysaccharide. The use of a natural polymer is advantageous for biomedical 

applications due to the biocompatibility and biodegradability. Another advantage is that the structure 

of natural polymers is close to that of the extracellular matrix and they are degraded by enzymatic 

degradation24. Furthermore, chitosan is produced from the waste of the food industry, so it is 

inexpensive and readily available, which significantly reduces costs. It is composed of glucosamine and 

N-acetyl glucosamine37. In comparison to other available biopolymers, chitosan can form films and 

chelate metal ions, which is not possible with materials such as cellulose, pectin or agar38. 

 

2.3.1 Chemical Properties and Processing 

Chitosan is produced by a deacetylation process of chitin that is naturally available in crustaceans and 

insects39. This process is carried out in sodium hydroxide (NaOH) at elevated temperatures40. The 

molecular structures of chitosan and chitin are shown in Figure 13. 

Chitosan is also available in some fungi and can be extracted directly from the biological material by 

chemical processing. However, this process is not very commonly used because it results in chemical 

environment pollution. The extraction process has been successfully conducted using enzymatic 

hydrolysis, which leads to chitosan with a higher purity41.  

Chitosan encompasses a large number of structures differing in molecular weight and degree of 

acetylation. The degree of acetylation, that is the number of N-acetylamine groups, or the degree of 

deacetylation, that is the number of D-glucosamine groups, is responsible for properties of the polymer 

such as viscosity, molecular weight or solubility. Chitosan can also be characterized by the molecular 

weight38. 

Chitosan is a hydrophobic molecule, which makes it insoluble in many common organic solvents. 

However, it is soluble in dilute carboxylic acids such as formic acid or acetic acid. This solubility is 

achieved by the protonation of the free amino group38. 

The sterilization of chitosan in biomedical applications has been investigated using various common 

sterilization methods. Sterilization with steam, ethylene oxide, glutaraldehyde and gamma irradiation 

was examined. It was shown that gamma irradiation can result in a destruction of polymer chains and 

thus in a change of the mechanical properties, which might not be desirable for some applications. With 

sterilization in ethylene oxide, a decrease in tensile strength was observed due to hydrolysis during 

Figure 13: Structural formula of chitin and 

chitosan (reproduced with permission of the 

Journal of Macromolecular Science Part C 4a3) 
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sterilization. In an evaluation of these results, autoclaving was judged to be the best sterilization 

technique, followed by a treatment in glutaraldehyde, which changed the mechanical properties of the 

polymer very slightly42. Other publications showed that the properties of chitosan were stable after 

sterilization using autoclave, gamma radiation or ethyl alcohol. This makes chitosan a suitable 

candidate for use in biomedical applications43. An explanation for the differing results from different 

sources is the use of chitosan with different molecular weight or a different degree of deacetylation. In 

addition, the production process and the shape of the samples might influence the sterilization process. 

Because no clear results could be obtained from literature, in the progress of this project, the sterilization 

of chitosan films is investigated. 

 

2.3.2 Biocompatibility and Industrial Applications 

Chitosan can easily be produced in the form of sponges, films, fibers or beads41. Due to its excellent 

biocompatibility, it is currently used in applications such as wound dressings, cholesterol-lowering 

agents, haemostatic agents, skin-grafting templates or drug delivery systems44. Wound dressings from 

chitosan offer several advantages. Chitosan is able to bind an amount of water that is equivalent to 50 

times its own weight. It is thus possible for wound dressings to bind ichor released from the wound. In 

addition, the positive amino groups result in a positive surface charge. In contact with negatively 

charged bacteria or viruses, these are destroyed. 

In biofabrication techniques, the excellent film-forming properties are ideal to form films or membranes; 

it is also used in rapid prototyping45. Chitosan was shown to promote the wound healing process46. 

Another important application is the use of chitosan for tissue engineering. It was shown to be a suitable 

candidate for use as a composite material with hydroxyapatite. This combination offers a material that 

is degradable and bioactive and mimics the natural bone function41. Chitosan improves differentiation 

of osteoprogenitor cells44. In addition to its sufficient biocompatibility, chitosan is biodegradable. It is 

degraded to amino sugars that can be absorbed easily by the human body. This makes it suitable for 

drug delivery applications. The incorporation of drugs into a chitosan matrix has been performed using 

various drugs and forms43.  

In addition to the good biocompatibility of chitosan, it possesses antibacterial properties. Chitosan 

interacts with the cell wall of bacteria and forms polyelectrolytic complexes. This changes the structure 

of the cell wall, resulting in a changed equilibrium. This interaction with the cell wall results in the 

antibacterial effect of chitosan. The antibacterial properties of chitosan act against bacteria such as 

Escherichia coli (E. coli) or Staphylococcus aureus (S. aureus), which are two of the most common types 

of bacteria responsible for bacterial infections at an implantation site43. A more detailed description of 

bacteria and antibacterial studies on the coatings produced is presented in a later chapter of this thesis.  

 

2.3.3 EPD of Chitosan and Chitosan Composites 

Various techniques are used for formation of chitosan coatings and composite coatings. These include 

layer-by-layer deposition, solvent casting or dip coating24. Chitosan is a film-forming polymer, so if it is 

deposited using EPD, no further heat-treatment is necessary. The first reports concerning the 

electrophoretic deposition of chitosan date to 200247. Chitosan is positively charged and water soluble 
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in acidic conditions at pH below 6.3. The positive charge results from the protonation of the amino 

groups5:  

 𝐶ℎ𝑖𝑡 − 𝑁𝐻2 + 𝐻3𝑂+ → 𝐶ℎ𝑖𝑡 − 𝑁𝐻3
+ + 𝐻2𝑂 (8) 

If an electric field is applied to an aqueous suspension containing chitosan molecules, a cathode reaction 

takes place. Protons are reduced and the pH around the electrode increases locally5: 

 2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− (9) 

This local pH increase results in the deprotonization of chitosan and chitosan forms an insoluble film 

on the surface45. 

 𝐶ℎ𝑖𝑡 − 𝑁𝐻3
+ + 𝑂𝐻− → 𝐶ℎ𝑖𝑡 − 𝑁𝐻2 + 𝐻2𝑂 (10) 

The solubility in water makes it an excellent candidate for manufacturing products in various shapes 

such as beads, membranes or, as in this case, films47.  

The application of chitosan as a matrix material for the deposition of composite coatings is also of great 

interest. Due to the film-forming ability, a heat treatment step that is normally required when depositing 

glass or ceramic particles using EPD is avoided. The sintering of ceramic materials requires rather high 

temperatures, which can result in a change of both the coating and the substrate material. Chitosan can 

be used as glue for the ceramic particles. Because of the formation of a smoother coating, the 

codeposition of carbonate apatite particles with chitosan was used to increase the biocompatibility of 

ceramic coatings44. The codeposition of chitosan and bioactive glass (BG) has also been demonstrated48. 

Because the deposition of pure BG coatings is not always advantageous also due to their low tensile 

strength, fatigue resistance and elastic modulus, the combination with a polymer matrix is of interest. 

A mixture of ethanol and water is used for the suspension preparation because with pure aqueous 

suspensions the bubble formation is high. The codeposition of chitosan with bioactive glass reduces the 

degradation behavior of chitosan due to an increase in pH from the dissolution of bioactive glass24. 

Chitosan has not only been taken as a composite partner for bioactive particles, but also for ceramic 

materials such as zinc oxide for biosensor applications49.  
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2.4 Bioactive glass 

Every implant material evokes a foreign-body reaction. The reactions are categorized into four groups2: 

Toxic: The implant results in necrosis of the surrounding tissue by releasing toxic 

substances in contact with body fluids or mechanical load. 

Inert: The tissue encapsulates the implant by the formation of a connective tissue 

capsule. 

Bioactive: A chemical bond is formed between the implant and the surrounding tissue (a 

more detailed description of this process follows in this chapter). 

Biodegradable: The implant is slowly replaced by the tissue. 

A problem that occurs for nearly inert biomaterials is that no chemical bond exists between the implant 

and the surrounding tissue; encapsulation occurs. This can result in movements of the implant within 

the tissue capsule, which results in deterioration of the implant and the surrounding tissue. These can 

result in loosening of the implant, fracture of the implant or fracture of the surrounding bone.  

Bioceramics make up an important group of materials for biomedical applications; their applications 

cover a wide range from eyeglasses to diagnostic tools. The field of dental ceramics is also important. 

Another very important topic is the use of bioceramics in the field of bone generation or repairing and 

replacing other parts of the body. Due to their excellent wear resistance and mechanical properties, inert 

bioceramics such as Al2O3 and ZrO2 are used for the cup and ball part of hip joints. Despite of these 

favorable properties, a problem that can occur is stress shielding caused by the large differences in 

Young’s modulus between bone and implant50. In this chapter, the focus is on bioactive ceramic and 

glass materials, which promote bone regeneration and form a bond between the implant and the 

surrounding tissue. With bioactive materials, the above-mentioned problems of inert implant materials 

can be overcome. Among several bioactive materials, some calcium phosphates, such as hydroxyapatite 

and β-Tricalciumphosphate offer suitable bioactive properties. They can be used in orthopedic implants, 

as bone replacement and as dental or middle-ear implants. Hydroxyapatite is used due to its similarity 

to the ceramic bone phase. Bone consist of 60-70% of hydroxycarbonate apatite (HCA) and up to 98% of 

the tooth enamel does, as well2. HA can be used either as a bulk material or as a coating to increase the 

ingrowth of an implant. Especially porous coatings that ensure the ingrowth of bone are of interest50. 

The most common way to apply hydroxyapatite coatings is plasma spraying51. Although HA offers 

many advantages and is currently used in clinical applications, this project uses another bioactive 

material named bioactive glass. In comparison with HA, it has a greater bioactivity, which can be 

adjusted by changing the glass composition. When in contact with biological surroundings, bioactive 

materials form a HCA coating, which makes a strong bond with the surrounding tissue; this bond is in 

most cases stronger than the bone or the implant itself50. 

 

2.4.1 Chemical Properties and Processing 

The first and most common bioactive glass 45S5 Bioglass® (BG), was developed by Larry Hench in 1969. 

It has a composition of 45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% P2O551. The specifications 

necessary for a bioactive glass to be successfully bioactive, are a SiO2 content smaller than 60 mol%, high 

Na2O and CaO content and a high ratio of CaO:P2O5. Figure 1452 shows the diagram for the composition 
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of bioactive glasses. Certain regions of specific compositions result in bioactivity, whereas other 

compositions are not bioactive. In the center is region B, which includes all glasses that form a bonding 

with bone, whereas the glasses in region A also form a bond with soft tissues such as collagen or 

periodontal ligaments. Glasses in region D are resorbed by the body, whereas region C includes glasses 

that are not bioactive and non-resorbable. The large region E represents the composition types for which 

the formation of glass is impossible50.  

In addition to the silicate-based glass, there are phosphate- and borate-based bioactive glasses. The 

composition depends on the desired properties. Borate-based glasses, for example, exhibit very fast 

dissolution rates, which may be advantageous for some applications such as wound healing.  

There are two main processing routes for bioactive glasses: sol-gel and melt-quenching. Melt-quenching 

is a route that has been used for a long time for the production of glasses. The necessary oxides are 

melted at high temperatures and quenched in a graphite mold or in water. In comparison, the sol-gel 

route involves a solution containing the necessary precursors. At room temperature a polymerization 

process takes place and a gel is formed. The gel is composed of an inorganic network of silica. This gel 

is dried and heated at 600°C to form bioactive glass. Typical systems for sol-gel glasses are labeled 58S 

and 77S.  

The basic difference between the two production routes is the porosity of the resulting glass. Sol-gel 

glasses possess nanoporosity, whereas melt-quenched glasses are dense. The versatility of sol-gel 

glasses is much higher. The process can be used for the production of nanoparticles, powders, and 

coatings. In comparison with melt-derived glasses, no addition of Na2O is necessary. In melt-derived 

glasses the sodium dioxide is used to decrease the melting point of the whole system, which is not 

relevant for the sol-gel process. In many cases, sol-gel derived glasses offer a higher bioactivity and 

biodegradability due to their nanoporous structure48.  

 

2.4.2 Biocompatibility and Industrial Applications 

Bioactive glasses are a group of glass-ceramic materials that exhibit excellent properties in orthopedic 

or dental applications, such as of bone fillers or middle ear surgeries. In dental applications, BG can be 

used for the de- or remineralization of dentin, dental restoration, treatment of periodontal pockets and 

many more. The amount of research performed in the field of tissue engineering is large, where 

Figure 14: Compositional diagram for the formation of 

bioactive glasses for melt derived glasses (reproduced with 

permission of The Royal Society of Chemistry)52 
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bioactive glass scaffolds are used as the basic module. Because these scaffolds are weak in their 

mechanical properties, in many cases they are coated with a polymer material51. In orthopedics, BG is 

applied to healing bone defects and also in spinal fusion applications as filler for the cage replacing the 

disk.  

BG has suitable osteoconductivity and bioactivity, which means that an increased connection exists 

between the implant and the surrounding bone. In addition, the various types of BG degrade at different 

rates, which make them candidates for drug or ion release. Doping candidates include silver, strontium, 

silver, copper, boron or potassium. These ions can be used to induce vascularization, control 

osteogenesis or achieve antibacterial properties51.  

 

2.4.3 Bioactivity 

Bioactivity is a feature of a few materials such as HA, wollastonite, β-tricalcium phosphate and bioactive 

glass. Bioactive glass was demonstrated to promote better and quicker bone ingrowth than HA, which 

implies greater bioactivity53. In contact with a biological environment, a layer of HCA is formed on top 

of BG51. Bioactive materials form a strong bond to the host tissue. In addition, bone formation is 

stimulated to take place not only directly on the surface of the implant, but also at a short distance from 

the interface with the implant. The HCA layer that forms on bioactive glasses interacts with collagen of 

the bone, forming a bond between them. The formation of the HCA layer involves five steps50,53: 

1. Silanol bonds are formed at the surface by ion exchange of Na+ and Ca+ into the solution and H+ 

and H3O+ from the solution 

 𝑆𝑖 − 𝑂−𝑁𝑎+ + 𝐻+ + 𝑂𝐻− → 𝑆𝑖 − 𝑂𝐻+ + 𝑁𝑎+(𝑎𝑞) + 𝑂𝐻− (11) 

This reaction results in an increase in pH and the formation of a silica rich layer at the surface. 

2. The increased pH value causes the Si-O-Si bonds to break because of OH-. This results in a 

dissolution of Si(OH)4 in the body fluid. More silanol (Si-OH) is formed on the surface. 

 𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂 → 𝑆𝑖 − 𝑂𝐻 + 𝑂𝐻 − 𝑆𝑖 (12) 

3. The Si-OH groups undergo polycondensation and repolymerize to form a silica rich layer. 

4. The dissolution and diffusion of Ca2+ and PO43- from the bulk to the surface and the 

incorporation of Ca2+ and PO43- from the body fluid, results in the formation of a film rich in 

CaO and P2O5 on the surface.  

5. The final step involves the incorporation of hydroxyls and carbonates from the solution and the 

formation of a HCA film consisting of CaO and P2O5. 

If the silica content in the glass is decreased, the network is weaker and the dissolution can occur more 

quickly. The selection of the correct composition of bioactive glass can tailor the degree of dissolution 

and bioactivity of the glass53.  
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After the successful formation of the HCA layer, the steps that follow are not yet completely 

investigated. To form a bond with the surrounding bone, protein and growth-factor adhesion is thought 

to be the next step, which is followed by attachment to collagen fibrils. On these fibrils, bone progenitor 

cells adhere and differentiate. After that an extracellular matrix is formed, followed by mineralization53. 

The enhanced osteoblast stimulation can be attributed to the dissolution of silica and calcium ions. This 

increases the production of growth factors and extracellular matrix proteins. The degradation rates of 

BG influence this process strongly, because too much ionic release can lead result in a reverse bone 

reaction.  

 

2.4.4 Nano-Bioactive Glass 

In comparison to the micrometric particles, nano-sized particles offer advantageous properties, for 

example, a higher osteoconductivity. In recent years, much attention has been paid to nano-sized 

materials because of their excellent properties. The interaction between a biomaterial and the body, 

specifically the adhesion of water molecules and proteins, occurs on a nanometer scale. Furthermore, in 

nature, tissues are constructed of nanoscale “materials”. The mechanical properties of an organic 

material filled with BG nanoparticles are closer to nature than if micro-sized particles were used as the 

filling.  

The properties of nanomaterials differ from those of micro-sized particles. This means that roughness, 

contact angles and surface energies are different. In comparison to micro-sized glass, the surface area of 

the nanoparticles is larger, resulting in a higher ion solubility, which increases the bioactivity. Because 

osteogenesis and angiogenesis are strongly related to ion dissolution from the material, it is possible to 

increase these features by using a nano-sized material. It has been shown that with decreasing particle 

size, the remineralization of dentin using BG increases51. In addition, the nanoscale features increase the 

protein adsorption and therefore, cell adhesion increases. In particular, nano-sized BG particles were 

reported to display antimicrobial activity against various species51. As shown previously, the pH of the 

medium around BG particles increases due to the dissolution of silica. This pH increase results in an 

antibacterial effect. Due to the higher surface area of smaller particles, the antibacterial effect increases 

with decreasing particle size. 

Nanoparticles can be fabricated using a sol-gel process. In this process, the particle size and morphology 

easily can be tailored by changing the processing parameters. Other approaches involve microemulsion 

and flame spray synthesis. The nano-sized BG used in this work is produced using flame spray 

synthesis51,54.  

 

2.4.5 Coatings 

Particularly in orthopedics and periodontal applications, the use of coatings to improve the materials 

properties is of interest. In these cases, metallic implants are used; these are inert and do not promote 

bone bonding. A bioactive coating improves the stability of the implant in the human body53. For BG, 

one possible processing route is sol-gel, where the BG is produced in the same step as the coating; dip 

coating is also possible51,53. These coatings exhibit high bioactivity. More traditionally, ceramic coatings 

are produced using plasma spraying. For glass-ceramics, enameling can also be used to produce a 
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coating. The production of BG coatings with EPD has been reported on various substrate materials such 

as stainless steel substrate and Nitinol wires5.  

However, pure BG coatings are rather “hard” and brittle. In comparison, the use of “soft” coatings is 

more advantageous with respect to mechanical properties such as the Young’s modulus. These soft 

coatings are composed of a polymer matrix with bioactive glass particles as filler. The use of a polymer 

binder is not only advantageous for the mechanical properties, but also for the decrease in processing 

temperatures. The high sintering temperatures required to densify bioactive glass particles deposited 

by EPD can cause a degradation or oxidation of the metallic substrate. Furthermore, an undesired ion 

exchange can occur between the substrate and the coating5. Electrophoretic deposition has been chosen 

to co-deposit BG coatings in a polymer matrix using either PEEK as a stable polymer or polysaccharides 

such as chitosan24 or alginate55. 

The charging of the two polymers used in this project in suspension has been previously discussed. It 

was shown that PEEK has a negative surface charge in ethanol. For the composite formation, PEEK and 

BG are codeposited in one single step. In this project, citric acid is used to stabilize the suspension. 

According to preliminary experiments conducted by C. Eisermann (LFG, University Erlangen-

Nuremberg, Germany), the charge of BG suspended in EtOH with citric acid is negative and the pH is 

approximately 5.5. However, in this project a larger amount of citric acid is used, reducing the pH to 

even lower values of around 3. In this case, the surface charge of PEEK should change from negative to 

positive. As occurs when the pH is above 7, the double bond is attacked by the H+ in the acidic 

surroundings, resulting in a positive charge of the molecule. However, during deposition, the deposit 

formation still occurs at the positive electrode. This can be explained by considering that the BG is 

negatively charged by the formation of O- on the surface of the silica in the glass matrix. In addition, the 

citric acid charge is highly negative due to OH bonds that have been broken, resulting in the formation 

of O- ends. This results in the occurrence of the following possible mechanisms during the deposition. 

Either the positive PEEK particle is surrounded by the highly negatively charged citric acid molecules, 

which still results in a negative surface charge. This negative charge causes the movement of the PEEK 

towards the positive electrode. It is also possible, that the forces of the large amount of BG and citric 

acid push the PEEK particles towards the electrode, resulting in codeposition of the two particles.  

In the codeposition of chitosan and BG from acetic suspensions, positively charged chitosan molecules 

and negatively charged BG particles exist. Because the deposition of the composite coating occurs on 

the negative electrode, it is proposed that the positively charged chitosan molecules form a “composite 

particle” in suspension by adsorbing on the negatively charged BG particles. These composite particles 

then move through the suspension forming a composite layer at the electrode.  
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2.5 Antibiotics 

Drug delivery has become a very important topic in recent years. A drug delivery system must fulfill 

several requirements and its release profile can be adjusted by various parameters. The degradability 

and thickness of the matrix material play a significant role in addition to the drug loading and the pH 

of the surrounding system43. On one hand, an initial release burst is desirable to prevent the adhesion 

of bacteria and the formation of a biofilm. On the other hand, a release over a longer period, such as a 

few weeks, is desirable for killing infections that arise at the implant site. All antimicrobial agents and 

antibiotics work differently. Chlorhexidine, for example, is effective against both Gram-negative and 

positive bacteria, because it disrupts the cell membrane. The incorporation of an antibiotic is a method 

currently applied to implants; examples include the use of antibiotics in bone cements or the use of drug 

loaded polymer coatings to release the antibiotic. Controlling the release rate is important, especially 

for polymeric coatings. Another way is to covalently bind an antibiotic such as vancomycin directly 

onto a titanium surface. This is a very efficient method, because small amounts can be used due to the 

fact that the bacteria are directly in contact with the bound drug27. A problem that arises with using 

antibiotics is that many resistant bacteria strains exist for which the effectiveness of the agent is not 

assured27.  

In this project, tetracycline (TC) is used as an antimicrobial agent in chitosan composite coatings. It has 

been used in various drug delivery approaches such as delivery from polymer membranes56 and from 

hollow structures such as halloysite nanotubes57. Tetracycline was developed in the 1940s. This group 

of broad-spectrum antibiotics is effective against a wide spectrum of Gram-positive and Gram-negative 

bacteria. The mechanism of action involves the inhibition of protein synthesis. This is achieved by 

preventing the attachment of aminoacyl-tRNA to the tribosomal acceptor site. For Gram-negative 

bacteria, the take up of TC happens through channels in the outer membrane. In this stage the 

tetracycline has formed a complex with a positively charged ion (e.g., magnesium). After passing 

through the membrane, the metal ion-tetracycline complex dissociates and uncharged, weakly 

lipophilic tetracycline is released. This molecule diffuses through the inner membrane. For Gram-

positive bacteria, due to the missing outer membrane, this step is the only one that takes place. Inside 

the bacteria, the TC chelates due to a pH increase in the cell and the high availability of metal ions that 

form complexes. These complexes bind to the ribosomes, which hinders the association of the tRNA 

with the ribosomes.  

Tetracyclines are used because they do not cause serious side effects. Unfortunately TCs are not only 

used in emergency applications, but are also applied as growth promoters to fodder for animals. This 

can result in antibiotic resistances. Therefore it is important that the amount of antibiotic given to the 

patient against bacterial infections is as low as possible. In this project the direct embedding of TC into 

coatings on implant materials is investigated, which results in a local release directly at implant site, 

which reduces the required amount. 

OH O OH O

CONH2
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N(CH3)2
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Figure 15: Molecular structure of tetracycline 

(reproduced with permission of Microbiology 

and Molecular Biology Reviews)58 
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Several tetracycline molecules exist and they slightly differ in their molecular structure and, therefore, 

in their antibacterial activity. Figure 15 shows the molecular structure of “standard” tetracycline. The 

basic structure consists of four rings and various specific side groups. The side groups marked in red 

are those necessary for retaining the antibacterial activity of TC58.  
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2.6 Silver 

As explained previously, bacterial infections play a significant role in daily surgery routines. Antibiotics 

are one way to solve this problem. However, more and more bacteria are developing resistances to 

several drugs59. Silver (Ag) nanoparticles (NP) have become the subject of interest in recent years. These 

particles are used in the electronics industry to obtain conductive thick-film circuits, for example, for 

electrodes in ceramic capacitors. They also offer properties such as high thermal conductivity, high 

oxidation resistance and, particularly relevant to the field of biomedical applications, bactericidal 

action23. In recent years, silver nanoparticles have been incorporated into clothing, cosmetics, water 

filters and contraceptives. Not only in daily life, but also in medical applications, nanosilver has come 

to be used frequently in dentistry, drug delivery, eye care, orthopedics and surgery59. Possible ways to 

produce silver nanoparticles include atomization or milling and chemical reduction, sol-gel or 

electrochemical processes23. Silver, gold and copper are all metals that have an antimicrobial effect. 

Silver is used because it is not only active against many Gram-positive and Gram-negative bacteria, but 

also against fungi. Another advantage of silver is the low toxicity in comparison with other heavy 

metals. Silver is currently used in the treatment of burn wounds and it has been incorporated into 

catheters, heart valves and external fixation pins. The approval for devices incorporated with silver, 

such as central venous catheters, has been obtained and they are being used successfully.  

Silver nanoparticles cause a perforation of the cell membrane of bacteria, where silver ions cause 

interactions with intracellular proteins and DNA. Silver ions interact with sulfur-, oxygen- and 

nitrogen-containing functional groups. Bacteria have structural proteins and respiratory enzymes that 

are essential for them to survive. These proteins and enzymes have a thiol group (-SH). Silver ions 

interact with this thiol group, causing damage to cell wall structures and reduction in cell metabolism. 

The thiol group in the peptides and proteins is more likely to form a covalent bond with the Ag+ than 

an ionic bond in the protein or peptide. Other bonds are energetically more favorable, for example, Ag-

N and Ag-O bonds. Various amino acids, depending on their chemical structure, were found to react 

differently with silver ions. In addition, silver ions result in mutations in the DNA and make bacterial 

DNA condense, which results in degradation of the DNA. With this degradation, bacteria cells are no 

longer able to replicate. The silver ions also stop the ATP production, which is needed for the production 

of energy in the cells. Ag ions in bacterial cells function as a catalyst for the formation of reactive oxygen 

species (ROS) from inherent oxygen. ROS are oxygen radicals such as hydroxyl-radicals, and 

hydroxyperoxid that are normally formed as a by-product of cell respiration or they are formed in the 

body to kill bacteria or viruses. The ROS can cause oxidative stress in the bacterial cell, resulting in a 

bactericidal effect. All this causes the death of the bacterial cell. This demonstrates that silver acts against 

bacteria in many ways (Figure 16). These multiple attacks make it unlikely that resistances arise59–61.  

The shape and surface charge have an influence on NP activity (Figure 16). A more positive surface 

charge results in a better binding of bacterial membranes to the nanoparticles. This causes a locally 

increased concentration of silver ions, followed by a higher antibacterial activity. Furthermore, it has 

been shown that smaller particles exhibit a stronger antibacterial effect59. This is because the surface area 

is larger and more silver ions are released. Silver nanoparticles were thought to show a higher 

antimicrobial activity than micro-sized particles. The bactericidal effect of silver nanoparticles can be  
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Figure 16: Bactericidal properties of silver nanoparticles (reproduced with permission of The Royal Society 

of Chemistry)59 
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attributed mainly to the release of silver ions in aerobic conditions. It has been shown that, under 

anaerobic conditions, silver NP do not have an antibacterial effect because no silver ions are 

released59.The formation of silver ions in aerobic conditions is illustrated by the following formulas59: 

 4 𝐴𝑔 + 𝑂2 → 2 𝐴𝑔2𝑂 (13) 

 2 𝐴𝑔2𝑂 + 4 𝐻+ → 4 𝐴𝑔+ + 2 𝐻2𝑂 (14) 

Investigations by Kurtz et al.27 have shown that silver can be incorporated into bone cements or 

polymers to promote successful antimicrobial action. Furthermore, they report about the incorporation 

of silver particles into PEEK bulk material. Direct incorporation of 2-5 wt% silver particles during 

extrusion or injection molding did not result in antimicrobial effect because of the formation of 

agglomerates in the matrix material. Production techniques must be found that prevent agglomeration, 

especially of nanoparticles, and that ensure the presence of silver particles directly on the surface27.  

The incorporation of silver into coatings to form multifunctional coatings has been shown62. Silver has 

been incorporated into titania (TiO2) coatings during the electrophoretic deposition process. In this 

method, silver nitrate is used as a precursor and silver particles are produced directly on the TiO2 

particles62. Another approach involves the direct precipitation of silver nanoparticles into a chitosan-

bioactive glass coating during the EPD process. This process uses silver nitrate as precursor material63. 

In this project, silver nanoparticles are incorporated into PEEK-bioactive glass coatings in order to 

obtain multifunctional coatings with antibacterial effect.  
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3.1 Introduction 

This chapter focuses on describing the different methods used for the production and evaluation of 

composite coatings by EPD. A fundamental understanding of the properties, topography and 

morphology of the coatings helps to improve and understand the electrophoretic deposition process. In 

this context, it is important to investigate, how the coatings behave under certain circumstances such as 

scratching, and in vitro, to gain knowledge about the behavior in future applications. Various 

characterization methods were considered, which are described briefly in this chapter, too. 
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3.2 Electrophoretic Deposition 

All coatings in this project were produced using electrophoretic deposition. The setups for both 

deposition processes can be found in the previous chapter. For DC EPD, a power supply EX752M from 

Thurlby Thandar Instruments Limited (United Kingdom) was used to control the applied voltage. The 

setup for AC EPD consists of a Hewlett Packard 3314A Function Generator (USA) for producing the 

required voltage. This signal is amplified with a TREK PZD700 high voltage power amplifier (USA). 

For the control of the applied signal, the signal is visualized on a Philips PM3335 oscilloscope 

(Netherlands). Weighing of coatings and powders was performed using an analytical balance (Ohaus 

discovery, USA). Suspensions were prepared using a magnetic stirrer (VWR Advanced vms C4, 

Germany) and an ultrasonic bath (Bandelin Sonorex rk 100, Germany). PEEK and PEEK composite 

coatings were heat treated in a Nabertherm L15/11/P330 (Germany) furnace. A more detailed 

prescription of the processes is given in the experimental chapters. 
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3.3 Adhesion Tests 

The coating adhesion greatly influences the stability of an implant in the human body. The adhesion 

must be sufficient to make the implant manageable in the clinical routines. A coating with poor adhesion 

might fail due to stresses applied during the implantation procedure or due to mechanical stresses such 

as friction occurring during the life-time of the implant. 

According to ISO standards, the adhesion strength of plasma sprayed HA coatings for orthopedic and 

dental applications should be higher than 15 MPa64. Different methods exist for investigating the 

adhesion of coatings to a substrate material. In this project, one qualitative and one quantitative method 

were used.  

Figure 17: Tape Test: cutting pattern of the coating  

The qualitative Tape Test is the first method applied. This method provides a way to understand the 

adhesion of the coatings and to compare the coatings with each other. The Tape Test is conducted 

according to ISO 2409. An Elcometer 107 Cross-Hatch Cutter (Aalen, Germany) is used and the coatings 

are cut into squares of 1 mm x 1 mm (Figure 17). It is important to cut through the coating so that the 

substrate material is visible beneath. In the next step, a piece of standardized tape is placed on the 

coating and rubbed with the finger to achieve a good adhesion between the tape and the coating. Within 

5 minutes, the tape is removed manually while maintaining a 60° angle from the surface. In the ISO test, 

the coating adhesion is assessed using Table 265. In this project, the exact evaluation is not conducted, 

but the remaining coatings are compared with each other to determine which coating shows the best 

adhesion.  

In addition to this qualitative assessment of the coatings, a quantitative investigation was conducted 

using scratch tests. This test is conducted for PEEK coatings only, because they developed a very strong 

Table 2: Assessment of Tape Test according to ISO2409 

(reproduced with permission of Elcometer)65 
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interface and it was difficult to assess the adhesion using Tape Test. For the tests used in this project, a 

spherical diamond tip with a radius of 200 µm was used. The tip scratches the coating with either a 

continuously rising load or a constant load and the resulting scratch is investigated. For cases in which 

the load is too low, neither an indentation nor a scratch can be found on the surface. If the load increases 

above a critical load, a scratch is visible. This provides information about the adhesion strength between 

the coating and the substrate material. A Micro-Combi Tester (CSM Instruments, Switzerland) was used 

for the investigations. All scratch tests were performed by T. Moskalewicz (AGH University of Science 

and Technology, Kraków, Poland). 
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3.4 FTIR 

FTIR – Fourier-transform-infrared-spectroscopy – is a method that measures the vibrations of atoms in 

a molecule. In this method, infrared light is passed through a sample and the amount of radiation 

absorbed at a specific energy is measured. The sample can be measured either in transmission mode, in 

which the light passing through the sample is collected, or in reflectance mode, in which the light 

reflected from the surface of the sample is collected. In the resulting spectrum, each peak corresponds 

to one bond vibration in the molecule and each bond shows one specific peak. Various vibrational 

modes can occur, as can be seen in Figure 18. The absorption in the molecules occurs due to changes of 

the dipole moments of every molecule. This means that the greater the change the greater will be the 

adsorption and thus the peak/band for the specific molecular bond is also higher66.  

As an example, a typical polymer spectrum is shown in Figure 19. The spectrum of pure chitosan 

powder as measured under transmittance is depicted. Polymer spectra always exhibit a large number 

of peaks. The peak around 3400 cm-1 corresponds to the –OH vibration overlapping with the N-H 

stretching vibration. At 2920 cm-1 the methyl or methylene group results in C-H stretching vibration 

peaks. The amide bonds are visible in a peak at 1654 cm-1, and at 1591 cm-1 the symmetrical stretching 

vibration of the amino group can be seen. The peak at 1378 cm-1 corresponds to the stretching vibration 

of the C=N bond and the peaks at 1079 and 1029 cm-1 to stretching vibrations of C-O67. This evaluation 

can be conducted for all spectra obtained to get a clear understanding about the materials present. In 

many cases, only the most characteristic peaks are evaluated. 

In this project the FTIR measurements were conducted using a Nicolet (USA) spectrometer in the region 

4000-400cm-1 with a resolution of 4 cm-1. The samples were prepared using the KBr pellet technique. 

 

4000 3500 3000 2500 2000 1500 1000 500

40

45

50

55

60

65

70

75

 

 

T
ra

n
s
m

it
ta

n
c
e
 [

%
]

Wave number [cm
-1
]

3403

2920
1654

1591

1378

1079
1029

Figure 18: Vibrational modes in FTIR (reproduced with permission from John Wiley and Sons) 66 

Figure 19: FTIR spectrum of chitosan 

showing characteristic bonds 
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3.5 Roughness Measurements 

As is explained in more detail later in this thesis, the roughness plays an important role in protein and 

cell adhesion and in cell viability. For roughnesses smaller than 0.1 µm, cell viability and cell 

proliferation increased, whereas cell attachment was reduced in comparison to samples with higher 

roughnesses between 1 and 2 µm. However, this seemed to be valid only for short-term studies. Long-

term studies showed a different behavior31. This is, however, not a general conclusion because there are 

many other factors that influence cell attachment on biomaterial surfaces. The roughness might be used 

as an indicator and as a method for a better understanding of results, but it cannot be applied as the 

only method for predicting cell attachment behavior. In this study, the roughness of the produced 

coatings was investigated using laser scanning profilometry (UBM Laserprofilometer, USA). This 

method uses red laser light focused on the sample by a lens system. The reflected beam is split in a 

prism, and it reaches a set of photodiodes as a spot pair. If the distance between the sample surface and 

the lens varies because of surface roughness, the displacement of the spots arriving at the photo diode 

may be measured. This measurement is translated into the roughness values of the samples (Figure 

20)68.  

Figure 20: Principle of laserprofilometry:  

1. laser diode, 2. prism with beam splitter, 3. beam splitter,  

4. window, 5. photodiodes, 6. leaf spring, 7. coil, 8. magnet,  

9. collimator lens, 10. objective, 11. tube, 12. light barrier 

measurement system, 13. measurement object, 14 PC board,  

15. microscope with illumination, 16. CCD camera (reprinted 

with permission from Elsevier) 68 
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3.6 Contact Angle 

Another very important factor for the successful use of a material as an implant material is the contact 

angle, which gives information about the hydrophilicity/hydrophobicity of a surface and, indirectly, on 

the ability of cells to adhere and grow on the implant. A more detailed description is given in the 

corresponding chapters for each material. For measuring the contact angle, a drop of water – in this case 

3 µl – is placed on the surface. The angle that forms between the surface and the drop is called the 

contact angle, θc (Figure 21). The size of the contact angle gives information about the wetting behavior 

of the coating. If the contact angle approaches 0°, the surface is superhydrophilic, which means a 

complete wetting of the surface takes place. For larger angles, the hydrophilic region begins, whereas 

for contact angles between 80° and 140°, the samples are hydrophobic. Above 140° the surface is called 

superhydrophobic. If the surface shows extremely large angles (>160°), which means that the wettability 

is extremely low or there is no wettability, “Lotus- Effect” occurs, in which there is almost no contact 

between the liquid and the surface69.  

Not only can the contact angle measurements be used to obtain information about the wettability of a 

system, but also to calculate the surface energy of a substrate material. As can be seen in Figure 21, there 

are three energies in a relationship from the contact point between liquid (l), surface (s) and the 

surrounding medium, which in most cases is air. The Young equation provides information about the 

interrelation of the surface energies 𝛾 of the various components70: 

 𝛾𝑠 = 𝛾𝑙𝑠 + 𝛾𝑙 ∙ 𝑐𝑜𝑠 𝜃𝑐 (15) 

In most cases, two liquids with known surface energies are used to determine the surface energy of a 

material with an unknown surface energy. Together with the formula, the contact angle 𝜃𝑐 is used to 

calculate the surface energy of the sample material. 

The contact angle device used for the measurements in this project is the DSA30 (Kruess, Germany), 

which automatically doses and places the exact drop volume. After the baseline (which is the contact 

line between drop and material) is approved, the contact angles are measured. The angle is measured 

on both the left and the right side of the drop and 5 times per drop. The mean value of the ten values is 

the contact angle. 

 

 

Figure 21: Surface energies during contact angle measurements 
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3.7 Thermal Analysis 

Differential Scanning Calorimetry (DSC) is used to obtain information about properties such as melting 

point, phase transitions, crystallization temperature, degree of crystallinity, reaction kinetics and 

decomposition effects of a material. The heat flow required to change the temperature of the sample at 

a certain rate is compared to the heat flow required to change the temperature of an inert reference 

material at the same rate, so that heat absorption or release can be detected directly. When, for example, 

melting processes occur in the sample, the heat flow changes and these differences are measurable and 

visible in the DSC plot. A typical DSC plot is shown in Figure 22. In the figure, three main peaks and 

troughs are visible for glass transition, crystallization and melting of the material. Not all of the peaks 

necessarily occur for each material. The degree of crystallinity can be calculated by checking the area of 

the melting peak, which gives information about the heat of fusion. This value is divided by the heat of 

fusion for the same polymer at 100% crystallinity71. In this project a DSC Q2000 (TA Instruments, USA) 

was used for the measurements.  

In addition to DSC, thermogravimetric analysis (TGA) is applied for the determination of the weight 

loss of samples dependent on the temperature in a controlled atmosphere, which is in most cases either 

nitrogen or air. With this method, the degradation behavior of a sample can be observed. In this project, 

TGA is also taken to measure the composition of a composite coating obtained from a polymeric matrix 

filled with bioactive glass. The polymer burns at elevated temperatures in air, whereas the bioactive 

glass remains. The amount of the material remaining gives information about the amount of BG in the 

composite material. For the measurements, a TGA Netzsch STA 449C (Germany) was used.  

 

 

 

 

 

 

Figure 22: Typical DSC curve 
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3.8 Tests in Simulated Body Fluid 

As explained in a previous paragraph, bioactive glass forms a carbonated hydroxyapatite layer upon 

contact with body fluid, thus enhancing the bond with the surrounding bone. The ability of a material 

to form this layer is called bioactivity and it can be tested using preliminary studies in simulated body 

fluid (SBF). According to Hench, “a layer of biologically active HCA must form for a bond with tissues to occur. 

This is the most common characteristic of all the known bioactive implant materials50”. SBF is a solution with 

ion concentrations similar to human blood plasma. A comparison between the ionic concentrations in 

human blood plasma and in the SBF used in this project, is shown in Table 372. The ability of a material 

to form apatite in SBF results in apatite formation in vivo to produce a bond between the implant and 

bone72. 

Table 3: Ion concentrations of blood plasma and SBF72 

Table 4: Recipe for preparing SBF according to Kokubo72 

The preparation of SBF was conducted according to Kokubo using the recipe shown in Table 472. The 

order and amounts must be followed accurately to avoid precipitation. Each reagent is completely 

 Ion concentration (mM) 

 Na+ K+ Mg2+ Ca2+ Cl- HCO3- HPO4- SO42- 

Human blood 

plasma 
142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

n-SBF 142.0 5.0 1.5 2.5 103.0 4.2 1.0 0.5 

Order Reagent Amount for 1 l SBF 

1 NaCl 8.035 g 

2 NaHCO3 0.355 g 

3 KCl 0.225 g 

4 K2HPO4 ∙ 3 H2O 0.231 g 

5 MgCl2 ∙ 6 H2O 0.311 g 

6 1.0M HCl 39 ml 

7 CaCl2 ∙ 2 H2O 0.292 g 

8 Na2SO4 0.072 g 

9 Tris 6.118 g 

10 1.0M HCl 0 – 5 ml 
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dissolved in deionized water before the next one is added. The pH of the SBF solution is adjusted to 7.40 

at 36.5°C72. 

After preparing SBF, the samples are immersed for several time periods lasting from 1 to 21 days to 

prove hydroxyapatite formation on the surface. The amount of SBF needed for the immersion of a 

sample can be calculated according to the following formula72: 

 𝑉𝑠 = 𝐴/10 (16) 

Where  Vs is the volume of SBF in ml  

A is the surface area of the specimen in mm² 

For the SBF studies in this project, coated 316L stainless steel sheets with a thickness of 0.5 mm, a width 

of 15 mm and a length of 15 mm are used. This results in a surface area of 480 mm2 per sample. Thus, 

for SBF studies, 50 ml SBF was used for each sample.  

The samples in this project are immersed in an orbital shaker (IKA KS 4000i control, Germany) for 

periods lasting between 1 and 21 days. Afterwards the samples are investigated using scanning electron 

microscope (SEM) (FEI Quanta 200 and Zeiss Auriga) and FTIR spectroscopy.  
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3.9 Bacteria Studies 

Bacterial infections are one of the most serious problems arising from surgeries. In most cases, the host’s 

immune system is weakened and antibiotics are given prophylactically to prevent infections. However, 

there are still some cases, where bacteria survive and grow at the implant site. In the worst case, this 

means that a biofilm forms around the implant material. This biofilm consists of a strong polymeric 

matrix in which bacteria can multiply. This provides a barrier against the immune system, but also 

provides adhesion sites for further bacterial attachment. Because biofilms almost cannot be removed, 

the only solution is removal of the implant, which doubles the costs and increases patient morbidity. 

Biofilm formation is a problem for materials that are encapsulated and are not in direct contact with the 

surrounding tissue. A contact with the surrounding tissue would provide the opportunity for 

circulation and for an appropriate immune response. For this reason, the prevention of bacterial 

infections must be taken seriously and solutions must be found for this problem. The first step in 

bacterial infections always involves the adhesion of bacteria on the surface of the implant. This must be 

prevented either by designing an appropriate surface that hinders bacteria adhesion or by incorporating 

antibacterial agents into the implant material. Some typical bacterial species associated with bacterial 

infections at an implant site are S. aureus, S. epidermidis, Pseudomonas aeruginosa and E. coli. These 

bacteria are also commonly inside and on the surface of the human body. However, surgery causes the 

host immune system to weaken, increasing the possibility of bacterial infections27.  

In general, bacteria are divided into two types: Gram-positive and Gram-negative. The difference 

between them is that Gram-positive bacteria, such as Staphylococcus and Streptococcus, have an 

additional protein membrane around the thin peptidoglycan layer, whereas Gram-negative bacteria 

such as E. coli do not have an additional membrane, but the peptidoglycan layer is much thicker. The 

structures of the two different bacteria cells are shown in Figure 23. In many cases, antibiotics act against 

one specific type of bacteria, either positive or negative. However, broad spectrum antibiotics, such as 

tetracycline, act against both types of bacteria27,73.  

Bacterial adhesion is influenced by the wettability of a material. If the material is hydrophobic, it attracts 

hydrophobic bacteria because the interaction with each other lowers the surface area exposed to water. 

PEEK is a hydrophobic material. This is due to a lack of functional polar groups on the surface, which 

results in a low surface energy. It was also shown that very large or very small contact angles decrease 

bacterial adhesion significantly. This is because bacterial adhesion is significantly influenced by proteins 

Figure 23: Structure of Gram-positive and Gram-negative 

bacteria 
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on the surface. If a biomaterial is in contact with a body fluid, the surface is first covered with proteins. 

The interaction with those proteins regulates bacterial adhesion. Proteins required for eukaryotic cell 

adhesion prefer surfaces that are neither highly hydrophobic nor too hydrophilic. One very important 

protein for cell adhesion is fibronectin, which adheres to very strongly hydrophobic surfaces, 

preventing the reorientation of the protein to ensure cell adhesion. If the protein is bound to a less 

hydrophobic surface, the adhesion decreases and the protein can reorient to provide the opportunity 

for cell adhesion27.  

Roughness and topography play an important role in bacteria adhesion. Rougher surfaces have an 

increased surface area available for bacterial adhesion. It was shown that larger roughnesses result in 

increased adhesion27. Bacteria are likely to adhere on surfaces with topographies in the range of their 

own size, meaning in the range of 0.5 to 1 µm. However, not only bacterial adhesion, but also the 

adhesion of eukaryotic cells is influenced by the roughness and it was reported that very smooth 

surfaces tend to promote encapsulation of the implant27. The surface of an implant can be altered by 

changing surface topography, for example. One method for accomplishing this for PEEK implants is an 

oxygen plasma treatment. The plasma treatment changes the wettability of the surface. For every 

treatment, the positive and negative effects for cell and bacteria adhesion must be studied in order to 

judge whether the method is suitable27.  

There are two approaches to preventing bacterial adhesion: 

- Production of an anti-adhesive surface: 

o Coating with an anti-adhesive material, such as PTFE, which is highly hydrophobic or 

hydroxyethyl methacrylate or hydromers which are hydrophilic 

- Incorporation of antimicrobial agents; it is important to control the concentration, activity and 

durability of the agent: 

o Incorporation of antibiotics such as gentamicin or tobramycin 

o Antimicrobial agents, such as heavy metals (silver), antimicrobial peptides or 

antiseptics (chlorhexidine) 

In this work, both of the incorporation methods are used to prevent bacterial adhesion. Nanosilver 

particles are used as an antimicrobial agent for the stable coatings, whereas the degradable coatings are 

used for the release of tetracycline. To investigate the antimicrobial effects of the coatings produced, 

bacteria tests with E. coli dH5α cells are used. The cells are seeded into lysogeny broth (LB) Medium 

(Luria/Miller). LB Medium provides optimal conditions for the growth of E. coli cells. It consists of 

tryptone, yeast extract and sodium chloride. It also provides necessary vitamins, amino acids, 

nucleotide precursors and other metabolites for the cells to grow74. The exact process is explained in 

more detail in the experimental part of this work. 
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3.10 Cell Culture Studies 

The first thing that happens on the surface of an implant after successful implantation is the wetting 

with the biological medium, which mainly consists of water. This happens within nanoseconds. The 

bonds formed with water molecules depend on the wettability, functional groups and physical 

properties of the surface. These interactions also determine the further adhesion of proteins and organic 

molecules present in the body fluid. The next step takes place within micro- to milliseconds and involves 

the adhesion of specific proteins from the medium. These proteins tailor the cell adhesion. This step is 

therefore of great importance. It was seen that proteins reorient more easily if the surface has medium 

contact angles. Fibronectin, which, as already been stated, is an important protein for cell adhesion. It 

adsorbs very strongly on hydrophobic surfaces, which hinders protein reorientation, enabling cell 

adhesion. Because PEEK is a hydrophobic material, protein adhesion and thus cell adhesion can be 

negatively influenced. For this reason, surface modifications are required when using PEEK bulk 

material. It is important to increase the surface energy of PEEK to obtain better and more rapid cell 

adhesion and spreading, which prevents the loosening of the implant. Methods used for the surface 

modification of PEEK include wet chemical treatments, physical treatments, plasma or corona exposure, 

as well as plasma coating, plasma spraying or laser sintering with ceramic materials27.  

Each implant material causes a foreign-body reaction. For inert materials, proteins are adsorbed that 

result in the adsorption of macrophages, which try to digest the implant. Because this is not successful, 

the fibroblast generates a collagen capsule around the implant, which can cause the implant to loosen. 

To increase the ingrowth of an implant, the use of a composite material made of PEEK and a calcium 

phosphate such as HA or Bioglass® is suggested. HA and β-TCP have most commonly been used. A 

compendium of literature on this subject has been reviewed elsewhere27. However, in most cases, only 

bulk materials are investigated, and not coatings. The processing techniques for those polymer-ceramic 

compounds include injection molding and cold pressing in addition to selective laser sintering27.  

As discussed previously, cell adhesion depends on many factors such as roughness and wettability. 

Every material that is implanted into the human body should exhibit certain essential properties. One 

of them is biocompatibility. The biocompatibility of each material is specific to the tissue or organ to 

which it is applied, the host system and to the species. Biocompatibility of a material provides 

information about the interaction between the implant and the host system. In general, a biocompatible 

material should be nontoxic, nonmutagenic, noncarcinogenic and nonimmunogenic27. 

The materials produced for this work are tested for their biocompatibility. A detailed description of 

these tests is given in section 4.5. In the course of the in-vitro studies, a WST-test (Cell counting kit 8, 

Sigma-Aldrich, USA) is used to investigate the cell viability. The structure of the water-soluble 

tetrazolium salt (WST) [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium, monosodium salt] can be seen in Figure 24. For viable cells, the cells dehydrogenase the 

WST to form formazan, which is a yellow colored product that is then dissolved in the surrounding cell 

culture medium. This means that the higher the cell viability, the more formazan is dissolved in the 

medium. The color change can be analyzed using a plate reader. At 460 nm, the absorbance is 

proportional to the number of viable cells in the medium. The WST test is conducted using a PHOMO 

(Anthos Mikrosysteme GmbH, Germany) microplate reader at a wavelength of 450 nm. 
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Figure 24: WST salt and resulting formazan (drawn according to 75) 

In addition, the cells were made visible using fluorescence staining. Calcein acetoxymethyl, an 

acetoxymethyl ester derivative, can be taken for live cell staining to make the cytoskeleton of the cell 

visible. These molecules are able to permeate the membrane without any toxic effect on the cells. Inside 

the cells, the molecules are cleaved by esterases. The resulting charged molecule binds to specific ions76. 

These ions include metal ions such as Al(III), Ba(II), Cu(II), Mg(II), and Ca(II)77. This results in a problem 

in staining cells on BG-composite samples, because they contain calcium. Preliminary experiments have 

shown that when using Calcein staining, not only the cells, but also the complete substrate material was 

stained, so that no cells were visible. Using Vybrant staining also did not yield a better result; the cells 

were still not distinguishable from the substrate material. For this reason, the staining was constrained 

to staining nucleus for cell number counting. The structure of the cells was analyzed using SEM. 

The staining of the nucleus was conducted using DAPI staining. DAPI (4’,6-diamidino-2-phenylindole) 

binds to the DNA available in the cell nucleus. It specifically bonds to double stranded deoxyribonucleic 

acids available in the DNA. It has also been shown that if bond to nucleic acid, the fluorescence is 

enhanced78. Because DAPI stains the nucleus, the cell must be fixed and perforated, so the stain can 

infiltrate the nucleus. For this purpose FluoFix is used. FluoFix is a mixture of PIPES (piperazine-N,N′-

bis(2-ethanesulfonic acid); buffer), EGTA (ethylene glycol-bis(beta-aminoethyl ether)-N,N,N',N'-tetra 

acetic acid), PEG (polyethylenglycol) and PFA (paraformaldehyd) in PBS and NaOH. The stained cells 

were investigated using a fluorescence microscope (Zeiss Axio Scope A1). 

For SEM investigations of the cell structure, the cells must be fixed on the surface. To do this, the samples 

are washed with PBS and two different SEM fixation media are used subsequently. SEM fix 1 contains 

glutaraldehyde solution, PFA, sucrose and sodium cacodylate trihydrate. The second part does not 

contain sucrose, which makes this a stronger fixation medium than the first one. Following this 

treatment, which is applied for about an hour at every step, the samples are dried using an ascending 

alcohol series to remove excess water from the samples. This is the preparation for the subsequent 

drying process using a critical point dryer (EM CPD300, Leica, Germany). The drying must be controlled 

to prevent damage of the cell layer on the sample.  
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4.1 Introduction 

In this chapter the production and characterization of stable multifunctional composite coatings based 

on PEEK/BG using DC-EPD is presented. One possible application for those coatings lies in the field of 

coatings of shafts of total hip replacements or the covering of fixation screws for dental implants. 

As shown before, PEEK is, due to its excellent mechanical properties, but also because of the chemical 

and tribological stability, a suitable candidate for use in biomedical applications. In this project, PEEK 

has been selected in combination with 45S5 bioactive glass. A recurrent problem occurring with 

orthopedic implants such as hip joints is the loosening of the implant due to insufficient bonding to 

bone. This problem is solved by using a bioactive material that promotes the formation of a stable 

connection between the implant and the surrounding bone. Because EPD is a colloidal process, the 

deposition of pure BG would require a sintering step at relatively high temperatures for densifying the 

powdery deposit, which can change the crystallinity and thus the bioactivity of the glass. In addition, 

oxidation processes of the substrate material can occur. To avoid these undesired effects, BG is 

combined with the stable polymer PEEK, which requires reduced temperatures for densification, 

exhibits excellent biocompatibility and makes it thus an appropriate material for this purpose.  

As a substrate material for all experiments stainless steel 316 L medical grade was used. 316 L is a 

common material for biomedical applications ranging from stents to bone fixation and joint replacement 

devices to dental applications79. Stainless steel is a biocompatible, but inert material, and thus 

encapsulation of the implant with no direct connection between bone and implant can occur. 316 L is a 

Cr, Ni and Mo steel with low carbon content. It has a Young’s modulus of 193 GPa, which is very high 

in comparison to that of bone, which is around 20 GPa for cortical bone and 11 GPa for trabecular bone80. 

This is another reason for using PEEK as a composite partner for the bioactive coatings. The Young’s 

modulus of PEEK (3.5 GPa81) is closer to that of the surrounding bone than any metallic or ceramic 

implant material. If the difference of the Young’s modulus between implant and bone is too significant, 

stress shielding results82. This problem can be diminished by coating the stiff load-bearing bulk material 

with a “soft” coating.  

Bacterial infections at the implant site are a major problem and often they cannot be treated with 

antibiotics. Because the host immune system is already weakened by the surgery, in most cases a 

revision procedure is required and the implant has to be removed. To avoid these undesired situations, 

in addition to the bioactive properties, advanced coatings should also exhibit antimicrobial properties. 

In the present approach this effect was achieved by incorporating nanosilver particles into the coatings. 

The advantages of EPD, including room temperature processing, the ability to produce composite 

coatings in one single step and the requirement of rather simple equipment, were considered to select 

EPD as technique of choice for production of the coatings. 
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4.2 Electrophoretic Deposition of PEEK 

Two different PEEK powders were purchased from Victrex plc..They are different according to their 

particle size: 

- Victrex® 150XF with a D50 of 20 µm, already used in previous studies34  

- Vicote™ 704 with a D50 of 10 µm81 

The powders were used for preparing suspensions with ethanol denatured with 1 % methyl-ethyl-

ketone and a purity of > 99.5 % without any charging agent or stabilizer. It has been published already 

that it is not necessary to adjust the pH of the suspension, because it is stable as produced. This makes 

suspension preparation straight forward33. PEEK powder was added to ethanol, stirred on the magnetic 

stirrer for several minutes, placed in an ultrasonic bath for half an hour followed by another 5 minutes 

of stirring for homogenizing the suspension and breaking up possible agglomerates. The larger particles 

tend to settle more quickly because of the larger mass and thus larger gravitational forces. The particle 

size strongly influences the stability of a suspension, which has also been stated elsewhere13. Because a 

stable suspension is of great importance for the deposition of homogeneous coatings, Vicote™ 704, 

which is the powder with the smaller D50 value, was used for further experiments. 

 

4.2.1 Design of Experiment (DoE) 

The parameter optimization for the deposition process is of great importance for obtaining 

homogeneous and reproducible electrophoretic coatings. Most results from EPD experiments available 

in literature use the trial-and-error approach for finding the most suitable processing parameters. This 

is very time-consuming and one can draw no conclusions on the influence of the different factors on 

deposit characteristics and on the interaction of the various parameters. For this reason a factorial 

Taguchi experimental design to find the best parameter combination for the system is conducted24. The 

very first step in Design of Experiment (DoE) is the identification of the output of a system. In this case, 

the output was chosen to be the deposition rate, because the deposition rate depends on the applied 

processing parameters, which can be seen in equation (17)12. The next step is the selection of the right 

control factors. The well-known Hamaker equation (17) provides a correlation between deposition yield 

y, which is proportional to the suspension concentration C, the deposition time t, the electric field E, the 

area of the deposition electrode A and the electrophoretic mobility µ of the particles in suspension12.  

 
𝑦 = ∫ µ ∙ 𝐸 ∙ 𝐴 ∙ 𝐶 ∙ 𝑑𝑡

𝑡2

𝑡1

 (17) 

From this relationship follows that the deposition rate, which is the deposition per unit area, per time, 

is related to the concentration and the electric field. The experiments were simplified by using a constant 

electrode distance of 0.5 cm in all experiments. When keeping the electrode distance constant, the 

electric field can be adjusted by changing the applied constant voltage. Constant voltage mode was 

chosen in this case for comparison with deposits produced in literature33. According to this, various 

deposition times, particle concentrations and applied voltages were selected for the parameter 

optimization using DoE. Taguchi takes orthogonal arrays (OA) to reduce the amount of necessary 

experiments. For a parameter optimization using trial-and-error where all parameter combinations are 

tested, 64 experiments would be necessary to test every parameter combination at least once.  
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For the DoE a L16(43) array was used, which was chosen according to the factors and levels as explained 

previously. The level gives the different values for each parameter. The values for the different 4-level 

parameters are shown in Table 5. All experiments were conducted on stainless steel 316 L sheets with a 

thickness of 0.2 mm and the deposition area was kept constant at 15 x 15 mm2.  

Table 5: Parameters for the DoE for EPD of PEEK 

Level 

1 2 3 4 

Concentration 

[wt%] 1 2 3 4 

Voltage  

[V] 10 20 30 40 

Deposition time  

[s] 60 120 240 360 

 

The necessary parameter combinations for the 16 trials according to the orthogonal array can be found 

in Table 6. Each trial was conducted three times. The amount of replications was adapted from numbers 

used in literature varying between two83 and five22. 

For each run the deposit mass was weighed using an analytical balance and the deposition rate was 

calculated according to equation (18). 

Trial 

Number 

Concentration 

[wt%] 

Voltage   

[V] 

Deposition 

time [s] 

1 1 10 60 

2 1 20 120 

3 1 30 240 

4 1 40 360 

5 2 10 120 

6 2 20 60 

7 2 30 360 

8 2 40 240 

9 3 10 240 

 
𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  

𝑑𝑒𝑝𝑜𝑠𝑖𝑡 𝑚𝑎𝑠𝑠

𝑎𝑟𝑒𝑎 ∙ 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 (18) 

Table 6: Orthogonal array for the DoE for EPD of PEEK 
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10 3 20 360 

11 3 30 60 

12 3 40 120 

13 4 10 360 

14 4 20 240 

15 4 30 120 

16 4 40 60 

 

The results, as well as the mean values and standard deviations, can be found in Table 7 and Table 8. 

Table 7: Results of the Design of Experiment for EPD of PEEK 

Trial Number Deposition Rate 1 

[mg/s∙dm2] 

Deposition Rate 2 

[mg/s∙dm2] 

Deposition Rate 3 

[mg/s∙dm2] 

1 0 0.3 0 

2 1.1 0.9 0.6 

3 3.5 5.3 6.3 

4 1.1 4.7 5.4 

5 3.2 0.3 1.9 

6 5.6 2.2 2.2 

7 10.5 13.2 12.2 

8 18.0 19.5 23.0 

9 5.5 6.5 3.9 

10 11.1 15.8 14.6 

11 21.6 33.7 29.2 

12 38.9 38.2 39.6 

13 2.3 3.6 1.5 

14 21.2 19.6 24.3 

15 39.1 33.6 35.2 

16 45.9 26.7 45.9 
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The S/N ratio is an important value for DoE. It provides a quantitative measure of the robustness of a 

system. The unit of the S/N ratio is dB, as it is normally used in communication engineering. For the 

evaluation of the results, the signal-to-noise ratios of the deposition rate and of the standard deviation 

were calculated according to the following equations and the results can be found in Table 8.  

For the deposition rate it is considered that the higher the value, the better, as a higher deposition rate 

is more cost-effective considering the ultimate application in implant coatings. 

 𝑆

𝑁
= −10 𝑙𝑜𝑔 [

1

𝑛
(∑

1

𝑦𝑖
2)]  (19) 

For the standard deviation, lower values are better as they make a system more reproducible. 

Trial 

Number 

Mean 

Deposition 

Rate [mg/s∙dm2] 

S/N ratio of 

the Deposition 

Rate [dB] 

Standard 

deviation 

S/N ratio of 

the Standard 

deviation [dB] 

1 0.1 -138.2 0.2 15.3 

2 0.9 -1.8 0.2 12.3 

3 5.0 13.3 1.4 -2.8 

4 3.7 4.8 2.3 -7.3 

5 1.8 -4.9 1.5 -3.2 

6 3.3 8.2 2.0 -5.8 

7 12.0 21.4 1.3 -2.5 

8 20.2 25.9 2.6 -8.1 

9 5.3 13.9 1.3 -2.5 

10 13.8 22.5 2.5 -7.8 

11 28.2 28.5 6.1 -15.7 

12 38.9 31.8 0.7 3.5 

13 2.5 6.2 1.1 -0.4 

14 21.7 26.6 2.4 -7.6 

15 36.0 31.1 2.9 -9.1 

16 39.5 31.1 11.1 -21.0 

Table 8: S/N ratios for deposition rate and standard deviation 
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 𝑆

𝑁
= −10 𝑙𝑜𝑔 [

1

𝑛
(∑ 𝑦𝑖

2)] (20) 

In both cases n is the number of experimental trials conducted to obtain one mean deposition rate and 

𝑦𝑖  is the deposition rate in the first case and the standard deviation in equation (20). 

Level 

Deposition Rate Standard Deviation 

Concentration 

in wt % 

Voltage  

in V 

Deposition 

time in s 

Concentration 

in wt % 

Voltage  

in V 

Deposition 

time in s 

1 -30.5 -30.8 -17.6 4.4 2.3 -6.8 

2 12.7 13.9 14.0 -4.9 -2.2 0.9 

3 24.2 23.6 20.0 -5.6 -7.5 -5.2 

4 23.7 23.4 13.8 -9.5 -8.2 -4.5 

Maximum-

Minimum 
54.7 54.4 37.6 13.9 10.5 7.7 

Rank 1 2 3 1 2 3 

The advantage of orthogonal arrays is that each factor can be observed separately by separating the 

different levels of the factors. The mean S/N ratio for every level of the parameter is calculated (see  

Table 9). In addition, the maximum-minimum value, which is the difference between the highest and 

lowest S/N ratio for the different parameters, is calculated. This value gives an answer about the 

importance of each parameter on the deposition process. A high value means a high influence of the 

parameter. The maximum-minimum value is in case of the deposition rate the lowest for the deposition 

time. This is also valid for the standard deviation, which means that the deposition time has the least 

impact on the deposition rate. This can be explained by the fact that the deposition rate decreases with 

increasing time (under constant voltage conditions) due to the coating formation on the substrate 

material, which acts as an insulator. For the S/N ratio of the deposition rate, the concentration has a 

slightly higher value than voltage. This is more obvious for the signal-to-noise ratio of the standard 

deviation, which gives a higher value for the concentration, meaning that the concentration of the 

suspension has the largest influence on the deposition rate.  

Figure 25 - Figure 28 show the influence of the various deposition parameters on the deposition rate, 

the S/N ratio of the deposition rate, the standard deviation of the deposition rate and the S/N ratio of 

the standard deviation. They are calculated for the different levels of each parameter. For all values 

(besides the standard deviation) a high value is optimal, because this will lead to a parameter 

combination for an economic, robust and reproducible system with low variation. High deposition rates 

always lead to a more economic system, but always the robustness of the system has to be kept in mind, 

which means low standard deviations and high S/N ratios.  

 

Table 9: Evaluation of the S/N ratios of the different levels 
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The deposition rate increases with increasing voltage (Figure 25), so does the S/N ratio of the deposition 

rate (Figure 26). Therefore the best parameter would be a voltage of 40 V. The standard deviation also 

increases for the voltage, so a compromise must be found between high deposition rates with high 

robustness and low standard deviation. The S/N ratio of the standard deviation decreases for higher 

voltages, so a voltage of 20 V was chosen.  

    

Figure 29: PEEK coatings for different Voltages deposited at 120 s and 2 wt% concentration from left to right: 

10 V, 20V, 30 V and 40 V 

The evaluation of the DoE was supported by digital images of coatings made with different voltages 

(Figure 29) at a constant concentration of 2 wt% and a deposition time of 2 minutes. For 30 and 40 V the 

edge effect increases, which leads to cracking of the coating. Because of the planar substrate, there is an 

elevation of the electric field lines at the edges of the substrate, which leads to a locally changed electric 

field resulting in more deposition at the sides of the electrodes, which is called edge effect. The most 
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Figure 25: DoE EPD of PEEK: Dependence of the 

deposition parameters on the deposition rate 
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Figure 26: DoE EPD of PEEK: Dependence of the 

deposition parameters on the S/N ratio of the 

deposition rate 
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Figure 27: DoE EPD of PEEK: Dependence of the 

deposition parameters on the standard deviation of 

the deposition rate 
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homogeneous coating was seen to be the one obtained at 20 V, whereas for 10 V, the coatings seem to 

be rather thin and not covering the whole substrate. 

For the other parameters the same evaluation was conducted. For the concentration, again the 

deposition rate, S/N ratio and standard deviation increase with concentration and the S/N ratio of the 

standard deviation decreases. Evaluating the digital images in Figure 30, also here for large 

concentrations, edge effects affect the homogeneity of the coating. This effect is also confirmed by the 

high standard deviations. Inhomogeneities in the coatings lead to a decrease of the reproducibility. A 

concentration of 2 wt% was chosen according to relatively high S/N ratios for both values, a medium 

deposition rate and a relatively low standard deviation.  

    

Figure 30: PEEK coatings for different particle concentrations deposited at 20 V and 120 s, from left to right: 1, 

2, 3 and 4 wt% 

It was observed that the deposition rate decreases with time for deposition times over 120 seconds, 

which can be explained by the fact that the deposited layer acts as an insulating film, so with time, the 

conductivity is reduced, the number of particles deposited is reduced and hence the deposition rate also 

reduces. Both S/N ratios have a high value for 120 s and the standard deviation is very low. This seems 

to be the optimum deposition time for this system. The pictures in Figure 31 also show the most 

homogeneous and best adhering coating at 120 s. For shorter deposition times, the coverage of the 

substrate material is not entirely achieved, whereas for higher deposition times, edge effects as well as 

inhomogeneities in the coatings occur.  

    

Figure 31: PEEK coatings for different deposition times deposited at 20 V and 2 wt%, from left to right: 60 s, 

120 s, 180 s and 240 s 

The next step is to conduct a MANOVA (multivariate analysis of variance) statistical analysis to find 

the significance of the different factors. This is necessary, as the factors might interact with each other. 

5 mm 5 mm 5 mm 5 mm 

5 mm 5 mm 5 mm 5 mm 
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This means that changing one parameter does not mean that the expected reaction of the system is 

obtained. One important value in this regard is the probability-value (p-value) (Table 10). If the p-value 

is below 0.1, the factors are seen to be highly significant24, which is ,in the investigated system, the case 

for all parameters. However, for the deposition time the value is much higher as for the concentration 

and the voltage, which means that it is not as significant. This data confirmed the results obtained from 

the evaluation of the S/N ratios, where the deposition time has the least influence on the change of the 

deposition rate.  

Table 10: Probability value for the different parameters investigated during DoE of EPD of PEEK 

In this DoE, all factors are significant, which means that there should be high interaction between all 

factors, which is also indicated by the interaction plot (Figure 32). In this plot, non-parallel lines indicate 

an interaction between factors. In addition, the higher the difference of the slope of the lines, the larger 

is the interaction between factors24. In this case, interaction occurs between all factors because no parallel 

lines are visible in the different curves. If interaction occurs, uncertain errors are introduced into the 

system that cannot be controlled. By changing one of the factors, the response of the other parameters 

is influenced. There is interaction between parameters, when the answer of the different levels does not 

coincide with the response of another factor at the same level. The complete study of the interaction 

between all the factors is interesting, but it would exceed the scope of this work. 

The last step in the design of experiment is the confirmation that the optimal parameters were chosen 

by the DoE approach carried out. In this case, the system is predicted for PEEK suspensions of a 

concentration of 2 wt%, deposited at 20 V for 120 s. The deposition rate, the S/N ratio and the standard 

deviation are predicted as can be seen in Table 11. Furthermore, coatings were prepared with the 

predicted parameters and the deposition rate, standard deviation and S/N ratio were calculated. It was 

Source p-Value 

Concentration 0.002 

Voltage 0.002 

Deposition time 0.058 

Figure 32: Interaction plot of the DoE of EPD of PEEK 
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shown that the predicted value for the deposition rate can be reproduced by the experiments. The value 

for the S/N ratio also lies in the right range, only the value for the standard deviation is higher than 

predicted, which probably can be explained by slight variations in the suspension composition, by 

changes in the room temperature or humidity. The temperature of the suspension slightly changes 

during the ultrasonic treatment. Another reason for variations of the standard deviation can be related 

to the raw materials. Certainly the water content and impurities in the ethanol change slightly from 

bottle to bottle. All this can lead to changes in the EPD process that cannot be predicted. As stated before, 

there are many influencing factors and unfortunately not all of them can be predicted. However, by 

optimizing parameters using DoE, a pretty robust system can be achieved, which is the least subjected 

to environmental impacts.  

Table 11: Prediction and experimental verification of the DoE of EPD of PEEK suspensions 

 

Resulting from the evaluation of the Design of Experiment, for further experiments, a particle 

concentration in suspension of 2 wt%, a voltage of 20 V and a deposition time of 120 s will be used.  

 

4.2.2 Heat Treatment 

The next step after the successful and homogeneous deposition is the densification of the coatings by a 

suitable heat treatment. According to literature, the heat treatment in the furnace is performed at 

temperatures around the melting point, which is 343°C for PEEK33. In this project, the influence of the 

heat treatment temperature on the coatings characteristics was investigated. Temperatures of 335, 345, 

355, 365 and 375°C were chosen. A heating rate of 10°C/min was selected and the temperature was held 

for one hour. In literature a holding time of 30 minutes has been used33, but the coatings were more 

homogeneous after one hour of holding. Afterwards, the samples cooled down slowly in the furnace to 

avoid cracks that can be formed in the PEEK coating by internal stresses that develop due to different 

thermal expansion coefficients of PEEK and the steel substrate. The SEM pictures of the different 

samples are presented in Figure 33. For 335 and 345°C the particles are not melted. It seems that for 

345°C the coating is more smooth and homogeneous, but the temperature was not high enough to melt 

the entire coating. At higher temperatures, the coating is melted completely. However, for 375°C, it is 

apparent that a change in the coating is ongoing, which affects the homogeneity and surface roughness 

of the coating. It is assumed that those changes occur due to a change in the crystallinity of the coating, 

which will be investigated by DSC in more detail.  

Factors Deposition rate Standard deviation 

  Value S/N ratio Value 

Experiment 2wt%, 20V, 120s 9.0 9.1 0.5 

Prediction 2wt%, 20V, 120s 9.53 14.42 0.04 
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As at 355°C a complete melting of the coatings was obtained and the lower the temperature, the more 

economic is the process, 355°C was chosen for further studies. 

A heat treated coating at 355°C was embedded in epoxy resin, polished and investigated under SEM 

(Figure 34). The coating shows a thickness of approximately 120 µm and it is completely densified after 

the heat treatment. The attachment of the coating to the substrate seems to be well based on manual 

assessment. A slight delamination can be explained by the preparation process of the sample.  

4.2.3 Crystallinity 

DSC was performed with differently heat treated samples and a powder sample to investigate possible 

changes of crystallinity due to the heat treatment process. DSC was conducted in a temperature range 

between 40 and 440°C with a heating rate of 10 K/min. The heat flow was plotted over the temperature 

   

  

Figure 33: SEM of PEEK coatings 

heat treated after EPD (2wt% PEEK, 

20V, 2 min) at different 

temperatures  

a) 335°C 

b) 345°C 

c) 355°C 

d) 365°C 

e) 375°C 

Figure 34: Cross section of PEEK coating 

produced at 20 V, 2 minutes and 2 wt% 

particle concentration, heat treated at 355 °C 

a) b) c) 

d) e) 
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to determine the glass transition temperature, the melting point and to calculate the heat of fusion per 

gram (APPENDIX 1: DSC Data of PEEK Heat Treated at Different Temperatures). With the heat of 

fusion obtained from DSC and the heat of fusion of 100% crystalline PEEK (130 J/g84), it is possible to 

calculate the crystallinity of the material (Table 12) according to equation (21)84.  

 
𝑋𝑐 =

∆𝐻𝑐

𝑊𝑝∆𝐻𝑓

×100 (21) 

with  Xc: Degree of crystallinity 

ΔHf:  Heat of fusion of 100% crystalline PEEK; 130 J/g 84 

ΔHc:  Crystallization enthalpy 

Wp:  Weight fraction of polymer, if in a composite (in this case 1). 

The crystallinity remains in the same range for the first two temperatures and then it decreases at the 

stage, when melting of the particles occurs (as seen under SEM). For higher temperatures, the 

crystallinity increases again. This can be explained by structural changes in the polymer material. At 

higher temperatures the molecular chains are freer to move and to form an ordered structure than for 

lower temperatures. According to the supplier, the Tm of the material used, is at 343°C. In air PEEK is 

thermally stable up to around 550°C. The melting point is of relevance for the later heat treatment 

process, which is carried out at temperatures close to the melting temperature. During melting, PEEK 

undergoes two processes. The first one at a temperature between 120 and 130°C is the partial bond 

rotation of the ether linkages before crystallization. At temperatures higher than Tg, the whole chain is 

in motion, which is characterized by the rotation of the benzophenone linkages85. This change of 

crystallinity can explain the results obtained by SEM, which indicated that the structure of the coating 

appears different for different temperatures.  

Table 12: DSC Data of PEEK heat-treated at different temperatures 

Heat Treatment Temperature 335°C 345°C 355°C 365°C 375°C 

Melting Temperature 343°C 354°C 343°C 338°C 339°C 

Crystallinity 51% 47% 29% 37% 42% 

 

4.2.4 Adhesion Tests 

Tape Test was used to investigate the adhesion to the substrate of coatings heat treated at various 

temperatures (Figure 35). For 335 and 345°C the adhesion is poor, many parts of the coatings are 

removed, which is because of the incomplete melting of the particles. For samples, on which the coating 

was completely densified, a closer look on the scratches was necessary to confirm a difference, because 

the coating was much better adherent to the substrate material. The white parts show the steel substrate 

material visible through the scratches through the coating. The best adhesion results were obtained for 

355°C. For higher temperatures, the adhesion decreases with increasing temperature, which is visible at 

the corners of the scratches, where, with increasing temperature, the scratches are wider and more 

material is removed. It was observed by SEM that the coating changes with temperature and DSC results 

also showed a change in the crystallinity of the material in dependence of the heat treatment 

temperature. The change in crystallinity has an influence on the adhesion of the coating to the substrate 
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material. The ductility of PEEK decreases with increasing crystallinity86. This change results in a more 

brittle and less adherent coating. Therefore 355°C was chosen as the preferred temperature leading to 

coatings exhibiting the best adhesion, which were selected for further investigations. 

4.2.5 Contact Angle Measurements 

As explained previously, the wetting characteristics of samples are of great interest for using the 

material in biomedical applications. The biocompatibility is influenced by the contact angle87. The 

desired contact angle always depends on the kind of application. In most cases, a good balance between 

hydrophobic and hydrophilic properties is desired. Hydrophilic surfaces, for example, prevent cell-cell 

interactions, whereas highly hydrophilic surfaces reduce the biocompatibility and enhance the cell 

affinity87. Another study showed that medium contact angles of around 65° lead to advantageous cell 

adhesion and spreading, whereas highly hydrophilic and highly hydrophobic surfaces lead to a 

decreased biocompatibility88. For this reason, not only the adhesion of the coating to the substrate 

material, but also the contact angle in contact with deionized water was investigated. For each 

measurement three drops on three different samples each were measured. Table 13 depicts the contact 

angles with deionized water of the various coatings.  

For the untreated coating, no wetting of the coating is observed. The drop is removed by the needle 

completely. All sintered samples show better wetting behavior than the untreated one. First the contact 

angle decreases for samples heat-treated at 335 to 355°C to an angle of 94° and then it increases again. 

As medium contact angles are a good compromise between cell affinity and cell-cell interactions, which 

both are of interest for bone implants, 355°C seems to be the optimum heat treatment temperature for 

this process. The decrease of contact angles up to 355°C is explained by a change in the surface 

morphology/roughness and porosity due to the melting of the samples, although the influence of the 

roughness is discussed controversial in literature89. The changes at higher temperatures are probably 

   

  

Figure 35: Tape Test of PEEK 

coatings (2wt% PEEK, 20V, 2 min) 

heat treated at different 

temperatures: 

a) 335°C 

b) 345°C 

c) 355°C 

d) 365°C  

e) 375°C 

4 mm 

500µm 

a) b) c) 

d) e) 

4 mm 

500µm 

500µm 
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because of changes in crystallinity of the material and because of chemical changes by the degradation 

of molecular chains during the heat treatment process.  

Table 13: Contact angle for samples heat treated at different temperatures 

Heat treatment temperature [°C] Contact angle [°] 

None No wetting of the coating 

335 125 ± 1 

345 106 ± 2 

355 94 ± 2 

365 132 ± 1 

375 132 ± 1 

 

4.2.6 Roughness Measurements 

The roughness of the coatings was investigated using UBM laserprofilometry. The influence of the 

roughness on cell adhesion does not seem to be significant for roughnesses between 0.5 and 4 µm88. 

More important is the organization of the surface; that means, for example ordered structures like 

nanotubes, homogeneous grooves obtained by grinding/polishing or more inhomogeneous surfaces 

from sandblasting. For polished samples, the cells are able to align better than for example on 

sandblasted surfaces, which leads to a better adhesion90. For low roughnesses, between 19 and 2000 nm, 

cell adhesion increases with roughness, whereas cell spreading decreases88. It is suggested that a 

medium roughness values in low micrometer range is a good compromise between cell adhesion and 

cell spreading.  

For each sample three line measurements on a length of 10 mm using an accuracy of 1000 P/mm were 

conducted (Table 14).  

Table 14: Roughness measurements of PEEK samples (2wt% PEEK, 20V, 2 min) heat treated at different 

temperatures 

Temperature [°C] Ra [µm] 

Untreated 3.6 ± 0.8 

335 2.7 ± 0.3 

345 5.3 ± 0.9 

355 1.0 ± 0.1 

365 1.0 ± 0.4 

375 1.7 ± 0.2 
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The roughness measurements show that the coatings, for which the melting process has not yet started 

or is not completed, have a relatively high surface roughness. For 355°C and 365°C the roughness is 

decreased together with the standard deviation. Lower standard deviation means that the coatings 

produced will be much more reproducible in their roughness values, especially for coatings produced 

at 355°C. At 375°C the roughness increases, which confirms the impression given by the SEM images. 

This result proofs the contact angle measurements recalling that for heat treatment at 355°C the contact 

angle had the lowest value.  

To conclude all results of measurements conducted on the differently heat treated samples, it can be 

stated that for the contact angle (lowest possible value) and for the adhesion strength (best possible 

adhesion), the samples heat treated at 355°C show the most advantageous results, which is the reason, 

why these samples are used for further investigations. 

4.2.7 Future Perspective of the Heat Treatment Process 

As briefly discussed in the introduction, the heat treatment can also be conducted using a laser; in this 

case, a pulsed KrF laser was used35. Problems that can occur when laser sintering the samples are a 

change in the crystallinity as well as changes in surface chemistry and roughness of the samples36. The 

  

 

 

Figure 36: Laser sintered PEEK coatings (2wt% PEEK, 

20V, 2 min) at different parameters:  

 

Sample 

Hatch 

distance 

[mm] 

Scan 

speed 

[mm/s] 

Laser 

power 

[%] 

Number 

of 

exposures 

a 0.10 1500 5 20 

b 0.12 1100 8.8 2 

c 0.125 300 2.5 2 

 

 

a) 

50µm 50µm 

b) 

c) 

50µm 
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change of crystallinity can result in a changed coating adhesion. However, a change of roughness and 

surface chemistry can also be advantageous for example to tailor cell adhesion and proliferation.  

For the EPD coatings produced in this project, preliminary studies using a CO2 laser at Bayerisches 

Laserzentrum (BLZ) Erlangen, Germany, were conducted. Different parameters such as hatch distance, 

scanning speed and laser power were varied. However, in most cases, the coatings were either burned 

or the sintered coating delaminated because of a fast cooling of the coating. For this reason, the laser 

chamber was heated to around 150°C for achieving a slower and more controlled cooling of the coatings 

after the laser processing. In addition, the heating ensures that the temperature difference between the 

coating and the substrate is reduced. After sintering, the coatings were left in the chamber for another 

15 minutes to give the chance for internal stresses to relax and adjust the temperature between substrate 

and coating. Useful results could be obtained as illustrated in Figure 36. SEM images of three samples 

with coatings heat treated under different conditions that are not delaminated are shown. For Figure 36 

a), the particles are partly molten to form a coherent coating. However, the power was not sufficient to 

melt the particles completely and to form a uniform, smooth coating. For Figure 36 b), the top of the 

coating is very smooth, however there are large holes and, in addition, unmolded particles are visible 

through the holes. This reveals that the laser power, heat treatment time or both were not enough to 

melt the whole coating. In Figure 36 c), a quite homogeneous and smooth coating is observed, but there 

are still some loose particles on the surface. These preliminary studies show that it is possible to densify 

the coatings using laser power. A more extensive study is necessary to obtain a reproducible and 

satisfying process leading to sufficient adhesion of homogeneous PEEK coatings on metallic substrates.  

 

4.2.8 Three-Dimensional Substrates 

As most implant materials do not have a planar surface, but show a three-dimensional structured or 

curved surface, EPD of PEEK was also performed on a standard steel screw of 4 mm in diameter. Figure 

37 illustrates the light microscopy images of the coated screw and two cross sections. Coating of the 

screw was performed with a cylindrical counter electrode at an electrode distance of 5 mm. The whole 

screw is coated with PEEK by EPD. However, because of the heat treatment process, the coating flowed 

into the lower parts of the screw. In addition, the electric field is also not completely homogeneous due 

to the particular geometry of the screw surface. This leads to an inhomogeneous distribution of the 

Figure 37: EPD of PEEK coatings (2wt% PEEK, 20V, 2 min) on a steel 

screw 

50µm 

750µm 

2 mm 
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coating thickness. However, at higher magnification it is visible that the edges of the screw are 

sufficiently coated with PEEK, which is a positive result. One possibility to overcome the 

inhomogeneities occurring because of the heat treatment process, is to heat treat the coating by using a 

laser, where the melting process is very short, thus reducing the extent of flow of PEEK. 

 

4.2.9 SBF Tests 

PEEK coated stainless steel substrates were immersed in simulated body fluid for up to 10 days to 

determine possible changes in the PEEK coating. A sample size of 15x15 mm2 was used for the 

investigations. The samples were immersed in SBF for 1, 3, 5, 7, and 10 days, respectively. Kokubo SBF 

was used for the tests72. The samples were immersed in 50 ml SBF and placed in an orbital shaker at 

37°C. After immersion, the samples were rinsed with DI water and dried in air. FTIR spectroscopy 

results of the samples (Figure 38) depict that during immersion in SBF, no changes in the chemical 

structure of the material have occurred. These results reveal the useful stability of PEEK in aqueous 

solutions for the time investigated. A change in the chemical structure would have led to a change inthe 

relations of the peaks to each other. FTIR results revealed that there is no change in the chemical 

structure of the material as the peaks remained the same. PEEK is a very stable polymer, so no change 

was expected for the short investigation time. A degradation of the material could lead to a decrease in 

the functionality of the coating, which is not the case for the PEEK coatings developed; meaning that 

they are suitable candidates for biomedical applications. 

The visual inspection of the samples suggested that the adhesion of the coatings could be decreased by 

immersion in the SBF solution. Tape Tests (Figure 39) were conducted to investigate the adhesion 

strength after immersion. The results show that adhesion of the coating is reduced during the immersion 

in SBF. For samples immersed for 1 and 3 days, adhesion is reduced around the scratches and small 

delaminated areas can be observed. After 5 days immersion, these delaminated pieces are larger and 

Figure 38: FTIR of PEEK coatings (2wt% PEEK, 

20V, 2 min) on stainless steel substrates immersed 

in SBF for up to 10 days, showing that there is no 

change in the relation of the peaks 
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for longer immersion times, whole parts of the coating were removed from the substrate. However, as 

the highest frictional forces are expected to be applied to the coating during implantation, the drawback 

of reduced adhesion strength with time in SBF may not be relevant for applications. The decreased 

adhesion strength of the coatings is attributed to an infiltration of the coatings with SBF due to the 

remaining porosity after the heat treatment and the presence of microcracks in the coatings. When the 

coatings are drying and humidity evaporates, delamination effects of the coatings can arise. 

 

4.2.10 Sterilization 

 Sterilization of biomedical devices is of great importance to ensure cell adhesion and avoid infections 

at implantation site. Sterilization of samples before in vitro experiments is conducted in different ways. 

One typical method uses 70 % ethanol and sterile PBS91. However, PEEK is very stable in water, steam 

and ionizing radiation (up to a special gamma ray dose), so the possibility to use alternative sterilization 

methods like heat sterilization, moist heat sterilization and gamma sterilization is given92. The high 

stability against water is because of the hydrophobicity of the material. In addition, the low wettability 

does not give any working point for enzymatic degradation92. PEEK in general has been shown to be 

resistant against steam, gamma, heat, plasma and hot air sterilization methods93. In these published 

studies, PEEK was used as a bulk material, not as a coating material.  

To investigate the impact of various sterilization methods on the coating properties, for example 

crystallinity, contact angle and adhesion to the substrate material, three different sterilization methods 

were chosen in the present investigation: 

- Sterilization with UV radiation for 1 hour 

- Sterilization in a furnace at 160°C for 7 hours 

- Sterilization in the autoclave for 1 hour with 120°C vapor 

Contact angle measurements with deionized water were conducted to investigate changes in the 

wetting of the samples (Table 15). The contact angle measurements show a slight decrease in the contact 

angle for all sterilization methods in comparison to the untreated coating, for which the contact angle 

was around 94°. Apparently, sterilization in the furnace leads to a higher decrease in the contact angle. 

   

  

Figure 39: Tape Tests of PEEK 

samples (2wt% PEEK, 20V, 2 min) 

immersed in SBF for several time 

periods: 

a) 1 day 

b) 3 days 

c) 5 days 

d) 7 days 

e) 10 days 

500µm 

a) b) 

500µm 

c) 

500µm 

d) 

500µm 

e) 

500µm 
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However, the changes are for all methods not significantly high. It is likely that considering the cell 

attachment on the coatings, the decrease in the contact angle can be advantageous88.  

Sterilization method Contact Angle [°] 

Non sterile 94 ± 2 

UV 80 ± 4 

Furnace 78 ± 3 

Autoclave 80 ± 5 

 

The adhesion of a coating to the metallic substrate is of great importance. Tape Tests were carried out 

to investigate possible influences of the sterilization methods on the adhesion strength of the coatings.  

The three sterilization methods are compared in relation to the Tape Test results on unsterilized samples 

(Figure 40). In comparison with the unsterilized samples UV sterilization has the least influence on the 

adhesion of the coating. In this case, the edges of the scratches are still well-adherent to the substrate 

material, whereas for the other two sterilization processes an influence on the adhesion is observed. 

After the Tape Test of samples treated in the autoclave (Figure 40 d), parts of the coating remained on 

the tape from the edges of the sample. In addition, it was apparent that below the coating air bubbles 

were present, which indicates delamination of the coating from the substrate. This was also observed 

by microscope examination; around the scratches, parts of the material were seen to have delaminated 

from the substrate. This can be explained by residual porosity of the coatings, which is infiltrated by 

steam in the autoclave leading to delamination by the pressure of the steam between substrate and 

coating. Sterilization in the furnace has led to little influence on the adhesion (Figure 40 c). The coating 

seems to be more brittle which is indicated by the larger black areas around the scratches indicating 

delamination. However, the influence on the adhesion is not very significant and, as the contact angle 

was slightly decreased and sterilization in the furnace is more effective than under UV, sterilization in 

the furnace was chosen as the preferred method.  

In order to determine possible changes in the crystallinity of the coating during the sterilization process, 

DSC measurements were conducted in a temperature range between 40 and 440°C with a heating rate 

of 10 K/min (APPENDIX 2: DSC Data of PEEK after Different Sterilization Methods). From the area of 

the peaks, which gives information about the melting enthalpy, it is obvious that the degree of 

Table 15: Contact angle measurements after 

different sterilization methods 

    

Figure 40: Tape Test of sterilized PEEK samples (2wt% PEEK, 20V, 2 min): a) unsterilized, b) UV, c) furnace and 

d) autoclave 

500µm 

a) b) 

500µm 

c) 

500µm 

d) 

500µm 



4.2.10 Sterilization 

 
77 

crystallinity has changed especially for samples sterilized in the autoclave (Table 16). The unsterilized 

samples show a crystallinity of 29%. These changes in the crystallinity explain the variations measured 

on the coating adhesion, which decreases because of increased crystallinity and thus a reduced 

deformability. Especially the autoclave treatment does not provide a favorable sterilization method. In 

relation to the adhesion tests and DSC results, either UV or furnace sterilization are preferred methods. 

UV radiation shows less detachment of the coating, however, for the heat treated samples the contact 

angle was reduced more, which can result in better cell adhesion. In addition, UV sterilization involves 

more difficult handling in comparison to furnace sterilization. For this project, sterilization in a furnace 

was therefore chosen as the preferred sterilization method.  

Table 16: Crystallinity percentage obtained by DSC measurements for sterilized PEEK samples 

Sterilization 

method 
Unsterile Furnace UV Autoclave 

Crystallinity 29% 40% 42% 52% 
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4.3 Electrophoretic Deposition of PEEK/Bioglass® Composite Coatings 

4.3.1 Parameter Optimization 

As indicated above, in the present project also the development of PEEK/Bioglass® (BG) composite 

coatings were investigated. 45S5 BG was obtained from OSspray Ltd. (London, UK). The stability of the 

suspension and therewith also the quality of the coating are highly influenced by the powder particle 

size. In this study, two different BG powder particle sizes were investigated, here referred to as unmilled 

(powder as received from the supplier) and milled. The particle size distribution of the unmilled powder 

obtained from OsSpray (Product name: Sylc™) is shown in Figure 41.  

For milling the BG powder, a planetary mill with a ZrO2 milling beaker filled 30 Vol% with BG and 

30 Vol% with ZrO2 milling balls was used. Milling was conducted at 450 rpm in different milling 

intervals according to APPENDIX 3: Milling Procedure for the Milled BG. EPD composite suspensions 

were prepared and stabilized by addition of anhydrated citric acid and BG to the ethanolic PEEK 

suspension. The suspensions were homogenized with the help of a magnetic stirrer and ultrasonic bath. 

According to preliminary experiments conducted in cooperation with LFG, University Erlangen-

Nuremberg, the addition of CA to ethanol containing BG suspensions stabilizes the system to obtain 

well dispersed and homogeneous suspensions. The amount of CA required was investigated by trial-

and-error and a weight ratio of BG:CA of 1:2 was found to lead to the most stable suspensions and the 

most homogeneous coating deposition.  

Table 17: Particle sizes of the BG particles for PEEK 

composite coatings 

 D90 [µm] D50 [µm] D10 [µm] 

Unmilled 69.5 27.3 4.2 

Milled 28.0 6.6 1.2 

Milled in 

suspension 
21.7 6.9 2.0 

Figure 41: Particle size distribution of the unmilled 

BG (according to the supplier) 
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The particle size distribution of the milled BG can be seen in Figure 42, whereas Figure 43 shows the 

particle size distribution for the milled BG after one week in suspension in ethanol with citric acid (CA) 

with a weight proportion of BG:CA of 1:2. Both particle sizes were measured using a Mastersizer 2000 

APA, Malvern Instruments (UK). Table 17 shows the D90, D50 and D10 values of the different powders. 

It is obvious that the particle size is reduced after milling. The particle size distribution of the milled 

sample in suspension for a week shows that the particle size distribution narrows and that the D90 value 

decreases. This decrease can highly likely be attributed to the dissolution of BG particles in the acidic 

medium for a week. It is also apparent that for this relatively large period of time the D50 value does 

not change significantly, which leads to the conclusion that during the suspension preparation and the 

deposition process, the particle size of BG does not change significantly, which will lead to a 

reproducible deposition process. In the next step different proportions of PEEK:BG were investigated. 
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Figure 44: Dependence of the deposit weight on 

the amount of BG powder in suspension for the 

co-deposition of PEEK and BG at 100V and 2 

minutes deposition time 

Figure 43: Particle size distribution of BG powder 

immersed for one week in Ethanol and Citric Acid 

Figure 42: Particle size distribution of milled BG 
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PEEK contents of more than 2 wt% made the suspensions very unstable as well as BG contents higher 

than 6.7 wt%. Higher BG contents also led to inhomogeneous deposition as the solids content and thus 

the viscosity of the suspension were too high for homogeneous deposition. In this study, two different 

PEEK contents were investigated, namely 1 wt% and 2 wt%, and the BG content was varied between 

1.7 wt% and 6.7 wt%. Trial-and-error experiments showed that a voltage of 100 V and a deposition time 

of 2 minutes led to the most homogeneous deposits with stable suspensions. These conditions were 

used for all experiments. The electrode distance was kept constant at 0.5 cm during all experiments. The 

deposition weight on a standard area was measured for different PEEK:BG combinations. Five samples 

of each composition were investigated and the mean values and standard deviations were calculated 

(APPENDIX 4: Deposit Weight for PEEK/BG Composites). Figure 44 illustrates that with increasing BG 

amount, the deposit weight increases. Only the coating with 1 wt% PEEK and 6.7 wt% BG shows a 

decrease in the deposited weight, which can be explained by the instability of the suspension due to the 

high BG amount. As already explained in the theoretical part of this work, BG particles have a negative 

charge in the ethanol-CA mixture, same as PEEK in ethanolic suspensions33. This means that the 

composite is deposited on the anode. The deposition in case of the smaller BG particles (that were milled 

before the deposition process) is in most cases higher than for the unmilled BG particles. This can be 

explained by the smaller size of the particles, which are easier to be moved by the electric field because 

of less friction. The conductivity of the suspensions in ethanol also was measured. The suspension with 

the unmilled particles had a conductivity of 45.5 µS/cm and the milled suspension had a conductivity 

of 7.6 µS/cm. It has been shown that too high conductivities decrease the particle motion. This gives an 

explanation for the higher deposition weight for milled BG suspensions compared to the unmilled BG12. 

A compromise between the economy of high deposition rates and the robustness of a process with low 

variation has to be found. The systems with the lowest standard deviations are according to Figure 44 

in both cases the ones with 1wt% PEEK and 3.3 wt% BG in suspension. More investigations on the 

different compositions were conducted to obtain a better understanding. 

During the deposition process, the current was monitored using ARC Windows software. Figure 45 

shows a typical current curve for the deposition of PEEK and BG suspensions at 100 V, 2 minutes 

deposition time, using a suspension with 1 wt% PEEK and 3.3 wt% unmilled BG. In the beginning, it is 

observed that the current decreases fast because of the formation of an insulating PEEK/BG layer on the 

surface. Afterwards still the current decreases, but at a lower rate. This is due to the continuous growth 

of the coating on the substrate material. The current is not decreased to zero because of the open porosity 

of the coating.  
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Figure 45: Current curve during the deposition of 

1 wt% PEEK and 3.3 wt% unmilled BG at 100V 
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It was not possible to measure the zeta-potential of the composite suspension, but the zeta-potential of 

the two pure suspensions were -12,1 mV and -5,73 mV for PEEK and unmilled BG respectively. This 

confirms the negative charge of both particles.  

For the composite coatings, the same heat treatment process was performed as for the pure PEEK 

coatings, which means in the furnace at 355°C with 1 hour holding time. 

 

4.3.2 FTIR Measurements of Composite Coatings 

FTIR measurements were conducted on the various composite materials. The coatings were removed 

from the substrate and 3 mg of powder were pressed together with 300 mg KBr to measure in 

transmittance mode. FTIR spectra of PEEK/BG composite coatings with unmilled BG (Figure 46) and 

milled BG (Figure 47) are plotted together with the spectra of the pure materials. The formation of a 

composite material is obtained for all compositions. However, there are some differences between the 

different coatings. The characteristic peaks for BG are found at 1024 and 926 cm-1 for Si-O-Si and Si-O 

stretching and at 480 cm-1 for Si-O-Si bending modes. The small band at 600 cm-1 can be attributed to the 

amorphous phosphate (P-O bending)94. For lower BG concentrations, PEEK is the predominating phase 

of the composite material, whereas for higher concentrations, the intensity of the peaks for PEEK 

decreases and the characteristic BG peak between 800 and 1100 cm-1 increases. There are no significant 

differences visible between the two PEEK concentrations. For the milled BG, the characteristic BG peaks 

are more marked than the PEEK peaks. This is related to the fact that more BG is deposited in 

comparison with unmilled BG. This already was observed when comparing the deposited weight for 

the two particle sizes. With lower particle size, the deposit weight is increased. These results indicate 

that the composition of the PEEK/BG layer can be adjusted by changing the suspension concentration, 

the particle size of the BG and the ratio between the two composite partners.  
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Figure 46: FTIR spectra of the unmilled PEEK/BG 

composites deposited at 20 V for 2 min showing 

the composition of the composite coatings 

Figure 47: FTIR spectra of the milled PEEK/BG 

composites deposited at 20 V for 2 min showing 

the composition of the composite coatings 
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4.3.3 SEM of PEEK/BG Composite Coatings 

SEM micrographs of PEEK/BG coatings with different compositions show the homogeneity and surface 

structure of the coatings. Figure 48 shows SEM images of composite coatings produced with unmilled 

BG. For low BG concentrations it is obvious that the substrate is not covered entirely by the coating, as 

the stainless steel substrate is still visible in between (brighter areas at lower magnification). For the 

other composition it is seen that the substrate is covered entirely. However, only for coatings produced 

with 3.3 wt% BG and 2 wt% PEEK, it is apparent that BG is entirely embedded in the PEEK matrix. It is 

also observed that BG particles exist that are exposed to the surface, but they are embedded and fixed 

in the polymer matrix. For the other compositions, the BG particles seem to be loose in the matrix, which 

decreases the adhesion strength of the coatings to the substrate. In addition, the coatings appear 

smoother at the above mentioned composition. Furthermore, SEM images show that the BG particles 

are spread all over the surface. The particles are well distributed without any large agglomerates, 

however as already visible in the particle size distribution, the sizes of the particles are different. This 

relatively large variation of BG particle size can lead to high roughnesses of the coating surface, which 

can affect cell adhesion negatively. Especially sharp edges are non-favorable for cell adhesion. For the 

ratio 3, 5 and 6 (according to Figure 48 and Figure 49), there are large pores in the coatings due to the 

shrinkage of the coating during drying and the heat treatment process. These large pores can hinder cell 

adhesion and proliferation. It has been reported before, that with increasing pore size of polycarbonate 

membranes, adhesion and proliferation of MG 63 cells decrease95. In the presented study, pore sizes up 

to 8 µm have been investigated, which are smaller than the pores present in the composite coatings 

produced here.  

Furthermore, SEM images (Figure 49) of milled samples show that up to 3.3 wt% BG, the coatings are 

homogeneous in their microstructure. BG particles are also spread throughout the whole coating and 

they are well embedded in the PEEK matrix. For the smallest concentration, the BG particles are covered 

with the polymer material entirely, which would not be of advantage, as the bioactivity of the coating 

would be impaired. For high BG concentrations and for the medium concentration with low PEEK 

content, the BG particles seem not to be embedded in the polymer matrix, they appear to be loosely 

spread over the surface, which can lead to a washing out of the particles at the implant site. This can 

cause damage of the surrounding tissue and a loss of the functionality of the coating. Although the 

coating with 3.3 wt% BG and 2 wt% PEEK has a relatively high porosity, this coating is the most 

homogeneous with well embedded glass particles that are exposed to the surface. Based on these 

observations, for both particle sizes the medium BG concentration with the higher PEEK content were 

used for producing coatings for further experiments. 
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Figure 48: SEM images of the different PEEK/BG coatings for the unmilled BG 
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Figure 49: SEM images of the different PEEK/BG coatings for the milled BG 
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4.3.4 TGA of PEEK/BG Composite Coatings 

The composition of the coatings was investigated using TGA. For the production of PEEK/nano alumina 

coatings, a ceramic content of 30 to 80 wt% was reported, depending on the composition of the 

suspension96. TGA was performed on the various compositions of PEEK/BG composites, for milled as 

well as for unmilled samples. During the test, the samples are heated from room temperature to high 

temperatures (1000°C) in air. This thermal process burns PEEK and the weight fraction of PEEK and the 

volume ratio of PEEK:BG can be calculated considering the weight loss during TGA. The density of 

PEEK is 1.3 g/cm³ according to the supplier81. The results show (Table 18) that in almost all cases with 

an increasing BG content in suspension also the BG content in the coatings is increased. This is also the 

case for the PEEK particle content. These results depict that the composition of the coating can be 

adjusted by adjusting the composition of the suspensions. In this project BG contents up to 90 Vol% can 

be achieved, which results in high bioactivity. However, as shown in the following chapter, also the 

adhesion is influenced by the composition of the coatings, which means that it is always necessary to 

find a balance for all coating properties. TGA results as well show that the milled BG composite 

suspensions lead to a higher BG deposition. An explanation for this is given below. 

In addition, the composition of the coatings was calculated according to the composition of the 

suspensions (Table 18). However, because BG and PEEK particles have different zeta-potentials, they 

deposit with different velocities, as the electrophoretic particle velocity 𝜈 of a particle is strongly 

dependent on the zeta potential 𝜁, according to equation (22)97. 

 

𝜈 =
𝜁𝐸𝜀

4𝜋𝜂
 (22)97 

with 

E: electric field 

𝜀: dielectric constant of the medium 

𝜂: viscosity of the medium 

Thus particles with different zeta potentials move with a different speed through the same suspension, 

which means that they do not deposit in the exact same ratio as available in suspension. This fact also 

was proofed in the calculations from TGA and suspension composition (Table 18). However, it is also 

apparent that for the smaller particle size, the values are closer to the theoretical values than for the 

unmilled BG particles . This can be explained by the fact that the smaller particles are not influenced by 

gravitational forces as much as the bigger ones. In addition, the electrophoretic velocity according to 

Stokes model also depends on the particle size, assuming spherical colloidal particles in the 

suspension98. As PEEK and BG particles have different sizes, they will move with different speeds 

through the suspension. In addition, smaller BG particles also move with a higher speed. This confirms 

the observations made earlier that in coatings with smaller BG particles a higher content of BG particles 

is included than in the ones made with the larger particles. The particle velocity depends as well on the 

charge of the particles (Equation (24)), which is different for PEEK and BG particles. This also has an 

influence on the deposition process.  

 
𝜈 =

𝑞

6𝜋𝜂𝑟
𝐸 (23)  
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with 

q: charge of the particles 

r: radius of the particles 

Table 18: Compositions of PEEK/BG coatings obtained from TGA measurements and calculations from 

suspension compositions 

 Milled BG Unmilled BG Suspension 

 

PEEK 

amount 

[wt%] 

PEEK 

amount 

[Vol%] 

BG 

amount 

[Vol%] 

PEEK 

amount 

[wt%] 

PEEK 

amount 

[Vol%] 

BG 

amount 

[Vol%] 

PEEK 

amount 

[wt%] 

PEEK 

amount 

[Vol%] 

BG 

amount 

[Vol%] 

1 wt% PEEK, 

1.7 wt% BG 
51 39 61 86 65 35 37 28 72 

2 wt% PEEK, 

1.7 wt% BG 
82 62 38 86 65 35 55 42 58 

1 wt% PEEK, 

3.3 wt% BG 
23 18 82 43 33 67 23 17 83 

2 wt% PEEK, 

3.3 wt% BG 
47 36 64 86 65 35 38 29 71 

1 wt% PEEK, 

6.7 wt% BG 
12 9 91 67 51 49 13 10 90 

2 wt% PEEK, 

6.7 wt% BG 
17 13 87 35 26 74 23 17 83 

This chapter has shown that it is possible to adjust the coating composition by adjusting the suspension 

composition and the particle size of the used particles. However, it is difficult to estimate the coating 

composition by calculations from the suspension, as there are many factors influencing particle velocity 

during the deposition process such as particle size, zeta-potential and surface charge of the particles.  

 

4.3.5 Adhesion Tests 

The adhesion of the composite coatings to the metallic substrates was tested using Tape Test. Figure 50 

shows optical microscopy images of coatings after removing the tape from the surface. In all cases the 

adhesion is worse than for pure PEEK coatings, which can be explained by the presence of the glass 

particles in the coatings that reduce the adhesion to the substrate. In general, the adhesion for the 

coatings containing unmilled BG is better than for those containing milled BG. This can be explained by 

the fact that more of the milled BG particles are present in the composite than in the unmilled ones, 

which has been shown before. For coatings with low glass concentrations the behavior of coatings is 

dominated by the polymer phase, whereas for the BG higher concentrations, the coatings behave 

differently, being prone to cracking. In many cases the entire coating is loose, which can be seen by the 

light brown areas in the lower magnification images. The best adhesion is obtained for both BG particle 

sizes for the coating made from suspensions containing 2 wt% PEEK and the medium BG concentration. 
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For milled BG this is the only composition which offers good adhesion. For the other compositions the 

coatings are completely removed, which is due to the high BG concentration in the coatings. The 

particles cannot be glued together and attached to the substrate by PEEK, as the polymer amount is not 

high enough to form a continuous phase. Under SEM some of the coatings exhibit a higher porosity 

than others, which is likely because of shrinkage during the heat treatment process. This shrinkage of 

the coating can reduce adhesion strength of the coatings. As the adhesion of the coating is of great 

importance for biomedical applications because of the forces that are brought on the coating during the 

implantation process, the coatings with the highest adhesion to the substrate, which in this case are also 

the ones with the highest homogeneity, are chosen for further experiments. These results confirm the 

qualitative impression that has been obtained by SEM observations. 

The coating adhesion was also evaluated using scratch tests to obtain information about the adhesion 

strength of the coatings. Substrate materials with 5 mm thickness were used for the tests to prevent an 

influence of possible substrate deformations by the indentation tip. The tests were performed with a 

spherical diamond tip with a radius of 200 µm. Two different scratch modes were performed: 

- Type 1: Tests with continuously rising load in a range between 0.03 and 30 N at a length of 

5 mm and an indenter speed of 5 mm/min 

- Type 2: Tests at the side of the coatings with constant loads of 5, 10, 20 and 30 N 

Type 1 is the standard mode for these measurements, but because of relatively high coating thicknesses, 

it was not always possible to obtain valid and significant results, which is the reason why tests also were 

performed at the sides of the coatings, where the thicknesses were smaller. The images of the scratch 

tests of the various coatings and test modes can be found in APPENDIX 5: Scratch Tests of PEEK/BG 

Coatings. A summary and an overview of the results is given in Figure 51. Almost all coatings are in 

the same load range, only the ones with the high amount of unmilled BG exhibit a very low value. It 

was seen under SEM, that for these coatings, the BG particles are loosely lying on the surface. The 

coatings with the medium concentration of unmilled BG and high PEEK concentration also show in this 

test the highest critical load. In summary, the critical load shows a very good value and nearly all 

coatings exhibited a critical load higher than 10 N. Reports about hydroxyapatite coatings, a material 

commercially used for coatings on biomedical implants, indicate critical loads of around 10 N99,100. Thus 

the present coatings have a comparative similar adhesion to hydroxyapatite coatings.  

One of the purposes of co-deposition with PEEK was to obtain a coating where the high sintering 

temperature of glass is not needed and still a good adhesion of the coating is obtained. This was 

achieved by using PEEK as a composite partner and by using an optimized mixture of PEEK and BG. It 

was also shown that the particle size of BG has an impact on the quality of the deposition of BG particles 

and thus also on the composition and adhesion of the coating.  

Summarizing the adhesion tests on the composite coatings, it can be concluded, that coatings containing 

medium BG concentration and high PEEK concentration show the best adhesion. More investigations 

with contact angle measurements and roughness tests will help to confirm these results. 
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Figure 50: Tape Test of PEEK/BG composites (100 V, 2 min) 
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4.3.6 Contact Angle Measurements 

Contact angle measurements using water show that the contact angles of the coatings are mostly in the 

same range, namely 90 – 100° (Table 19). In most cases, the contact angle for the lower PEEK 

concentration is higher, which is because of the relatively higher amount of BG in the coatings that 

partly cannot be bound entirely by PEEK, resulting in a rough surface with “loose” particles. There is 

no trend visible between milled and unmilled BG. In case of coatings with very high amount of BG 

(milled samples 3.3 wt% BG with 1 wt% PEEK and 6.7 wt% BG milled composite samples), the contact 

angles were not measurable, as the coatings soak in the drop immediately or very fast. This result can 

BG amount 

[wt%] 

PEEK amount 

[wt%] 

Contact angle 

unmilled 

Contact 

angle milled 

1.7 

1 93° ± 7 92° ± 4 

2 91° ± 7 90° ± 3 

3.3 

1 101° ± 7 53° ± 2 

2 90° ± 2 97° ± 7 

6.7 

1 97° ± 6  

2 94° ± 4  

Table 19: Contact angle measurements for PEEK/BG composite 

coatings (100 V, 2 min) 
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Figure 51: Scratch Tests of PEEK/BG composite coatings showing the 

critical loads for coating detachment (100 V, 2 min)  
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be explained by the remaining porosity of the coatings due to the high BG amount. The high porosity 

was also observed under SEM. Pure PEEK coatings showed a contact angle of around 94° after heat 

treatment at 355°C in the furnace, so the contact angle in such coatings does not seem to be too much 

influenced by the presence of BG. From the contact angle measurements therefore no real conclusion is 

possible on which coating would be the optimum one, as they nearly all lie in the same range.  

 

4.3.7 Roughness Measurements  

For the different PEEK/BG composites and particle sizes, roughness measurements were conducted 

using an UBM laser profilometer. It is obvious for all BG concentrations that for the higher PEEK 

concentration the roughness of the samples increased, but no clear trend between the different BG 

concentrations was identified (Table 20). The variation of roughness with PEEK concentration can be 

explained by the fact that in total a higher amount of material is deposited (as already shown before), 

which leads to a rougher coating. It is also obvious that for the milled BG, the samples have a lower 

roughness than for the unmilled BG powder, which can be explained by the smaller particle size, leading 

to a smoother coating. In such coatings, the BG particles exposed to the surface are smaller, which leads 

to the decrease in roughness. Only for the 6.7 wt% milled BG coatings the roughness is very high, which 

is due to the large amount of BG deposited in those coatings. On the contrary, the amount of PEEK is 

too low to form homogeneous bond between the BG particles. These results in loose particles on the 

surface, leading to the high roughness values obtained. In comparison to the pure PEEK coatings, which 

had a roughness of around 0.4 µm, the presence of the relatively high concentration of BG particles 

leads to a large increase in the roughness, which, as mentioned before, could result in a change in 

wettability of the coatings. As discussed above (roughness measurements of PEEK), an optimum 

roughness has to be found to support both cell adhesion and cell spreading, but this is supposed to be 

valid only for low roughness values below 5 µm. As in this case, the roughness is relatively high for all 

samples, more effort is placed in obtaining a homogeneous deposition with sufficient embedding of the 

BG particles in the polymer matrix. Weak adhesion could cause an undesired loosening of particles in 

the implant region, which can lead to discontinuity at the implant-tissue interface and to infections. 

Therefore, for further investigations, the samples with 2 wt% PEEK and the medium BG concentration  

BG amount 

[wt%] 

PEEK amount 

[wt%] 

Ra [µm] 

unmilled 

Ra [µm] 

milled 

1.7 

1 7.5 ± 1.0 10.3 ± 2.4 

2 13.8 ± 3.7 13.0 ± 2.0 

3.3 

1 9.5 ± 1.0 4.0 ± 0.4 

2 13.0 ± 1.7 9.2 ± 2.9 

6.7 

1 7.2 ± 1.2 24.9 ± 5.8 

2 9.4 ± 1.5 22.9 ± 2.7 

Table 20: Roughness measurements of PEEK/BG composite 

coatings with different relative concentrations of PEEK and 

BG (100 V, 2 min) 

 



4.3.8 Cross Sections 

 
91 

were chosen, which have been shown to have rather high adhesion values as well as exhibit good 

contact angles and a homogeneous surface. 

 

4.3.8 Cross Sections 

Cross sections of samples with 3.3 wt% BG and 2 wt% PEEK coated at 200 V/cm for 2 minutes were 

obtained by bending the samples manually and forcing the coating to crack (Figure 52). Both milled and 

unmilled coatings showed that BG is spread homogeneously through the whole coating. The coating 

thickness with unmilled BG particles was measured to be around 25-30 µm, whereas the thickness of 

milled BG coating was seen to vary between 20 and 75 µm. The milled coatings are not as homogeneous 

as the unmilled ones, but the particles are still well distributed throughout the whole layer. The images 

at larger magnification illustrate that by bending, the coating was separated from the substrate, however 

the coating remained intact, which depicts that there is a good adhesion between PEEK matrix and BG 

particles.  

4.3.9 Coatings on 3D Substrates 

The optimized PEEK/BG concentrations were applied to investigate the deposition on 3D structures. As 

substrate materials dental screws (Dentsply Friadent XiVE TG plus), kindly provided by Eleana 

Kontonasaki, Aristotle University of Thessaloniki (Greece) made from titanium were used. Unmilled 

BG composites were used for these experiments, as it was possible to deposit more homogeneous 

coatings with this particle size. Figure 53 shows the coated screw at different magnifications. First the 

surface of the coated screws was evaluated. The coating is rather homogeneous, although the thickness 

of the coatings seems to be higher in the “valleys” of the screw. This observation is also confirmed by 

the cross sectional views of the coatings. However, it can be seen in the cross section that although there 

   

   

Figure 52: SEM images of the cross sections of the different PEEK/BG coatings (100 V, 2 min), above with 

unmilled BG, below with milled BG particles 
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is a thicker coating in the lower parts, the entire screw is well covered by the composite, which is 

important for the application. These differences in coating thickness can be attributed to an 

inhomogeneous electric field due to the specific shape of the (curved) surface of the screw. As counter 

electrode, a cylindrical stainless steel sheet was used, which indicates that the distribution of the field 

lines is different in different parts of the screw, due to the fact that the distance between the electrodes 

is not the same at every point. Additionally, it is possible that during the heat treatment process some 

flow of the coating further into the lower regions of the screw occurs.  

The results demonstrate nevertheless that it is possible to use EPD for coating a 3D structure, in this 

case a screw for dental applications, and although the coating does not show the same thickness over 

the complete surface of the screw, it still should maintain its functionality. Additionally to this, the 

coating thickness seems to be the same for all “valleys” and all “mountains” of the screw.  

 

4.3.10 SBF Studies 

The composite samples were immersed in 50 ml Kokubo SBF each to investigate the HA forming ability 

of the coatings. As mentioned above, HA formation in SBF provides a rapid indication of the bioactivity 

of the coatings. Various time periods, namely 1, 3, 5, 7, 10, 14 and 21 days, were investigated. Samples 

with 2 wt% PEEK and 3.3 wt% milled and unmilled BG were deposited at 200 V/cm for 2 minutes. The 

area of the immersed samples was 1.5 x 1.5 cm2. The immersed samples were analyzed using contact 

angle measurements, FTIR and SEM. 

After immersion in SBF, contact angle measurements with deionized (DI) water were performed on the 

immersed samples (see Table 21). For samples with milled BG, only the contact angles of the first days 

could be estimated, as the rest of the coatings soaked in the water completely, which can be explained 

by the formation of a porous HA layer on the surface. The contact angles were shown to decrease up to 

3 days of immersion in SBF. For 5 days the contact angle value is higher again, but also the standard 

deviation is very high, as also for this case, the drop shape changed with time and thus the validity of 

the measurement is questionable. The SEM images in the next section show that the formed HA layer 

on top of the coating exhibited cracks and pores, which is indicated by water that is absorbed by the 

   
Figure 53: PEEK/BG coatings(100 V, 2 min) on titanium screw at different magnifications 

 0 days 1 day 3 days 5 days 7 days 10 days 14 days 21 days 

unmilled 90° ± 2 66° ± 5 88° ± 12 52° ± 20 72° ± 16 73° ± 10 53° ± 14 60° ± 9 

milled 97° ± 7 68° ± 6 51° ± 12 71° ± 22     

Table 21: Contact angle measurements of composite coatings (100 V, 2 min) after immersion in SBF for 

different time periods 

5 mm 500 µm 250 µm 
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coating and, simultaneously that HA has grown with increasing time in SBF. It seems that the water 

soaks in quicker for longer immersion times in SBF, which can be due to the fact that a thicker HA layer 

with more cracks has grown. The contact angle for one day is 68° ± 6. In comparison, the one before 

immersion was 97°, so this result shows a change of the surface of the coating. It can be suggested that 

at the beginning of SBF immersion, the growth of HA is not homogeneous for all parts of the coatings 

(which can be shown by SEM). The precipitation of HA starts at a few points and then a HA layer grows 

until it has covered the whole surface. This effect can also be the reason for the relatively high standard 

deviations of the measurements. 

For samples containing unmilled BG, it was seen that the contact angle decreased with immersion time 

in SBF, although there were variations as well as high standard deviations. This again can be explained 

by the HA formation that started at several points of the coating and then grew until the whole surface 

was covered. Thus a change of the surface conditions occurs, which can be attributed mainly to the 

formation of the HA layer with increasing time in SBF. 

FTIR spectra in Figure 54 indicate the time dependent growth of HA on the coatings. There are many 

peaks visible in the range between 400 and 1800 cm-1. Most of the peaks are functional groups from the 

polymer matrix. The most important peaks that occur during HA formation are discussed in this 

paragraph. 

Phosphate groups show four modes that are active in the IR region, namely: 

- Asymmetric stretching: broad band at 1000-1150 cm-1 and at 960 cm-1 101 

- Bending vibration of PO4 at 560-610 cm-1 and 430-460cm-1 101 

Figure 54: FTIR spectra of PEEK/BG composite coatings (100 V, 2 min) in SBF for different time periods 

(The relevant peaks are explained in the text). Left: unmilled BG, right: milled BG 
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- Carbonated HA has characteristic peaks for carbonate bonds as well. Those bonds are 

sometimes difficult to evaluate for composite materials with PEEK as it also has peaks in the 

same region.  

- C-O vibrations at 1410-1470 cm-1 and 850-890 cm-1 101 

As can be seen in the spectra (Figure 54), the intensities of the phosphate peaks are higher in comparison 

with the surrounding peaks. The double peak in the region between 550 and 610 cm-1 appears for both 

particle sizes of the BG already in an early stage after one to three days, becoming sharper with longer 

immersion times. The broad phosphate peak at around 1050 cm-1, which can be overlapped in the 

beginning with the Si-O-Si stretching at around 1020 cm-1 94, is also increasing with time. With increasing 

time in SBF, silica in the glass dissolves, whereas the content of HA on the surface increases. It seems 

that HA formation starts slightly earlier for the coating with milled BG, which can be attributed to the 

higher surface area of the milled BG coating and the higher number of particles (at same BG content).  

 unmilled milled 

1 day 

  

3 days 

  

5 days 

  

50 µm 50 µm 

50 µm 50 µm 

50 µm 50 µm 
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7 days 

  

10 days 

  

14 days 

  

21 days 

  

Figure 55: SEM images of PEEK/BG-composite coatings after various time periods in SBF indicating formation 

of typical HA cauliflower structures 

SEM 

The formation of HA in SBF was also investigated using SEM. Overview images of the samples 

immersed for different time periods are shown in Figure 55. The images depict that with increasing time 

a thicker layer of HA forms on the surface. In the beginning only a few spots indicating early formation 

of HA are visible, whereas for longer immersion times in SBF a more compact coating can be found on 

top of the composite layer. In contrast to previous results from FTIR and contact angle measurements, 

SEM images indicate reduced HA formation for coatings with milled BG in comparison to unmilled BG 

50 µm 50 µm 
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50 µm 
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samples. The high changes in contact angle for milled samples probably also can be attributed to the 

more porous structure of this coating. It is possible that also inside the pores, HA forms, which is not 

visible under SEM, but in FTIR and contact angle measurements. 

Images were also taken at higher magnification (Figure 56), showing a thick HA layer on top of the 

composite coatings. In both cases also small “canals” are visible. This structure probably can be 

attributed to the dissolution of embedded, partially dissolved BG particles in the HA structure during 

HA formation. It is also probable that some citric acid remnants from the production process are 

embedded in the structure dissolving with time leading to the dissolution of the HA. However, in both 

cases, the bioactivity of the coatings could be confirmed, which shows the possibility to successfully 

produce stable PEEK/BG composite coatings using EPD.  

 

  

Figure 56: Images of PEEK/BG coatings after 14 days in SBF showing HA formation 

left: containing unmilled BG, right: containing milled BG 
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4.4 Electrophoretic Deposition of PEEK/Bioglass®/nano Silver composites 

Silver particles were used to modify PEEK/Bioglass® composite coatings. Silver offers antibacterial 

properties102, which can be used to suppress bacterial infections around the implantation site. 

Nanosilver with a mean particle size smaller than 100 nm (nano-Ag)103 was taken in this project. 

Silver powder was added directly to the PEEK/BG (unmilled) suspensions in ethanol. The unmilled BG 

particles were used for this part of the study due to the more homogeneous deposition of these coatings. 

Additionally, there was no significant difference visible in the HA formation on the coatings containing 

the two different particle sizes. EPD parameters were not varied considering that the silver content in 

the suspensions was very low, which should not influence the movement of the other particles 

significantly. After deposition, visual inspections confirmed that the coatings with silver had a different 

color (grey) than the coatings without silver, leading to the conclusion that silver particles were 

incorporated into the coatings. The coatings were heat treated the same way as for Ag-free coatings 

discussed above. The amount of silver was adjusted between 0.08 and 0.42 g/l. These amounts were 

obtained in preliminary experiments, which have shown that higher amounts lead to inhomogeneous 

suspensions, whereas smaller amounts are difficult to be realized with the available equipment.  

 

4.4.1 Bacteria Tests 

As the most important properties of Ag-containing coatings are the antibacterial properties, the 

optimization of the Ag concentration was done by testing the antibacterial properties of the silver 

coatings. For bacterial studies E. coli bacterial cells dH5α were used as model cells for gram negative 

bacteria60. The bacteria cells were precultured overnight in lysogeny broth medium (Luria/Miller) 

containing 100 µg/ml ampicillin at 37°C in an orbital shaker. For the studies, the optical density of the 

bacteria suspension was adjusted to an optical density (OD 600) of 0.01. The samples were cut to a size 

of 1.5 x 1.5 cm² and the back was glued with double sided tape to a pipette tip and tucked in a styrofoam 

plate to keep them parallel. As reference samples stainless steel as well as pure PEEK and PEEK/BG 

coatings without silver were used. 40 µl pure LB medium and 20 µl of bacteria suspension were put on 

each sample and the samples were stored in a plastic box with lid and a small quantity of water at the 

bottom to prevent evaporation of the drops in an incubator at 37°C for 1, 2, 3 and 4 hours, respectively. 

The schematic process of the bacterial studies can be seen in Figure 57. After every time period, one 

sample of every composition was stamped on an agar plate and the agar plates were stored in an 

incubator at 37°C over night to assess the growth of the bacteria colonies. Afterwards, pictures were 

taken with a digital camera.  

Figure 57: Schematic process of bacterial studies 
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In Figure 58 the results of the bacterial studies on stainless steel and PEEK can be found. The stamps of 

the samples are clearly visible for each hour. There are many bacteria colonies for each hour visible and 

the amount of bacteria does not decrease with time, revealing a non-antibacterial behavior of the 

stainless steel substrate material and the PEEK coating as expected.  

As a next step, investigations on the bacterial properties of composite coatings with different BG particle 

size (unmilled and milled) were conducted (Figure 59). There is no real antibacterial effect visible for 

the composite coatings, although the antibacterial effect of BG has been shown before and is attributed 

to a local pH increase and ion release from the glass surface104. Already in the first minutes after 

immersion, phosphate, calcium, silicon and sodium ions are released, which leads to a change in the 

osmotic pressure around the bacteria, inducing an inhibitory effect on the growth of the bacteria. Due 

to the different structure of Gram-positive and Gram-negative bacteria cells, this effect is higher for 

Gram-positive cells than for negative ones, where the cell wall shows a higher resistance to changes in 

the osmotic pressure. Additionally, the calcium ions released could also lead to a clumping of the 

bacterial cells, which hinders the growth of them104. The fact that the present coatings do not show an 

antibacterial effect can be explained by the simple fact that BG particles are embedded in a stable 

polymer matrix. As the antibacterial effect is related to the dissolution of the BG particles and the BG 

surface in the composite material is reduced in comparison to pure BG coatings, the antibacterial effect 

in the rather short time period the experiment is conducted is hindered. Probably the antibacterial effect 

of PEEK/BG coatings would be higher for longer immersion times, but, as an initial burst is in many 

  

Figure 58: Bacteria Tests on Stainless Steel (left) and PEEK (right) for 1, 

2, 3 and 4 hours. 
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Figure 59: Bacteria tests on the PEEK/BG composites;  

left: coatings with unmilled BG, right: coatings with milled BG 

(reprinted with permission from Elsevier)105 
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cases of advantage, an antibacterial agent is necessary in this case. These experiments have also 

demonstrated that there is no difference between the different BG particle sizes in terms of antibacterial 

effect. This is another reason for conducting the further optimization with the more homogeneous 

unmilled composite coatings.  

In this study, silver was incorporated during the EPD process to form a composite coating with PEEK 

and bioactive glass to obtain an antibacterial effect. Silver particles are also embedded in the PEEK 

matrix, where they will remain stable and silver ions are expected to be released. For the incorporation 

of silver for antibacterial purposes, a compromise has to be found to achieve a suitable antibacterial 

effect by keeping a non-toxic effect on target cells to allow the ingrowth of the implant. For this reason, 

different concentrations of silver were tested with bacterial experiments to find the lowest possible 

concentration that still shows an inhibitory effect on bacterial growth. Figure 60 shows the results of the 

bacterial studies for different silver concentrations in suspension, varying between 0 and 0.42 g/l. For 

the first concentration of silver there is only a slight decrease in bacteria colonies. The bacteria colonies 

are partly more separate, whereas for higher concentrations, the amount of bacteria is seen to decrease 

with incubation time. For 0.16 g/l there are only a few bacteria left after 4 hours. For the next higher 

concentration already after 2 hours, only very few bacteria remain after 3 and 4 hours of incubation. 

This behavior can be seen with increasing silver concentration until, at the highest concentration, no 

bacteria colonies are left after just one hour. Thus EPD is confirmed to enable the incorporation of silver 

nanoparticles into PEEK/BG composite coatings in order to achieve antibacterial properties of the 

composite coatings. It can also be seen that by adjusting the silver content in the suspension, the 

   

0 g/l 0.08 g/l 0.16 g/l 

   

0.25 g/l 0.33 g/l 0.42 g/l 
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Figure 60: Results of bacteria studies on different silver concentrations in the suspension (reprinted with 

permission from Elsevier)105 
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antibacterial properties can be adjusted. For further studies, the coatings with 0.08, 0.16 and 0.25 g/l 

were used. 

Figure 61: Backscatter SEM images of PEEK/BG composite coatings containing different amounts of nano Ag, 

(reprinted with permission from Elsevier)105  

 

4.4.2 SEM 

SEM images in backscatter mode were taken of the coatings with the different silver concentrations 

(Figure 61). All coatings besides the one with the lowest Ag concentration showed many little white 

spots, which can be attributed to embedded silver nanoparticles or micrometric agglomerates. For the 

lowest concentration probably the amount of Ag is too small to make it visible under SEM. Also the 

antibacterial effect was very low and only a very little amount of silver particles seems to be exposed to 
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the surface. For higher concentrations, the concentration of Ag particles exposed increase. There seems 

to be no real difference visible for coatings made by suspension in the range 0.25 – 0.42 g/l. The amount 

of silver in the coatings cannot be estimated using these images.  

Additionally to the surface images, also the cross section of a coating with 0.25 g/l Ag is shown. The Ag 

particles (shown as white spots) seem to be well-dispersed in the medium and they are co-deposited 

together with PEEK and BG.  

 

4.4.3 Adhesion Tests 

The adhesion of the coatings was investigated using Tape Test. The results were compared to those on 

the pure PEEK/BG coatings, as shown in Figure 62. For the highest silver concentration, the adhesion is 

very poor. This can be explained by the large amount of silver particles incorporated in the coating, 

which leads to a decreasing cohesion of the coating. There is not enough PEEK polymer matrix to hold 

the coating together. It also can be reported that all silver containing coatings show a slightly decreased 

adhesion in comparison to the pure composite coatings due to the incorporation of the silver in the 

coatings. However, the adhesion of the coatings is qualitatively acceptable, if the silver content is not 

too high in the composite coating. As bacterial tests showed that the coatings with lower concentrations 

also exhibit sufficient antibacterial activity, no significant influence on the coating adhesion should 

result from the incorporation of silver nanoparticles into PEEK/BG composite coatings.  

   

0 g/l 0.08 g/l 0.16 g/l 

   

0.25 g/l 0.33 g/l 0.42 g/l 

Figure 62: Results of the Tape Test showing the dependence of the adhesion of PEEK/BG/Ag composite coatings 

on the silver concentration 

 

4.4.4 Contact Angle Measurements 

Contact angle measurements of the coatings with different silver concentrations (Figure 63) show that 

addition of Ag led to no significant influence on the wettability of the coatings. The contact angles of all 
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coatings are in the same range, namely around 97°. This result can be attributed to the fact that the 

concentration of silver is too low in comparison to that of PEEK and BG to have an influence on the 

contact angle value. In addition, the silver particles are very fine and well dispersed in the coating and 

only a small fraction of them is exposed directly to the surface, leading to no significant change of 

surface chemistry.  

 

4.4.5 Analysis of Bioactivity in SBF 

In order to assess possible negative effects of the silver particles on the HA forming ability of PEEK/BG 

composite coatings, as an example coatings with 0.25 g/l Ag were immersed in SBF for 3, 10 and 14 days. 

This coating composition has the highest Ag concentration that has been used for further investigations.  
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FTIR measurements of composite coatings produced from suspensions containing 0.25 g/l Ag are shown 

in Figure 64. Already after three days in SBF, the characteristic peaks for HA occur and especially the 

large phosphate peak is seen to increase with increasing immersion time in SBF, confirming that the HA 

forming ability of the bioactive glass containing coatings is not hindered by the incorporated silver 

particles.  

SEM pictures of the coatings show that already after 3 days in SBF the cauliflower-like structure of HA 

is visible on the surface (Figure 65), whereas for longer times, the surface of the samples is increasingly 

covered with the HA coating, which is another indication of the bioactivity of the coatings not being 

impaired by the nanoparticles embedded in the polymer matrix.  

Figure 65: SEM images of the surface of PEEK/BG coatings with 0.25 g/l Ag for different immersion times: from 

left to right: 3 days, 10 days and 14 days showing typical cauliflower like HA structures already after 3 days 

Silver containing multifunctional composite coatings can be produced using EPD. The silver amount in 

the coatings can be easily adjusted by changing the suspension concentrations. Tape Tests, contact angle 

measurements and immersion tests in SBF showed that the silver nanoparticles in a concentration where 

the coatings show good antimicrobial activity do not have any negative effect on the coatings properties.  

 

4.4.6 Silver Ion Release 

The silver ion release of the coatings in cell culture medium (DMEM with penicillin/streptomycin) was 

measured. For these studies round samples with a diameter of 13.6 mm were used and the studies were 

conducted in 24-well plates. Six samples of the three lowest silver concentrations were immersed in 1 ml 

DMEM each. In the first four hours every hour and additionally after one, two and seven days of 

immersion the DMEM was drawn off and replaced by fresh one. The medium of all six samples for one 

time and concentration was mixed and the silver ion concentration was measured for each concentration 
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and each time period using ICP-MS measurements (kindly provided by Prof. Dr. Gbureck, FZM, 

University of Wuerzburg, Germany). Additionally to this, the pH value was measured, as it was 

anticipated that an increase in pH probably could change the dissolution rates of silver ions from the 

coating, as it has been shown elsewhere that ion dissolution from silver particles is pH dependent106. 

Two different approaches were conducted. Half of the samples were stored in an incubator at 37°C, 95 

% humidity and 5 % CO2 to simulate the conditions at which cell culture studies are conducted (samples 

indicated with “I”). The other half of the samples were stored at 37°C without the buffering effect of 

CO2. 

The pH measurements in Figure 66 show that for all cases the samples stored in the incubator exhibit a 

constant low value, which is due to the buffering effect of the CO2 environment. The values stay constant 

even for the one week sample. For the other samples, the pH value increases to values up to 9.6. 

However, the increase is not significant and no marked difference in the release behavior was expected.  

Figure 67 shows the ICP results after the immersion tests for coatings containing different Ag 

concentrations. There is no trend visible for the different concentrations and samples in and outside the 

incubator. However, the silver release for the highest concentrations seems to be lower than for the other 
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samples. For all samples there is an initial release burst, which can be attributed to the release of the 

ions loosely bound to the particles directly exposed to the surface. This also can explain the small value 

measured for the highest Ag concentrations. It is highly likely that the incorporated silver particles were 

more spread throughout the bulk coating than present on the surface. In literature, the MIC for E. coli 

cells is reported to be around 0.5 – 1 µg/ml107. For all samples measured, after a maximum of 4 hours, 

the release into the cell culture medium was higher than 1 µg/l, which is far below the reported MIC 

values. Still, an antibacterial effect was visibly, which can be explained by the fact that bacteria being in 

contact with the surface, a larger antibacterial effect will occur. Additionally, although in bacterial 

studies no antibacterial effect was visible for pure BG composites, probably the combination of the pH 

change induced by the BG particles and the antibacterial effect of nanosilver lead to the satisfactory 

antibacterial activity determined in the bacterial studies.  
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4.5 In Vitro (Cell Culture) Studies 

For all in vitro studies with human osteosarcoma MG 63 cells (Sigma Aldrich), stainless steel 316L sheets 

with a thickness of 1 mm were cut into round samples with a diameter of 13.6 mm and used as substrate 

material for the deposition process. All studies were conducted in 24-well plates. 

 

4.5.1 pH-Study 

For all coatings, namely pure PEEK, PEEK with BG unmilled and milled and PEEK/BG with nano silver, 

cell culture studies were conducted. Before conducting the cell culture investigations, a pH study was 

carried out to investigate possible variations of pH with time. Cells are sensitive to pH changes and 

most of the mammalian cells grow better at pH 7.4108. Samples were immersed in 1 ml cell culture 

medium (DMEM) each for different time periods in an incubation shaker and the pH value was 

measured after several time periods. The incubation time for the cells was set in 48 hours, thus the pH 

variation study was conducted over this time period. Pure DMEM was measured as reference. For all 

samples the pH was seen to increase with time as well as for the pure medium (Figure 68). This result 

can be explained by the fact that the medium is buffered in CO2 surrounding in an incubator. In air the 

CO2 content is too low to achieve the buffering effect. For cell culture media that are buffered with 

sodium bicarbonate, the pH value is sensitive to the balance between CO2 dissolved in the medium and 

bicarbonate. This balance is sensitive to changes in the surrounding CO2 content. In the incubator, the 

CO2 content is kept constant, which leads to a perfect buffering effect of the medium to achieve the best 

possible conditions for cell culture108.  

For pure medium, stainless steel and PEEK coatings, the pH was not seen to increase as much as for the 

PEEK composite coatings with BG. This result can be explained by the dissolution of BG particles in the 

aqueous surrounding, as discussed above. Still the increase of the pH is not significant compared to the 

pure medium, therefore in the first step, the as-produced coatings were directly used for cell culture 

studies, e.g. without pretreatment.  

 

4.5.2 Viability Studies and Cell Numbers 

As reference samples, blank (uncoated) stainless steel was used and all values were normalized to the 

values obtained on these samples. Coatings with 2 wt% PEEK and composite PEEK/BG milled and 

unmilled composite coatings with 6.7 wt% BG and 2 wt% PEEK were produced according to the 
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optimized parameters described in the previous chapters. For the silver concentration, the medium 

concentration of 0.16 g/l was chosen for the preliminary experiments. The samples were heat sterilized 

in the furnace as for pure PEEK this has been shown to be the optimum sterilization method (see section 

4.2.10). Human osteosarcoma (MG 63) cells were used for all studies and the cell culture was carried out 

in 24-well plates. Each sample was covered with 1 ml of cell suspension with a cell concentration of 

100.000 cells/ml. The samples were incubated for 48 hours at 37°C, 5% CO2 and 95% humidity. After 48 

hours, DMEM was removed and the samples were washed with 1 ml of PBS to remove non-adhering 

cells. The samples together with one reference sample of WST without any cells were incubated in 500 

µl of DMEM with 1 vol% of WST-8 for two hours. The absorption was measured at 450 nm in a 

spectrometer (PHOmo, anthos Mikrosysteme GmbH, Germany) to investigate the mitochondrial 

activity. 

For the first studies, the results of WST can be found in Figure 69. The surfaces of the materials all show 

a cytotoxic behavior, which, preliminary, can be explained by the presence of remaining substances 

from the deposition process. As a suspension medium during EPD ethanol denatured with 1% 

methylethylketone was used, which can lead to impurities in the coating. Additionally it is possible that 

there are impurities in the PEEK powder, as it was used without pretreatment (as obtained from the 

manufacturer). For BG composite coatings, impurities in BG powder, remnants from citric acid and a 

pH change due to the dissolution of BG can also lead to a cytotoxic effect.  

Following these preliminary results, the samples were immersed in different media prior to incubation 

to wash out possible toxic by-products from the coating production processes (EPD and heat treatment). 
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Figure 69: Results of mitochondrial activity of 

MG63 on different coatings without 

pretreatment of the samples  

Figure 70: Results of WST studies of MG 63 

on PEEK and PEEK/BG composite samples 

preimmersed in SBF and DMEM 
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Part of the samples was immersed in SBF prior to the cell studies for three days to induce HA formation 

on the surface, which could enhance the cell adhesion. Additionally to this, all coated samples were 

immersed for three days in DMEM in the incubator to wash out all possible toxic by-products and to 

enable the adsorption of proteins on the surface that should contribute to improve cell adhesion. 

Afterwards DMEM was removed and cells were seeded on the substrates. Figure 70 shows that 

especially for the PEEK coatings, the cell viability is increased significantly, whereas for the BG samples 

only a slight increase can be noticed. The samples that were immersed in SBF prior to DMEM did not 

show any increase indicating that this additional step can be avoided. It is possible that the immersion 

leads to an increased surface roughness and porosity of the coatings, which is likely to be not beneficial 

for cell adhesion. This effect could be confirmed by SEM images of coatings after immersion in SBF.  

An additional pretreatment involved immersion of the samples in DMEM and additionally the medium 

was exchanged every day to remove released byproducts and to enable deposition of proteins from the 

medium. This experiment was conducted on all coatings including the silver containing coatings with 

the three lowest concentrations. The results of the WST analysis can be found in Figure 71. For all 

samples the results are in the same range, only the sample containing milled BG and the one with the 

highest silver concentration show a low decrease in cell viability. This result can be explained by the 

rougher and more porous surface of the coatings containing the milled BG. The cross section image also 

showed that the coatings produced with the unmilled BG are more homogeneous, therefore in this case, 

unmilled BG would be the preferred particle size. It has been also shown that the cytotoxic effect of 

silver nanoparticles depends on their concentration. The results thus indicate that at the highest of the 

three concentrations already a cytotoxic effect occurs102. The evaluation of the results using ANOVA has 

shown that none of the values is significant.  

Additionally to cell viability testing, the cell number on the different coatings was evaluated. Therefore 

the cells were fixed on the surface using FluoFix for 10 minutes. Afterwards cell nuclei were stained 

using 1 µl/ml Dapi for 7 minutes, cells were detected and the cell number was evaluated under 

fluorescence microscope. An example of cell nuclei on a stainless steel substrate is shown in Figure 72.  

For each sample three images were taken in random places and three samples each were evaluated. The 

evaluation of the cell numbers as well as a statistical evaluation of the results using ANOVA is presented 
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Figure 71: WST results for PEEK/BG-Ag 

composite coatings immersed for 3 days in 

DMEM prior to incubation with exchange of 

medium (no significances could be observed) 
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in Figure 73. The cell numbers are seen to vary in a larger range than the WST values, however, taking 

the experimental errors into account, the cell numbers are all clearly in the same range, only the value 

for the milled BG sample appears to be the lowest, which confirms the WST results. This result can be 

due to a larger local change of the pH and the higher surface roughness and inhomogeneity.  

As a last step, the seeded samples were evaluated under SEM. Therefore, the cells were fixed on the 

surface using SEM fix and dried with an increasing ethanol series. Afterwards the samples were 

completely dried using supercritical drying. It also would be possible to stain the cytoskeleton of the 

cells to observe the shape of the cells, but experiments showed that the dye not only stains the cells, but 

also the PEEK and BG coating, so it was not possible to distinguish between the cells and the coatings. 

The SEM pictures for the different composite materials show a different behavior (Figure 74).  
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Figure 73: Cell Numbers on composite PEEK/BG/Ag samples after cell study 

with MG63 with pretreatment in DMEM with daily exchange  

*: p ≤ 0.05; **:p ≤ 0.01; ***: p ≤ 0.001 

200 µm 

Figure 72: Microscopy image of cell nuclei on 

stainless steel after staining with Dapi 

(reprinted with permission from Elsevier)105 
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On stainless steel the cells are rather flat and round. There are some filopodia visible around the cells. 

They are attached to the surface, but they are not very well spread and there is no effective cell-cell 

interaction visible, which would be a sign for suitable cell response. This can be explained by the inert 

properties of the steel substrate. Stainless steel is not cytotoxic to cells, which explains the WST. On the 

other hand, stainless steel will not facilitate bone cell ingrowth as it is not bioactive.  

For the pure PEEK coating, the response of the cells indicates higher cytocompatibility. Cells exhibit a 

3D morphology and filopodia are visible around the cells. Nevertheless the results do not indicate good 

cell attachment and spreading. This effect also is due to the chemical inertness and hydrophobicity of 

PEEK, which has been shown elsewhere109. In the reported case it was necessary to apply a surface 

treatment on PEEK to achieve good cell adhesion and spreading. As in this project the focus lies on the 

production and in vitro behavior of composite coatings, and PEEK was used only as a reference 

material, no further modifications of the PEEK-only surface were investigated.  

The cell attachment and spreading on the composite coatings, both for the milled and the unmilled BG, 

showed positive results. In both cases cells that are widely spread over the surface are visible; also some 

extent of cell-cell interaction is observed. The cell behavior on the unmilled composites seems to be 

qualitatively better, which supports the data gained from WST and cell number evaluations. These 

results have shown that cell viability decreased due to different factors, such as inhomogeneity of the 

coating as well as a higher roughness and porosity.  

   

Stainless steel PEEK PEEK BG unmilled 

   

PEEK BG milled 0.08 g/l Ag 0.16 g/l Ag 

 

Figure 74: SEM images of MG63 

cells on PEEK/BG composite 

coatings including coatings with 

milled and unmilled BG and with 

and without Ag particle addition 

(reprinted with permission from 

Elsevier)105 

 

0.25 g/l Ag   

20 µm 20 µm 20 µm 
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For all composite coatings containing silver, the cell spreading and attachment, in qualitative terms, also 

show positive results. There is no visible negative effect induced by the incorporated silver on the cell 

behavior. For the highest concentration, a slight decrease in cell spreading could be observed. This effect 

was also seen for the cell viability, which is slightly decreased for the highest Ag concentration.  

It can be concluded that all investigated coatings lead to increased cell spreading and attachment on the 

surface, confirming the need of surface modifications of metallic substrates, using coatings, to improve 

cell-material interaction.  

 

4.5.3 Bacteria Study after Immersion in DMEM 

For the cell culture study, samples were immersed in DMEM prior to cell culture, so this bacteria study 

should show, if such pretreatment would have any influence on the antibacterial properties of the 

coatings. The samples were immersed for three days in DMEM in the incubator and the DMEM was 

exchanged daily, which is the same process used for cell studies. In comparison with non-immersed 

samples (Figure 75), the antibacterial properties were seen to decrease. For the highest silver 

concentration there is still an antibacterial effect visible. It is observed that the amount of bacteria is less 

already after two hours, whereas after four hours there are no bacteria left on the surface. For the 

medium silver concentration, it can be seen that, in comparison to the lower concentration, the bacteria 

density decreased for times longer than one hour, but there are still bacteria left. This result leads to the 

conclusion that the antibacterial effect is reduced due to the formation of a protein layer on the surface 

that hinders the antibacterial effect. Additionally, it was shown in the release studies that the highest 

silver ion release occurs in the first hours. The release is seen to decrease with immersion time.  

Figure 75: Results of bacteria tests on non-immersed (top) and immersed in DMEM for 3 days (bottom) 

PEEK/BG/Ag samples with different silver concentrations showing the decrease of bacterial colonies with 

increasing silver concentration 

0 g/l 0.08 g/l 0.16 g/l 0.25 g/l 

    

non-immersed    

    

immersed    
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It can be concluded that the coatings show an antibacterial effect, which is reduced by immersion in a 

protein solution prior to in vitro studies. Although the highest Ag concentration showed a low decrease 

in cell viability and cell number, in case of antibacterial properties, this concentration was found to be 

the best one to achieve high enough antibacterial properties of the coatings. 
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4.6 Conclusions 

In this chapter the successful codeposition of multifunctional coatings using DC EPD has been proven. 

First it was necessary to optimize the parameter combination for the deposition process. This can be 

either done using Design of Experiment, which is a statistical approach for process optimization and 

has been used for the deposition of PEEK in this case. The other way is a trial-and-error approach, which 

is more time-consuming, but for more complex systems, this should be the preferred way as too many 

different parameters make the statistical analysis time-consuming as well. This approach was applied 

for the optimization of PEEK/BG composite coatings. After the successful deposition, the coatings were 

investigated using contact angle measurements, adhesion tests, roughness measurements and thermal 

analysis. It has been shown that it is necessary to find a good interplay between the different materials 

properties, which can be adjusted by controlling e.g. the suspension composition. The coatings with the 

best adhesion, contact angles and roughnesses were chosen for further experiments. 

Immersion in simulated body fluid was used to test the hydroxyapatite forming ability of the coatings. 

The as-produced coatings were immersed in SBF over several time periods and afterwards they were 

investigated using FTIR, SEM and contact angle measurements. For all coatings containing BG it was 

shown that HA formed on the surface, which confirmed the bioactive character of the coatings.  

Additionally, in vitro studies using bacteria and mammalian cells were carried out. The sterilization 

process was optimized before the in vitro studies. Nanosilver was embedded in the composite coatings 

to achieve an antibacterial effect. Bacteria tests with E. coli showed that an antibacterial property can be 

obtained and that this effect can be tailored by changing the concentration of the nanosized silver 

particles in the suspensions. Even after a pre-treatment in DMEM prior to in vitro studies, an 

antibacterial effect was observed by the nanosilver particles embedded in the composite coatings. Cell 

culture studies using MG 63 osteosarcoma cells confirmed the biocompatibility for all coatings. 
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5.1 Introduction 

As already explained, it is of interest to produce composite coatings with bioactive properties for 

applications in orthopedics and dentistry. In chapter 4 the deposition of stable (non-degradable) 

coatings with PEEK as matrix material was investigated. The focus of this chapter lies on the use of a 

degradable polymer matrix to form composite coatings embedding bioactive particles. The PEEK matrix 

has been used to embed silver nanoparticles to achieve antibacterial properties of the coatings. Another 

way to introduce an antibacterial effect is the use of a drug that is released with time. The degradable 

coating can be taken as a local drug delivery coating.  

There are many possible candidates to be selected as a degradable matrix material for this purpose. On 

the one hand there are biodegradable synthetic polymers like PCL or PLA. On the other hand natural 

polymers are gaining increasing attention, for example chitosan, alginate and collagen5. In this project, 

the focus was on the use of the naturally derived degradable polysaccharide chitosan, which is 

produced by deacetlyation of chitin naturally available e.g. in shrimp shells. This makes chitosan easily 

available, cost-effective and a suitable candidate for these studies. Chitosan was combined with 

bioactive glass particles of different particle sizes and used as a matrix material for the delivery of the 

antibiotic tetracycline.  

As already shown in the first chapter, so far direct current (DC) EPD has been chosen for the deposition 

of chitosan5. In many cases this leads to the formation of bubbles at the electrodes due to electrolysis of 

water, which leads to a decreased functionality of the coatings (shown later in this chapter). Thus AC 

EPD was considered for the first time in this project. Studies using DC fields were firstly conducted 

followed by a comprehensive investigation on the use of AC EPD for the deposition of chitosan and 

multifunctional chitosan composite coatings with drug-delivery capacity. The antibacterial properties 

and the biocompatibility of the coatings were investigated following a broad testing program of the 

coatings in relation to adhesion, contact angle, homogeneity and HA forming ability (bioactivity).  
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5.2 Electrophoretic Deposition of Chitosan 

According to literature24, for the present experiments chitosan was dissolved in a solution of deionized 

water and acetic acid (1 vol% acetic acid). The solution was stirred for 24 hours on a magnetic stirrer. 

AC EPD was chosen for the deposition of chitosan, as it reduces bubble formation at the electrode by 

the action of the alternating field. This is, because at high enough frequencies there is not sufficient 

available time for decomposition of water to form hydrogen and oxygen bubbles. Under AC fields the 

forces due to the electric field that lead to the decomposition of water are the same forces that drive the 

current through the double layer resistance. This means that at high frequencies, the current only flows 

through the double layer capacity and water is not decomposed or only little amount of water is splitted 

and there is no bubble formation16. Additionally, there is the possibility to deposit biological entities like 

cells or enzymes by AC EPD. It was shown that cells are still alive and the functionality of enzymes or 

proteins remains after the deposition process. The functionality of coatings produced under AC fields 

is higher than with DC EPD17. Often it is not possible to deposit sensitive materials with DC EPD as they 

are destroyed during the process. As for future applications the codeposition of chitosan with those 

species could be of interest, here the fundamentals of the deposition of chitosan and chitosan composite 

layers by AC EPD are studied.  

 

5.2.1 Preliminary Experiments under Direct Current 

Preliminary experiments under DC fields showed that above voltages of 2.5 V, hydrolysis of water 

begins, which leads to bubble formation and inhomogeneities in the coatings. Different amounts of 

chitosan between 0.7 g/l and 3.3 g/l in solution were tested and the electrode distance was changed to 

vary the applied electric field between 2.5 and 10 V/cm by keeping the voltage at a constant value of 2.5 

V. The time was set to 7 minutes, as this was shown to lead to sufficient coating thickness for the 

evaluation of the coatings. The lowest chitosan concentration does not lead to deposition of the material, 

whereas for higher concentrations the yield is higher. SEM pictures (Figure 76) show that with 

increasing electrical field at a chitosan concentration of 3.3 g/l, bubble formation increases. At 2.5 V/cm, 

there are no bubbles visible, whereas at 5 V/cm, there are small bubbles and at 10 V/cm the size of the 

bubbles is increased.  

   

The samples were embedded in epoxy resin and the thickness of the coatings was monitored from the 

cross sections (Table 22). It could be seen that the thickness increases with increasing voltage, but also 

bubble formation increases, whereas for bubble free coatings, the coating thickness is not very high, 

which could make a controlled release of drugs from the coating difficult. Deposition of composite 

materials also would require higher voltages to achieve robust and mechanically stable coatings. Given 

these limitations of DC EPD, AC EPD was considered to deposit coatings. Additionally the use of AC 

EPD can enable the use of biological entities for the production of multifunctional coatings. It was 

Figure 76: Chitosan coatings in DC fields: a) 2.5 V/cm, b) 5 V/cm and c) 10 V/cm 

a) 

200 µm 200 µm 200 µm 

b) c) 
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reported that under alternating fields, sensitive materials retain their functionality. Therefore, the 

investigation of the deposition of chitosan/BG composite materials used as drug delivery coatings, gives 

a first idea about the process. These results can be taken for further investigations with more complex 

and sensitive materials. As AC EPD of chitosan has not been reported before, a design of experiment 

was used first to find the optimal parameters for the deposition of chitosan.  

Electric field [V/cm] Thickness [µm] 

2.5 1-2 

5 3-4 

10 5-6 

 

5.2.2 Design of Experiment for AC EPD of Chitosan 

The DoE for AC EPD of chitosan was carried out on chitosan dissolved in a mixture of distilled water 

and 1 vol% acetic acid. AC EPD was conducted at a constant electrode distance of 0.5 cm and the 

symmetry of the rectangular curve was 81%, as preliminary experiments had shown that these were 

promising parameters for qualitatively good coatings. The shape of the applied signal is rectangular as 

already seen in Figure 5. The Taguchi experimental design was planned, as in the optimization of PEEK 

coatings (see section 4.2.1), with the deposition rate as output of the system. AC EPD has an additional 

factor in comparison to DC EPD, which is the frequency of the applied electric field. The variables 

chosen for DoE were deposition time, suspension concentration, amplitude of the curve and the 

frequency in Hz. The values of the different parameters can be seen in Table 23. The table shows both 

Table 22: Dependence of coating thickness on 

the electric field 

Table 23: Parameters for the DoE of AC EPD of chitosan coatings 

 Level 

 1 2 3 4 

Amplitude  

[mV] 
50 100 250 500 

Real Amplitude  

[V] 
10 20 50 100 

Concentration  

[g/l] 
0.5 1 2 3 

Frequency  

[Hz] 
1 10 100 1000 

Deposition Time  

[min] 
2 5 10 15 
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the amplitude and the real amplitude. The amplitude values give the voltage set at the power supply, 

whereas the real amplitude is the value that is applied to the system after amplification. The real 

amplitude is 200 times higher. Those values are high in comparison to amplitudes that can be applied 

by DC EPD. For some cases bubble formation occurs also under the AC field, when a combination of 

too high voltage and too low frequency is chosen. If the frequency is too low, there is enough time for 

bubbles to form. Table 24 shows the orthogonal L16(44) array of the different parameter combinations 

for the experiments that were carried out. Each trial was repeated three times to be able to achieve 

reproducible results. The stainless steel substrates were weighed before and after each experiment to 

determine the deposit weight and to calculate the deposition rate. The area of the substrates was kept 

constant at 2.25 cm². 

Table 24: Orthogonal array for the DoE of chitosan in AC EPD 

 

 

 

Trial 

Number 

Deposition time  

[s] 

Amplitude 

[mV] 

Frequency  

[Hz] 

Concentration 

[g/l] 

1 120 50 0.5 2 

2 120 100 1 5 

3 120 250 100 10 

4 120 500 1000 15 

5 300 50 1 10 

6 300 100 0.5 15 

7 300 250 1000 2 

8 300 500 100 5 

9 600 50 100 15 

10 600 100 1000 10 

11 600 250 0.5 5 

12 600 500 1 2 

13 900 50 1000 5 

14 900 100 100 2 

15 900 250 1 15 

16 900 500 0.5 10 
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Table 25: Deposition rates for the DoE of chitosan in AC EPD conditions 

Trial Number 
Deposition Rate 1 

[mg/s∙m²] 

Deposition Rate 2 

[mg/s∙m²] 

Deposition Rate 3 

[mg/s∙m²] 

1 0 0 33.3 

2 0 0 0 

3 74.8 80.7 76.3 

4 100.7 98.3 92.4 

5 0 0 0 

6 3.5 0 0.5 

7 166.7 170.4 244.4 

8 176.3 192.6 205.9 

9 0 4.0 10.9 

10 51.9 55.6 60.7 

11 28.2 41.5 31.1 

12 263.0 88.9 81.5 

13 20.7 29.6 20.7 

14 44.4 66.7 55.6 

15 2.5 28.2 19.3 

16 72.6 59.3 78.5 

 

The obtained deposition rates can be found in Table 25. The table shows that some of the values are 

really low, whereas others are very high, so there is a high variation in deposition weight in dependence 

of the different parameters.  

The S/N ratio for the deposition rate is calculated with the aim that a high deposition rate is a positive 

outcome, whereas the S/N ratio of the standard deviation is calculated under the premise that “smaller 

is better”. The formulas for the calculations can be found in the section 4.2.1. The results of the 

calculations are given in Table 26. 

As stated before, the experimental design according to Taguchi can be used to observe every level of 

each factor separately. Table 27 and Table 28 show the S/N ratios of the deposition rate and the standard 

deviation for each level of each parameter separately. The separated S/N ratios are used to calculate the 

maximum-minimum value for each parameter. This value is the difference between the highest and the 

lowest value for each parameter. The higher the value, the higher is the influence of this parameter on 

the deposition rate. The rating of the different factors also can be found in the tables. In this case, the 
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Table 26: Evaluation of DoE of AC EPD of chitosan 

values of the deposition rates do not coincide with the values of the standard deviation, which probably 

can be attributed to the many factors influencing the whole process. In this case, the focus will be put 

on the evaluation of the S/N values of the deposition rate. It is observed that the concentration has the 

highest influence together with the applied frequency, whereas the deposition time seems to have the 

least influence. This result was also already obtained in the DoE of the deposition of pure PEEK coatings. 

It is likely that this trend is possible for similar systems, too, but the investigation of more systems would 

be necessary to achieve a confirmation of this assumption. An explanation for the smaller influence of 

the deposition time is that with increasing deposition time, the deposition rate decreases due to the 

formation of an insulating chitosan film on the electrode. This layer decreases the current flowing and 

therewith the deposition rate decreases. Again it can be concluded that the EPD kinetics mostly can be 

influenced by changing the particle concentration as well as in the case of AC EPD, the frequency of the 

applied voltage. The frequency plays an important role in the electrolysis of water. Too low frequencies 

still allow electrolysis to occur, which leads to more inhomogeneous deposition. These inhomogeneities 

also lead to a reduced reproducibility of the coatings. This is also shown in the evaluation of the 

Trial 

Number 

Mean 

Deposition 

Rate [mg/s∙m2] 

S/N ratio of 

the Deposition 

Rate [dB] 

Standard 

deviation 

S/N ratio of 

the Standard 

deviation [dB] 

1 11.1 -58.2 19.2 -25.7 

2 0 -60 0 0 

3 77.3 37.8 3.1 -9.8 

4 97.1 39.7 4.3 -12.7 

5 0 -60 0 0 

6 1.3 -55.2 1.9 -5.4 

7 193.8 45.4 43.9 -32.8 

8 191.6 45.6 14.8 -23.4 

9 4.9 -55.2 5.5 -14.8 

10 56.1 34.9 4.5 -13 

11 33.6 30.2 7 -16.9 

12 144.4 40.1 102.7 -40.2 

13 23.7 27.2 5.1 -14.2 

14 55.6 34.5 11.1 -20.9 

15 16.6 12.5 13 -22.3 

16 70.1 36.7 9.9 -19.9 
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maximum-minimum value of the standard deviation of the frequency, which has a large influence as 

well.  

Table 27: Evaluation of the S/N ratios for the deposition rate of chitosan by AC EPD 

Table 28: Evaluation of the S/N ratios for the standard deviation of deposition rate of chitosan by AC EPD 

Figure 77 demonstrates the graphical evaluation of the design of experiment. The dependency of the 

deposition rate, the S/N ratio of the deposition rate, the standard deviation and the S/N ratio of the 

standard deviation are plotted over the different parameters. For the deposition rate (Figure 77 a) high 

values would be the most economic, whereas the deposition rates should have low standard deviations 

(Figure 77 b) to get a highly reproducible system. For the evaluation of the S/N ratio, which gives the 

robustness of a system, high values should be achieved (Figure 77 d), whereas again, low values are 

preferable for the standard deviation (Figure 77 c).  

 Deposition Rate 

Level 
Amplitude 

[V] 

Concentration 

[g/l] 

Frequency 

[Hz] 

Deposition 

time [min] 

1 -10.2 -36.6 -11.6 15.5 

2 -6.1 -11.4 -16.8 10.7 

3 12.5 31.5 15.7 12.4 

4 27.7 40.6 36.8 -14.6 

Maximum-

Minimum 
37.9 77.1 53.6 30 

Rank 3 1 2 4 

 Standard Deviation 

Level 
Amplitude 

[V] 

Concentration 

[g/l] 

Frequency 

[Hz] 

Deposition 

time [min] 

1 -16.1 -18.2 -17 -29.9 

2 -20.6 -13.1 -31.3 -18.2 

3 -21.2 -20.5 -17.2 -14.2 

4 -19.3 -24.1 -18.2 -13.8 

Maximum-

Minimum 
5.2 11 14.3 16.1 

Rank 4 3 2 1 
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The amplitude gives high deposition rates at 100 mV, the standard deviation is also relatively low at 

this voltage. However, the S/N ratio does not have the highest value here and the variation of the S/N 

ratios is not that high. Also visual inspection of the coatings led to the conclusion that 100 mV is the best 

amplitude. At increased amplitudes, bubble formation is relatively high, which would lead to 

inhomogeneous coatings. For lower values, the substrate is not covered fully with the coating material. 

It seems that 100 mV is the best value to obtain bubble free and homogeneous coatings.  

The evaluation of the maximum-minimum values showed that the concentration of the suspension also 

plays an important role in the deposition mechanism. The deposition rate and the S/N ratio increase 

with increasing suspension concentration. Higher concentrations were also tested, but bubble formation 

was again too high to get homogeneous coatings which already can be seen at concentrations of 3 g/l. 

An explanation for this result is the increasing viscosity with higher concentrations, which makes the 

entrapment of bubbles in the coatings more likely. This is also shown at the values of the standard 

deviation, which increases with concentration, which can be explained by the occurrence of 

inhomogeneous deposition due to bubble incorporation. To find a compromise between acceptable 

deposition rates, with good S/N ratios and a low standard deviation with relatively high S/N ratio, a 

concentration of 2 g/l was chosen for further experiments. 

  

Figure 77: Graphs for the evaluation of the DOE of 

AC EPD of Chitosan showing: 

a: mean of means for the deposition rate 

b: means of the S/N ratios of the deposition rates 

c: mean of means for the standard deviation 

d: means of the S/N ratios of the standard deviations 

 

50025010050

40

30

20

10

0

3210.5

1000100101

40

30

20

10

0

151052

Amplitude in mV

m
e

a
n

 o
f 

s
ta

n
d

a
rd

 d
e

v
ia

ti
o

n

Concentration in g/l

Frequency in Hz Time in Min

Mean of Means for the standard deviation

50025010050

120

90

60

30

0

3210.5

1000100101

120

90

60

30

0

151052

Amplitude in mV

m
e

a
n

 o
f 

m
e

a
n

s

Concentration in g/l

Frequency in Hz Time in Min

Mean of Means for the deposition rate

50025010050

40

20

0

-20

-40

3210.5

1000100101

40

20

0

-20

-40

151052

Amplitude in mV

m
e

a
n

 o
f 

S
/

N
 r

a
ti

o
s

Concentration in g/l

Frequency in Hz Time in Min

Mean of means for the S/N ratio of the deposition rate

S/N: bigger is better

50025010050

-15

-20

-25

-30

3210.5

1000100101

-15

-20

-25

-30

151052

Amplitude in mV

m
e

a
n

 o
f 

S
/

N
 r

a
ti

o
s

Concentration in g/l

Frequency in Hz Time in Min

Mean of means of the S/N ratio of the standard deviation

S/N: Smaller is better

a) b) 

c) d) 



5.2.2 Design of Experiment for AC EPD of Chitosan 

 
123 

For the frequency both S/N ratios have high values for high frequencies, the deposition rate is increasing 

with higher frequency and the standard deviation also has a quite low value for 1000 Hz. This was the 

reason why 1000 Hz was chosen as the optimal frequency for this study. In further experiments, higher 

frequencies were tested, but the quality of the coatings decreased. This can also be suggested, when 

looking at the standard deviation, which is increasing from 100 to 1000 Hz. At higher frequencies the 

inertia of the particles is too high to switch as quick as the electric field is changing. This leads to a 

decreased deposition. 

For the deposition time, a decrease in the deposition rate with time, due to the formation of an insulating 

film on the substrate material, can be seen. The S/N ratio for the deposition rate is also decreasing. 

Concerning the standard deviation and their S/N ratio, higher deposition times are better. As a 

compromise between medium deposition rates, high S/N ratios and a low standard deviation, a 

deposition time of 5 minutes was chosen for further experiments.  

Table 29: MANOVA for AC EPD of chitosan  

showing the probabilities for the different    

parameters 

The significance of the single parameters is evaluated using MANOVA. In this case the concentration 

and the frequency are significant (p-value below 0.124) (Table 29). 

This confirms the results obtained from the evaluation of the maximum-minimum value, where also 

the concentration and the frequency have the most influence on this system. By varying these two 

parameters, the deposition rate can be changed significantly. For the other two parameters no large 

changes are expected.  

Source p-Value 

Amplitude 0.176 

Concentration 0.028 

Frequency 0.076 

Deposition time 0.284 
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Figure 78: Interaction Plot for the DOE of AC EPD of Chitosan 
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Additionally, parameters with a higher p-value will also interact more. The interaction plot (Figure 78) 

shows that the parameters are highly interacting with each other. Parallel lines would indicate less 

interaction, while the nonparallel lines indicate interaction. All curves are none-parallel, which means 

that all factors are highly influenced by each other.  

To summarize all, the best and most reproducible coatings are achieved at an amplitude of 100 mV, a 

deposition time of 5 minutes, a frequency of 1000 Hz and a suspension concentration of 2 g/l. This is 

valid for rectangular wave forms with a symmetry of 81 %.  

Additionally, it can be concluded that if one parameter is changed, also the other parameters will be 

influenced, which makes the process more difficult to understand and a detailed evaluation would 

exceed the focus of this work, which lies on the deposition of homogeneous and biocompatible 

multifunctional coatings. 

Table 30: Prediction of the DoE for chitosan 

The last step of a successful DoE is the prediction of the experiment and the conduction of the 

experiments to confirm the prediction. For the experimental part, ten coatings with the optimized 

parameters were conducted and the mean deposition rate, S/N ratio and standard deviation were 

calculated.  

Table 30 shows the results of the prediction and the experiment. For the deposition rate and the standard 

deviation, the values of the theoretical prediction and of the experiments show that experimental data 

match the predicted values. Only the S/N ratio of the deposition rate lies in another range than the 

predicted value. Considering that the higher value is the better characteristic for the S/N ratio, the 

experimental results provide “worse” values. This means that the real system is not as robust as 

predicted, which probably can be explained by environmental influences such as changes in room and 

suspension temperature, slight changes in the suspension composition and also slight changes in the 

powder and suspension medium. All these factors are not considered in the DoE, but they can occur 

when conducting the experiments. Nevertheless the deposition rates and the standard deviations lie in 

the predicted range, thus, under the mentioned experimental variability the reliability of the system 

seems to be very good.  

Table 31: Dependence of viscosity on deposit weight  

of electrophoretically deposited chitosan coatings 

Chitosan 
Viscosity  

[mPas] 

Deposit weight  

[mg] 

Low viscosity 97 7 ± 2 

From shrimp shells 200-800 4 ± 1 

 Factors Deposition Rate Standard deviation 

  Value S/N ratio Value 

Experiment 2 g/l, 100 mV,  

5 min, 1000 Hz 

50.4 10.2 17.2 

Prediction 59.5 152.9 12.1 
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The next step was the investigation of the influence of the molecular weight of chitosan on the 

deposition rate of chitosan coatings. For comparison, chitosan with a viscosity between 200 and 

800 mPas and chitosan from shrimp shells with a low viscosity of 97 mPas was used. The solution 

preparation was as before and the optimized deposition parameters from the DoE were used. The 

substrates were weighed before and after each experiment. The deposition area was kept constant at 

2.25 cm². For the same deposition parameters the suspension with the lower viscosity shows only half 

the amount of chitosan deposited onto the surface (Table 31). This result can be explained by the 

dependence of the deposition rate on the viscosity. For the present investigation, chitosan with the 

higher viscosity was selected for further experiments. 

 

5.2.3 Surface Characterization 

FTIR of pure chitosan (as received) can be found in Figure 79. The most important and characteristic 

peaks are labeled110. These peaks will be considered later in the FTIR evaluation of composite samples 

Contrary to the previously reported PEEK coatings, no heat treatment step is necessary as chitosan is a 

film forming material. A cross section of the produced coatings using the optimized parameters can be 

seen in Figure 80. The coating is approximately 8 µm thick and very homogeneous. In comparison to 

DC deposits, where bubble formation already occurred at voltages higher than 2.5 V, the coatings are 

much more homogeneous and also thicker. In the cross section image also no bubble entrapment in the 

coating is visible.  

 

5.2.4 Adhesion Tests 

The adhesion of the coatings was tested using Tape Test (see section 3.3 for detailed information). The 

coatings were cut with the blade into squares as explained before and Tape Test was conducted with 

the standardized tape. Figure 81 shows the results of the test after scratching (a) and after applying the 

tape (b). There are parts of the coatings removed at the sides of the scratches (indicated by the red 

arrows) after scratching with the blade. The image taken after the tape shows that more material is 

removed from the substrate. Some squares are seen to be completely without coating (1) and others (2) 

still have coating left, but the coating has been partly removed from the substrate. 

The adhesion of the whole coating was investigated by applying tape on the unscratched coating and 

the results can be seen in Figure 82. Again images were taken before (a) and after (b) applying the tape. 
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Coatings with some bubbles at the corners were chosen for a better demonstration. The red arrows 

indicate the remaining parts of the coating. In this test also most parts of the coating are removed by the 

tape. This means that the adhesion of the coating is qualitatively not very high, but a way of improving 

the coating adhesion will be discussed further below. Additionally, the coating adhesion of chitosan 

composite coatings will show enhanced adhesion properties. 

5.2.5 Contact Angle and Roughness Measurements 

As explained above, the contact angle of a coating is of great importance as it has an effect on the 

interaction of cells and the materials surface. In this study, each coating was measured three times and 

the contact angle was determined on three different samples. The pure chitosan coatings have a contact 

angle of 95° ± 3, which is close to values published in literature111. The contact angle shows a slightly 

hydrophilic behavior, but if immersed in an aqueous surrounding, chitosan absorbs water and swells 

with time112.  

   

Figure 81: Scratched chitosan coating  

a) before Tape Test 

 

b) after Tape Test 

   

Figure 82: Unscratched chitosan coating  

a) before Tape Test 

 

b) after Tape Test 
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Additionally the roughness of pure chitosan coatings was measured using laser profilometry. Three line 

measurements on three different samples were conducted for an accuracy of 1000 P/mm. The roughness 

was measured to be 0.5 µm ± 0.2. This result shows that the coatings are smooth, which will have a 

positive effect on cell adhesion. In the previous chapter the influence of the roughness on cell adhesion 

and spreading was discussed. It was shown that for small roughnesses in µm range there is no big 

influence. Of higher significance than the roughness is the alignment of structures, which is not relevant 

for the present coatings, as the stainless steel substrate is used as-produced with no specific structure. 
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Figure 83: Light microscopy images 

of the degradation study of 

chitosan coatings 
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5.2.6 SBF Tests 

Chitosan coatings were also investigated regarding the degradation behavior with time in SBF. Samples 

with 2 g/l Chitosan, 100 mV, 5 minutes and 1000 Hz were prepared for the long-term studies. Different 

time periods were investigated: 1 day, 4 days, 1, 2, and 3 weeks, 1, 2, 3, 5 and 6 months. The samples 

were weighed before and after immersion for the given time points in 50 ml Kokubo SBF. No weight 

loss was measureable. Figure 83 shows light microscopy images, which indicate that in the beginning 

the whole coating is attached to the surface and no bubbles are visible. Upon immersion in SBF, at the 

sides of the coatings, the structure of the coating changes which probably occurs because of 

inhomogeneities during the production process. As already explained previously, the electric field 

distribution is not homogeneous in all places of the substrate material. There is an increased electric 

field at the sides of the specimens. This can lead to different coating thicknesses at the sides and at the 

central region of the coating. However, after six months of immersion in SBF, the substrate is still 

covered completely by the coating. These results show that the chitosan coatings are stable for a 

relatively long time period, which gives the implant in a possible application the chance to completely 

integrate into the body. The changes in the coating structure confirm that the chitosan coatings swell in 

contact with SBF, which gives the possibility for using it as a drug carrier. The results are in 

contradiction with some published results113, where the degradation of chitosan could be observed after 

a few days in an aqueous medium. However, it has also been shown that the degradation is strongly 

dependent on the immersion temperature and the molecular weight of chitosan113. It is probable that 

the chitosan used in this study differs from the one used in literature. The images in Figure 83 also depict 

a change of the coating morphology, which can lead to an entrapment of salts or any other molecules in 

the chitosan coatings. These entrapments can affect the results obtained from weighing the samples. It 

is also possible that a degradation of the molecular chains to shorter units occurs already, which is not 

measureable by only considering the weight difference.  

Figure 84: FTIR of the degradation study of 

chitosan in SBF over a time period of 6 

months, showing no degradation of chitosan 
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The coatings were also investigated using FTIR (Figure 84). There are no changes visible in the main 

peaks of chitosan, which confirms the results of weighing the samples, where also no weight loss could 

be detected. In literature a decrease of the peak between 3200 and 3500 cm-1 could be observed for the 

degradation of chitosan in an aqueous medium113. This decrease cannot be observed in the current 

study. 

 

5.2.7 Sterilization 

The biocompatibility of the as-produced coatings will be investigated using MG 63 cells. For this reason, 

the samples have to be sterilized. Different sterilization methods, the same ones as for PEEK coatings, 

were tested and the coatings were investigated after the sterilization process using contact angle 

measurements, TGA, FTIR and Tape Test. The following sterilization methods were applied: 

- Sterilization with UV radiation for 1 hour 

- Sterilization in a furnace at 160 °C for 7 hours 

- Sterilization in the autoclave for 1 hour with 120 °C vapor  

As chitosan is a sensitive material in combination with heat, specific care has to be taken concerning the 

sterilization process. The contact angles were measured to detect possible changes in the wettability due 

to the sterilization process. The results in Figure 85 show a slight decrease of contact angle varying 

between 5° for autoclaving and UV sterilization and 15° for furnace sterilization. These results can be 

explained by the different temperatures applied to the coatings during the sterilization processes. It has 

been shown that degradation processes of chitosan starts at temperatures above 200°C114, so none of the 

tried sterilization processes should lead to a degradation of the polymer itself. The changes in the contact 

angle can be attributed to the evaporation of water entrapped in the coatings leading to the slightly 

changed wettability. 

These observations are confirmed by TGA measurements of chitosan up to 600°C (Figure 86). There was 

no detectable degradation of chitosan up to temperatures of around 300°C. The weight loss at the 

beginning can be attributed to the burn out of water bound to the chitosan. It is likely that this is the 

reason for the lower contact angles of the sterilized chitosan coatings in comparison to the as-prepared 

coatings. There are more free spaces for the water molecules to attach to, which leads to a decrease of 

the contact angle. It has been discussed in the previous chapter that medium contact angles (around 50-
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60°) are favorable for cell adhesion, so the decrease of the contact angle should not be of disadvantage 

for the cell adhesion properties of the coatings.  

Another important factor to consider is the adhesion of the coating to the substrate, which is tested 

using Tape Test. The results of the Tape Test can be found in Figure 87. For comparison, the results for 

the untreated sample (that was already discussed before) was added. In previous studies no difference 

was found between scratched samples and Tape Test without scratching. This was the reason, why in 

this case the coatings were not scratched.  

For autoclave and furnace treated coatings, the homogeneity and color of the coating changed from 

transparent to transparent brown and surface irregularities were visible. These inhomogeneities can 

lead to the changes observed in the wettability of the coatings. The adhesion of the coatings to the 

substrates is poor for the coatings sterilized in the autoclave, which can be attributed to the humidity 

effect in the autoclave, for water molecules can infiltrate through the pores in the coating leading to  

detachment of the coating from the substrate. This effect was observed also for PEEK coatings, where 

the adhesion was decreased for autoclave sterilization (see section 4.2.10). For the UV sterilized coating, 

it can be seen that the adhesion is the same as the one for the untreated coating, whereas for the sample 

before Tape Test    

    

after Tape Test    
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Figure 87: Tape Test of chitosan coatings after different sterilization methods 
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sterilized in the furnace, the coating adhesion is enhanced. No parts of the coatings are removed by the 

tape. Probably, in the furnace water is removed from the coating, leading to slight shrinkage of the 

coating, which enhances the adhesion of the coating to the surface of the substrate material. Additionally 

it was shown that heat treatment can be used to crosslink chitosan, which results in a higher stability of 

the polymer115. In this case, the crosslinking also seems to lead to a higher adhesion of the coatings. The 

crosslinking mechanism of chitosan at 90°C is shown in Figure 88. Water is evaporating and an imine 

group is formed between two chitosan molecules. 

As there are obvious changes in the color of the coating as well as in the adhesion and wettability of the 

coatings, FTIR measurements were conducted (Figure 89). The FTIR plots for the differently treated 

coatings do not show any significant differences in the peaks and in the intensities of the peaks, which 

means that the material has not been modified significant after the sterilization process. The changes in 

wettability and adhesion are thus attributed to a change in the length of the molecular chains and to the 

evaporation of inherent water of the coatings.  
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Figure 88: Cross linking reaction of chitosan using heat (reproduced with 

permission from the Journal of Microencapsulation)115 
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5.3 EPD of Chitosan/BG Composite Coatings 

5.3.1 Parameter Optimization for the Deposition Process 

For the codeposition of chitosan with Bioglass®(BG) four different types of glass powder were 

investigated, namely the two glasses already used for the codeposition with PEEK, a commercial BG 

from Schott (Mainz, Germany) with a mean particle size of 2 µm and a nano-sized BG from ETH 

Zurich54.  

As usual, the first step in achieving homogeneous deposits is the production of stable, well dispersed 

suspensions and the determination of the optimum deposition parameters. Trial-and-error was used to 

optimize the coating parameters for alternating current (AC) EPD of multifunctional chitosan/BG 

composite coatings. There are many influencing factors which make the use of Design of Experiment 

not convenient in this case. The BG amount in suspension is limited by the pH. Chitosan only forms a 

suitable suspension for EPD at pH lower than 6.6. If the pH is increased, chitosan will precipitate5. By 

adding BG to chitosan solutions, parts of the BG dissolve in the acidic solution and the pH increases. 

This pH increase is dependent on the amount of BG added. If a high amount of BG is added, the pH 

increases excessively and chitosan forms an insoluble hydrogel, which can no longer be deposited. The 

chitosan concentration in the suspension is also of importance. If the concentration of chitosan is too 

low, no coating will be formed on the surface, if the concentration is too high, the viscosity of the 

suspension increases, which makes the formation of homogeneous deposits rather difficult. For the 

preparation of a chitosan solution, the already described method was used. After 24 h stirring, BG 

powder was added to the solution and the suspension was stirred for 5 minutes and ultrasonicated for 

15 minutes to achieve a good dispersion of BG particles.  

  

  

Figure 90: Chitosan(0.5 g/l)/BG coatings produced with AC EPD for 6 min, 500 Hz and 

40 V: a) 1.4 g/l BG, b) 1.6 g/l BG, c) 1.8 g/l BG and d) 2.0 g/l BG 

Figure 90 shows the dependence of the BG particle concentration in suspension on the coating 

formation. The most homogeneous coatings were produced for a concentration of 1.6 g/l BG, as assessed 

by visual inspections. The deposition is different for different BG concentrations. However, there is no 

trend visible for increasing concentrations. The pH dependence of the deposition process and the 

suspension stability lead to this result. Additionally, the viscosity of the suspension changes with 

different BG concentrations, which also has an influence on the deposition of the composite coatings. 

As visual inspections showed that 1.6 g/l leads to the most homogeneous deposits, this concentration 

was used for further investigations.  

The EPD parameter optimization was not only conducted with regard to the homogeneity, but also in 

relation to the adhesion to the substrate which was assessed by Tape Test.  
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Figure 91 shows the dependence of two different chitosan concentrations and the electrode distance on 

the homogeneity and adhesion of the coatings. For low concentrations not in all cases a complete 

coverage of the substrate was obtained. With increasing concentration, the homogeneity of the coating 

increases, as well as the adhesion to the substrate. Thicker chitosan films are expected to act more 

effectively as binding phase for the BG particles. With even higher concentrations the homogeneity 

would decrease again as the suspension becomes more viscous. For further experiments, 0.5 g/l of 

chitosan will be taken.  

It was qualitatively observed that the influence of the electrode distance is not significant (at least in the 

investigated range). However, the adhesion seems to increase for decreasing distances, which is the 

reason why for further experiments an electrode distance of 0.5 cm was used. A possible explanation 

for this behavior could be the increase in electric field strength with shorter distances, which leads to an 

increased force pushing particles and film towards the electrode, leading to a denser and better adhering 

film. Shorter distances between electrodes were not feasible in the used set-up.  

SEM images of coatings deposited from the two different chitosan concentrations investigated before 

are shown in Figure 92: . The higher chitosan concentration shows more BG particles deposited onto the 

substrate. The coating seems to be denser with more BG particles embedded, whereas the one with the 

lower chitosan concentration seems to have lower concentration of BG particles. This is somehow 

controversial, as one would expect with higher polymer concentration in suspension a higher polymer 

concentration in the coating. In this system the positively charged chitosan molecules bind to the 

negatively charged BG particles, which makes the BG particles to deposit on the negatively charged 

electrode embedded in the positively charged chitosan matrix to form a composite material. If more 

chitosan molecules are in the suspension in relation to BG particles, there are more molecules that can 

force the BG particles to move to the negative electrode, which results in a higher deposition of BG  
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Figure 91: Dependence of homogeneity and adhesion (Tape Test) on chitosan concentration and electrode 

distance at 40 V, 2 kHz and 6 minutes deposition time of AC EPD of chitosan/BG composites 
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particles. The cross sections of the coatings show that the thickness of the coatings is in the same range, 

but the coatings with the higher chitosan concentrations are more homogeneous. Both coatings 

detached from the substrate material during preparation of samples for SEM. This behavior shows that 

the chitosan molecules bind the BG particles to form a flexible layer with a good cohesion. In this case 

the concentration of 0.5 g/l would be the preferred concentration for further experiments. 

The influence of the deposition time on homogeneity and adhesion can be assessed by analyzing the 

images in Figure 93. The deposition time was varied between 3 and 6 minutes, whereas the other 

parameters were kept constant: 1.6 g/l BG, 0.5 g/l chitosan, 40 V, 0.5 cm electrode distance and 2 kHz. 

The homogeneity and substrate coverage of the coatings appears to be quite similar, but the adhesion 

decreases for deposition times of more than 4 minutes. As the coating thickness increases with 

increasing time, the coating adhesion could decrease. Indeed a thicker coating develops higher inherent 

stresses during the drying process. Additionally in thicker coatings probably the flexibility of the 

   

   

Figure 92: Chitosan/BG (1.6 g/l) coatings with varying chitosan content deposited at 40 V, 0.5 cm electrode 

distance, 2 kHz for 4 minutes. Top: 0.3 g/l and bottom 0.5 g/l 
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Figure 93: Influence of the deposition time on the homogeneity and adhesion of chitosan/BG composite 

coatings deposited at 40 V: 

a) 3 min, b) 4 min, c) 5 min, d) 6 min 
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coating is decreased due to a higher amount of BG in the coating, which also results in an easier 

delamination of the coating. As the best adhesion seems to be for a deposition time of 4 minutes, this 

time was chosen for further experiments.  

The AC frequency is also of importance, as too high frequencies hinder the deposition because the 

inertia of the particles negatively affects particle movement. For too low frequencies, the electrolysis of 

water is not hindered and bubbles are formed and entrapped in the coatings. In Figure 94 the results of 

deposition using three different frequencies between 1 and 3 kHz are shown. With decreasing frequency 

the homogeneity of the coatings seems to increase, as the particles have more time to accumulate during 

one cycle. On the other hand, the adhesion of the coatings is best for 2 kHz, which probably gives the 

best ratio of chitosan to BG particles, so this frequency was selected for further experiments. 

Before 

   

After 

   

Figure 94: Dependence of the homogeneity and adhesion of chitosan/BG coatings 

on the frequency for 4 minutes deposition time:  

a) 1 kHz, b) 2 kHz, c) 3 kHz 

The effect of voltage is presented in Figure 95. The homogeneity does not seem to be significantly 

influenced by the voltage, whereas the adhesion of the coating is superior for coatings produced at 40 V. 

Probably for higher voltages, due to higher electrophoretic mobility of particles, too many particles 

arrive at one point and they cannot arrange in an optimal position. This leads to a decrease of the density 

of the coating, which has a negative effect on the adhesion. On the other hand, for lower voltages the 

particles are pushed less by the electric field towards the electrode, which probably can decrease the 

coatings adhesion as well.  
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Figure 95: Dependence of the homogeneity and adhesion on the applied voltage for 4 

minutes deposition time:  

a) 30 V, b) 40 V and c) 50 V       

b) a) c) 
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In conclusion, considering all results, it can be stated that the optimal deposition parameters for 

homogeneous and well adhering coatings are: 0.5 g/l chitosan and 1.6 g/l BG, 2 kHz, 40 V, 0.5 cm 

electrode distance and 4 minutes deposition time. These parameters are chosen for the deposition of all 

coatings produced for further investigations. 

 

  

Figure 96: AC EPD of chitosan with different types of BG powder at 40 V for 4 minutes:  

a) BG unmilled, b) BG milled and c) Schott BG 

The final step involves the comparison of the three different microsized BG powders. The coatings were 

produced from suspensions containing 1.6 g/l BG and 0.5 g/l chitosan and the deposition parameters 

were chosen as optimized before. Figure 96 shows light microscopy images of the three different 

composite coatings. With the unmilled BG the coatings were very thin, whereas for the milled and 

Schott BG the coverage of the substrate material was seen to increase. The thickest and most 

homogeneous coatings were obtained by using the Schott BG.  

Figure 97: Comparison between chitosan (0.5 g/l)/BG (1.6 g/l) coatings deposited at 40 V, 4 minutes, 0.5 cm 

electrode distance and 2 kHz:  

a) milled BG, b) unmilled BG and c) Schott BG at two different magnifications 

SEM investigations of coatings deposited with the different BG powders were conducted to gain a better 

understanding of the EPD process and coating microstructure. The comparison between milled, 

unmilled and Schott BG (Figure 97) shows that the unmilled BG led to the lowest deposition, whereas 

for Schott BG the substrate was entirely covered with particles that are embedded in the chitosan matrix. 

The coatings made with the unmilled BG had areas, where no BG particles were visible. Additionally, 
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higher magnification images show that drying cracks were developed in the chitosan matrix. The Schott 

BG coatings seem to be very homogeneous, which confirms the results of the visual inspections. For 

further investigations these BG particles were used. 

Before 

   

After 

   

Before 

   

After 

   

Figure 98: Chitosan BG composites deposited at different pH before and 

after Tape Test:  

a) as produced, b) pH 2, c) pH 3, d) pH 4, e) pH 5, f) pH 6 

The last step in the optimization process was the evaluation of the influence of the pH value on the 

adhesion and homogeneity of the coatings. The pH value was adjusted between 2 and 6 using 1m NaOH 

or acetic acid. The pH of the as-produced (as p) chitosan/Schott BG suspension is between 3 and 4. The 

coatings produced with pH 2 were more homogeneous than the ones produced with a pH between 3 

and 4, whereas starting at pH 5, the coatings start to look completely different (Figure 98). For pH 6 this 

effect is even increased. It was reported that at a pH of 6.5 the chitosan molecules start to be 

deprotonized116. This effect changes the viscosity of the suspension, which has a large influence on the 

deposition of the composite coating. Although at pH 5 the pH of deprotonation is not reached yet, a 

local pH change always occurs around the deposition electrode, as well as it can be induced around the 

BG particles due to a local dissolution of the particles. For pH 6 there are bubbles incorporated into the 

coating, which makes the coating porous. However, the coatings themselves are very homogeneous and 

well adherent to the substrate material. The coatings at higher pH also seem to be thicker, which is also 

because of the starting deprotonization, which leads to gelling of the chitosan resulting in an increased 

viscosity. The adhesion of the coatings at lower pH is slightly decreased, especially on the sides of the 

substrate material. This is due to the fact that at the sides of the substrate there is an increase in the 

electric field, which leads to a thicker coating and to less adhesion. For further studies, coatings 

produced at pH 2 and pH 6 were used, as they were the most homogeneous in structure and thickness. 

Additionally, coatings obtained without any adjustment of the pH were used for comparison. The “as 
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10 mm 10 mm 10 mm 

10 mm 

10 mm 

10 mm 

10 mm 10 mm 

10 mm 10 mm 

10 mm 10 mm 



Electrophoretic Deposition of Chitosan/Bioactive Glass Composite Coatings with Antibacterial 

Properties 

 
138 

p” samples show homogeneity and adhesion similar to the ones deposited at pH 3 and 4, which is also 

the region in which the pH of the suspension is without adjustment of the pH.  

   

   

Figure 99: SEM images of chitosan/BG composites at pH 2 (top) and pH 6 (bottom) showing the distribution of 

BG in the chitosan matrix 

SEM images of the coatings deposited at pH 2 and 6 (Figure 99) show homogeneous coating formation. 

The BG particles seem to be well embedded in the chitosan matrix. Additionally images of the cross 

sections show that the cohesion of the coating is very good, even after bending the substrates the coating 

stays intact. The thickness of the coatings seems to be around 3-5 µm. However, the thickness of the pH 

6 coating is slightly thicker than the one produced at pH 2. This was already indicated by visual 

inspections of the coatings. 
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FTIR studies of the samples (Figure 100) confirmed the successful composite formation. The green color 

indicates characteristic peaks of BG, whereas the peak marked in blue is a characteristic peak of chitosan, 

which is not present in the pure BG spectrum. It seems as if at pH 6 the BG peaks are more dominant 

than for the other two composite coatings. This result is in agreement with SEM observations, where in 

the pH 6 samples, BG seems to be the dominating phase, with BG particles well embedded in the 

chitosan matrix.  

It can be concluded that AC EPD can be used for the successful codeposition of chitosan and BG particles 

to produce composite coatings. However, it is necessary to carefully control the process parameters. 

This is valid not only for the deposition parameters, but also for the choice of the right powder with 

different particle sizes, the suitable pH and the best concentrations of the two composite partners. 

Additionally to investigations on microsized bioactive glass particles, the codeposition with a nanosized 

BG was tested. Preliminary experiments showed that deposition is only possible with a concentration 

of 1 g/l nanoBG. If the concentration is increased, this leads to agglomeration of the particles, which 

makes the suspension unstable, whereas for lower concentrations, there is no deposition visible on the 

substrate materials. For nanoBG it is also necessary to use ethanol containing suspensions, as pure 

aqueous suspensions with varying pH between 1 and 6 did not lead to a stabilization of the nanoBG 

particles in suspension. Different volume percentages were investigated and the best results in terms of 

homogeneity of the coatings were obtained for 75 vol% ethanol in water. The deposition parameters 

were the same as for the previously described BG coatings (2000 Hz, 40 V, 0.5 cm electrode distance and 

4 minutes). During the deposition (when applying an electric field to the suspension), the nanosized 

particles tend to agglomerate. This effect is reported also in literature117. When applying an electric field, 

the charge on the surface of the nanoparticles is reduced and the particles are able to approach each 

other and agglomerate to form clusters of a few micrometers. This agglomerate formation leads to a 

highly inhomogeneous deposition (Figure 101). Following such unstable conditions, it was not possible 

to produce coatings that cover the whole substrate due to the formation of agglomerates during the 

deposition process. Nevertheless, optimized coatings containing nanoBG were considered for further 

comparison experiments to establish, whether or not functionality of the coatings could be achieved by 

incorporating nanoBG particles, even if they were partially agglomerated. 

Before After 

  

Figure 101: Micrographs of the Tape Test of 

chitosan/nanoBG composites showing no coating 

detachment (reproduced with permission from 

International Journal of Molecular Sciences) 118  

The adhesion and homogeneity of nanoBG coatings was investigated using Tape Test (Figure 101). The 

observation of the images reveals, qualitatively, that there is no real difference between before and after 

the Tape Test. This means that the adhesion of the coatings to the substrate material is satisfactory, at 

least by qualitative assessment. Only very slight parts of the coatings are removed.  
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SEM images of the composite coatings containing nanoBG particles (Figure 102) show large differences 

compared to microsized coatings. The surface is much more inhomogeneous and voids are visible. 

There are areas (dark grey), where only the pure chitosan matrix is deposited. This already was expected 

after checking the coatings using light microscopy. However, at higher magnifications, no large 

agglomerates are visible and the BG particles seem to be well embedded in the chitosan matrix. This is 

also confirmed by the cross section image, which shows a flake of the produced coating. Thus it can be 

interfered, that the cohesion of nanoBG by the chitosan matrix is suitable and the coating exhibits 

satisfactory structural integrity. The coatings show a thickness between 1 and 1.5 µm. 

   

Figure 102: SEM images of composite coatings of chitosan with nanoBG produced by AC EPD: from left to right: 

two different magnifications and cross section (reproduced with permission from International Journal of 

Molecular Sciences) 118 

 

5.3.2 Thermal Analysis 

TGA analysis of the coatings was conducted to investigate the volume ratio of chitosan and BG in the 

coatings. The evaluated mass is changed to volume by using the density of BG (2.7 g/cm³)119. Table 32 

shows the calculated compositions for the different coatings and suspensions. It is visible that for all 

composite coatings the compositions of the coatings are similar. The chitosan weight amount is rather 

small in comparison to BG, whereas for the volume ratios, the BG amount is small compared with 

chitosan. As indicated before, it is likely that BG particles are surrounded by chitosan molecules. This 

is also visible by comparing the composition of the coatings with the composition of the suspensions, 

where the ratios of BG:chitosan are approximately the same. This means that both materials are equally 

deposited, most likely as a composite particle.  

Table 32: Compositions of chitosan/BG coatings obtained from TGA measurements and calculations from 

suspension compositions 

 

coatings suspension 

chitosan 

amount 

[wt%] 

BG 

amount 

[wt%] 

chitosan 

amount 

[Vol%] 

BG 

amount 

[Vol%] 

chitosan 

amount 

[wt%] 

BG 

amount 

[wt%] 

chitosan 

amount 

[Vol%] 

BG 

amount 

[Vol%] 

as-p 39 61 77 23 24 76 72 28 

pH 2 30 70 74 26 24 76 72 28 

pH 6 27 73 73 27 24 76 72 28 

nanoBG 28 71 73 27 33 67 75 25 

5 µm 500 nm 2,5 µm 
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5.3.3 Contact Angle Measurements 

Contact angle measurements for the different composite materials containing different types of BG 

particles were conducted and the results were compared with those on bare stainless steel substrate 

material and chitosan coatings. Additionally, coatings made by using two different chitosan 

concentrations for EPD in combination with Schott BG were measured (Figure 103). All other coatings 

were produced with the optimum chitosan concentration of 0.5 g/l. In comparison with pure chitosan 

coatings, the contact angle is confirmed to decrease for all coatings, which is likely due to the change in 

surface roughness, a higher porosity and the embedding of BG particles in the matrix. Between coatings 

containing milled and unmilled BG particles, no big difference is visible. As already shown under SEM, 

the BG concentration in the coatings is not very high, thus the contact angle values will be mostly 

influenced by the chitosan film. For Schott BG containing coatings the contact angles are decreased 

about 20 - 30°, depending on the chitosan concentration in suspension. This is caused by the higher 

amount of BG particles in the coatings, which leads to a change of surface characteristic in regards to 

roughness, which was analyzed in further experiments (see below). The difference between the two 

chitosan concentrations could be also detected under SEM, confirming that more material was 

deposited from the higher chitosan concentration (Figure 99). This leads to an increased roughness and 

porosity of the coatings, changing the contact angle. The contact angle for the composite material with 

nanoBG particles is seen to decrease to very low contact angles. As already seen under SEM, the surface 

characteristic of these coatings is very different to that of the previously described coatings. The coatings 

are more porous. This high porosity leads to a good wetting of the composite coatings. In many cases, 

a complete wetting of the coating could be observed.  

As already discussed in the previous chapter about the production of PEEK composite coatings, 

medium contact angles are of advantage for cell/material interactions. Thus composite EPD coatings 

containing Schott BG and the higher chitosan concentration should exhibit superior in vitro 

characteristics in comparison to the other investigated coatings. 

The influence of the pH of the suspension on the contact angle of the produced coatings was 

investigated (Figure 104). Although the pH values for coatings obtained from suspensions without any 

adjustment are close to values measured on coatings obtained with suspensions of the region between 

pH 3 and 4, the contact angle is much lower, which can be attributed to ionic changes in the suspension 
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Figure 103: Dependence of the contact angle on different BG 

particles in the chitosan matrix 
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by the addition of NaOH or acetic acid. These changes of the suspension can lead to a different 

deposition behavior. For pH values higher than 4, the contact angle decreases. It has been seen before 

that these coatings also look different due to the beginning deprotonation of the chitosan molecules. 

These coatings show a higher porosity because of the incorporation of bubbles formed at the electrodes. 

This increased porosity changes the roughness and the water drops can wet or infiltrate the surface 

better. The contact angles of the coatings can be adjusted by changing the pH value of the suspension. 

As discussed, medium contact angles, around 50 to 60°, are preferred, both coatings without any 

adjustments and coatings produced at pH 6 show such intermediate contact angle values. The coating 

produced at pH 2 shows rather high values. However, those coatings were also considered for in vitro 

studies, as they exhibited a very good homogeneity and adhesion to the substrate. 

 

5.3.4 Roughness Measurements 

Laserprofilometry was applied to investigate the influence of the different types of BG powders on the 

roughness of the coatings. Figure 105 depicts the roughness (Ra) values in µm for the different 

chitosan/BG coatings produced. All composite coatings show increased roughness values in 

comparison with pure chitosan coatings. As it was seen already under SEM and by considering contact 
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Figure 104: Dependence of the contact angle on the pH of 

the suspension for chitosan/Schott BG coatings 

Figure 105: Roughness values for different chitosan/BG 

coatings obtained by EPD (100 V, 2 min) with different types of 

BG powder 



5.3.5 EPD of Chitosan/BG on Ti6Al4V Alloy 

 
143 

angle results, differences between the coatings in terms of roughness are visible and, as roughness 

influences the attachment of cells, it is of importance to measure it. The differences in the contact angles 

can partly be explained by considering the roughness values, where the coatings containing Schott BG 

also show the lowest values. It was discussed in the previous chapter about PEEK deposition that with 

increasing roughness of the coatings, the contact angles increases. However, for all of the produced 

chitosan-based coatings, the roughness values are very low in comparison to those of PEEK composite 

coatings. In literature it has been reported that for roughness values between 0.5 and 4 µm, the cell 

adhesion does not seem to be much influenced90. Additionally the figure shows that for the Schott BG 

containing coatings the standard deviations are lower in comparison to that of the other coatings, which 

also confirms the SEM observations. Thus coatings deposited with this BG are more homogeneous than 

the other ones. Especially the nanoBG coatings show high inhomogenities, which explains the variations 

of the roughness values (as discussed above).  

Additionally to this, the coatings produced at different pH values were investigated. The Ra values in 

Figure 106 reflect the surface and coating behavior already observed by optical microscope. Starting at 

pH 5 the coatings look different, which could be explained by the starting deprotonation of chitosan 

molecules and therewith a changed deposition behavior. The roughness values increase for those 

coatings due to a higher porosity and also probably because the coatings are thicker. It has to be checked 

in in vitro studies, whether this increased roughness leads to a negative effect of the biocompatibility of 

the coatings (e.g. impaired cell attachment). For low pH values only slight differences in the roughness 

value can be observed with a low decrease from 2 to 4. This can be attributed to the thinner coatings at 

these pH values leading to a smoother surface.  

 

5.3.5 EPD of Chitosan/BG on Ti6Al4V Alloy 

Another important metallic material for biomedical applications is Ti6Al4V120. But although the 

mechanical properties, especially the Young’s modulus, are better than the ones of stainless steel, still 

stress shielding can occur. This material was also investigated as substrate for bioactive coatings with 

chitosan and BG by EPD. Preliminary experiments were conducted on planar substrates and in a later 

step scaffolds (porous bodies) were investigated. The scaffolds were produced using selective electron 

beam melting and were kindly provided by the Chair of Metals Science and Technology of the 

University of Erlangen-Nuremberg. In comparison to stainless steel, the titanium alloy shows a different 
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Figure 106: Roughness values of chitosan/SchottBG composite 

coatings (100 V, 2 min) deposited at different pH values 
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conductivity, so the deposition parameters were adjusted for that purpose. Preliminary experiments 

showed good deposition at a deposition voltage of 50 V and the deposition time was increased to 5 

minutes. The other parameters were kept constant at 0.5 g/l chitosan, 1.6 g/l Schott BG, 2000 Hz and 0.5 

cm electrode distance. 

A possible issue occurring when using the titanium alloy in EPD is the formation of an oxide layer in 

air that hinders electron flow and acts as an insulator. The oxide layer has to be removed prior to the 

deposition process. Two different approaches were investigated. One involves the dissolution of the 

oxide layer by immersing the samples in sulfuric acid (>96%) for 24 hours. It has been reported, that 

sulphuric acid dissolves the oxide layer121. Different immersion times were investigated and a period of 

24 hours was found to be the optimum treatment time. Afterwards the samples were immersed in 

deionized water for one hour to remove residues of the acid. The second approach involves the oxide 

layer removal by the modification of a published method122, already used by Pishbin et al. (Imperial 

College London). For this process, a sodium hydroxide solution was produced using 1.5 g NaOH in 

50 ml deionized water. 1.25 g of CaCl2 were added and the samples were stored in the solution for 

15 minutes. Residuals were removed by immersion in deionized water for one hour. Titanium dioxide 

is dissolved from the surface under alkaline conditions. If a pure sodium hydroxide solution is used, an 

insoluble gelatinous sodium hydroxide titanate film is produced that is not possible to be removed from 

the surface. Present Ca+ ions prevent the formation of the insoluble sodium hydroxide titanate, but still 

allow the removal of the oxide layer. SEM images of composite coatings on the different pretreated 

titanium alloy sheets are presented in Fehler! Verweisquelle konnte nicht gefunden werden.. For the u

ntreated substrate material, there are many holes in the coatings, whereas for the pretreated samples, 

the coatings seem to cover the whole substrate material and are of adequate thickness. It seems as if the 

coatings on the sulphuric acid treated substrate are thicker and more homogeneous. For all three cases 

the BG particles are well embedded in the chitosan matrix. It is likely that the lower deposition on the 

untreated substrate is due to the lower conductivity of the substrate due to the TiO2 layer present on the 

surface. 

   

   

Figure 107: Chitosan/Schott BG composite coatings (100 V, 2 min) on Ti6Al4V with different pre-treatment: a) 

untreated, b) treated in NaOH + CaCl2, c) treated in sulphuric acid 
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As the pretreatment of the planar substrates showed an improvement in the coating quality, the 3D 

scaffolds were also treated to achieve a better deposition of the coatings. Figure 108 shows the blank 3D 

scaffolds after the different pretreatments. Figure 108a) displays the untreated substrate, which shows 

a rather smooth surface of the struts, however the struts themselves are irregular in shape. The treatment 

in NaOH and CaCl2 leads to a completely different structure of the surface. Small spherical formations 

are observed on the struts and the surface is much more irregular. Whereas for the substrate etched in 

sulphuric acid, the structure of the struts remained the same, but the surface looks different, being 

rougher, which is a sign of the removal of the oxide layer and a partial etching of the surface in the 

acidic surrounding. It was seen that for shorter etching times, no deposition occurs on the surface. 

Therefore a period of 24 hours was chosen for the treatment.  

   

   

Figure 108: Ti6Al4V substrate with different pretreatments:  

a) untreated, b) treated in NaOH + CaCl2, c) treated in sulphuric acid 

The next step was to conduct AC EPD on the etched substrate materials. A ring electrode was taken 

with an electrode distance of 0.5 cm. The same deposition parameters used for the planar substrates 

were applied: deposition time of 5 minutes, voltage of 50 V and frequency of 2 kHz. It was observed 

that none of the scaffolds is covered entirely with the composite coating (darker areas in the backscatter 

SEM picture, Figure 109). For both pre-treatment processes a higher extent of deposition can be found 

on the substrate than on the untreated scaffold. For the CaCl2 treatment the coating seems to be localized 

mainly in the valleys of the scaffolds and there is mostly no coating in the interior of the structure, 

whereas for the sulphuric acid, particles can be found throughout the whole scaffold. As the 

pretreatment with sulphuric acid was more successful in terms of reproducibility and the coating 

formation occurs not only on the outside of the scaffold, this method was chosen for further 

investigations. For the other pretreatment methods, the removal of the oxide layer was not successful 

on the whole surface of the scaffold, which also explains the “spot like” deposition.  

As the surface coverage was not sufficient, the deposition time and voltage were systematically varied. 

Different voltages between 35 and 40 V were investigated as a voltage of 50 V was shown to lead to high 

bubble formation. Different deposition times between 4 and 40 minutes were investigated and the  
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results can be found in Figure 110. Higher voltages were seen to lead to higher bubble evolution. Thus 

voltage and deposition time could not be increased further as this would have led to a clogging of the 

pores and no deposition within the scaffold. The results show that with increasing deposition time, 

more material is deposited on the substrate. Additionally, it can be seen that for most cases, a higher 

amount of material is deposited on the outside of the scaffold than on the inside, whichcan be attributed 

to the locally changing electric field throughout the 3D structure. For 40 V and 40 minutes, on the 

outside of the scaffold, a complete coverage of the substrate can be obtained and also in the interior of 

the foam deposit can be found, which is the reason, why these EPD parameters were chosen for further 

investigations. 

Additionally, coatings were produced with a higher BG concentration of 2.6 g/l and using nanosized 

BG at a concentration of 1.0 g/l. The higher BG concentration leads to a higher amount of material 

deposited in the interior of the scaffold. This concentration was selected for further experiments on the 

3D structures. Higher concentrations are not possible due to the pH change in the suspension, which 

makes it more unstable and leads to a higher extent of hydrolysis at the electrodes. This electrolysis 

hinders the infiltration of the suspension into the scaffold.  

The codeposition with nanosized BG particles shows a completely different layer formation. On the 

outside of the scaffold large amount of material is deposited. This is because of the higher bubble 

formation of the nanoparticle containing suspension, which already was seen before. In comparison to 

the microsized particles, much more material is deposited. Additionally the results show that higher 

deposition times are necessary to infiltrate the scaffold and also to get deposition onto the inside of the 

scaffold. In this case also the 40 minutes deposition time will be chosen.  

The two scaffolds with the lowest and the highest deposition times of 2.6 g/l micro BG and nanosized 

BG are also compared in higher magnification to assess possible differences in the coverage of the  

   

   

Figure 109: SEM images of chitosan/SchottBG composite coatings on Ti6Al4V scaffolds with different pre-

treatments:  

a) untreated, b) treated with NaOH + CaCl2, c) treated with sulphuric acid 
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Figure 110: Chitosan/BG coatings on Ti-alloy foams deposited by EPD with different parameters 
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that are formed during bubble formation at the electrode. After 40 minutes, these holes are filled with 

coating. It also appears that the adhesion of the nanocoating is not as strong as for the microsized 

composite coating. In this case, the preferred particles are the microsized particles due to a more 

homogeneous coating formation. However, both particle sizes will be used for further investigations to 

check the biocompatibility and HA forming ability of the coatings. For all cases the pores of the scaffold 

are large enough not to be blocked by chitosan, so the solution can infiltrate the scaffold to a high extent. 

Certainly, complete coverage of the whole substrate is not necessary as BG will facilitate the ingrowth 

of the implant due to its bioactivity and the chitosan layer will contribute to the adherence of the BG 

particles on the substrate. In addition, chitosan can be used as a drug delivery device.  

 4 min 40 min 

2.6 BG 

  

nanoBG 

  

Figure 111: Composite chitosan/BG coatings obtained on Ti6Al4V using AC EPD (100 V, 2 min) (reproduced 

with permission from International Journal of Molecular Sciences) 118 

 

5.3.6 Bioactivity study in SBF 

Composite samples were immersed in 50 ml Kokubo SBF for several time periods to investigate the HA 

forming ability. For these experiments the following coatings were chosen: 

- 1.6 g/l Schott BG with 0.5 g/l chitosan deposited at 40 V, 4 minutes, 0.5 cm electrode distance, 2 

kHz on stainless steel: 

o suspension as produced 

o at pH 2 

o at pH 6 

- 1.0 g/l nanoBG with 0.5 g/l chitosan in 75 Vol% ethanol deposited at 40 V, 4 minutes, 0.5 cm 

electrode distance and 2 kHz on stainless steel 

- 2.6 g/l Schott BG with 0.5 g/l chitosan deposited at 50 V, 40 minutes, 0.5 cm electrode distance, 

2 kHz on Ti6Al4V scaffolds 
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- 1.0 g/l nanoBG with 0.5 g/l chitosan in 75 Vol% ethanol deposited at 50 V, 40 minutes, 0.5 cm 

electrode distance, 2 kHz on Ti6Al4V scaffolds 

The coatings on the 2D substrates were cut to a size of 1.5 x 1.5 cm² and all samples were immersed in 

50 ml SBF for a time period of up to 21 days. During the immersion period, the samples were kept at 

37°C in an orbital shaker. Afterwards the samples were analyzed using contact angle measurements, 

FTIR and SEM. 

 

Contact Angle Measurements 

Contact angle measurements were conducted on the samples after immersion in SBF and after a 

complete drying of the surface. Three drops were measured on three different samples for every time 

period. For PEEK composite coatings, the contact angles decreased with immersion time in SBF, which 

is likely due to the formation of porous HA on the surface. Figure 112 shows the results of the contact 

angle measurements for chitosan/BG composite coatings. The contact angles of the composites 

produced with the microsized BG are all reduced in comparison to the value at zero days. For the as-

produced and the pH 2 coatings there is a decreasing trend visible, which probably can be related to the 

growth of porous HA on the surface. For these two composites the standard deviations of the values 

are rather low, which is a sign for a homogeneous surface. The pH 6 coating shows a decrease of contact 

angle at the beginning and an increase at the end of the experiment. However, the standard deviations 

are large and no clear trend is visible. A possible explanation for this behavior can be a non-uniform 

HA formation on the surface. Additionally, visual inspection of those coatings confirmed that parts of  
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Figure 112: Results of contact angle measurements of chitosan/BG composites after immersion in SBF 
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Figure 113: Results of FTIR measurements after SBF 

tests of as produced composite coatings showing the 

composition of the coatings (reproduced with 

permission from International Journal of Molecular 

Sciences) 118 

  

Figure 114: Results of FTIR measurements after SBF 

tests of pH 2 composite coatings showing the 

composition of the coatings 

 

 

Figure 115: Results of FTIR measurements after SBF 

tests of pH 6 composite coatings showing the 

composition of the coatings 

 

 

Figure 116: Results of FTIR measurements after SBF 

tests of nanoBG composite coatings showing the 

composition of the coatings (reproduced with 

permission from International Journal of Molecular 

Sciences) 118 
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the coating were dissolved during the immersion in SBF, which also can explain the large contact angle 

differences. More information has to be gained from FTIR and SEM images. The evaluation of the results 

of the nanosized composite coatings also seems to be difficult. First there is an increase in the contact  

angle, which can be attributed to the dissolution of surface nanoBG particles. This leads to a change in 

surface composition with a higher chitosan content and an increasing contact angle. Additionally, the 

surface porosity can be decreased by this effect. With longer immersion times, there is a decreasing 

contact angle due to the formation of porous HA on the surface of the coatings. All these results gained 

from the contact angle measurements are an initial indicator and a better understanding will be obtained 

by analyzing the surface using FTIR and SEM.  

 

FTIR 

For FTIR measurements, the coatings were scratched and pressed with KBr into a pellet (Ø 13mm) to 

be able to measure transmittance. Figure 113 to Figure 116 show the FTIR results on samples immersed 

for up to 21 days in SBF. The different samples show a different behavior of HA formation. The nanoBG 

and pH 6 coatings already demonstrate at an early stage of three days the formation of the characteristic 

phosphate peaks. Carbonate peaks cannot be seen, but it is possible that these peaks are overlapped by 

other peaks from the chitosan matrix material. Both coatings exhibit a very good bioactivity given by 

HA formation, which is useful for a successful integration of an implant into the human body. For the 

as-produced and pH 2 coatings, the FTIR spectra look different. The as-produced coatings only show 

HA formation after a relatively long time period of 14 days. This can be due to the low amount of BG 

deposited at the coatings as already seen under SEM. The pH 2 coatings do not show any HA formation 

even after 21 days. It is suggested that here also the BG amount in the coatings is too low and probably 

the particles are washed out already in an early stage of immersion, before HA can form. As discussed 

in the next section, SEM was used to investigate the coatings in more detail. In comparison to results 

obtained by contact angle measurements, more details on the surface conditions of the coatings can be 

achieved. The decreasing contact angles for pH 2 and as-produced coatings are probably not due to the 

formation of HA on the surface, but due to a change of surface roughness by the dissolution of BG 

particles, leading to a smoother surface of the coatings after drying.  

 

SEM 

Additionally to contact angle measurements and FTIR, SEM of the surfaces of the samples was 

conducted. The images in Figure 117 show the time dependent growth of HA on the surface of the 

different composite coatings. The images depict that for samples produced at pH 6 and with the  

nanosized BG particles a homogeneous and thick HA layer formation can be obtained already after one 

day of incubation in SBF. Especially for pH 6 coatings, the HA layer seems to be relatively thick and 

homogeneously distributed over the whole surface. There are cracks in the coating due to the drying of 

the coatings after immersion. The cauliflower like structure, typical of HA, is visible for all time periods. 

The reason why the HA layer seems to be thicker and more homogeneous on pH 6 composites than on 

nanoBG, can be attributed to the fact that the coating itself was much more homogeneous than for the 

nanoBG composites. However, for both coatings good bioactivity was shown. For the other two coatings 

no HA formation could be found on the surface. This was already seen under FTIR, where those coatings 

do not reveal clearly the peaks relevant for HA formation. An issue with such coatings is that they are  
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Figure 117: SEM images of chitosan/BG samples produced with different pH and different particle sizes immersed in SBF for several time periods up to 21 days (reproduced 

with permission from International Journal of Molecular Sciences) 118 
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rather thin, so during the first days of immersion, particles are washed out easily preventing HA 

formation on the surface. The images show that in some cases very little coating is left. It is concluded 

that the coatings produced at pH 6, are much thicker showing a better bioactivity as they are not washed 

out during the immersion. The other two conditions do not show satisfying results regarding 

bioactivity. 

The three-dimensional scaffolds coated with nano- and microsized BG were also investigated in terms 

of their bioactivity. They were immersed in 50 ml Kokubo SBF for different time periods of 3, 7 and 21 

days. As FTIR and contact angle measurements are not suitable characterization methods for porous 

structures, only SEM was chosen to investigate the coatings. Figure 118 shows SEM images of the two 

different coatings after 3 time periods in SBF. For all coatings, HA formation can be clearly observed. 

Already after 7 days, large areas of the scaffolds are covered with a thick HA layer, which is even thicker 

and more homogeneous after 21 days of immersion. The immersion of microsized coatings also seems 

to show a higher bioactivity than the nanoBG composites. Similar results were seen on planar substrates, 

as discussed above. Normally a higher bioactivity of the nanoBG composites would be expected due to 

the higher surface area of nanoparticles in comparison to microparticles. However, in this case it is 
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Figure 118: Chitosan/BG coated Ti6Al4V scaffolds after immersion in SBF for several time periods (reproduced 

with permission from International Journal of Molecular Sciences) 118 
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possible that the nanocomposite layers are not well bond to the surface (seen in SEM images before), so 

that during immersion in SBF, parts of the coatings are detached from the substrate, especially loosely 

bound particles. This leads to a decreased BG concentration and therewith to the lower bioactivity of 

those coatings. However, in both cases it seems as if sufficient bioactivity is given, which indicates a 

possibly good attachment of the 3D scaffolds to cells. The pores of the scaffold are not blocked by the 

coating, giving a suitable vascularisation and interconnection with the surrounding tissue, when the 

scaffolds are considered for bone regeneration applications. 
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5.4 EPD of Chitosan/BG/Tetracycline Composite Coatings 

In the previous chapter the investigation about incorporating silver nanoparticles to obtain antibacterial 

properties of the produced coatings was reported. In this system, chitosan was used as a degradable 

polymer to be able to consider it also as drug carrier for antibiotics. Tetracycline was added to the 

suspensions and it was entrapped in the coatings during the deposition process to achieve 

multifunctional coatings with antibacterial properties. Preliminary experiments show that the 

embedding of tetracycline did not work for suspensions without adjustments of the pH, so only the two 

adjusted suspensions with pH 2 and 6 were used for this study. The incorporation of the drug could be 

observed visually as the yellow drug stains the coating yellow when incorporated successfully.  

 

5.4.1 Bacterial Studies 

For this part of the study, the deposition parameters, BG and chitosan concentrations in suspensions 

were kept as before, whereas the optimization of the drug concentration was investigated using results 

of bacterial tests. Tetracycline hydrochloride was added directly to the suspension during preparation. 

In this case, again E. coli bacteria cells dH5α were used. The first step was the investigation of the 

antibacterial effect of pure chitosan/BG coatings. It has been reported that BG shows an antibacterial 

behavior123 and as chitosan itself is also antibacterial124, an antibacterial effect of the composite coatings 

was expected. As already described in the section related to PEEK coatings, 40 µl of bacteria suspension 

with an OD600 of 0.010 and 20 µl of LB medium were put on the samples and the samples were 

incubated for time periods of 1, 2, 3 and 4 hours in an incubator at 37°C using containers with wet paper 

towels at the bottom to prevent the evaporation of the drops during incubation.  

As reference samples bare stainless steel substrates were used (Figure 119). Stainless steel does not 

inhibit bacteria growth on the surface and numerous bacteria colonies were visible after the different 

time periods. These colonies did not decrease in number with time.  

In comparison, the bacterial study on pure chitosan coatings shows a strong antibacterial effect. There 

are a few bacterial colonies visible after the first hour, whereas for the other times, no colonies are visible. 

The antibacterial effect of chitosan has been explained in the introduction of this thesis. 

Chitosan/BG composite coatings show only an antibacterial effect for coatings, where the pH has not 

been adjusted. This result can be explained by the fact that in this coating the ratio of chitosan to BG is 

different, so the antibacterial effect of chitosan dominates. For the other coatings, there is no antibacterial 

effect visible. The antibacterial effect of BG can be considered to be due to an increase of pH by the 

dissolution of BG104. In composite coatings, the area of BG particles that is exposed to the surface is 

rather small, which hinders this large pH change and therewith the antibacterial effect. Additionally, 

the coatings are not as smooth as the pure chitosan coatings. They exhibit porosity, a changed roughness 

and different wetting behavior, which can influence the adhesion behavior of bacterial cells.  

The antibacterial properties of tetracycline containing composite coatings were tested with different 

concentrations of antibiotics in suspension. Visual inspection indicated that the incorporation in pH 6 

coatings was more promising in terms of homogeneity and coating thickness. Therefore those coatings 

were used for the investigations of different antibiotic concentrations between 1.25 and 10 mg/30 ml 

suspension. The coatings are labeled according to their antibiotics content in 30 ml suspension.  
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Figure 119: Results of bacteria 

studies on chitosan/BG composite 

coatings with drug delivery 

properties for different pH, BG 

particles and amount of drug in 

suspension (reproduced with 

permission from International 

Journal of Molecular Sciences) 118 
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Additionally, a coating with the medium concentration has been immersed for three days in DMEM 

prior to bacteria studies. This immersion was conducted as it was shown in the previous chapter that 

coatings provide a better biocompatibility when being immersed in DMEM prior to cell seeding. 

Therefore this test was conducted to investigate the effect of preliminary immersion of those coatings 

on the antibacterial properties of the layers. Additionally the highest concentration was investigated in 

a pH 2 coating. Figure 119 shows the results of the bacterial tests on the different coatings. The coating 

deposited at pH 2 does not indicate any antibacterial behavior, which means that probably the TCH 

concentration in the coating is very low as the coatings are also quite thin. For the lowest concentration 

of pH 6 coatings no antibacterial effect is visible, whereas for increasing concentrations, the amount of 

bacterial colonies was seen to decrease. The result of the 2.5 mg coating at 4 hours indicates a decreased 

number of bacteria colonies. For 5 mg, only a very thin layer can be found even after one hour, whereas 

for 10 mg there are no bacterial colonies left after 2 hours. The medium concentration of 3.7 mg was also 

immersed in DMEM for 3 days prior to bacteria tests. The bacteria test shows that there is no 

antibacterial effect of these coatings anymore due to the release of the antibiotic in the DMEM. This 

means that for the antibiotic containing coatings, no immersion step is possible prior to in vitro studies. 

For further studies, concentrations of TCH of 3.7 and 5.0 mg/ 30 ml will be used.  

The increased antibacterial properties of nanosized BG particles in comparison to micrometric ones has 

been also stated in the literature125. This is the reason why nanoparticles containing coatings were also 

investigated in this work. Bacterial studies (Figure 119) showed, that in comparison to the micrometric 

particles, a strong antibacterial effect occurs with the presence of nanoscale BG particles. There are some 

bacterial colonies left after 1, 2 and 3 hours, whereas after 4 hours no colonies are visible.  

Summarizing the present section, it has been shown that EPD can be used to deposit antibacterial 

coatings with drug delivery properties and that it is possible to regulate the antibacterial effect by 

adjusting the antibiotics concentration in suspension. Additionally the enhanced antibacterial effect of 

nanoBG has been proven. 

 

5.4.2 Drug Release 

The drug release from the drug containing composite coatings was studied. For this purpose, coatings 

with 3.7 and 5.0 mg/ 30 ml at pH 2 and pH 6 were produced and immersed in 3 ml PBS over a time 
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period of up to 23 days. Three samples of each type were investigated. The samples were then 

investigated at 362 nm in an analytic spectrometer (Jena SPECORD 40). For all systems and 

concentrations, there is an initial burst over the first period of a few hours, which can be attributed to 

the release of the tetracycline bond at or close to the surface. Additionally to that, there is a continuous 

release over a longer time period of 3 weeks, which is due to the diffusion of tetracycline from the bulk 

of the layer. Chitosan layer swells in contact with PBS, which makes the diffusion of the drug out of the 

coating easier. It is possible to release tetracycline over a longer time period of at least up to three weeks 

to prevent infections at implantation site. The release profile also reveals the low antibacterial action of 

pH 2 coatings. Only very little amount of tetracycline is incorporated into the coatings, whereas for pH 

6 with the same concentration in suspension, a 4 times higher amount of TCH could be entrapped in 

the coating. This result also can be explained by the higher thickness of those coatings, which give more 

room to entrap the drug. For pH 2 coatings, it seems that there is more drug entrapped for lower drug 

concentration in suspension. However, in this case it is probable that the amount released is too low to 

achieve reliable results. As those coatings also showed no antibacterial effect, they will not be used for 

further studies. Therefore it was suggested to use suspensions with pH 6 to produce drug delivery 

coatings. Additionally, this result also shows that the incorporation of tetracycline in these coatings is 

not difficult to control. 

Summarizing this part of research, it was shown that it is possible to tailor the amount of drug released 

from chitosan/BG composite coatings by tailoring the drug amount in suspension. Therewith also the 

antibacterial effect can be controlled. In further studies the incorporation of different other drugs, not 

only antibiotics, could be investigated to achieve different functions of the composite coatings. 
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5.5 In Vitro Studies 

5.5.1 pH-Study 

Before conducting cell tests, the pH of the samples immersed in DMEM at 37°C was measured over a 

time period of 48 hours. As a reference, pure cell culture medium was measured as well as the medium 

after immersion of uncoated stainless steel substrate. For chitosan/BG coatings the as-obtained 

suspension without any pH adjustments was used. Figure 121 shows that the pH value increases with 

time for all materials. The curves exhibit almost the same trend for all cases. There is a rapid increase of 

pH in the beginning, whereas in BG composite coating the pH rises to higher values at earlier times, 

which can be explained by the dissolution of surface BG particles in the DMEM. For longer times it 

seems that this process is stabilized. The pH variation study is relevant considering the cell biology 

studies reported further below. Prior to cell studies, part of the samples were immersed in DMEM for 3 

days to wash out any toxic or loose particles from the surface still remaining from the production 

process. In addition, washing in DMEM will create a protein layer on the surface where cells can attach. 

The samples with TCH were not immersed in DMEM so as not to wash out the antibiotic prior to cell 

seeding. As the increase of pH for the rest of the samples was not significant, studies were carried out 

with and without immersion in DMEM to investigate if there is any difference visible. 

 

5.5.2 Sterilization 

Sterilization of the coatings before cell culture studies is of great importance. As already discussed 

before, here also the influence of the sterilization method on the adhesion and contact angle of the 

coatings was investigated. The same methods investigated for PEEK composite coatings and for 

chitosan coatings were used in this case. 

Contact angle measurements (Figure 122) showed in all cases decreased contact angles in comparison 

to the untreated sample. Especially for the furnace and autoclave treated samples this difference is 

significant. For the furnace samples this result can be explained by the evaporation of water entrapped 

in the coatings, which leads, when measuring contact angles, to a better absorption of water molecules 

on the surface. In the autoclave the temperature is also increased, which can lead to evaporation of 

entrapped water and therewith a changed surface chemistry. Additionally it has been shown for PEEK 

coatings that the steam in the autoclave can infiltrate the coating reducing the adhesion of the coating 

to the substrate. This effect can change the surface roughness of the coatings slightly, which has an 
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influence on the contact angle as well. As medium contact angles are of advantage for protein adhesion, 

already shown in the previous chapters, this decrease in the contact angle can be of advantage for in 

vitro studies.  

Tape Test shows (Figure 123) no significant decrease in the adhesion of the coatings in comparison to 

the untreated sample. A slight decrease can be seen for the autoclave and furnace treated coatings. For 

the autoclave coating, this can be explained by the infiltration of steam/ water in and under the coatings, 

which can exert a pressure on the coating leading to spalling of the substrate thus reducing adhesion to 

the substrate. The decreased adhesion measured for the samples in the furnace can be attributed to 

shrinkage of the coating due to the temperature exposure, as well as to the complete evaporation of 

water from the coatings, which makes them more brittle. Nevertheless, all three methods did not lead 

to any significant decrease of adhesion. In this case, sterilization in the furnace was used prior to in vitro 

studies. 

Figure 123: Tape Test after sterilization of chitosan/BG composites using different sterilization methods 
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5.5.3 Cell Culture Study 

The performance of the coatings in contact with MG 63 cells for 48 hours was investigated. First the 

composite samples produced from suspensions at three pH values, the nanoBG samples and the pure 

chitosan and stainless steel samples were investigated. Half of the samples were immersed in 1 ml 

DMEM in the incubator with daily exchange for three days before incubation. This step was conducted 

to achieve initial protein adhesion on the surface and to wash out any possible toxic byproducts from 

the production process. After that 1 ml cell suspension with 100.000 cells/ml was seeded on the samples 

and the samples were incubated for 48 hours in the incubator. After this time, a WST-8 test was 

performed and the results are presented in Figure 124. Unexpectedly, for most of the coatings the 

immersion in DMEM leads to a decrease in cell viability, only for stainless steel and nanoBG coatings 

DMEM pretreatment showed a positive effect. However, also here the difference is not significant. One 

possible explanation for this behavior can be the undesired washing out of the BG particles from the 

coating by the preliminary immersion. The values after immersion are in the same range than those of 

the pure chitosan coating, which confirms this hypothesis. The non-immersed samples showed a good 

behavior, better than the stainless steel substrate material. The as-produced coating shows a higher 

value than the other two coatings with the microsized BG. However, the standard deviations for these 

composite coatings are very high. This demonstrates that the coatings deposited at these conditions are 

probably not as homogeneous and reproducible as for the other materials, which already has been seen 

before. All coatings reveal a good biocompatibility. The results for nanoBG coatings are very good, 

indicating a high biocompatibility of those coatings. Although these coatings are not as homogeneous 

as the other ones, they show high mitochondrial activity. The nanoBG coatings already indicated a very 

good antibacterial effect and a high bioactivity, so those coatings are probably the best combination for 

chitosan/bioactive glass composites. As an incorporation of a drug has been shown to be possible in the 

chitosan matrix, this combination also can be used for the incorporation of other drugs, e.g. to prevent 

blood coagulation. 
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The cell nuclei were stained using Dapi and images were taken under the microscope. Image J was taken 

to evaluate the number of nuclei on the surface of each sample and the results can be found in Figure 

125. For chitosan the numbers are rather low, this can  be explained by the swelling of the chitosan  

matrix, making it difficult to focus the sample under the microscope. It is also noted that many of the 

cells have infiltrated the chitosan matrix, therefore these cell numbers are not of relevance. For the other 

materials similar trends can be observed as for the WST test. For the immersed samples the cell numbers 

are lower in comparison with unimmersed samples. In this case, the washing of BG glass particles from 

the chitosan matrix can be a reason for the decrease. This removal of the particles hinders protein 

adhesion from DMEM during preliminary immersion. It can be concluded that in this case, contrary to 

PEEK coatings, a preliminary immersion of the samples in DMEM is not necessary, as such preliminary 

immersion seems to decrease cell adhesion and cell viability. The cell number of the coating obtained at 

pH 6 seems to be decreased. One probable reason for this result can be the high porosity of the samples, 

which gives the chance for the cells not only to adhere on the coating, but also to infiltrate the coating. 

This cell behavior makes it difficult to observe them under the microscope, which can explain the 

decreased cell number.  

The cell tests showed that in comparison to bare stainless steel substrate cell numbers and cell viability 

increased on coated samples. Among the different coatings no clear trend is visible. However, for the 

as-produced coatings, the standard deviations are rather high, which is likely due to inhomogeneous 

deposition behavior, an effect that decreases by adjusting the pH of the suspension. The coatings 

containing nanoparticulate glass seem to be the most promising ones, as they show a very good cell 

compatibility combined with an inherent antibacterial behavior.  

Additionally, cells were seeded on samples containing TCH without immersion in DMEM as it was 

assumed that such immersion in DMEM leads to leaching of the drug and to a loss of the antibacterial 

effect. The WST results in comparison with the “pure” samples are depicted in Figure 126 (ANOVA 

showed that none of the values is significant). In comparison to the pure composite coatings, the cell 
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viability for all concentrations does not decrease. The cell numbers on the TCH containing coatings are 

given in Figure 127. It is shown that for the TCH containing coatings, the cell numbers are slightly 

decreased, however, there is no trend visible for increasing concentration. If considering the standard 

deviations, the cell numbers are in the same range. The cell studies demonstrate that the incorporated 

drug should not lead to a cytotoxic behavior of the coatings.  
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advantage due to the imparted bioactivity, which should lead to an enhanced bone attachment and 

bone formation.  

Additionally to WST and Dapi staining, the cells were fixed on the samples and investigated using SEM. 

Figure 129 shows cells on the different chitosan/BG composite coatings, on pure chitosan and on the 

stainless steel substrate material both for samples with and without preliminary immersion in DMEM. 

On the stainless steel substrate the cells are rather flat. The cells spread on the substrate, but they do not 

show a well-developed structure or shape. This behavior has been observed also in the in vitro study 

on PEEK coatings and it can be explained by the biologically inert surface of stainless steel. The cells on 

chitosan coatings also do not form a continuous film over the surface. For samples immersed in DMEM 

this behavior is even worse. It is likely that due to the swelling of chitosan in contact with DMEM, the 

attachment of cells to this material is hindered, which also leads to poor cell spreading. The composite 

coatings, on the other hand, show a cellular film on top with numerous cell-cell interactions and many 

filopodia. There are no visible differences between the different coatings investigated. However, as 

already seen in WST and cell number tests, the samples that were not immersed in DMEM, show a 

favorable cell attachment and spreading on the surface. Figure 130 depicts the in vitro studies on 

coatings with incorporated tetracycline. Here also the cells seem to be well attached and are wide spread 

over the surface with suitable cell-cell contacts. A slight decrease of cell spreading can be identified with 

higher tetracycline amount, therefore the lowest amount of antibiotics necessary to still achieve 

successful cell attachment and spreading should be used. Additionally to the 2D substrates, also cells 

on 3D substrates were investigated (Figure 130). It can be seen that the pure scaffold shows a favorable 

cell spreading, whereas for the other two samples, this seems to be slightly decreased. However, as it is 

an open porous 3D structure, it is also possible that in the inside or on the bottom of the scaffold thicker 

cell films could have formed (which is difficult to observe in this type of samples). Still the cells are seen 

to be wide spread and seem to be well attached to the substrate. Additionally, the images show that 

there is still coating available on the substrate after in vitro studies, demonstrating that bioactivity is 

ensured even after washing the coated structure. WST, cell numbers and SEM images have indicated 

that for all produced composite coating favorable cell compatibility with qualitatively suitable cell 

attachment and spreading occurred. For the composites containing µm-sized BG, those produced at pH 

6 seem to be the most promising candidates regarding cell behavior, drug delivery ability, bioactivity 

and adhesion to the substrate. However, coatings produced with nanosized BG particles seem to be 

superior regarding cell behavior and bioactivity. 
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Figure 128: WST after cell studies on Ti6Al4V scaffolds 

M
it

o
ch

o
n

d
ri

al
 A

ct
iv

it
y

  (
%

) 

150 

100 

50 

0 



 

 

Figure 129: SEM images of chitosan/BG composite coatings upon in vitro study with and without preliminary immersion in DMEM (Detailed description of images is provided 

in the text) 

 

 stainless steel chitosan as-produced pH 2 pH 6 nBG 

without 

DMEM 

      

 

      

 
  

 
  

 

DMEM 

      

 

      

10 µm 

40 µm 40 µm 

40 µm 

40 µm 40 µm 40 µm 40 µm 

40 µm 40 µm 

10 µm 10 µm 

10 µm 10 µm 

10 µm 

10 µm 

40 µm 

10 µm 

10 µm 

40 µm 

10 µm 

10 µm 

40 µm 

10 µm 



 

 

 

 

TCH pH 2/TCH pH 6/3.7 TCH pH 6/5.0 TCH pH 6/10.0 TCH 

 

    

 

    

 

Scaffold blank scaffold 2.6 BG nanoBG  

 

   

 

 

   

 

Figure 130: SEM images of chitosan/BG samples upon in vitro studies with tetracycline and on Ti alloy scaffolds 
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5.6 Conclusions 

In this chapter, the successful coating production by electrophoretic deposition using chitosan and 

bioactive glass was shown. A problem occurring when using aqueous suspensions in EPD under direct 

current fields is the bubble formation at the electrode leading to a decreased homogeneity and 

functionality of the coatings. Therefore in this project alternating current fields were used. The 

deposition of pure chitosan was optimized using a Design of Experiment finding the optimum 

parameters, such as: suspension concentration of 2 g/l, voltage of 100 mV, 5 minutes deposition time 

and AC frequency of 1000 Hz. Additionally, it was demonstrated that the viscosity and molecular 

weight of chitosan has an influence on the deposition process as well. The produced coatings are very 

homogeneous and of sufficient thickness. The coating adhesion to the substrate could be successfully 

enhanced in a later step. Long-term immersion studies in SBF revealed that chitosan/BG coatings are 

stable over a time period of six months, so the coatings are suitable for implants, ensuring the 

functionality of the device during bone ingrowth. 

The sterilization of the coatings also has been investigated to find the optimum sterilization method. It 

was shown that sterilization in the furnace led to the best results. For this method the adhesion of the 

coatings to the substrate was even increased. No degradation of the coatings could be detected using 

FTIR. 

A Trial-and-Error approach was applied to optimize the deposition parameters for composite 

chitosan/BG coatings. One important factor considered was the concentration of BG in suspension, 

which has a large influence on the pH of the suspension. An optimum BG concentration was found at 

1.6 g/l. Additionally to study the homogeneity of the coatings for different process parameter 

combinations, also the adhesion of the coatings to the substrate was investigated in the same step. The 

optimum parameters were found at a chitosan concentration of 0.5 g/l, an electrode distance of 0.5 cm, 

deposition time of 4 minutes, a frequency of 2 kHz and a voltage of 40 V. Three different BG powders 

with different particle sizes were examined and the most homogeneous coating was obtained using 

commercial BG powder with 2 µm mean particle size. It was shown that also the pH has a large 

influence on the deposition behavior and adhesion of the coatings. Coatings produced at pH 2 and pH 6 

both lead to homogeneous structure and good adhesion to the substrate. Additionally to microsized BG 

particles, the codeposition with nanosized particles was investigated using ethanol containing 

suspensions. Although no complete coverage of the substrate due to the formation of agglomerates 

could be obtained, the coatings were bioactive and could be used for further investigations. The 

obtained coatings revealed a very good adhesion to the substrate material. 

Contact angle measurements of the different deposited coatings with microsized particles showed the 

lowest contact angle for composite coatings obtained with commercial BG. These coatings are thought 

to be favorable for cell adhesion. Another relevant factor is the roughness of the coatings that changes 

for the different BG particles used. Additionally, the pH of the suspension also plays an important role 

in determining coating behavior. As reported, the coating behavior changes with different pH values 

also leading to changing contact angles due to the higher porosity of the coatings obtained at higher 

pH. This behavior is due to the fact that at pH 6.5, chitosan molecules are deprotonated, already leading 

to a changing deposition behavior at pH 5. The increased porosity for pH 6 coatings led to a decreased 

contact angle and induces increased surface roughness.  
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Additionally to the planar substrate materials, also 3D scaffolds made from Ti6Al4V were investigated. 

After removing the oxide layer applying different methods and changing the deposition parameters, 

successful deposition on the scaffolds could be observed. Although the substrate was not covered 

entirely, a good functionality of the coatings was anticipated, which was investigated in further 

experiments.  

SBF studies demonstrate a different HA forming ability of the different coatings. Whereas for coatings 

produced without any adjustment of pH and at pH 2 the bioactivity is rather low, coatings produced at 

pH 6 and those produced using nanosized BG particles show HA formation already after a time period 

of three days in SBF. For the microsized coatings this can be explained by the different thicknesses of 

the coatings, which was much higher for pH 6 coatings. The fact that on nanosized composite coatings 

the HA formation is relatively fast is due to the high surface area of the nanometric agglomerates.  

The incorporation of the antibiotic tetracycline into the coatings was investigated at pH 2 and pH 6. The 

coatings produced at low pH do not show any inhibitory effect on E. coli bacteria cells and release 

studies indicate that the amount of antibiotic incorporated into the coating is very small, probably too 

small to lead to an inhibition of bacteria growth. For coatings produced at pH 6 an antibacterial effect 

was obtained depending on the amount of TCH used in suspension. This means that it is easy to adjust 

the antibacterial effect and the amount of drug released from the coating by changing the amount of 

drug in suspension.  

As a final step, in vitro studies (cell culture) on the composite coatings on stainless steel substrates as 

well as on 3D Ti6Al4V scaffolds were conducted using MG 63 cells. It was shown that no preliminary 

immersion of the samples in DMEM is necessary (as it was done for PEEK/BG composite coatings). It is 

likely that this immersion step can lead to a washing out of the glass particles, which decreases the 

biocompatibility and HA forming ability of the coatings. All coatings demonstrated biocompatibility in 

terms of cell attachment and spreading, including the coatings with incorporated drug and the coated 

3D scaffolds. 
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Overall Conclusion and Outlook 

In this project the electrophoretic deposition of different material combinations for the production of 

multifunctional coatings for biomedical applications has been investigated. Antibacterial coatings 

exhibiting simultaneously a bioactive effect were produced. One of the most important aspects 

investigated was the optimization of the EPD parameters during the production process. Normally a 

trial-and-error approach is applied for this purpose. However, this is rather time and material 

consuming due to the need to test all different parameter combinations. The use of a statistical method 

like the Taguchi experimental design was shown to be powerful in finding the optimized parameters. 

The statistical evaluation helps to find a robust system which represents the most insensitive process 

parameter combination. This parameter combination was selected to produce highly reproducible 

coatings, which is of high importance, especially in a sensitive field like biomedical engineering. It is 

well known that only low variations of the composition and structure of the coatings could lead to a 

completely different physiological reaction to an implanted device which could lead to implant failure.  

The choice of the suspension medium is of importance for the stabilization of the particles and for the 

deposition process. As it was shown in this project for the production of chitosan composite coatings, 

deposition under AC fields should be preferred when using aqueous suspensions as bubble formation 

can be avoided. The use of AC EPD also gives the possibility to produce coatings with a higher 

functionality. In this project the produced chitosan matrix based coatings were designed to act as a drug 

carrier. Having demonstrated the drug delivery ability of electrophoretic coatings, there is also the 

possibility to incorporate other drugs with other functionalities like drugs to inhibit blood coagulation 

or drugs stimulating bone growth like bone morphogenetic growth factors. However, not only the 

incorporation of drugs, also the electrophoretic codeposition with growth factors, enzymes or even 

living cells is possible using alternating currents. In literature it has been shown that DC fields in most 

cases lead to a loss of the functionality of the biological entity, whereas this can be preserved using AC 

fields, e.g. for the production of biosensors the embedding of bacterial cells could be of interest.  

Another approach explored in this project for the production of antibacterial coatings was the use of 

silver nanoparticles. It was shown that the antibacterial effect of the coatings could be regulated by 

adjusting the silver content in the suspension. The results demonstrated that there is the possibility to 

incorporate other particles into polymer matrices that could lead to a positive effect on the surrounding 

tissue, like metallic magnesium particles126. 

In this project for both the degradable and the stable matrix, bioactive glass in different particle sizes 

was used as a filler material. In futures studies the effect of the different particle sizes should be studied 

in more detail, e.g. quantitavely. Especially the effect of nanoparticles must be determined, which seems 

to be superior to microparticles, e.g. in terms of antibacterial activity. In addition it is important to 

characterize the in vivo behavior. It is probable that loose particles are released during the implantation 

process leading to a negative effect on the surrounding tissue. Also the incorporation of a drug or other 

functional biological entities into the nanoBG composite coating should be investigated. Additionally 

to bioactive glass, there are other interesting bioceramic materials like apatite-wollastonite or TiO2 that 

can be deposited by EPD. However, of highest importance are advanced compositions of bioactive 

glasses, which show higher bioactivity or/and release specific ions for a specific functionality, for 

example enhanced angiogenesis127. 
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The results of the present investigations have demonstrated the possibility to produce coatings from 

PEEK and chitosan with bioactive glass as a filler material. The bioactivity in SBF was proven and 

preliminary cell and bacterial studies were conducted on the different composite materials. However, a 

more detailed evaluation of the coatings would be necessary to get a better understanding of the in vitro 

behavior of the produced composite coatings. In vitro studies on the samples also using mesenchymal 

stem cells or human osteoblasts and osteoclasts, not only MG 63 cells must be considered. Bone 

remodeling is always guided by the interplay of osteoblasts and osteoclasts. While osteoblasts induce 

new bone formation, osteoclasts absorb unwanted or damaged bone128. Indeed the bioactivity shown in 

SBF can be different in vitro, e.g. when the materials are in cell culture and even more different in vivo.  

Additionally, also a more detailed research on the electrophoretic deposition on 3D structures would 

be of interest as in most cases biomedical implants are more complex than a simple 2D sheet. A 

simulation of the electric field in the space between the 3D substrate materials to be coated and the 

counter electrodes (with different shapes) could lead to a better understanding of the deposition 

process. The present research has shown that the deposition on 3D structures (scaffolds) is possible, but 

due to inhomogeneities in the electric field and due to the presence of a surface oxide layer, the coating 

is not deposited entirely homogeneously throughout the pore structure. For scaffold materials it might 

be of interest to use a set-up with two electrodes instead of using the substrate material as counter 

electrode (see Figure 131). 

 

For screws or other more complex substrates under application, for example in dental implants, also the 

counter electrode can be adjusted to obtain a more homogeneous electric field. For screws a cylindrical 

electrode with a waved surface in the same dimensions as the screw surface could help to avoid high 

inhomogeneities.  

In most cases, coating adhesion was investigated qualitatively, which was sufficient for this project as 

the different coatings were compared just within one material combination to find the optimum 

parameters. However, for a better understanding and to be able to compare with commercial coatings, 

Figure 131: Possible setup for EPD on 3D scaffolds suggested for future studies 



Overall Conclusion and Outlook 

 
172 

a quantitative measurement is required, e.g. by using scratch tests as shown in this project for some 

cases, but also nanoindentation technique could be considered.  

The results obtained from this work have shown that electrophoretic deposition is a meaningful method 

to produce composite coatings with optimized properties as adhesion and wettability. Different 

materials and material combinations have been used and the possibility to combine the superior 

properties of two or more materials to obtain a composite coating was shown. Especially in the 

biomedical field, where the requirements for implants and devices are high due to the impact of an 

infection, allergic or even toxic reaction on the patient, optimized and highly efficient composite 

coatings that enhance the functionality of an implant are essential. Different materials and combinations 

were investigated as coatings for the enhancement of biomedical bone implants. Such approach enables 

to combine the attractive mechanical properties of metals with bioactivity provided by the coating. This 

can lead to a better bonding of the implant to bone. Additionally it is possible to use the coatings as a 

drug carrier for antibacterial particles to prevent bacterial infections at implant site. The results of this 

project have shown that EPD is a useful technique for the production of such multifunctional coatings, 

where the properties of the coatings, e.g. wettability, coating composition, bioactivity, antibacterial 

effect and cell attachment behavior, can readily be adjusted by changing the process parameters and 

suspension composition.  
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APPENDIX 1: DSC Data of PEEK Heat Treated at Different Temperatures 

  

Untreated powder 335°C 

  

345°C 355°C 

  

365°C 375°C 
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APPENDIX 2: DSC Data of PEEK after Different Sterilization Methods 
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APPENDIX 3: Milling Procedure for the Milled BG 

 

Total milling time 

[min] 

Intervall length 

[min] 

4 2 

5 2:20 

5 2:30 

4 2 

3 1:25 

3 1:25 

3 1:25 
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APPENDIX 4: Deposit Weight for PEEK/BG Composites 

 

 1.7 wt% BG 3.3 wt% BG 6.7 wt% BG 

 
mean  

[mg] 

standard 

deviation 

mean  

[mg] 

standard 

deviation 

mean  

[mg] 

standard 

deviation 

Unmilled  

1 wt% 
17 7 43 2 37 9 

2 wt% 20 10 24 7 63 7 

Milled 

1 wt% 

18 2 38 2 93 3 

2 wt% 26 5 30 4 101 4 
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APPENDIX 5: Scratch Tests of PEEK/BG Coatings 

coating 1.7 wt% milled BG-

1wt% PEEK 

1.7 wt% unmilled 

BG -1wt% PEEK 

1.7 wt% milled BG -

2 wt% PEEK 

1.7 wt% unmilled 

BG -2 wt% PEEK 

scratch

Type 1 

 

13N 

 

15N 

 

13N 

 

12N 

scratch 

Type 2 

    

30N 

    

20N 

    

10N 

    

5N 

    

Critical 

load 

13N type 1 

5-10N type2 

15N 

10-20N 

13N 

10-20N 

12N 

10-20N 
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coating 3.3 wt% milled BG-

1wt% PEEK 

3.3 wt% unmilled 

BG -1wt% PEEK 

3.3 wt% milled BG -

2 wt% PEEK 

3.3 wt% unmilled 

BG -2 wt% PEEK 

scratch

Type 1 

 

16N 

 

21N 

 

17N 

 

30N 

scratch 

Type 2 

    

30N 

    

20N 

    

10N 

    

5N 

    

Critical 

load 

16N 

10-20N 

21N 

20-30N 

17N 

10-20N 

>30N 

>30N 
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coating 6.7 wt% milled BG-

1wt% PEEK 

6.7 wt% unmilled 

BG -1wt% PEEK 

6.7 wt% milled BG -

2 wt% PEEK 

6.7 wt% unmilled 

BG -2 wt% PEEK 

scratch

Type 1 

 

17N 

 

8N 

 

17N 

 

8N 

scratch 

Type 2 

    

30N 

    

20N 

    

10N 

    

5N 

    

Critical 

load 

16N 

10-20N 

8N 

5-10N 

17N 

10-20N 

8N 

<5N 
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List of Abbreviations 

γl  Surface energy liquid-air 

γls  Surface energy liquid-surface 

γs  Surface energy surface-air 

ε  Dielectric constant of the medium 

ζ  Zeta potential 

η  Viscosity of the medium 

θc  Contact angle 

µ  Electrophoretic mobility 

 

 

A  Surface area of Electrode 

C  Particle concentration in suspension 

E  Electric field 

ΔHc  Crystallization enthalpy 

ΔHf  Heat of fusion of 100% crystalline PEEK 

n  Number of experiments 

q  Particle charge 

r  Particle radius 

Ra  Roughness 

t  Deposition time 

Tc  Recrystallization temperature 

Tg  Glass transition temperature 

Tm  Melting temperature 

v  Particle velocity 

VA  London-van-der-Waals force 

VR  Repulsive force 

VS  Volume of SBF 

VT  Total force 

w  Deposited weight 

Wp  Weight fraction of polymer in a composite 

Xc  Degree of crystallinity 

y  Deposition yield (deposit weight per standard area) 

AC  Alternating current 

Ag  Silver 

as p  as produced 

ATP  Adenosine triphosphate 

BG  Bioglass® 

CA  Citric Acid 

Chit  Chitosan 

D50  medium value of particle size distribution 

DC  Direct current 

DI water Deionized water 

DLVO  Derjaguin Landau Verwey Overbeek  

DNA  Desoxyribonucleic acid 

DoE  Design of Experiment 

DSC  Differential scanning calorimetry 
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E. coli  Escherichia coli 

EB  Energy barrier 

EGTA  Ethylene glycol tetraacetic acid 

EPD  Electrophoretic Deposition 

EtOH  Ethanol 

FTIR  Fourier-transform-infrared-spectroscopy 

HA  Hydroxyapatite 

HCA   Hydroxycarbonate apatite 

LB  Lysogeny broth 

LVDW  London-van-der-Waals-force 

MANOVA Multivariate Analysis of Variance 

MRI  Magnetic Resonance Imaging 

nanoAg Nanosilver 

NaOH  Sodium hydroxide 

NP  Nanoparticle 

OA  Orthogonal array 

p-value  Probability value 

PAEK  Polyaryletherketone 

PBS  Phosphate buffered saline 

PEEK  Polyetheretherketone 

PEG  Polyethylene glycol 

PFA  Paraformaldehyde 

PIPES  Piperazine-N,N′-bis(2-ethanesulfonic acid) 

ROS  Reactive oxygen species 

S. aureus Stapylococcus aureus 

SBF  Simulated body fluid 

SiOH  Silanol 

S/N ratio Signal-to-noise-ratio 

TC  Tetracycline 

TGA  Thermogravimetric analysis 

TM  Taguchi methods 

Tris  Tris(hydroxymethyl)aminomethane 

WST  Water soluble tetrazolium salt 
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List of Chemicals 

 

CaCl2 ∙ 2 H2O   VWR International, Germany 

Calcein    Life Technologies, Thermo Fisher Scientific Inc., USA 

Citric Acid   Sigma-Aldrich Co. LLC., USA  

Dapi    Life Technologies, Thermo Fisher Scientific Inc., USA 

EGTA    Sigma-Aldrich Co. LLC., USA 

Ethanol    Merck KGaA, Germany 

Glutaraldehyde   Applichem GmbH, Germany 

HCl 1M    VWR International, Germany 

H2O (deionized)  prepared with Purelab Option R7/15 Elga®, Germany 

KBr    Merck KGaA, Germany 

KCl    Merck KGaA, Germany 

K2HPO4 ∙ 3 H2O   Sigma-Aldrich Co. LLC., USA 

MgCl2 ∙ 6 H2O   Sigma-Aldrich Co. LLC., USA  

NaCl    VWR International, Germany 

NaHCO3   Sigma-Aldrich Co. LLC., USA 

Na2SO4    Sigma-Aldrich Co. LLC., USA 

NaOH    Merck KGaA, Germany 

PBS    Gibco®, Thermo Fisher Scientific Inc., USA 

PEG    Sigma-Aldrich Co. LLC., USA 

PFA    Sigma-Aldrich Co. LLC., USA 

PIPES    Merck KGaA, Germany 

Sodium Cocadylate Trihydrate Sigma-Aldrich Co. LLC., USA 

Stainless Steel 316 L  Advent Research Materials, UK 

Sucrose    Calbiochem, Merck KGaA, Germany 

Tris (C4H11NO3)   VWR International, Germany 

Vybrant    Invitrogen, US 
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