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Abstract 

 

Regarding the need to improve the usually encountered osteointegration of metallic 

implants with the surrounding body tissue in bone replacement applications, bioactive 

organic/inorganic composite coatings on metallic substrates were developed in this 

work using electrophoretic deposition (EPD) as coating technology. In the present work 

three polysaccharides, namely alginate, chondroitin sulfate and chitosan were used as the 

organic part, acting as the matrix of the coating and enabling the coating attachment to 

the metallic substrates (stainless steel AISI 316L, titanium alloy TI6Al4V and 

magnesium alloy AD91D). Different types of ceramic fillers were investigated as the 

inorganic phase of the coatings. Different bioactive glasses were used to impart 

osteoconductive and osteoinductive properties to the coating, while nanoparticles of 

titania and zinc oxide were used to bring antibacterial properties, improve the 

mechanical stability and control the degradation behavior of the coatings. 

In this work the possibility to develop stable suitable suspensions to produce coatings 

by EPD is shown, based in the three selected biopolymers and containing one or more 

types of ceramic particles in different size ranges from 20 nm to 30 µm. The 

investigation of different solvents for EPD, namely water and ethanol, was carried out 

(single or in mixtures of both) to develop stable suspensions to reduce the negative 

effect of the water hydrolysis in the coating morphology. The suspension stability was 

studied via ζ–potential measurements finding that the suspension mechanism is 

controlled by the polymer, which, by esterification effect, suspends the ceramic particles 

in the liquid media. 

A variety of more than 20 coatings were studied and developed during this thesis. The 

major goal was to develop suitable EPD technology to produce coatings with: adequate 

(i) homogeneity, (ii) attachment to the substrate, (iii) ceramic/polymer ratio, (iv) 

wettability and morphology, (v) electrochemical behavior, (vi) bioactivity and (vi) 

degradation behavior. Other properties were also analyzed such as: antibacterial activity 

and drug delivery function (by incorporation of simvastatin).  

Alginate based coatings containing nanoparticles of TiO2 or ZnO were developed by 

anodic EPD. Bioactive glass 45S5® (BG) was successfully incorporated to those 

coatings with the aim to provide bioactivity to the coating by the formation of 

hydroxyapatite. However not all the coatings were able to show bioactivity, mainly by an 



 
vii 

interaction of the anodic alginate with the ions coming from the simulated body fluid 

(SBF) and the BG particles. It was confirmed that all coatings imparted corrosion 

protection to the substrate when evaluated via potentiostatic polarization curves by 

immersion in Dulbecco´s MEM, also to the highly reactive magnesium alloy AZ91D, in 

the initial immersion stages. 

For the first time, in this project chondroitin sulfate (CS) was deposited by EPD. Even 

when the deposition was successful the coating degraded considerably fast when 

immersed in water based fluids. To tackle the fast degradation and impart bioactivity to 

CS coatings, a multilayer approach was chosen, where chitosan was used in the 

production of "sandwich-type" multilayers with the presence of BG in some of the 

layers. By this method the coating degradation was considerable reduced and the 

development of a bioactive composite coating was possible. 

The most successful coatings, in terms of degradation behavior and bioactivity, were the 

chitosan based coatings. The bioactive glass/chitosan (BG/Ch) system was studied in a 

comparative study using three different bioactive glasses. In this study all the coatings 

exhibited bioactivity, independently of the bioactive glass composition. The best coating 

in terms of homogeneity, degradability and bioactivity was produced using Bioglass 

45S5®. For the system Bioglass/Chitosan considerable improvements were done 

compared with previous reported works, obtaining more stable suspensions and better 

coating homogeneity. To tailor the coating degradability and improve adhesion to the 

substrate, titania was added to the BG/Ch coating. In addition, simvastatin, a drug 

currently proposed to promote bone formation, was added to the system confirming the 

drug delivery potential of the coatings. Cell test studies with MG-63 human 

osteosarcoma cells were done on selected coatings to evaluate cell vitality and the effect 

of the simvastatin on cell behavior. 

In this work EPD has shown to be a highly versatile, low-cost and convenient method 

to produce organic/inorganic coatings on metallic substrates based on the chosen 

materials. Different approaches were studied: from single to multilayers, from coatings 

on flat surfaces to complex 3D structures, as well as the drug delivery potential. 

Coatings with tailored composition and thickness were successfully produced exhibiting 

the versatility of EPD as coating production technique. 
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Zusammenfassung 

 

Die mangelnde Osteointegration von metallischen Implantaten in das umliegende 

Körpergewebe stellt im Anwendungsbereich für Knochenersatz ein großes Hindernis 

dar. Um diese Hürde zu überwinden, wurden bioaktive organische/anorganische 

Verbundschichten auf metallischen Substraten mittels elektrophoretischer Abscheidung 

(EPD) entwickelt. In der vorliegenden Arbeit wurden drei Polysaccharide (Alginat, 

Chondroitinsulfat und Chitosan) verwendet, die den organischen Anteil ausmachen. 

Zum einen bilden diese die Matrix der Beschichtung, zum anderen ermöglichen sie auch 

deren Haftung auf den metallischen Substraten (Edelstahl AISI 316L, Titanlegierung 

Ti6Al4V und Magnesiumlegierung AZ91D). Keramische Füllstoffe übernehmen die 

Rolle des anorganischen Teils. Verschiedene bioaktive Gläser wurden verwendet, um 

der Beschichtung sowohl osteokonduktive wie auch osteoinduktive Eigenschaften zu 

verleihen. Nanopartikel von Titandioxid und Zinkoxid wurden hingegen eingesetzt, um 

antibakterielle Verhalten zu generieren, die mechanische Stabilität zu verbessern und das 

Abbauverhalten der Beschichtungen zu steuern. 

Diese Arbeit zeigt die Möglichkeit auf, stabile und geeignete Suspensionen zu 

entwickeln, um Beschichtungen mit Hilfe von EPD zu produzieren. Diese basieren auf 

einem der drei oben genannten Polysaccharide, das unterschiedliche Keramikpartikel im 

Größenbereich von 20 nm bis 30 µm enthält. Als Lösungsmittel dienten Wasser und 

Ethanol, die entweder einzeln oder als Mischung verwendet wurden, um stabile 

Suspensionen zu entwickeln. Ziel war es, die negativen Auswirkungen, die die Hydrolyse 

von Wasser während des EPD Prozesses mit sich bringt, zu verringern. Die Stabilität 

der Suspensionen wurde per ζ-Potential-Messungen ermittelt. Dabei wurde 

herausgefunden, dass der Suspensionsmechanismus durch das Polymer kontrolliert 

wird, welches durch Veresterung die Keramikpartikel im flüssigen Medium suspendiert. 

Mehr als 20 unterschiedliche Beschichtungen wurden in dieser Arbeit untersucht und 

entwickelt. Das Hauptziel war es, ein geeignetes System zu entwickeln, um 

Beschichtungen mit folgenden adäquaten Merkmalen herzustellen: (i) Homogenität, (ii) 

Anhaftung an das Substrat, (iii) Keramik/Polymer-Verhältnis, (iv) Benetzbarkeit und 

Morphologie, (v) elektrochemisches Verhalten sowie (vi) Bioaktivität und (vi) 

Abbauverhalten. Andere Eigenschaften wie antibakterielle Wirkung und die Drug 

Delivery Funktion (durch Einfügen von Simvastatin) wurden ebenfalls analysiert. 
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Durch anodische EPD wurden Beschichtungen basierend auf Alginat mit 

Nanopartikeln aus TiO2 oder ZnO entwickelt. Zudem konnte bioaktives Glas 45S5® 

(BG), mit dem Ziel die Bioaktivität der Beschichtung durch die Bildung von 

Hydroxylapatit zu gewährleisten, erfolgreich in jene Beschichtungen integriert werden. 

Allerdings zeigten nicht alle Beschichtungen bioaktives Verhalten. Die Hauptursache für 

dieses Phänomen liegt an der Interaktion des anodischen Alginats sowohl mit den Ionen 

aus der simulierten Körperflüssigkeit (SBF) wie auch mit den bioaktiven Glaspartikeln. 

Jedoch konnten alle Beschichtungen dem Substrat einen Korrosionsschutz verleihen, 

sogar der hochreaktiven Magnesiumlegierung AZ91D im anfänglichen Stadium des 

Eintauchens. 

Zum ersten Mal konnte auch Chondroitinsulfat (CS) durch EPD abgeschieden werden. 

Obwohl die Abscheidung erfolgreich war, degradierte die Beschichtung auffallend 

schnell, sobald sie mit wasserbasierte Flüssigkeiten in Kontakt kam. Um dem schnellen 

Abbau entgegenzuwirken und der CS Schicht Bioaktivität zu verleihen, wurde eine 

Vorgehensweise gewählt, die die Erzeugung mehrerer Lagen beinhaltete. Während der 

Herstellung wurde Chitosan verwendet, um eine Sandwichstruktur zu erhalten, die in 

einigen Schichten zusätzlich BG Partikel enthielt. Durch dieses Verfahren konnte die 

Degradation der Beschichtung beträchtlich verringert werden und auch die Entwicklung 

einer bioaktiven Beschichtung wurde damit verwirklicht.  

Die erfolgreichsten Beschichtungen bezüglich Abbauverhalten und Bioaktivität waren 

Chitosan-basierte Beschichtungen. Das System aus bioaktivem Glas und Chitosan 

wurde in einer Vergleichsstudie unter Verwendung drei unterschiedlicher bioaktiver 

Gläser untersucht. In dieser Studie wurde gezeigt, dass alle Beschichtungen bioaktiv sind 

unabhängig von der Zusammensetzung des bioaktiven Glases. Die beste Beschichtung 

in Bezug auf Homogenität, Abbaubarkeit und Bioaktivität wurde unter Verwendung 

von bioaktivem Glas 45S5® hergestellt. Für das System BG/Chitosan konnten im 

Vergleich zu früheren Studien erhebliche Verbesserungen erreicht werden. Ergebnisse 

zeigten wesentlich stabilere Suspensionen und eine verbesserte Homogenität der 

Beschichtung. Das Abbauverhalten der Beschichtung und die Anhaftung an das 

Substrat konnten durch die Zugabe von Titandioxid zur BG/Chitosan Beschichtung 

verbessert werden. Um das Drug Delivery Potential der Beschichtung zu bestätigen, 

wurde Simvastatin, ein Medikament das die Knochenbildung anregen soll, in das System 

inkorporiet. Anschließend wurden Zellstudien mit einer humanen Osteosarkomzellline 
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(MG-63) durchgeführt, um die Vitalität der Zellen und die Wirkung des Arzneimittels 

zu untersuchen. 

In dieser Arbeit konnte gezeigt werden, dass EPD eine sehr vielseitige, kostengünstige 

und auch bequeme Methode darstellt, um organische/anorganische Beschichtungen auf 

metallischen Substraten zu erzeugen. Dazu wurden verschiedene Ansätze untersucht: 

angefangen bei  flachen bis hin zu komplexen 3D-Strukturen wie auch Einzel- und 

Mehrfachschichten. Zusätzlich wurde das Drug Delivery Potential der EPD-

Beschichtungen erforscht. Die Herstellung von Schichten mit maßgeschneiderter 

Zusammensetzung und Dicke zeigen die Vielseitigkeit von EPD als 

Beschichtungstechnik. 
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Introduction 

  



Chapter 1 

2 

1 Introduction 

1.1 Motivation 

The biomaterials field has been growing constantly during the last decades achieving a 

total world market of around US$58.1 billion for 2014, with bone replacement implants 

constituting an important sector with US$10 billion worldwide [1]. Orthopedic implants 

are used for the fixation of lone bone fractures, stabilization and correction of spinal 

fractures and deformities, for replacement of arthritic joints and other orthopedic and 

maxillofacial applications [2]. 

Just in the USA fracture delay union for 600.000 cases annually and 100.000 cases of 

totally non-union have been reported [2,3]. In Germany 300.000 bone and knee 

replacement procedures are done per year [4], with 219.851 cases reporting 

complications for the period 2000-2012 [5]. Due to population aging in the western 

countries the number of procedures is expected to increase considerably on the next 

few years.  

Orthopedic implants are manufactured using principally metallic alloys, e.g. stainless 

steel and titanium alloys. The use of metals poses some disadvantages, e.g. uncontrolled 

ions release into the body and encapsulation by fibrous tissue [2], which leads to 

micromovements of the implant, migration and possible loosening [2,6]. Another 

important problem is associated with infections in the fracture or in the tissue 

surrounding the new device. It has been reported that infection happens in 

approximately 5% of all cases, this represents just in the USA around 100.000 cases per 

year [2,7,8]. Implants infection causes morbidity, implant and tissue loosening, as well as 

highly costs for the patient and healthcare system.  

To tackle these problems metallic implants can be covered with bioactive materials in 

order to induce osteointegration and to reduce the non-desired metallic ion release by 

the coating barrier effect. Following this purpose electrophoretic deposition (EPD) 

appears as a versatile, simple and low cost technique to create highly homogeneous 

coatings on metallic substrates (e.g. implants) with clear advantages, like the possibility 

to obtain homogeneous coatings on 3D structures of complex shape as well as on 

porous substrates [9–11]. Moreover, EPD enables production of a wide variety of 

coatings due to the possibility of depositing different types of materials and 

combination of materials, e.g. ceramics, polymeric and composite materials, with high 
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microstructural homogeneity and tailored thickness [9–12]. The EPD process is based 

on the application of an electric field between two conductive electrodes immersed in a 

colloidal suspension or polymer solution [12]. The electric field imparts electrophoretic 

motion to charged particles or polymer molecules in suspension causing their 

movement to the oppositely charged electrode, where they deposit forming a coherent 

coating over it. EPD is being increasingly considered in the field of coating for 

biomedical applications [9], however, given the present need for improved biomedical 

coatings and the opportunities offer by EPD, more research is required in the field to 

consider novel combinations of coating materials with enhanced functions. 

 

1.2 Aim and scope of the work 

The goal of this study is to produce novel bioactive organic/inorganic composite 

coatings for bone replacement applications by electrophoretic deposition. Such coatings 

should be tailored in their composition so that they can induce strong bonding with 

bone, e.g. exhibiting osseointegration of the metallic implant with the surrounding 

tissues. The coatings should also take advantage of a soft material (polymer) that will 

provide the matrix of the final coating, acting as a “glue” for inorganic/bioactive fillers, 

and enhancing adhesion between the coating and the metallic substrate. This organic 

phase of the coating can exhibit other different capabilities, e.g. it can be used as a drug 

delivery carrier. Following this approach different biocompatible polymers were studied, 

namely alginate, chondroitin sulfate and chitosan. Inorganic fillers nanoparticles of 

titania and zinc oxide were used, as well as micro and nanosize particles of different 

bioactive glasses. Titania and zinc oxide were selected to impart antibacterial properties 

to the coating and also to help in the improvement of the mechanical stability of the 

coatings as well as to tailor the coating degradation. On the other hand, the bioactive 

glasses should provide the necessary bioactivity, i.e. imparting osteoconductive and 

osteoinductive properties to the coating [13–16]. 

To obtain the new bioactive organic/inorganic composite coatings different tasks must 

be achieved:  

(i) Development of stable suspensions containing the coating components: 

this fact constitutes the most important challenge for successful EPD. 

Different factors such as concentration of the components (polymers and 
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ceramics), pH, conductivity of the suspension, zeta-potential and solvents 

used must be also taken in consideration for EPD.  

(ii) Determination of the deposition parameters to generate homogeneous and 

well attached coatings, mainly deposition potential and time; but also others 

parameter such as coating drying conditions must be considered. 

(iii) Characterization of the coatings to determine their suitability for the 

proposed applications. For this purpose a variety of techniques were 

considered, e.g. FTIR, Raman spectroscopy, XRD, ICP and TG/DTA to 

analyze the coating composition. SEM, TEM and light microscopy were 

used to evaluate the macro and microstructure. Bending test and scratch 

tests were carried to determine the mechanical properties. Polarization 

curves and EIS were applied to determine a possible improvement (or 

reduction) of the corrosion behavior of the bare alloy. 

(iv) Determination of the coating bioactivity. For this part in-vitro tests by 

immersion in simulated body fluid (SBF) were performed, to establish if the 

coating is able to form a hydroxyapatite layer on the surface, a layer that 

further will provide an osteoconductive surface for bone to attach, this 

being the marker of the bioactive character of the coating. 

Coatings were developed and deposited on the main principal metallic alloys used for 

implants for bone replacement applications: stainless steel AISI 316L and a titanium 

alloy (Ti6Al4V). Beyond those alloys a magnesium alloy (AZ91D) was also used 

focusing the work on reabsorbable metallic implants. 

Finally, to investigate the drug delivery capability of the coatings, a coating system was 

chosen to incorporate simvastatin, which is a bioactive molecule that has proved a 

positive effect on bone formation in in-vitro and in-vivo systems [17]. Drug release studies 

were carried out, as well as in-vitro cell culture tests using osteosarcoma (MG-63) cells to 

evaluate cell viability and the drug effect on them. 

Figure 1.1 provides a graphical abstract of the thesis, including schematically the 

complete experimental program carried out in the framework of this thesis. 
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Figure 1.1 Graphical abstract of the realized work. 
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2 State of the Art 

2.1 Biomaterials 

Looking for welfare and life quality improvement humans have always sought solutions 

to problems that affect them in all areas: shelter, clothing, food, tools, etc. From all 

these and other aspects highlight the need of health, to reach this goal humankind has 

used all what is available, from magic in ancient times to modern medicine today. 

Humankind has developed techniques, tools and technologies to heal the body; 

materials have been involved in all these aspects and methods, not only in the tools 

themselves, but on direct solutions, e.g. prosthesis, from the use of wood to the most 

modern composite materials. 

With new technologies and knowledge nowadays standing problems can be solved, but 

also new possibilities for the future arise. The objective today is not to replace an 

amputated leg with a wood prosthesis, instead of that is the complete regeneration of 

the damaged tissue or organ, providing fully recovery. To repair the damage, tissue can 

be taken from the same patient and transplanted where required (autograft), it could be 

also taken from another individual (allograft) or from a non-human source (xenograft). 

Autografting has the problem of a limited provision of healthy tissue, also the risk of 

infection and morbidity is increased by having two or more wounds, as well as the 

recovery and hospitalization times. In the case of allografting, compatibility problems 

arise increasing the tissue or organ rejection risk. An additional problem is the 

availability of donors. In the case of xenografts as the tissue is taken from another kind 

(specie) the availability problem could be partially resolved, but complications with 

compatibility persist or increase.  

In this context arises the concept of tissue engineering, where the patient's cells can be used 

to regenerate his own tissue or organ. To reach this objective the use and development 

of new materials is indispensable. These biomaterials serve several functions: as scaffold 

to regenerate tissue, the improvement of compatibility, to integration with the 

surrounding tissues and also other possibilities as medication in-situ, among others. 

Ratner et al. [18] and Williams [19] propose a series of definitions to understand the 

concept of biomaterial, its science and what biocompatibility is: 
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"A biomaterial is a nonviable material used in a medical device, intended 

to interact with biological systems." 

“Biomaterials science is the physical and biological study of materials and 

their interaction with the biological environment" 

"Biocompatibility is the ability of a material to perform with an 

appropriate host response in a specific application" 

 

Biomaterials now days are used on a vast range of applications (Table 2.1) from joint 

and limb replacements, artificial arteries and skin to contact lenses and dentures [1]. 

They can be classified in three different groups according the response they induce in 

contact with living tissue [1]: 

Inert materials are those accepted by the body and that do not provoke a negative 

(inflammatory) interaction, those materials elite no or minimal tissue response. In the 

most of the cases the body tents to insulate them by encapsulation with fibrous tissue 

and therefore they do not contribute to the host tissue regeneration [1,20]. Some 

ceramics, metals and polymers match into this classification. Examples are: alumina, 

zirconium oxide and most of the metallic components like titanium, Cr-Co alloys and 

stainless steel. 

Biodegradable or bioresorbable materials are reabsorbed in the body by degradation 

induced due to the contact with physiological fluids, all this happens while the 

formation of new native tissue takes place. These materials support the new tissue in its 

growth. In ideal conditions after a determined period of time the material will totally 

disappear leading space to the new formed tissue [1,21]. These materials have a number 

of problems to be considered. They exhibit a lack of mechanical stability during 

degradation and mismatch between materials desorption rates (for composite materials), 

as well as a disparity with the body repair rate [21]. As examples of this materials can be 

mentioned: tricalcium phosphate and biodegradable polymers. 

Bioactive materials are those that promote the bonding with the host tissue enhancing 

its integration by stimulation of new tissue growth [1]. Ceramic materials, e.g. bioactive 

glasses, are in this group [15,22]. 
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Smart or biomimetic materials are complex materials that can fully mimic the natural 

hierarchical structure of the tissue in both: assemblage and mechanics. These materials 

constitute the ideal goal nowadays but are in initial development steps [1]. 

Table 2.1 Use of biomaterials worldwide according to their function and type of material 

Application Biomaterials Used 
Number/Year – 

World 

    
(or World Market in 

US$) 

Skeletal system 
     Joint replacements (hip, 

knee, shoulder) 
Titanium, stainless steel, 

polyethylene 2,500,000 
   Bone fixation plates and 
screws Metals, poly(lactic acid) (PLA) 1,500,000 
   Spine disks and fusion 
hardware 

 
800 

   Bone cement Poly(methyl methacrylate) ($600M) 

   Bone defect repair Calcium phosphates – 

   Artificial tendon or ligament Polyester fibers – 
   Dental implant-tooth 
fixation Titanium ($4B) 

Cardiovascular system 
     Blood vessel prosthesis Dacron, expanded Teflon 200 

   Heart valve 
Dacron, carbon, metal, treated 

natural tissue 400 

   Pacemaker Titanium, polyurethane 600 

   Implantable defibrillator Titanium, polyurethane 300 

   Stent Stainless steel, other metals, PLA 1,500,000 

   Catheter Teflon, silicone, polyurethane 1B ($20B) 

Organs 
  

   Heart assist device 
Polyurethane, titanium, stainless 

steel 4000 

   Hemodialysis Polysulfone, silicone 
1,800,000 patients 

($70B) 

   Blood oxygenator silicone 1,000,000 

   Skin substitute 
Collagen, cadaver skin, nylon, 

silicone ($1B) 

Ophthalmologic 
  

   Contact lens 
Acrylate/methacrylate/silicone 

polymers 150,000,000 

   Intraocular lens Acrylate/methacrylate polymers 7,000,000 

   Corneal bandage lens hydrogel – 

   Glaucoma drain Silicone, polypropylene ($200M) 

Other 
  

   Cochlear prosthesis 
Platinum, platinum-iridium, 

silicone 250,000 total users 

   Breast implant Silicone 700 

   Hernia mesh Silicone, polypropylene, Teflon 200,000 ($4B) 
Table reproduced with permission of John Wiley and Sons and Prof. Buddy D. Ratner from ref. [18] 
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2.2 Basic concepts about bone 

The work presented in this thesis is focused on the production of bioactive coatings to 

be applied on metal implants for bone replacement applications, therefore is important 

to understand what is bone, its structure and function. 

Shea et al. [23] described bone (skeletal) tissue functions as: 

 

“The skeletal tissues serve structural and metabolic functions in the body. 

The skeleton provides the basic structural foundation for the 

body and serves as the attachment of the muscles for locomotion and other 

movements (e.g., mastication). Bones in the skeleton provide 

protection for vital soft tissue organs and house hematopoietic tissues of the 

bone marrow (red marrow). Bone also serves as a source and depot for 

mineral, primarily calcium and phosphate, and as such is intimately 

involved with mineral homeostasis. Finally, there are mineralized tissues 

that have specialized functions that include the bones of the inner ear 

for the transmission of sound, teeth, and, in some mammals, antlers.” 

 

Bone is a natural organic/inorganic composite structure made by cells, proteins and 

mineral phase. According to the type of bone, its location in the body as well as the age 

of the person bone is composed by 50-70% of mineral phase, being this mainly 

nanocrystals of hydroxycarbonate apatite (HCA) [24]. The organic matrix represents 20-

40%, where the most abundant protein is collagen type I arraigned in fibers. Other 

proteins present in bone are: proteoglycans, glycoproteins (alkaline phosphatase, 

osteonectin), bone sialoproteins and growth factors [25]. Bone exhibits a complex 

hierarchical structural organization (Fig. 2.1) between the mineral phase and the collagen 

matrix, this arrange is denominated the extra cellular matrix (ECM) [26]. Other 

components of bone are 5-10% water and 1-5% lipids [23].  

The mechanical properties of bone are determined by the ECM, where the mineral 

phase decide bone's behavior to compressive strength and the stiffness, while the 

organic phase tailor the tensile behavior [25–28].   

As already mentioned, bone has also cells which are embedded in the ECM. Those cells 

form, remodel and absorb the ECM adapting its structure as a function of the 
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mechanical stresses (stimuli) [25]. Cells present in bone are: (i) osteoblasts, which are 

responsible of synthesize the bone matrix (osteoid) and provide its mineralization. (ii) 

Osteoclasts cells, responsible to reabsorb bone by demineralization of the HCA and 

enzymatic dissolution of collagen. (iii) Osteocytes, which are mature osteoblasts 

entrapped in the interior of the ECM acting as mechanical sensors to control bone 

remodeling.  (iv) Bone lining cells, that stay on the bone surface and are inactive (their 

activation occurs after the right mechanical or chemical stimulation) [28].  

 

 

Figure 2.1 Bone structure. Figure reproduced with permission from Elsevier from ref. [25] 

 

 

2.3  Bioactivity 

Bioactivity is a key factor for biomaterials used for bone replacement applications. This 

term is defined by Hench. et al. [20] as the ability of a biomaterial to bond to hard tissue. 

A bioactive material stimulates a biological response from the body inducing its bond to 

either soft or hard tissue to develop a stable mechanically strong interface between the 

material and the surrounding tissues, subsequently this lead to the formation and growth 

of new bone [29]. To quantify the bioactivity of a material an index was proposed: 

Ib=100/t0.556, where t0.556 is the time for 50% of the interface to be bonded to bone in in-

vivo conditions (Table 2.2) [30].  

Wilson and Low [31] proposed the division of bioactive materials in two groups: class A 

and class B. Those with class A bioactivity react at cellular level in the body to enhance 
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bone proliferation in a process called “osteoproduction”, e.g. Bioglass 45S5® [32]. Class 

A biomaterials induce bone cell attachment, differentiation, proliferation, migration and 

phenotypic expression and therefore a rapid bond to the bone [33].  This group of 

materials has also the ability to bond to both: soft and hard tissue. On the other hand, 

materials with class B bioactivity (e.g. hydroxyapatite) allow the bone growth along the 

implant surface but there is no stimulation at cellular level (this phenomenon is called 

“osteconduction”) and they do not establish interaction with soft tissue [31,33]. This 

group also presents a slower rate of bone formation when compared with Class A 

biomaterials. 

Table 2.2 Bioactivity index for different biomaterials for bone replacement applications. 

Biomaterial Ib Class of 
bioactivity 

Bone 
bonding 

Soft 
tissue 

bonding 

4555 bioactive glass® 12.5 A Yes Yes 
5254.6 bioactive glass 10.5 A Yes Yes 
A/W bioactive glass 

ceramic 
6.0 B Yes No 

Ceravital glass ceramic 5.6 B Yes No 
5554.3 bioactive glass 3.7 B Yes No 

Hydroxyapatite ceramic 3.1 B Yes No 
Ceravital K6X, K6X 2.3 B Yes No 

Alumina 0 0 No No 
                                                                                    Table reproduced with permission of Elsevier from ref. [30] 

 

2.4 Implants for bone replacement applications 

Nowadays orthopedic implants are the standard in the treatment of various bone 

traumas caused by accidents or diseases, such as fixation of long-bone fractures and 

non-unions, correction and stabilization of spinal fractures and deformities, replacement 

of arthritic joints, and for other number of orthopedic and maxillofacial traumas [2]. 

Hip, knee, spinal and dental metallic implant are the most used worldwide, but new type 

of applications will be developed in the near future [1]. The use of metallic implants has 

experienced an accelerated growth, especially in Western countries, accounting for 2014 

a market near US$10 billion [2]. With longer life expectancies and its consequences (e.g. 

osteoporosis), as well as problems associated with a sedentary lifestyle, the use of 

orthopedic implants will increase [25,34]. 

Despite the great advances reached in recent decades in the development of orthopedic 

implants, problems associated with osteo-integration, infections, and others are still 
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present. Only in the United States annually 600,000 delayed integration problems are 

reported and 100,000 cases of nonunion with host tissue [2,3]. 

Metallic alloys, e.g. titanium, cobalt based alloys and stainless steels, are the main 

materials used as intra-corporal implants, especially in bone replacement applications, 

where the mechanical properties are key to the success of the implant [35]. Their high 

tensile strength and fatigue resistance make metals suitable for load-bearing applications 

(Table 2.3). On the other side, the large difference in the Young's modulus between the 

metal and the surrounding host tissue can lead to peri-implant bone desorption, this 

phenomenon is known as stress-shielding [1,36–38].  

In general, metals do not exhibit bioactivity, inhibiting this the formation of a strong 

bond with the bone tissue, this factor causes the encapsulation of the implant by 

formation of an undesired fibrous or scar tissue [39]. This scar tissue inhibits the 

osteointegration with the surrounding bone, which finally could lead to implant 

migration and loosening [2,6].  

Another issue being increasingly considered is the toxic metallic ions released from the 

implant as part of the corrosion [40,41] and wear processes [42]. The body exhibits an 

aggressive corrosion environment, especially due to the presence of chloride ions that 

attack the passivation layer of the metallic implant [43]. The corrosive process liberates 

nickel, chromium and cobalt ions from stainless steel and Co-Cr based alloys that can 

lead to toxic or hypersensitivity reactions, such as skin related diseases, or can even 

induce carcinogenesis [1,44,45]. In the case of titanium alloys (Ti-6Al-4V) new studies 

indicate the possibility of vanadium or aluminum release, which can lead to toxic 

reactions [46,47], and risk associated with Alzheimer by aluminum release [42,48]. 

Therefore efforts on the development of low-modulus β-type titanium alloys have been 

done, where niobium or iron are used instead of vanadium [49].  

Another group of alloys attracting increasing research efforts is the family of Mg based 

alloys [50–52]. As an advantage over non degradable metals, Mg alloys are resorbable in 

the body. They are reabsorbed into the body as part of the normal corrosion process 

that these alloys suffer in the presence of aqueous media [50,51,53]. Mg alloys are thus 

interesting for applications in tissue engineering. In addition, Mg alloys present similar 

Young´s modulus to that of human bone, which is relevant to avoid the phenomenon 

of stress shielding [53] (Table 2.3). A significant disadvantage of these alloys is that the 

corrosion process is too fast, normally faster than the required time to regenerate new 
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tissue [54,55]. The corrosion mechanism normally is not homogeneous, presenting 

localized corrosion [54,55], what is a problem to predict the real "function life" of the 

implant in the body.  

The main problem of the orthopedic implants nowadays, and where new efforts and 

investigations are actually being carried out, is the lack of a positive interaction between 

the metallic implant and the body in order to enhance the osteointegration with the 

existing bone tissue [2]. The osteointegration must occur by the formation of a 

functional and structural bond between the implant and the adjacent bone to ensure the 

implant success [56]. As already mentioned, normally the implant is perceived by the 

body as a strange object causing its isolation with a fibrous tissue, which leads to 

micromovements of the implant due to poor adhesion [57,58], migration and possible 

loosening [2,6,59]. This encapsulation reduces the lifetime of the implant and can result 

in a second surgery after few years of implantation, with its subsequent problems and 

related costs.  

 

Table 2.3 Mechanical properties of bone and different alloys used as implants for bone 
replacement application. 

Material 
Elastic 

Modulus 
(GPa) 

Fracture 
Toughness 

(MPa) 

Hardness 
(MPa) 

Compressive 
Strength 
(MPa) 

Density 
(g cm–3) 

Human cortical bone 3–20 3–6 300–480 90–120 1.8–2.1 

Stainless steel 190 50–200 130–180 170–310 7,6 

Co–Cr alloys 200–300 N/A 300–400 450–1000 8,9 

Ti and Ti alloys 110–116 55–115 310 758–1117 4,5 

Tantalum and alloys 3 96–124 240–393 42–78 – 

Zirconium 96–100 – 210–235 276–345 6.51–6.64 

Magnesium 41–45 15–40 – 65–345 1.74–1.84 
Table reproduced with permission of John Wiley and Sons from ref. [48] 

 

In spite of their limitations, metallic alloys are nowadays the only ones providing real 

applicability. Based on their outstanding mechanical properties, good corrosion 

resistance and biocompatibility, these alloys are suitable for applications on permanent 

implants as well as in temporal devices (that ones should be removed by a second 

surgery) [39,53,60,61]. 

Another problem is the risk of bacterial growth on the implant leading to a possible 

infection [62], causing also posterior procedures and life risks, as well as the associated 
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danger of an elevated use of antibiotics or other drugs. It has been reported that 

infections of orthopedic implants occurs in 5% of all the cases, this means a total 

amount of 100,000 cases per year just in the USA [1,2,7,8]. This problem is originated 

by the bacterial colonization on the implant surface forming a biofilm causing the 

infection of the existing bone and surrounding tissues [63]. These bacteria are protected 

by an extracellular polymeric matrix, making them extremely resistant to antibiotics and 

to the body immune system [64]. This phenomenon entails from a retarded bone 

healing to the total implant loosening. This risk is more severe for exposed fractured 

bones and for joint revision surgeries [62]. To avoid this problem antibiotics are 

prescribed, with some disadvantages such as relatively low drug concentration at the 

target site. Another disadvantage is that the antibiotic acts in the whole body, exposing 

all the tissues and organs to their potential systemic side effects [1]. To avoid this and 

have a better treatment against infections, the implant could also be coated with 

antibiotics or other biomolecules [65–67] localizing the treatment where is required. For 

this approach different antibiotics, as well as other biomolecules, have been used; for 

example: growth factors, proteins (e.g. collagen) and even DNA molecules [68–70]. 

 

2.5 Coatings for bone replacement metallic implants 

To tackle all the mentioned problems a current solution under investigation is to coat 

the metallic implant with novel materials. Those coatings should protect the alloy from 

corrosion phenomenon and avoid the release of ions form the metallic implant, but also 

improve the osteointegration, biocompatibility and bioactivity of the implant by the 

incorporation of osteoconductive and bioactive materials forming a strong implant-host 

tissue bonding. A huge variety of bioceramic coatings and techniques have been 

investigated, with the most studied coatings being thermally sprayed hydroxyapatite 

(HA) and other calcium-phosphates [51]. HA has proven to increase the 

osteointegration of metallic prosthesis with the bone tissue [71]. Actually, HA prevents 

the formation of the fibrous tissue around the implant by its osteoconductive 

properties. Bioactive materials, as bioactive silicate glass coatings, have experimented an 

increment in their use for this propose in recent years with promising results [72–74] .  

Pure bioceramic coatings present some disadvantages, for example the difficulty to 

control the microstructure and stoichiometry of the coating (for HA or bioactive glass-

ceramic, for example) due the high processing temperature usually involved in their 
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densification, which can induce also the generation of new crystalline phases [51]. On 

the other hand, high processing temperatures are also not convenient for the metallic 

substrate material, because can lead to undesired microstructural changes and possible 

degradation of the material properties. Other disadvantage of the high processing 

temperatures is that biological entities, e.g. antibiotics, proteins, etc., cannot be 

incorporated into the coating.  

To tackle the limitations associated with the high processing temperatures, and develop 

further functions as the incorporation of medicaments and biomolecules, different 

coating technologies, such as dip coating, sol-gel, layer-by-layer (LbL) and 

electrophoretic deposition (EPD), are being put forward to solve this problem. With 

those coating techniques a huge variety of ceramic, metallic and polymer materials can 

be coat. They also present the advantage that room temperature conditions can be used 

avoiding thermal damage and with it enabling the direct deposition of biological entities.  

 

2.5.1 Organic/inorganic coatings 

A new trend on the development of coatings on metallic implants for bone replacement 

applications is based in the combination of a bioactive (e.g. BG) or osteo-conductive 

(e.g. HA, TCP) ceramic materials with biopolymers. This idea emerges from the bone 

structure with its combination of collagen (biopolymer) and nano-crystals of HA in an 

organic/inorganic composite. In this approach, the coatings try to mimic bone natural 

arrange. An organic/inorganic coating achieves the possibility to take advantage of the 

strength, stiffness and bioactivity of the inorganic (ceramic) component combined with 

the intrinsic characteristics of the organic phase, mainly to achieve improved coatings by 

room temperature processing which exhibit tuned elastic properties, hardness and 

strength (e.g. depending on the relative concentration of polymer and ceramic) [75–79]. 

In this approach the polymeric phase imparts toughness to the composite, therefore 

reduces the brittleness of the traditional one-phase ceramic coatings and counteracts the 

lack of mechanical properties of the biopolymer [75–96]. 

The incorporation of a polymer as organic phase provides another series of advantages 

beyond the mechanical properties. By using biodegradable polymers the coating can be 

reabsorb by the body leading space to the formation of new bone tissue that binds with 

the metallic surface of the implant. The polymer also brings the capability of being used 
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as local drug carrier [96]. Another factor is the incorporation of bio-entities, e.g. growth 

factors, proteins, pain-killers, antibiotics, etc. 

Even when polymers can be used to entrap, bind and liberate the bio-entities, the 

nowadays common coating production methods (e.g. spray coating) require high 

processing temperatures being this incompatible with bio-entities. A promising 

technique to resolve this problem is EPD, which by the incorporation of the 

biopolymer makes possible a room temperature processing. A new family of 

organic/inorganic composite coatings made by electrophoretic deposition is emerging, 

where biocompatible polymers and ceramics are combined [9,79,80,87,97,98]. EPD has 

been used to produce pure bioactive glass coatings [72] and composite coatings of 

bioactive glass with different polymers [81,82] for orthopedic and dental applications. 

With this processing method possible degradation and microstructural damage of the 

coating and substrate is avoided, e.g. phase changes and microcracking due to thermal 

expansion mismatch. A growing family of this type of organic/inorganic composite 

coatings is being studied, as reviewed elsewhere [9].  

 

2.6 Principal biomaterials investigated in this work 

 

This work is focused in the production of organic/inorganic coatings via EPD to coat 

metallic substrates for bone replacement applications. The principal materials used are 

described below. 

2.6.1 Biopolymers 

Polymers used nowadays for biomedical applications can be classified according their 

origin in natural and synthetic ones. Synthetic biopolymers have the advantage that are 

produced from non-biological recourses (avoiding ethical issues) and reduced 

production costs. Also their properties (mechanical, thermal, molecular weight, etc.) are 

reproducible compared with the natural origin ones, which depends from the extraction 

source what introduce a lot of variability. For example, spider silk is different from each 

individual, but also a single spider has four silk secretion glands, each one secreting a 

different type of silk [99]; variations like this are common in natural origin polymers (e.g. 

collagen). On the other hand, natural origin polymers can induce favorable cell response 

(due to their similarity with the extracellular matrix), inherent cellular interaction and cell 
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or enzyme-controlled degradation [100]. Therefore, natural polymers appear as a first 

option to be used in biomedical applications. Their natural origin should lead to a 

convenient integration with the body tissues, and also brings the possibility of 

developing temporal or reabsorbable implants (scaffolds) due to the capacity of the 

body to resorb those materials. Natural origin biopolymers are mainly coming from 

protein origin (e.g. silk, collagen) and polysaccharides (e.g. alginate, chondroitin and 

chitosan). 

This work is based in polysaccharides, being alginate, chondroitin sulfate and chitosan 

the selected biopolymers; therefore an overview of them is presented below. 

a) Alginate 

Alginate is a natural polysaccharide which, due to its low toxicity, biocompatibility, 

relatively low cost, and mild gelation by addition of divalent cations such as Ca2+, has 

been studied for different applications, e.g. biosensors, wound dressing, drug delivery 

systems, encapsulation of cells and enzymes and tissue engineering (e.g. blood vessels, 

bone, nervous and cartilage tissue regeneration). This polymer presents a potential 

binding effect with proteins, growth factors and bone-forming cells, being thus also 

attractive to develop coatings for bone contacting materials [101–104]. 

In bone tissue engineering applications alginate has been used for the delivery of 

osteoinductive factors and/or bone forming cells. Compared to other materials, alginate 

gels have the advantage that can be introduced in the body with minimal invasive 

procedures; it is a versatile material to fill bone defects due to its formability. Alginate 

can be easily chemical modified to bind ligands and factors to its chain (e.g. RGD, BMP, 

etc.). It can be mentioned as disadvantage its low mechanical properties, limiting its use 

as single material, requiring the combination with more resistant materials. Alginate 

degradability is still a problem because it is not inherent degradable in physiological 

conditions [101–104]. 

Different studies involving alginate for bone regeneration have been carried out. When 

tested in rats alginate gels linked with bone morphogenetic proteins (BMPs) presented 

bone regeneration in femoral defects [105]. Other approaches in the same direction 

were done with alginate gel combined with DNA encoding BMPs showing significant 

bone regeneration [106,107]. Composites have been also done to compensate the low 

mechanical properties of alginate gels. Alginate has been combined with HA in the 

production of scaffolds for bone regeneration, showing enhanced osteosarcoma cells 
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adhesion [108]. Alginate hydrogel beads containing clonal murine calavarial cells 

(MC3T3-E1) were mixed with calcium phosphate cement and chitosan, the results 

showed improved bone regeneration under moderate bearing conditions [109]. Other 

composited based in β-tricalcium phosphate, collagen I and alginate gels presented 

improved adhesion and proliferation of human bone marrow stromal cells [110].  

Alginate biocompatibility has been extensively studied in-vitro as well as in-vivo; 

nevertheless there is still debate, specially related with the alginate composition. As a 

natural derived polymer some contaminants as heavy metals, endotoxins, proteins, and 

polyphenolic compounds could be present in the polymer, this is detrimental for the 

biocompatible properties [101]. Some studies have reported inflammatory responses 

[111], while other studies indicates no immune response around alginate implants [112]. 

This polymer is present in brown seaweed. Commercially available alginate is extracted 

from different types of brown algae (phaeophyceae): Laminaria hyperborea, Laminaria 

digitata, Laminaria japonica, Asco-phyllum nodosum, and Macrocystis pyrifera [101]. 

Alginate is extracted by treatment with aqueous alkali solutions, e.g. NaOH [113]. The 

extracted material is filtered, and later either sodium or calcium is added to induce the 

alginate's precipitation. Alginate can be also produced by bacterial biosynthesis with 

tailored chemical structural and physical properties [101]. 

Alginate is a block copolymer composed from L-guluronate and D-mannuronate, and 

the ratio between these two components depends of the source where it was extracted. 

Alginate presents blocks of (1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) 

residues. The blocks are composed of consecutive G residues (GGGGGG), consecutive 

M residues (MMMMMM), and alternating M and G residues (GMGMGM) [101] (Fig 

2.3). 

By arrange variations in G and M, and in the chain length a wide variety of different 

alginates can be obtained, nowadays more than 200 different types of alginates are being 

manufactured [114]. 
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Figure 2.2 Chemical structures of G-block, M-block, and alternating block in alginate. 
Reproduced with permission from Elsevier an taken from ref [101]. 

 

Alginate is an interesting polymer for fabrication of organic/inorganic composite 

coatings with potential biomedical applications [86], which has been used only to a 

limited extent in combination with EPD to produce bioactive coatings 

[80,86,97,115,116]. This polymer is a natural polysaccharide with anionic behavior when 

dissolved in water. 

 

b) Chondroitin sulfate 

Chondroitin sulfate (CS) is a natural-origin polymer. It is a major component of the 

extracellular matrix in a variety of connecting tissues, e.g. bone, cartilage, ligaments, skin 

and tendons [117,118]. It has been used in a diversity of applications to help the 

regeneration of tissues with osteoarthritis, showing anti-apoptotic effects, increasing 

proteoglycans production in the body and anti-inflammatory properties, as reviewed 

somewhere else [118].  

Chondroitin sulfate is an important glycosaminoglycan (GAGs), and those are found in 

body joints lubricant fluids and are part of cartilage, synovial fluid, bone and heart 

valves [100].  Functions of the GAGs are the binding and modulation of growth factors 

and cytokines, inhibition of proteases, and the involvement in adhesion, migration, 

proliferation and differentiation of cells. This GAGs are almost non-immunogenic and 
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the degradation products are non-toxic oligosaccharides [100,119]. All their 

characteristics make GAGs interesting materials for tissue engineering applications.  

CS has been applied mainly for cartilage tissue engineering applications, but due to all its 

biological properties, especially the ability to bind to growth factor molecules, new 

applications of this polymer are actually under investigation [100]. This polymer has 

been also combined with other polymers in the production of composites for different 

applications: with PLGA-gelatin and hyaluronate for the production of scaffolds for 

cartilage regeneration [120], with chitosan and collagen for bone regeneration [121,122], 

etc. 

CS is a disaccharide formed by D-glucuronic acid N-acetyl galatosamine sulfated at 

positions 4- or 6- [123]. It is obtained from bovine, porcine and marine cartilage, being 

bovine trachea the main source (MW 10– 40 kDa) [118]. 

In Europe and in the USA CS has been approved as a nutritional supplementary used in 

the treatment of patients with osteoarthritic conditions. Other commercially available 

products based on chondroitin have been developed. In the USA a membrane (scaffold) 

for skin regeneration based on bovine tendon collagen fibers and chondroitin-6-sulfate 

was approved by the FDA in 2002 to the treatment of burns and reconstructive surgery 

(Integra® Dermal Regeneration Template) [124]. In the UK Alcon Laboratories 

developed a product named Viscoat® for cataract extraction and intraocular lens 

implantation based on a mixture of CS and sodium hyaluronate [125]. 

As alginate, chondroitin is negatively charged when dissolved in water based solutions. 

This property leads CS to bind to other positive charged polymers or growth factors 

[121]. The negative charge could also be used for the deposition of this polymer via 

EPD. Therefore the utilization of CS in the production of new types of 

organic/inorganic coatings by EPD is attractive and could open a completely new field 

of bioactive coatings. To the best of the author's knowledge this polymer has never 

been deposited before using EPD.  

 

c) Chitosan 

Chitosan is a polymer derived from chitin [126], which is after cellulose the most 

abundant natural biopolymer. Chitin is found in the exoskeleton of insects shells, 

crustaceans and in the cell walls of fungi [126,127]. Chitosan is a linear polysaccharide 
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copolymer of β(1-4) linked 2-acetamido-2-deoxy-β-d-glucopyranose and 2-amino-2-

deoxy-β-d-glycopyranose [128,129] (Fig. 2.3). Chitosan is synthesized by the 

thermomechanical deacetylation of chitin in aqueous solution of 40-45% (w/v) NaOH 

at 90-120°C for 4-5h [128]. The glucosamine/N-acetyl glucosamine ratio is referred as 

the degree of deacetylation [129].  

 

Figure 2.3 Chitosan molecule. Reproduced with permission from Elsevier from ref. [128]. 

 

In in-vitro tests chitosan has exhibited cytocompatibility with different cell types: 

myocardial, endothelial, epithelial, fibroblast, hepatocytes, chondrocytes and 

keratinocytes [130]. Therefore it is considered a biologically compatible and non-toxic 

biopolymer [131,132]. In the United States the FDA approved its use for wound 

dressing [133], while in Finland, Italy and Japan was approved for dietary applications 

[128,134]. 

Chitosan is a reabsorbable biopolymer, its degradation in the body occurs by two ways: 

aqueous dissolution and enzymatic degradation by lysozymes that hydrolyze the N-

acetylated residues. Some other proteolytic enzymes contribute to the degradation but in 

minor level [135,136]. Chitosan degradation rate is determined by the deacetylation 

degree (AD), where the higher the AD, the slower the degradation [129]. 

Chitosan also provoke a minor foreign body reaction with little or no fibrous 

encapsulation when tested in-vivo [137]. This polymer also has shown angiogenesis 

potential stimulating the integration with the host tissue in-vivo [129,138]. Furthermore, 

chitosan exhibits antibacterial activity, reducing the infection rate when tested in rabbits 

infected with staphylococcus aureos [139]. Its amino groups binds to the ions on the 

bacterial cell wall suppressing the biosynthesis and disrupting the mass transport 

through the cell wall killing the bacteria [129]. Chitosan toxic effect to bacteria [140], 

parasites [141] and fungi [142] has been also reported. 

Drug delivery potential of chitosan has been reported [139,143–145]. When the polymer 

is dissolved in aqueous solutions is positive charged, while most of the growth factors 

present a negative charge (e.g. glycosaminoglycans, proteoglycans) becoming chitosan a 
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potential carrier by electrostatic interaction [143]. Other advantage of its positive charge 

is that the cell membrane is negative charged what helps cells to attach to chitosan 

improving the cell adhesion [136,146]. 

Other considerations related with the applicability of chitosan for tissue engineering is 

that this polymer promotes growth and deposition of the mineral matrix by osteoblast 

cells in culture [129,147]. Anti-inflammatory effect of chitosan has been also reported 

[148]. 

Due to all its advantages chitosan has been combined with a wide range of biomaterials: 

CaP for bone regeneration, alginate, HA, hyaluronic acid, polymethylmethacryl 

(PMMA), poly-L-lactic acid, growth factors and more [129,149,150].  

Chitosan is an interesting natural and degradable polymer [126,128,151], that exhibits 

film forming ability what is an advantage for EPD [151,152]. Chitosan has been already 

widely used in combination with EPD to produce a variety of bioactive coatings 

[79,81,83,153–161]. If the terms "electrophoretic deposition" and "chitosan" are introduced in 

Scopus more than 74 publications appear1, all this papers produced from 2011 to 2015. 

This demonstrates the interest this polymer has won in the recent years in the scientific 

community. 

 

2.6.2 Bioceramics 

a) Bioactive glass 

Bioglass 45S5® was first developed by L. Hench at the University of Florida (USA) in 

1969-1971 [22,162], since then this material has received increasing attention due to its 

properties. During time further bioactive glasses compositions, production methods and 

functions have been developed [13]. Actually the development of Bioglass® let with a 

whole new field of bioactive ceramics, with many new materials and products being 

formed from variations on bioactive glasses, glass–ceramics and other ceramics, e.g. 

synthetic hydroxyapatite (HA) and calcium phosphates [13]. 

Bioglass is a silicate (SiO2) based glass with the incorporation of Na2O, CaO and P2O5 

as network modifiers. During its development Prof. Hench tried a wide variety of 

compositions, according his research the best results were obtained with a final 

                                                 
1 State for May 27th, 2015. 
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composition of: 46.1 mol.% SiO2, 24.4 mol.% Na2O, 26.9 mol.% CaO and 2.6 mol.% 

P2O5, being this a bioactive material with Class A bioactivity [13]. 

In contact with physiological fluids bioactive glasses form a HCA layer on their surface, 

providing of bone-bonding properties, where stem cells can attach and differentiate 

[32,163,164]. The HCA phase is similar in terms of chemical composition and structure 

to the natural bone mineral phase, this similarity makes impossible to the body the 

recognition of bioglass as a strange body (object) [13]. Hench [30] proposed a series of 

steps to explain the HCA formation on bioactive glasses (Table 2.4). 

 

Table 2.4 Interfacial reactions by contact of bioactive glass with physiological fluids in-vivo 
[30,165]. 

 

Out of its ability to form a HCA layer, it has been proved that bioactive glasses 

stimulate several genes of human cells related to osteogenesis and angiogenesis, 

inducing formation of new bone and a blood vessels [16,166–168]. Xynos et al. [169] 

and Kaufmann et al. [170] demonstrate that Bioglass® dissolution products are able to 

regulate the gene expression in human osteoblastic cells (osteocalcin, osteonectin, 

osteopontin) and increase the alkaline phosphatase activity and collagen I formation. 

Moreover, bioactive glasses in specific compositions show antibacterial, and anti-

inflammatory effects [13,166,171–173]. 



Chapter 2 

26 

Although all its positive properties, bioactive glasses are still too brittle for use in load 

bearing applications, this factor has imitated their application.  In fact the only market 

niche they have found is in tooth paste products [13]. To reach the load bearing 

applications, bioactive glasses can be used to coat metallic implants, taking advantage of 

the mechanic properties of the metal and imparting the required bioactivity. Different 

techniques have been used to produce such coatings: plasma spraying [174], pulsed laser 

deposition [175], dip-coating in sol [176], etc. However all these techniques are unable 

to produce coatings within porous metallic surface layers [171]. Here highlight the 

potential of using EPD, technique that can coat porous and 3D structures [12]. This fact 

support that EPD is a powerful technique reaching application where other 

technologies are incompetent [9,171,177,178]. 

 

Bioactive glasses can be produced by different methods: 

a.i Melt derived bioactive glass 

Bioactive glasses via melt processing are produced by the melting in a furnace (1350-

1500°C) of high purity oxides, to know: SiO2, Na2CO3, CaCO3 and P2O5. Later the melt 

is quenched in water or oil resulting in a glass frit. After drying the frit is milled down to 

the desired particle size, or well it is processed in further products, e.g. rods, blocks, etc. 

[13,30].  

On one hand, the melt process is simple, but on the other hand some disadvantages are 

related. By this route due to the high melting temperatures required it might be difficult 

to obtain high purity glasses, impurities of the crucible could contaminate the melt. 

Furthermore, the milling process could induce to contaminations coming from the 

grinding tools. 

a.ii Sol-gel derived bioactive glass 

Another bioactive glass production method is the sol-gel, via this process bioactive 

glasses can be produced at room temperature conditions. On the other side, the process’ 

complexity is higher than by melting process. Sol-gel is a chemistry based process, 

where a solution is prepared containing the organic precursors (e.g. metal alkoxides). A 

polymer-type reaction at room temperature occurs, first the hydrolysis followed by the 

gelation. The gel is mainly a wet silica network where later the solvents (e.g. water, 

ethanol) are eliminated by low temperature firing  to obtain the glass [13,179].  A silicate 
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glass alkoxide precursor (e.g. tetraethylorthosilicate (TEOS)) is hydrolyzed forming the 

sol. There the silanol groups (Si–OH) polycondensate forming a silicate network (-Si-O-

Si-) and with it the gel. Later on, the gel is dried and stabilized during the firing 

[180,181].  For further details please read references [180,181]. 

The most common sol-gel produced bioactive glasses are ternary or binary systems, For 

example: 58S (60 mol.% SiO2, 36 mol.% CaO, 4 mol.% P2O5), 77S (80 mol.% SiO2, 16 

mol.% CaO, 4 mol.% P2O5) and 70S30C (70 mol.% SiO2, 30 mol.% CaO) [13,182–184]. 

Compare with the dense melt bioactive glass particles, the sol-gel ones present an 

inherent nanoporosity (mesoporosity: 300-800nm) [185]. It has been demonstrated that 

the nanotopography of this type of glasses plus the higher specific surface improve the 

cellular response [13].  

Sol-gel derived bioactive glasses, and in general nano-size bioactive glasses 

independently of the production method, dissolve considerable faster than melted ones, 

this is related with the high specific surface area. Faster ions release increases the 

bioactivity by a faster HCA layer formation. It has been demonstrated that this type of 

glasses present a higher protein absorption ability, fact that also helps in the bioactivity 

improvement [186,187]. This was particularly demonstrated in the case of Bioglass 

45S5®, when its nanoparticles where used as a filler in a biopolymer matrix [188]. But a 

faster dissolution is also a disadvantage, especially if the dissolution is faster than the 

tissue regeneration or formation rate.  

Disadvantages of the sol-gel methods are related with the long processing times, high 

costs of  the  precursor  materials,  large shrinkage rates and residual carbon/hydroxyl 

[182]. 

 

b) Zinc Oxide 

ZnO has been used in the production of solar cells, photovoltaic devices, batteries and 

biosensors mainly due its semiconducting properties [189–191]. This material has also 

been used to produce biomimetic membranes able to immobilize proteins due to its 

rapid transfer of electrons, which represents an application of ZnO in the field of 

biomaterials [192]. Antibacterial properties of ZnO have been reported [193–195], 

opening possible applications of this material in the production of coatings on metallic 

implants with antibacterial activity. Combining ZnO with a bioactive material, a new 
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composite material can be developed that tackles simultaneously the two main 

challenges of traditional orthopedic implants: probability of infections and lack of 

osteointegration.  

An infection is an associated risk from a surgical procedure and even more when a 

foreign object, like an implant, is introduced in the body. Bacteria can come from a 

variety sources: deficient hygienic standards in hospital [196], and also from the patient’s 

own skin and/or mucosa (e.g. Staphylococcus epidermidis), etc. [197,198]. These 

microorganisms attach to the implant surface in an irreversible way. After implantation a 

series of physiological stresses induce an alteration in their growth rate and gene 

transcription, these metabolic changes induce bacteria to produce a thick extracellular 

matrix on the implant surface leading to the formation of an adherent biofilm [197–

199]. This biofilm difficult the penetration of antibacterial agents (e.g. immune cells or 

antibiotics) making it extremely resistant and adhesive [198]. A chronic infection on the 

implant can lead to osteomyelitis, acute sepsis, and even death [200], therefore to tackle 

this problem a solution could be the deposition of a coating on the implant surface with 

antibacterial agents to prevent the biofilm formation.  

Compared with micro-size ZnO particles, the nano particles of this material exhibit a 

more pronounced antimicrobial activity, this due to the fact that their smaller size (less 

than 100nm) and higher surface/volume ratio allow a better interaction with bacteria 

[201]. It has been demonstrated that ZnO nanoparticles present selective toxicity to 

bacteria but exhibit minimal effects on human cells. [201,202]. Zhang et al. also 

demonstrated that ZnO exhibit a better antibacterial properties with the reduction in the 

particle size and increment in concentration [194]. 

The precise mechanism how ZnO kills bacterial is until now unknown [201]. Three 

possible explanations have been proposed. Some studies suggest that the primary cause 

of the antibacterial function is related with the disruption of the cell membrane activity 

[201,203]. Other option is the induction of intercellular reactive oxygen species, where 

hydrogen peroxide (H2O2), a strong oxidizing agent, is harmful for bacteria 

[195,201,204]. As a third alternative, it has been reported that when exposed to UV and 

visible light, ZnO generates highly reactive oxygen species such as OH-, H2O2, and O2
2-  

[201]. 

Colon et al. [198] demonstrated that ZnO nanoparticles present an improved osteoblast 

adhesion, as well as better alkaline phosphatase activity and calcium mineral deposition 
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than in micro-size ZnO particles. This discovery is a clear advantage of using nano-size 

particles. 

ZnO has been also deposited previously via EPD for monocomponent inorganic 

coatings  [205–208], and in less grade used on the production of organic/inorganic 

composite coatings [189]. Li et al. [189] produced a ZnO/chitosan composite coating as 

a proof of concept, but not clear application was identified. 

 

c) Titania 

Titania (TiO2) is a biocompatible ceramic material being used to develop biomedical 

coatings sometimes also in combination with hydroxyapatite [209–214]. Titania has a 

proven biocompatibility [212,215–217] and it can enhance the implant integration with 

the host tissue when used in bone tissue replacement applications [218–223]. Titania 

also presents antibacterial properties, increasing its possible benefits in the biomedical 

field [9,224,225]. EPD has been used previously to produce pure titania coatings 

[210,226,227] and organic/inorganic composite coatings [115,228–231] for biomedical 

applications. 

It has been confirmed that nanoparticles of titania compared with micro-size ones have 

a better osteoblast adhesion, collagen synthesis, alkaline phosphatase activity and 

calcium mineral deposition [198]. This material in the form of nanoparticles exhibits 

antibacterial properties and helps on the calcium phosphate mineral deposition [198]. 

Titania exhibit two antibacterial mechanisms. One when exposed to UV-light where a 

photocatalytic reaction of water takes place forming OH-, O2
- and H2O2 groups that 

attract the bacterial cell membrane [224,232]. The other is related to its nano-particle 

size, but this mechanism is still not understood [198]. 
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2.7 Organic/inorganic composite coatings on metallic subtrates 

for bone replacement applications produced by EPD2 

 

Chitosan (Ch) has been until now the main polymer used in the development of 

organic/inorganic composite coatings (OICC) produced by EPD for bone replacement 

applications [9]. Until now, hydroxyapatite (HA) has been the main ceramic filler to be 

combined with chitosan [76,85,87,94], followed by CaP [96,233–235] and bioactive 

glasses [81,87,155,156,236] (see table 2.5). Actually EPD is the technique featuring in the 

highest number of publications involving bioactive glass containing coatings [80–82]. 

In the presence of acidic media, chitosan protonates exhibiting a positive charge (Eq. 1). 

Grandfield et al. [79] investigated the deposition mechanism and established that is pH 

depended. Water hydrolysis in the vicinity of the cathode liberates OH- groups (Eq. 2) 

that binds to the chitosan molecule deprotonating it and inducing its deposition (Eq. 3). 

CHIT–NH2 + H3O
+ → CHIT–NH3

+ + H2O    (Eq. 1) 

2H2O + 2e− → H2 + 2OH−    (Eq. 2) 

CHIT–NH3
+ + OH− → CHIT–NH2 + H2O    (Eq. 3) 

CaP has been deposited by EPD in combination with chitosan. Wang et al. [234,235] 

compare a CaP electrodeposited coating with the CaP/Ch produced by EPD. In contact 

with osteoblast cells (MC3T3-E1) the coating produced by EPD presented higher 

proliferation rate, increased alkaline phosphatase activity and higher collagen expression 

of osteoblast-like cells than the electrodeposited one [235]. The incorporation of 

antibiotics to this system has been also reported [233]. 

The main studied chitosan based organic/inorganic system has HA as filler. The first 

work in this system was reported in 2005 by Pang et al. [237]. The coating exhibited HA 

factions from 41 to 90 wt.% and thicknesses up to 60 µm. It was demonstrated that the 

HA crystals prefer to deposit with the c-axis oriented parallel to the deposition electrode. 

The coatings also provided corrosion protection properties to the substrate (SS 316L) 

when evaluated via potentiostatic polarization curves in Ringer's solution. Grandfield et 

al. [79] incorporated silica to the system, being the first to prove the capabilities of the 

system to deposit multiple ceramic fillers at the same time. The production of 

                                                 
2 This section is based on the materials investigated in this thesis and presented in section 2.6 
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HA/chitosan and silica/chitosan multilayers was also studied. An HA-CaSiO3/chitosan 

coating has been also produced [78]. This coating also exhibited corrosion protection 

properties when immersed in Ringer's solution. The versatility of EPD in the 

HA/chitosan system was demonstrated by Grandfield et al. [85] with the incorporation 

of multi-wall carbon nanotubes (MWCNT) to the system. In this study HA-

MWCNT/chitosan coatings were produced as well as multilayers alternating 

HA/chitosan and MWCNT/chitosan coatings. Looking for antibacterial properties Ag 

was incorporated to the HA/chitosan coating, and single Ag/chitosan coatings were 

also produced [77].  

The deposition of bioactive glasses by EPD was first reported by Sun et al. [94] in 2008 

by incorporation of Bioglass® to the HA/chitosan coating. The BG/chitosan system 

was deeply studied by Pishbin [81,155,236]. In her work a Taguchi design of experiment 

model was employed to determine the deposition conditions for a water based 

suspension. The ideal conditions, in terms of coating homogeneity, were found to be 

0.5g/L chitosan, 1.6g/L BG with 20V of deposition potential during 10 min [81]. On 

the other hand, the suspension was unstable requiring stirring during the deposition. 

The coating was also affected by H2 evolution leading to small craters. In that work Ag 

and gentamicin were also incorporated to impart antimicrobial activity to the coatings 

against staphylococcus aureus [155,236]. 

Compared to chitosan, alginate has been used much less on the production of OICC 

produced by EPD for bone replacement applications. The first reported work was done 

in 2009 by Zhitomirsky et al. [80] where Bioglass®/Alg, HA/Alg and HA-BG/Alg 

coatings were developed. This work demonstrated the viability to use alginate on the 

production of such EPD-OICC coatings. Zhitomirsky’s group demonstrated that 

alginate presents an anodic deposition and also suggested that the deposition 

mechanism is controlled by a pH reduction in the vicinity of the deposition electrode. In 

the presence of water the alginate molecule dissociates form the sodium leading to a 

negative charged molecule (Eq. 4). On the other hand, near the anode, the H+ coming 

from the water dissociation (Eq. 5) binds to the negative alginate molecule inducing its 

deposition (Eq. 6). 

Na–Alg → Na+ + Alg−     (Eq. 4) 

2H2O → O2 + 4H+ + 4e−     (Eq. 5) 

Alg− + H+ → H–Alg     (Eq. 6) 
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Further work with the BG/Alg system was done by Chen et al. [97], where such 

coatings were produced using DC-EPD and AC-EPD. Coatings with 85 wt.% BG were 

obtained (rest water with polymer). The bioactivity of the coatings was demonstrated by 

the formation of HA after 7 days of immersion in simulated body fluid (SBF). In this 

work the corrosion behavior was also studied via potentiostatic polarization curves 

demonstrating that the coating protects the alloy (SS 316L), however a reduction in the 

corrosion potential occurred indicating some reactivity due to the presence of BG. The 

coatings also presented the problem of fast dissolution when immersed in SBF. To 

tackle this problem PVA was added to the suspension in a proportion 5 to 15 times 

higher than alginate  improving the degradation behavior and mechanical properties, but 

the corrosion behavior was not evaluated [238]. Even when HA formation is reported 

after immersion in SBF, no clear formation was identified according Kokubo’s protocol 

[239]. Therefore still more work needs to be done in order to improve the degradability 

and bioactivity of the coatings. 

Cheong et al. [86] produced titania/hyaluronic acid composite coatings by EPD. 

Suspensions of 1-8 g/L TiO2 with 0.5-2 g/L sodium alginate were used and the 

deposition conditions were 2 mA/cm2 and 5 min. TGA tests showed that a coating with 

2 g/L sodium alginate and TiO2 (2 and 6 g/L) formed a film with 45.7 and 69.0 wt.% 

TiO2, respectively. Coatings of ZnO/chitosan have been reported by electrodeposition 

but never by EPD [189]. 

Table 2.5 Literature review of the main organic/inorganic coatings on metallic subtrates for bone 
replacement application produced by EPD. 

Coating EPD parameters Substrate Reference 

CaP/Ch 

Ch: 0.05, 0.1, 0.15, 0.2 g/L  (1 
vol.% AA) 

Supersaturated CaP solution 
Current: 2 mA/cm2 

Time: 15 h 
pH= 6.8-6.9 

Temperature: 52 ° C 

Ti6Al4V [233–235] 

CaP/Ch/gentamicin 

Ch: 5 g/L 
CaP: 30-10 mM Ca(NO3)2 and 

10-0 mM NaH2PO4 
Voltage: 28 V 
Time: 30 min 
IED: 15 mm 

pH=5.8 
Then 40 g/L gentamicin was 

pipetted over the coatings 

Ti [96] 

Ch: chitosan; HA: hydroxyapatite; CaP: calcium phosphate; MWCNT: multiwalled carbon nanotubes; 
AW: apatite-wollastonite; HCA: hydroxycarbonate apatite; Alg: alginate; BG: bioactive glass; Pt: platinum; 
SS: stainless steel; AA: acetic acid; IED: inter-electrode distance. Part of the information to elaborate this 
table was taken from ref [240]. 



State of the art 

 
33 

(Table 2.6 continue) 

Coating EPD parameters Substrate Reference 

HA/Ch 

Ch: 0-0.7 g/L in 17 vol.% 
ethanol-water (1 vol.% AA) 

HA: 0.5-8 g/L 
IED: 15 mm 

Current: 0.1 mA/cm2 
Time: 3-10 min 

Pt foil 
SS 316L foil and 

wire 
[76,237] 

 

Ch: 0.5 g/L in 60-87 vol.% 
ethanol-water (1 vol% AA) 

HA: 0-4 g/L 
IED: 15 mm 

Voltage: 10-50 V 
Time: 5 min 

Nitinol 
graphite 

[85] 

 

Ch: 0.5 g/L in 87 vol.% ethanol-
water (1 vol.% AA) 

HA: 1 g/L 
IED: 15 mm 

Voltage: 10-30 V 

Nitinol foil and wire [94] 

 

Ch: 0.5 g/L (1 vol.% AA) 
HA: 1,4 g/L 
IED: 15 mm 

Voltage:10-30 V 

Pt foil 
SS 316L 
graphite 

[87] 

HA-silica/Ch 

Ch: 0.5 g/L in 17 vol.% ethanol-
water (1 vol.% AA) 
HA: 0.25, 2.5, 5 g/L 

Silica: 0.9, 1.8, 3.6 g/L 
IED: 15 mm 

Voltage: 10-30 V 

Ti foil 
SS 316L foil and 

wire 
Graphite 

[79] 

HA-CaSiO3/Ch 

Ch: 0-0.7 g/L in 17 vol.% 
ethanol-water (1 vol.% AA) 

HA: 0-4 g/L 
CaSiO3: 0.1-0.5 g/L 

IED: 15 mm 
Voltage: 20 V 

Pt foil 
SS 316L foil 

Graphite 
[78] 

HA/MWCNT/Ch 

Ch: 0.5 g/L in 60-87 vol.% 
ethanol-water (1 vol.% AA) 

HA: 0-4 g/L 
MWCNT: 0-0.5 g/L 

IED: 15 mm 
Voltage: 10-50 V 

5 min 

Nitinol 
graphite 

[85] 

HA-silver/Ch 

Ch: 0-0.7 g/L in 17 vol.% 
ethanol-water (1 vol.% AA) 

HA: 0.5-2 g/L 
AgNO3: 0.5-1 mM 

IED: 15 mm 
Current: 0.1 mA/cm2 

Time: 10-20 min 

Pt foil 
SS 316L foil and 

gauze 
Graphite 

[77] 

HA/BG/Ch 

Ch: 0.5 g/L in 87 vol.% ethanol-
water (1 vol.% AA) 

HA: 1 g/L 
BG: 0.5 g/L 
IED: 15 mm 

Voltage: 10-30 V 

Nitinol wire and foil [94] 
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Coating EPD parameters Substrate Reference 

AW/Ch 

Ch: 0.2 g/L (2 vol.% AA) 
AW: 2 g/L in ethanol (pH=1.6) 

Current for CS: 1 mA/cm2 
Time for CS: 1 min 

Current for AW: 5, 7, 9 
mA/cm2 

Time for AW: 1, 3, 5 min 

Ti [241] 

HCA/Ch 

Calcium carbonate coating: 1.25 
g CaCo3 in 250 ml ethanol 

(pH=6.5, IED: 10 mm, Voltage: 
90 V, Time: 1 min) 

Then transformed to HCA in 
phosphate buffered saline 

Then soaked in Ch 10 g/L (20 
vol.% AA) 

Ti6Al4V [158] 

BG/Ch 

Ch: 0.5 g/L (1vol.% AA water 
based suspension) 

BG: 0.4-2g/L 
IED: 15 mm 

Voltage: 10-30 V 
Time: 200-600 s 

SS 316L foil [81] 

BG/Ch-silver 
nanoparticles 

Ch: 0.5 g/L (1vol.% AA water 
based suspension) 

BG: 3-5 g/L 
Silver nitrate: 1 mM 

IED: 15 mm 
Voltage: 10-15 V 

Time: 400 s 

SS 316L foil [155] 

BG/Ch/gentamicin 

Ch: 0.5 g/L (1vol.% AA water 
based suspension) 

BG: 5 g/L 
Gentamicin: 2 g/L 

IED: 15 mm 
Voltage: 10 V 
Time: 400 s 

SS 316L foil [236] 

BG nanoparticles/Ch 

Ch: 1 g/L (1vo.l% AA) 
(75vol.% Ethanol rest water)) 

nBG: 5-20 wt.% 
IED: 11 mm 

Voltage: 20-80 V 
Time: 5 min 

Ti [156] 

HA/BG/Alg 

Alg: 0.5 g/L 
HA: 0-1 g/L 
BG: 0-2 g/L 
IED: 15 mm 

Voltage: 10-30 V 

Ti 
Pt 

SS 316L 
Platinized silicon 

wafer 

[80] 
 

BG/Alg 

Alg: 2 g/L 
BG: 10 g/L 
IED: 10 mm 
Voltage: 10 V 

Time: 15 s 
(40vol.% ethanol rest water) 

SS 316L foil and 
wire 

[97] 

BG/Alg-PVA 

Alg: 2 g/L 
PVA: 0-30 g/L 

BG: 10 g/L 
IED: 10 mm 

Voltage: 5-30 V 
Time: 2-60 s 

(40vol.% ethanol rest water) 

SS 316L foil  [238] 
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2.8 Electrophoretic deposition (EPD) 

The EPD phenomenon was firstly reported by Reuss (1808) in his work based on the 

movement of clay particles under an electric field, but first practical applications did not 

appear until 1933 [12]. Since then this technique has been used in the deposition of a 

wide variety of materials: metals, polymers, ceramics, glasses, carbides, oxides, nitrides, 

carbon nanotubes and their composites [242]. This technique has been employed in a 

wide range of applications, e.g. production of batteries, sensors, transductors, solar cells, 

decorative films, etc. [12,242]. 

EPD exhibit a variety of advantages compared with other coating processing 

techniques: (i) the simplicity and relative low cost of the required devices; (ii) particles 

from nano to micro size range can be deposited; (iii) it can be used to coat from flat 

surfaces to 3D and porous structures; (iv) it can deposit mixtures of materials in one 

step; (v) no requirement of binders; (vi) relative short formation times; (vii) water or 

organic solvents can be used; (viii) easy control of the thickness and morphology of a 

deposited film through simple adjustment of the deposition time and applied potential, 

etc. [9,12].  

In the field of biomaterials the first reported application was made in 1986, when 

Ducheyne et al. [243] deposited HA coatings on titanium substrates for bone 

replacement applications. Later on, in the biomedical field, EPD has been used not only 

in the deposition of ceramics, also of biopolymers and biological entities, e.g. proteins, 

enzymes and cells have been deposited via this technique [9]. As Boccaccini et al. [9] 

mentioned: EPD has been used in the deposition  

"of functional, nanostructured and composite coatings, layered and 

functionally graded biomaterials, thin films, porous biomaterials, tissue 

scaffolds, drug delivery systems and biosensors, and also for the deposition 

of biopolymers, bioactive nanoparticles, carbon nanotubes (CNTs) and 

biological entities (e.g. proteins) in advanced nanostructured biomaterials 

and devices."  

 

2.8.1 Principle 

Electrophoretic deposition is a colloidal processing technique in which particles are 

suspended in a solvent. The particles present a specific surface charge that allows them 
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to suspend and also to move under the influence of an electric flied. According the 

particle charge, two types of EPD processes can be distinguished: cathodic or anodic 

EPD. Positive charged particles deposit on the cathodic electrode, while negative 

charges particles on the anodic one. Fig. 2.4 presents a graphical representation of an 

EPD cell where cathodic deposition occurs. 

EPD consists of two different steps. In the first step (named electrophoresis) charged 

particles in suspension move towards an oppositely charged substrate under the 

influence of an applied electric field. In the second one (the deposition itself) the 

particles coagulate to create a coherent and homogeneous coating on the surface of the 

conductive substrate [244]. Once the liquid solvents were evaporated, therefore the 

coating is dried, different steps, e.g. sintering, can be applied to consolidate the coating. 

This march is required mainly for ceramic coatings, but can be avoided for 

organic/inorganic coatings where the organic phase acts as binder. 

 

 

Figure 2.4 Schematic representation of an EPD cell for a cathodic deposition. 

 

One of the first approaches to understand the kinetics of EPD was made by Hamaker 

in 1940 [245]. He established (Eq. 7) that the deposition yield (w) [g] is function of the 

concentration of solids in suspension (Cs) [g/m³], the electrophoretic mobility (µ) 
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[m²/(V.s)], deposition surface (A) [m²], electric field (E) [V/m] and deposition time (t) 

[s]. 

                (Eq.7) 

When different materials are present in suspension, the deposition rate is function of 

the volumetric fraction of those materials. At high volume fraction the solids deposit at 

equal rate, and at low volume fractions each material present an own deposition rate 

function of the particle mobility [246]. Hamaker’s equation does not consider the 

decrease of concentration in suspension as function of the time and therefore can be 

used only for short deposition times (like for the systems presented in this thesis). 

Other attempt to describe the EPD kinetic was done by Avgustnik et al. [247], in this 

case the deposition for a cylindrical substrate was considered. Later Biesheuvel and 

Verweij [248] introduce a correction factor considering the concentration decrease in 

suspension (Eq. 8). In this approach l is the cylinder longitude, a and b the radius of the 

deposition and counter electrode, respectively, øs and ød are the volumetric 

concentration of particles in suspension and deposit, respectively, Cd is the mass 

concentration of particles in the deposit. 

 

  
           

      ⁄  
 

  

     
       (Eq. 8) 

Sarkar and Nicholson [244] introduced an efficiency correction factor (f ≤ 1) to 

Hamaker’s equation based in the fact that not all the materials that reach the deposition 

electrode forms part of the final coating. They also considered the change of 

concentration in suspension and also if the deposition is conducted in potential or 

current constant conditions, see Fig. 2.5. Just for I (Fig. 2.5) the deposition rate remains 

constant while for the rest of the systems (II to IV) an asymptotic behavior appears. It 

is clear that when the particle concentration in suspension decreases the deposited 

amount of particles is less (II and IV) than for constant concentration conditions. At 

constant concentration and potential conditions (III) the deposited film form an 

isolation layer decreasing the electrical driving force or voltage per length unit. 
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2.8.2 Suspension of particles 

Key parameter of the electrophoretic deposition process is the slurry or suspension, it 

must be well stabilized, homogeneous and without agglomerated particles [12]. In 

presence of polar solvents, e.g. water, most substances present a surface electric charge. 

The development of charge on a solid particle surfaces can occur by different reasons: 

(i) dissociation or ionization of surface groups (this factor depends on the suspension 

pH), (ii)  reabsorption of potential-determining ions, (iii) specific ions absorption  on the 

particles surface (surfactants), (iv) isomorphous replacement/lattice substitution and (v) 

charged crystal surface fracturing [244] . 

The particles are suspended in the fluid media via the interaction of three different 

forces: (i) the van der Waals attractive force, (ii) electrostatic repulsive force, and (iii) 

steric (polymeric) force (this last one is not always present). To have a stable suspension 

the electrostatic repulsive and/or the steric forces must be dominant against the van der 

Waals force that tries to agglomerates the particles [12,249] . 

 

 

Figure 2.5 EPD scheme of deposited weight against deposition time for four different conditions. 
I: constant current and concentration. II: constant current but variable concentration, III: 

constant voltage and concentration, IV: constant voltage but variable concentration. Figure 
reproduced with permission of John Wiley and Sons from ref. [244]. 

 

Due to the electrostatic force, same charge particles repel themselves keeping them in 

suspension, on the other hand they attract opposite and same charged ions that form a 

diffuse double layer increasing suspendability and stability (see section 2.6.3). 
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Other way to suspend or improve the suspendability of particles is by interaction with 

polyelectrolytes, e.g. chitosan, alginate or chondroitin sulfate. If the polyelectrolyte 

presents an opposite charge compared with the solid surface particle, polyelectrolyte and 

particle can bind to each other. The rest of the polymer chain acts as a micelle around 

the particle increasing suspendability, while its chain keeps away the other polymer 

chains by electrosteric forces (steric repulsion) [12,249]. Fig. 2.6 presents a graphical 

representation of both, electrostatic and steric phenomena. 

 

Figure 2.6 Schematic illustration of electrostatic and steric stabilization mechanism of 

suspensions. Electrostatic stabilization (a) and steric stabilization (b). 

 

2.8.3 Double layer and ζ-potential 

Due to the particle surface charge a layer of opposite charged ions (counter-ions) forms 

around the particle, while the similar charged ions (co-ions) in the medium are repelled 

away from the particle. It suppose that under an electric field the particles and counter-

ions should move on different directions (electrodes), but the particle/counter-ions  

attraction force is strong enough to keep them together, this is called the "stern layer" 

[242]. An extern second layer is formed by the co-ions and counter-ions, this is 

denominated the "diffuse layer" (Fig. 2.7).  

The electrical potential difference between the stern and diffuse double layer is called "ζ 

(zeta)-potential", and it determines the particle velocity and mobility [12]. 

The zeta-potential is related to the electrophoretic mobility (µ) by Henry’s law: 

  
           

  
 (Eq. 9) 
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Where ε0 is the vacuum permittivity, εr is the permittivity of the solvent, η the viscosity, 

ζ the zeta-potential, f(kr) Henry’s function that is function of the double layer thickness 

(1/k) and the particles core radius (r). (f(ka)=1.5 according Smoluchowski) [12].  

 

 

Figure 2.7 Schematic representation of the double layer and potential drop across the double 
layer (a) surface charge, (b) Stern layer, (c) diffuse layers of counter-ions. Reproduced with 

permission from Elsevier from ref. [12]. 

 

The ζ-potential determines (i) the stability of the particle in suspension, (ii) the motion 

direction (cathodic or anodic deposition), (iii) the particle mobility and (iv) the film green 

density. The ζ-potential can be tailored by addition of acids, bases, ions absorption or 

polyelectrolytes [250]. 

A low ζ-potential (in terms of the absolute value) leads to particle agglomeration and 

instability of the system, while a too big ζ-potential does not allow the particles to 

deposit on the deposition electrode. 

The particle velocity in suspension is determined by four different forces: (i) the 

accelerating force induced by the applied electric field, (ii) the viscous drag of the liquid, 

(iii) a retardation force induce by the attraction of the stern layer ions that try to move to 

the opposite electrode, and (iv) a relaxation force caused by the distortion of the diffuse 

double layer by displacement of the positive and negative charge center [242].  
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2.8.4 Deposition 

Different theories have been developed with the aim to clarify the deposition 

mechanism [12,242,251–253]. One of the first theories suggested that charge neutralization 

occurs when the particles reach the deposition electrode, staying the particles attached 

and forming the deposit [254]. This mechanism is valid for very dilute suspensions and 

when salts are present, improving the particle charge, but is invalid for long deposition 

times and when chemical reactions occur near the electrode. 

Other mechanism proposed by Hamaker and Verwey [255] explains the deposition by 

particle flocculation induced by the accumulation in the vicinity of the deposition electrode. 

They proposed that the electric field and the pressure exerted by the incoming particles 

are strong enough to overcome the electrostatic repulsion force forming the deposit. 

This model explains the deposition when no chemical reactions are occurring as well as 

the deposition in substrates (e.g. membranes) that are not conductive (located between 

the electrodes). 

The electrochemical particle coagulation mechanism is based on the reduction of the 

electrostatic repulsion forces due to the increase in electrolyte concentration near the 

deposition electrode. The higher electrolyte concentration reduces the zeta potential and 

induces flocculation of particles which collapse to deposit. This mechanism is valid for 

water based suspension with higher concentration of H+ or OH- near to the cathode 

and anode, respectively; or when other ion generates a chemical reaction [12]. 

A fourth method was proposed by Sarkar and Nicolson [244] based in the distortion of the 

diffuse double layer under the effect of the electric field. They propose that once the field is 

applied and the particle starts its motion to the deposition electrode, the spherical form 

of the double layer (lyosphere) changes to an oval, thereby particle moves from the 

lyosphere’s center to the electrode. This result in the reduction of the double layer 

thickness located between the particle and the electrode, therefore inducing the 

reduction of the electrostatic forces between the arriving particle and the already 

deposited ones. Consequently, the effect of the London and van der Waals forces 

increases, causing the coagulation of the particles and the formation of the deposit (Fig 

2.8).  

Later on this theory was modified [256] to consider the increase of H+ or OH- in 

aqueous based suspensions. The higher concentration of the ions near to the electrodes 
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provokes a pH change and therefore a ζ–potential moving to the isoelectric point, with 

it inducing the coagulation of the particles. 

Derjaguin, Landau, Verwey and Overbeek in the so called DLVO model [257,258], 

analyze the suspension stability as function of the electrostatic and van der Waals forces 

(other forces were not taken in consideration). This model studies a quantitative 

estimate of the relationship between stability of suspension in terms of interparticle 

forces and energies of interaction that exist between colloidal particles and other 

surfaces in a liquid [12]. To induce the particle deposition the van der Waals forces must 

exceed the opposition of the electrostatic forces as function of the interparticle distance 

reduction (Fig. 2.9). At very low ionic strengths a destabilization of the diffuse double 

layer does not take place, therefore the electrostatic repulsion forces dominate the 

behavior making impossible the particle deposition (Fig. 2.9 curve A). At low ionic 

strengths (Fig. 2.9 curve B) a first minimum in favor of the van der Waals forces appear, 

but with a further interparticle distance reduction the electrostatic force becomes 

predominant inhibiting a further approach of the particles and the subsequent 

deposition.  

 

Figure 2.8 Schematic representation of the lyosphere distortion and deposition. Reproduced with 
permission of John Wiley and Sons from ref. [244] 
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The maximum in the curve represents the potential energy barrier against close 

approach of the two particles. The barrier height (value) is function of the electrostatic 

forces and its value is determined by the ζ–potential and the stern layer, therefore is 

related with the suspension stability. Particle deposition occurs if the system is able to 

overcome this first barrier and if the primary minimum is depth enough to have a 

predominant effect of the van der Walls forces. Such phenomenon happens for 

intermediate ionic strength, curves C and D (Fig. 2.9), where C is for a more stable 

suspension. The secondary minimum in curve D is related with the more concentrated 

electrolyte suspension that can induce a reversible flocculation of the particles; this can 

be overcome by the repulsive forces when distance is reduced or by adding more 

solvent to the suspension shifting to curve C. 

If the particles in a high ionic strength suspension do not experiment repulsion forces, 

the suspension is totally inestable and coagulation occurs (curve D).  

 

Figure 2.9 Total potential energy versus interparticle distance curve between two particles 
showing four different types of interactions: A: spontaneous dispersion of particles; B: no primary 

coagulation due to high energy barrier; C, D: weak secondary minimum coagulation; E: fast 
coagulation into primary minimum. Reproduced with permission from Elsevier and taken from 

ref. [12]. 

 

It must be mentioned that even nowadays the EPD mechanisms of the deposition are 

still under investigation and other theories have been presented [12,242,251–253]. 
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2.8.5 Considerations 

a) Parameters related to the suspension 

The first suspension parameter to take in consideration is the ζ–potential, therefore this 

parameter was deeply analyzed in section 2.7.3. 

The particle size is another key parameter, it must be controlled in order to obtain a well 

disperse and stable suspension. Large particles are more susceptible to sedimentation by 

gravity influence, as the particle/double layer radius ratio is too small the gravity effect 

cannot be counteracted. Ideally, the particles’ mobility due to electrophoresis must be 

higher than that due to gravity [12]. Coatings obtained from an instable suspension 

where sedimentation takes place are thicker in the bottom and thinner in the top, this 

due to a change in the concentration in the suspension as function of deepness. Those 

coatings are more susceptible to suffer of cracks formation during drying and/or 

sintering by stress accumulation. To avoid the sedimentation in suspension is necessary 

to take some actions in order to increase the double layer size (high ζ–potential). Also 

the reduction of the particles size is an option to correct this problem. 

The dielectric constant of the liquid is another factor to consider. Liquids with too low 

dielectric constant do not have enough dissociative power to deagglomerate the 

particles, therefore coagulation or sedimentation takes place. On the other hand, a high 

dielectric constant leads to high ions concentration in suspension reducing the double 

layer size and consequently the electrophoretic mobility. 

The suspension conductivity is mainly controlled by the ions concentration, as they are 

the main carries of the current. If the conductivity is too high the particle motion is very 

low, on the other side too low conductivity leads to suspension instability by 

electronically charging of the particles. Therefore, the suspension conductivity must be 

in an optimal range to ensure a stable suspension with reasonable deposition times. 

The particle movement is easier in low viscosity suspensions, while high viscosities lead 

to low particle mobility. As a resume of the suspension parameters to take in account, a 

good suspension should exhibit low viscosity, high dielectric constant and low 

conductivity. 

b) Parameters related to the process 

The increment of the deposition time increases the coating thickness and with it the 

deposited mass. For constant potential EPD processes and short deposition times, it has 
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been shown that the deposited mass is proportional to the deposition time, but when 

time increases the deposition rate is reduced by the effect of the coating acting as an 

insulation layer and reduction in deposition electric current (Fig. 2.5).  

Another key parameter is the deposition potential. An increment in the deposition 

potential let to higher deposition mass. The deposition is a kinetic process, if the voltage 

is too high the particles have less time to order in the deposit, therefore the particle 

packaging is affected with a subsequent reduction in the coating homogeneity and 

increment in structural defects. High potentials also let to turbulence in the suspension 

that can damage the final coating and could corrode the metallic electrodes. In terms of 

the substrates conductivity, a high conductivity is desired to obtain homogenous 

coatings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

46 

 



 

 

 

 

 

 

 

 

 

Chapter 3 

Experimental Methods 

  



Chapter 3 

48 

3 Experimental methods 

This section includes the key experimental methods and techniques which were applied 

during the whole project, being common to the different sub-projects. Special methods 

for each sub-project are included in the relevant sub-sections (Materials and Methods) in 

each chapter, corresponding to each sub-project in this thesis. 

 

3.1 Design and operation of the EPD cell 

 

The EPD setup consists of a power source (TTI EX752M Miltu-Mode PSU 75V/150V 

300W) with an amperemeter (TTI 1906), both from Telemeter Electronic GmbH, 

Germany. During this work three different EPD cells (setups) were used. The first setup 

(Fig. 3.1) was used to coat commercial stainless steel AISI 316L (Thyssenkrupp, 

Germany) foils and plates of 0.2mm thickness and 15mm width and using different 

sample lengths. The cell has an aluminum frame with two clamps to fix the electrode 

and counter-electrode. The distance between electrodes can be regulated via a screw on 

the right side of the setup, a ruler was used with this propose to control the distance. 

Both clamps were connected to the power source by copper cables. 

Once both electrodes were located, the elevator platform with the EPD suspension in a 

glass beaker on it was raised up to submerge the electrodes into the suspension. The 

submerged electrode area was controlled by using a mark previously introduced on the 

electrode. After the coating process the platform was lowered down manually at a 

constant velocity. 

To coat samples with other dimensions or shapes as well as for the cross sections 

samples, a second cell was used EPD holder for variable dimension samples. A third cell 

was designed to coat Mg substrates. For further details on these two cells please see 

Appendix 1. 
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Figure 3.1 Classical EPD setup with power supply device. 

 

 

3.2 Suspension stability (Zeta potential) 

Zeta-potential measurements were carried out in order to analyze the colloidal stability 

of the suspensions. These measurements were done by Laser Doppler Velocimetry 

(LDV) technique using a Zetasizer nano ZS equipment (Malvern Instruments, UK) at 

the Institute of Particle Technology (Prof. Peukert). This equipment determined the 

zeta-potential by combining electrophoresis and LDV. In this technique light is 

dispersed through the sample with a 17° angle and combined with the reference sample 

inducing a series of fluctuations in the signal intensity. The velocity of those fluctuations 

is proportional to the velocity of the suspended particles in the liquid when an electrical 

field is applied. Under this electrical field the suspended particles move to the oppositely 

charged electrode while the particles also experiment a viscous displacement to the 

other electrode. When both forces are equilibrated the particle moves with constant 

velocity, the so-called electrophoretic mobility.  

For all measurements the solid content of all suspensions was adjusted to 0.1 g/L by 

diluting in order to ensure reliable measurements. Ceramic/polymer ratios were kept 

constant as in the original more concentrated suspension. 
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3.3 Surface characterization techniques 

Different techniques were used to characterize the coatings; these technologies are 

described in this section. 

3.3.1 Light microscopy 

Light microscopy was used to characterize the coating morphology; with this purpose 

two microscopes were used: (1) a M50, Leica and (2) an Eclipse LV 150, Nikon, this last 

one at Institute of Surface Science and Corrosion (WW4, Prof. Virtanen) 

3.3.2 Scanning Electron Microscopy (SEM) 

In order to characterize the coating’s microstructure micrographs of the coating were 

taken using two different SEM microscopes: (1) a LEO 435VP, Zeiss Leica at the 

Institute of Polymer Materials (WW5, Prof. Schubert) and (2) a Hitachi S4800 (WW4). 

To determine the coating thickness, cross section of the samples were cut using and ion 

mill (Hitachi IM4000 at WW4) and further observed by SEM. To make cross sections 

AISI 316L samples (15mm x 10mm x 0.2mm) were coated, later fixed to a rack with 

conductive silver glue and installed in the ion milling machine. In the milling machine a 

low energy Ar ion beam impacts the metallic side of the sample through the metallic 

base substrate and later the coating. The used cut parameters were a potential of 6kV 

and cutting time of 120 to 180min. 

3.3.3 Roughness 

Roughness was measured at the Institute of Glass and Ceramics (WW3) using a laser 

profilometer (UBM, ISC-2). Per each type of coating (or condition) 1-2 samples were 

measured, and per each sample three measurements were performed. A measurement 

length of 5-7mm was used with a scanning velocity of 400 points per second. The 

roughness was calculated using the LMT SurfaceView UBM software.   

3.3.4 Contact angle 

The contact angle was measured (DSA30 Kruess GmbH, Germany) using deionized 

water droplets to evaluate the wettability of the coatings, since this property is 

determinant for the initial protein attachment, which, in turns, is relevant for the 

intended biomedical applications in bone replacement devices. Per each condition (type 

of coating) between 2 to 5 samples were measured with 3 drops per sample. 
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3.4 Coating adhesion determination 

Coating adhesion to the substrate is an important factor to ensure the right mechanical 

properties for the final application; thereby different techniques were applied to evaluate 

the adhesion of the coatings to the substrates.  

3.4.1 Qualitative bending test 

Qualitative bending tests were performed in order to evaluate the deformation ability of 

the coatings and the adhesion between the substrate and coating. To run this test coated 

samples were bent manually 180°C (Fig. 3.2) with tweezers. Later micrographs of the 

deformed coated surface were taken looking for detachment, cracks or any distortion of 

the coating. This manual bending test was used to qualitatively characterize the coating-

substrate adhesion, strength and deformability of the coatings. 

 

 

Figure 3.2 Uncoated bent sample. 

 

3.5 Chemical and physical composition characterization 

3.5.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was done using a Nicolet 6700 equipment (WW5). Reflectance was used to 

analyze coatings attached to metallic samples. Transmittance was performed on pellets 

of a mixture of KBr and the coating material, for this the coatings were removed from 

the substrate manually using a knife. Pellets of 12.5mm of diameter were prepared by 

mixing 2 mg of coating with 200 mg of KBr powder and by pressing (Electrohydraulic 

press PE-010 Mauthe, Germany). The spectra were collected in the mid-IR range 

(4000–400 cm-1). 
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3.5.2 X-ray diffraction (XRD) 

XRD analyses were performed using a D8 Philips X'PERT PW 3040 MPD equipment 

(WW4) or a D8 Advance Bruker at the Instituto de Tecnología Cerámica (Castellón, 

Spain). Both diffractometers were operated with a Cu−Kα radiation at 45 kV and 40 

mA, applying a step size of 0.03° for the 2θ range of 8−80° and with a count rate of 2s 

per step. 

3.5.3 Energy-dispersive X-ray spectroscopy (EDX) 

EDX was performed for chemical analysis composition with an EDAX Genesis device 

connected at the same chamber of the Hitachi S4800 microscopy (WW4). 

3.5.4 Thermogravimetric (TG) and Differential thermal analysis (TDA) 

Differential thermal analysis (DTA) was carried out using a TGA/SDTA 851e form 

Mettler device. Thermogravimetric analysis (TG) was done using the same instrument 

or a Thermoanalyzer 2950TGA V5.4A. Tests were carried out using a dynamic air 

atmosphere, a heating rate of 10°C/min and applying a maximum temperature of 600-

1000°C (maximum temperature will be indicated subsequently for each experiment). 

Tests with the TGA/SDTA 851e instrument were performed at the Instituto de 

Tecnología Cerámica (Castellón, Spain) in collaboration with Prof. Enrique Sanchez. On 

the hand, the thermoanalyzer 2950TGA V5.4A is located at the Institute of Polymer 

Science (WW5). 

3.5.5 Raman spectroscopy 

Ramam spectroscopy was done using a LabRAM HR800, Horiba Jobin Yvon 

instrument. This technique was used to determine and/or corroborate the presence of 

HA on the samples after immersion in SBF, which should be identified by the presence 

of a peak  at a wavelength of 960cm-1[259,260]. 

 

3.6 Electrochemical characterization techniques 

Different electrochemical tests were carried out to evaluate the electrochemical behavior 

of the bare material against the coated samples and thereby to assess the possible 

protective properties of the coatings. This is a key factor to be evaluated; a reduction of 

the corrosion behavior induced by the coating would make the coating of no 
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significance to be used in further applications. Therefore a full understanding of the 

corrosion behavior of the coated samples is necessary.  

All electrochemical tests were carried out at the Institute of Surface Science and 

Corrosion (WW4, Prof. Virtanen) using a potentiostat/galvanostat (Autolab PGSNTAT 

30). A conventional three electrode system was used, where a platinum foil served as 

counter electrode and Ag/AgCl (3M KCl) was used as reference electrode. The analysis 

was carried out using an O-ring cell with an exposed sample area of 0.38 cm2. Fig 3.3 

shows the used setup. Reference, counter electrode and a heating system (if needed) 

were placed in a 200ml plastic container for the electrolyte. The container has a hole at 

the bottom where a 7mm internal diameter O-ring is placed followed by the working 

electrode (coated or uncoated sample). A copper backplate was used to make electrical 

contact with the potentiostat/galvanostat by pressing against the O-ring to expose a 

defined electrode area to the electrolyte. Results were monitored by NOVA software 

(Official software of Autolab). 

During all studies the same type of alloys, AISI 316L or Mg alloy AZ91D, were used to 

guarantee the results repeatability and to be able to compare the studied systems. 

 

Figure 3.3 Electrochemical cell arrangement used to investigate the corrosion resistance of coated 
specimens (Drawn by Can Metehan Turhan and reproduced with permission [261]) 

 

3.6.1 Polarization curves 

Potentiodynamic polarization curves were obtained immersing the samples in 100 mL 

of Dulbecco´s MEM (DMEM, Biochrom) at 37°C. DMEM has been used in previously 
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works to evaluate the electrochemical behavior of different metallic alloy coated with a 

wide variety of coating for biomedical applications [97,115,228,230,262–264]. 

Stabilization time of 10 min was used to determine the open circuit potential. The 

analysis was carried out using a potential sweep rate of 1 mV/s.  The used scanning 

potentials were different according to the type of coating. 

The polarization curve of the bare AISI 316L substrates is the same for all the presented 

results in this thesis, so that direct comparison of the different studied coatings is 

possible. 

3.6.2 Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical impedance spectroscopy (EIS) measurements were performed 

immersing the sample in 100ml Dulbecco’s Modified Eagle Medium (DMEM, 

Biochrom) at 37°C, with a sinusoidal perturbation of ±10mV for 10 points in each 

decade over a frequency interval ranging from 100 kHz to 10mHz. For this test the data 

were normalized to the exposed surface area.  

3.7 Bioactivity evaluation 

The bone-bonding ability (or bioactivity) of a material can be evaluated in vitro by 

investigating the formation of hydroxyapatite layer when the material is immersed in 

simulated body fluid (SBF) with ions concentration similar to that of human blood  

plasma [265,266]. In this investigation, the bioactivity of the coatings was determined 

through immersion in SBF following Kokubo’s protocol [239]. To prepare SBF, 

reagents were supplied by Sigma-Aldrich or VWR, and the amount of the reagents was 

adjusted according to their purity. (See Appendix 2)  

Metallic coated samples with a coated area of 2.25 cm2 (with no coating on the back 

side) were immersed in 50 mL SBF (pH = 7.4), also following Kokubo’s [239] 

recommendation for sample positioning. Different immersion times were considered, 

from 1 to 28 days. The specifically used times in each case are specified for each 

experiment in the relevant sections in future chapters. Samples were left in a rotational 

incubator (KS 4000i control, IKA®) at 190 RPM and at 37°C temperature. The SBF 

was changed each 7 days. XRD, RAMAN spectroscopy and SEM analyses were used to 

evaluate the formation of hydroxyapatite (HA) on the coatings, all this to assess the 

bioactive character of the different coating systems produced. 
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4 Alginate based coatings 

With the aim of developing coatings with antibacterial function, alginate was combined 

with titania and zinc oxide nanoparticles to form organic/inorganic coatings that could 

be used to tackle possible infections near the implant in in-vivo conditions. On the other 

hand, to impart bioactivity Bioglass® 45S5 (micro- and nanoparticles) was also added to 

the coatings to induce the formation of a hydroxyapatite layer (bioactive behavior), 

which is essential to facilitate strong bonding of the implant to osteointegration, e.g. the 

surrounding bone tissue. As a substrate mainly stainless steel AISI 316L was used, but 

also Mg alloy (AZ91D) substrates were considered, in this case to investigate a 

reabsorbable implant material [262]. In the case of the Mg alloy, the electrochemical 

behavior was further studied for coated and uncoated samples to understand the 

possible positive effects of the coating on the corrosion behavior of the material. 

 

4.1 n-TiO2/alginate and n-TiO2-BG/alginate coatings3 

4.1.1 Introduction 

To understand the deposition behavior of alginate, pure alginate coatings were studied, 

and also combinations of this polymer with ceramic particles, e.g. titania nanoparticles 

and Bioglass® 45S5 (BG) particles. Titania was used to investigate the deposition 

mechanism, conditions and the properties of an organic/inorganic composite coating. It 

was also added to bring antibacterial properties to the coatings. Later BG was added to 

develop a more complex system with possible bioactivity. 

The obtained knowledge in this section was essential in understanding the mechanism 

of alginate deposition and for the development of new alginate-based organic/inorganic 

composite coatings for bone replacement applications. 

4.1.2 Materials and Methods 

Sodium alginate (W201502 Sigma Aldrich), titania nanoparticles (nTiO2) (21nm particle 

size, P25, Evonik Industries) and bioactive glass (BG) (5-25µm particle size) of 45S5 

Bioglass® composition (45wt.% SiO2, 24.5 wt.% CaO, 24.5 wt.% Na2O and 6 wt.% 

P2O5) [30] were used to produce two different composite coatings: nTiO2/alginate 

                                                 
3 Part of the information (text, figures and tables) presented in this section was reprinted with permission 
form Maney. Please see the section Permission at the end of this thesis. 
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(labeled nTA) and nTiO2-BG/alginate (with 50wt.% nTiO2 and 50wt.% BG, labeled 

nTBA). Deionized water and ethanol were used to prepare suspensions suitable for 

EPD. A 2 g/L alginate solution was used in all experiments while the ceramic or glass 

content was varied from 2 to 10 g/L. In order to avoid hydrogen bubble formation 

during the EPD process (due to water electrolysis) a mixture of 40vol.% ethanol - 

60vol.% water was used [97]. All suspensions prepared were magnetically stirred for 5 

min followed by 60 min of ultrasonication using an ultrasonic bath (Bandelin Sonorex, 

Germany) and subsequent 5 min of magnetic stirring, in order to achieve an adequate 

dispersion of the components. The colloidal stability of the suspensions was analyzed by 

means of ζ-potential measurements. 

Stainless steel AISI 316L electrodes (plates of 2.25 cm2 deposition area) were used to 

deposit the nTiO2/alginate and nTiO2-BG/alginate composite coatings via constant 

voltage EPD. The distance between the electrodes in the EPD cell was kept constant at 

10mm. Deposition voltages and times in the ranges 3-10V and 30s to 10min, 

respectively, were studied. The deposition yield was evaluated using an analytical balance 

(precision 0.0001g). Coated substrates were dried for 24h in normal air at room 

temperature prior to mass determination. 

In order to characterize the coatings, XRD (D8 Philips X'PERT PW 3040 MPD), FTIR 

and termogravimetric (TG) tests (TGA/SDTA 851e, Mettler) until a maximal 

temperature of 1000°C were performed. The surface microstructure and composition of 

the coatings were analyzed by scanning electron microscopy (SEM) (Hitachi S4800) and 

energy-dispersive X-ray spectroscopy (EDX), respectively. To evaluate the tribological 

and mechanical properties of the coatings, scratching tests were performed with a 

microindentation equipment (Nanotest, Micromaterials, UK) using a diamond conical 

Rockwell indenter with a 25 µm radius. A 2 mm scratch test was carried out on the 

surface of the samples, applying a progressive load from 0 to 200 mN with a loading 

rate of 10mN/s. Three tests per sample were carried out in order to minimize the 

influence of errors produced by the presence of isolated defects on the surface of the 

samples. Bending tests were also performed in order to qualitatively evaluate the 

deformation ability of the coatings and the degree of adhesion between the substrate 

and the coating. The electrochemical behavior of coated samples was studied in order to 

test the possible corrosion protective properties of the coatings (potentiodynamic 

polarization curves).  
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The bioactivity of the coatings was determined through immersion studies in simulated 

body fluid (SBF) using Kokubo’s protocol [239,265]. The samples of 2.25 cm2 were 

immersed in 50 mL SBF (pH = 7.4) during 7 days at 37°C. XRD was used to evaluate 

the formation of hydroxyapatite (HA) on the coatings for the SBF test. 

 

4.1.3 Results and Discussion 

a) Solution stability and electrophoretic deposition 

It is well known that water electrolysis during the EPD process has a negative effect on 

the adhesion and homogeneity of the obtained coatings due to the generation of gas 

bubbles [12]. In order to avoid this problem ethanol/water mixtures can be used which 

also provide a better stabilization of polymer/inorganic particle mixtures in comparison 

with other water based solutions [97]. In our case, different ethanol/water ratios 

(containing up to 90 vol.% of ethanol) were tested, and by trial-and-error approach it 

was observed that the most homogeneous coatings were obtained when a 40 vol.% 

ethanol / 60 vol.% water mixture was used. For this ethanol/water ratio a slight 

sedimentation of the powder was observed only after 72 h of aging. Zeta potential 

values of nTA and nTBA suspensions were found to be -107 ± 17 mV and -53 ± 18 

mV, respectively, which predicts an anodic deposition. The difference in the zeta 

potential values of nTA and nTBA suspensions can be ascribed to the relatively larger 

BG particle size which tends to decrease the colloidal stability of the system. However, 

both suspensions were suitable for EPD and exhibited sufficiently high stability 

according to the recorded values of zeta potential.  

Different ceramic contents in the range of 2 to 10 g/L were tested and the most 

homogeneous and crack free electrophoretic coatings, assessed visually, were obtained 

when using a voltage of 7 V and a deposition time of 1 min for nTA system and 5 V 

and 1 min for nTBA system. As expected, the higher the ceramic content in the starting 

suspension, the higher was the ceramic content in the coatings.  This tendency is 

observed in Fig. 4.1 where a linear behavior between the ceramic content in suspension 

and the coating weight per area can be found for both systems. Comparing nTA and 

nTBA coatings, the one containing BG particles presents a lower deposition rate than 

the one with only n-TiO2 due to (i) the relatively large size of the BG particles compared 
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to n-TiO2, and (ii) the lower voltage used to produce the coatings which reduces the 

motion of the particles. 

 

Figure 4.1 Relationship between ceramic concentrations in suspension and deposited mass per 
area using 2g/L alginate suspensions in ethanol/water solvent for both systems (nTA and 

nTBA). Deposition time was 1min and deposition potentials were 7V and 5V for the nTA and 
nTBA systems, respectively. 

 

Fig. 4.2 (a-d) show the surface morphology of the different coatings obtained using 2 

and 10 g/L for both nTA and nTBA systems. As it can be observed, at the SEM 

magnifications used, the coatings seem to be fairly homogeneous, crack free and they 

present n-TiO2 clusters of up to 3 µm. In the case of TBA coatings, the BG particles 

appear agglomerated and distributed all over the sample with sizes ranging from ~3 to 

~21 µm and surrounded by the titania nanoparticles. It can be also noted that higher 

ceramic contents in suspension lead to higher ceramic amount in the final coatings, 

which increases the surface roughness. Fig. 4.2 (e and f) show the cross section of the   

6 g/L nTA coating at two different magnifications where it is possible to observe a 

relatively high particle packing and a coating thickness of approximately 9 µm. Coating 

thickness of the nTBA system was not determined due to the random distribution of 

the BG particles not providing a representative cross section and no suitable thickness 

value could be measured. 
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Figure 4.2 SEM images of nTA and nTBA coating surfaces produced by EPD from solutions 
with different ceramic content: (a) 2g/L nTA, (b) 10g/L nTA, (c) 2g/L nTBA, (d) 10g/L nTBA 

and (e and f) cross sections of 6g/L nTA coatings at two different magnifications. 

 

b) Coatings composition and structural characterization 

FTIR spectra of pure alginate powder, pure BG powder and of a coating with 6 g/L of 

ceramic particles (nTA and nTBA) are shown in Fig. 4.3.  For pure alginate powder (Fig. 

4.3a) and for both nTA (Fig. 4.3b) and nTBA (Fig. 4.3c) coatings, the presence of 

alginate is confirmed by the characteristic peaks of both, the asymmetric and the 

symmetric stretching of the COO- group at 1600 cm-1 and 1423-1413 cm-1, respectively 

[267]. In the case of nTA coating, an extra peak at 1723 cm-1, caused by the stretching 

vibration of the protonated carboxylic group of alginic acid, is observed [86,268]. When 

BG particles are included in the suspension, an alkalinization effect occurs and the pH 

increases resulting in the deprotonation of the mentioned carboxylic group. Therefore, 

the peak at 1723 cm-1 does not appear in the nTBA coating. For both systems, the 
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presence of titania is confirmed by an extensive absorption band below 800 cm-1 

[231,269,270]. The BG powder spectrum (Fig. 4.3d) shows the characteristic asymmetric 

stretching and bending peaks of the Si-O-Si bonds at 1043, 924 and 503 cm-1 [271], 

respectively, but due to the existence of n-TiO2, these peaks are not visible for the 

nTBA coating (Fig. 4.3) since they overlap with the broad band assigned to the presence 

of titania. EDX was applied in two different locations of the nTBA coating to 

demonstrate the presence of the BG particles (Fig. 4.4). The first EDX measurement 

was carried out on a possible BG particle (according to the different particles sizes of 

BG and TiO2 used, Fig 4.4a) and the second one over a region where there was a lack of 

such large BG agglomerates (Fig 4.4b). Fig 4.4a shows the peaks of Ca, Na, P and Si, 

which can be correlated with the 45S5 BG composition, while in Fig 4.4b the main 

peaks correspond to Fe, Ni and Cr from the stainless steel substrate and Ti from the 

titania phase. 

 

Figure 4.3 FTIR results for (a) pure alginate powder, (b) 6g/L nTA coating, (c) 6g/L nTBA 
coating and (d) BG powder. 
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Figure 4.4 EDX results for two different locations on the coating made from a suspension 
containing 2g/L of ceramic particles from the nTBA coating. The tests were done over a BG 

particle (a) and a region manly containing titania (b). 

 

The thermal behavior of both nTA and nTBA composite coatings was analyzed by TG 

measurements (Fig. 4.5). The first mass loss in the TG curve at around 100°C can be 

attributed to the physically adsorbed water that was retained in the coatings. Between 

300 and 450°C an exothermic peak in the DTA curves (not shown) is observed for all 

the coatings, which can be attributed to the burn out of the alginate [39, 43]. Once the 

alginate is burned out, there is no other important change in the mass loss (at 

T>450°C), indicating that the residual material in the coating is the ceramic phase. Table 

4.1 shows that, as expected, the higher the ceramic content in the suspension, the higher 

is the ceramic content in the final coatings for both composite systems. When 

comparing coatings prepared with the same solid content, the higher ceramic/alginate 

weight ratio of nTBA samples compared to nTA samples is due to the larger size of the 

BG particles that increases the ceramic weight content. 
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Table 4.1 Final composition of the coatings from both systems (nTA and nTBA) according to the 

TG analysis. 

System 

Initial 
ceramic 

content in 
suspension 

(g/L) 

Final components in the coating 

Water Alginate 
Ceramic 

phase 

wt.
% 

vol.
% 

wt.
% 

vol.% 
wt.
% 

vol.% 

nTA 

(TiO2/alg) 

2 5.3 10.9 54.2 69.5 40.5 19.6 

6 4.4 11.2 31.7 50.4 63.9 38.4 

10 2.6 8.6 11.9 24.6 85.5 66.8 

nTBA 

(TiO2-
BG/alg) 

2 11.8 23.4 39.1 48.5 49.1 28.1 

6 7.8 18.8 21.2 31.9 71.0 49.3 

10 5.9 15.5 14.8 24.3 79.3 60.1 

 

 

 

Figure 4.5 TG results of the electrophoretically deposited coatings from both systems (nTA and 
nTBA) using different ceramic contents in suspension. 
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c) Tribological properties 

The tribological properties of orthopedic coatings, in terms of scratch resistance and 

adhesion to the substrate, are key parameters that must be controlled in order to warrant 

suitable attachment of the coating during application (e.g. fixation of the implant into 

the bone defect) and to impart the capacity to withstand possible fracture during 

surgery. Bending and scratching tests were performed on the present coated substrates 

to evaluate the structural integrity of the coating layers and to qualitatively assess the 

adhesion strength between the coatings and the substrates. 

For the manual bending tests, selected samples were considered to evaluate possible 

crack formation and/or coating detachment. Fig. 4.6 shows digital camera images of the 

coatings fabricated from suspensions with 2 and 10 g/L for both systems (nTA and 

nTBA) after the bending test. As it can be observed, independently of the system (nTA 

or nTBA) and of the initial ceramic content (2-10 g/L), crack free coatings well attached 

to the substrate were obtained. The microcracks observed on the borders of the 

coatings are likely due to the bending process itself as well as to a possible edge effect 

that could have led to higher ceramic particles accumulation during EPD [272].  

 

 

Figure 4.6 Coated samples bent to qualitatively assess coating layer integrity and compliant 
behavior. Coatings were prepared by EPD with 2 and 10g/L for both nTA and TBA systems. (a) 

2 g/L nTA, (b) 10 g/L nTA, (c) 2 g/L nTBA and (d) 10 g/L nTBA. (Scale bar 1 mm) 

 

For the scratching tests, a 2 mm scratch was made on the flat surface of the samples, 

applying a progressive load from 0 to 200 mN with a loading rate of 10 mN/s.  After 

the test it was possible to determine critical load values characteristic for each tested 
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sample. The critical load (Lc) is defined as an applied characteristic load at which a 

change in the scratching mechanism occurs and it can be used to define the adhesive 

failure. In this case, typical critical loads were determined for all samples and the fracture 

mechanism was characterized by the presence of spallations of the material, which 

enabled observation of the substrate underneath the coating.  Fig. 4.7 shows critical load 

values determined on each sample after carrying out the scratching test. In all cases, 

nTBA coatings showed higher critical load values than nTA coatings, this means that in 

nTBA samples adhesive failure occurs at higher loads indicating that nTBA coatings 

exhibit higher scratching resistance than nTA coatings. The best results in terms of 

adhesion to the substrate were observed for nTBA coatings containing 4 and 6 g/L of 

ceramic particles. In the case of nTA coatings the best results were obtained with 6 g/L 

of n-TiO2. For ceramic contents higher than 6 g/L, a decrease in the degree of adhesion 

to the substrate was observed. This effect could be ascribed to the lower 

polymer/ceramic ratio in those coatings which reduces the binding effect of the 

polymer and, therefore, leads to more brittle coatings which are easier to detach from 

the substrate. In this sense, for both nTA and nTBA systems, the optimum ceramic 

content seems to be 6 g/L (ceramic:polymer 3:1) and, as mention before, nTBA 

coatings exhibit better adhesion strength to the substrate than nTA coatings. This trend, 

which is observed for all ceramic contents, could be explained by the presence of large 

BG particles in nTBA coatings and the higher load needed to create the spallation of the 

material. 

d) In vitro assessment in SBF 

In order to evaluate the potential bioactivity of nTA and nTBA coatings, samples 

prepared with 2, 6 and 10 g/L for both systems were immersed in SBF at 37°C for 7 

days. Fig. 4.8 shows the normalized XRD plots obtained on coatings after SBF 

immersion. As it can be seen, all nTBA samples present the diffraction peaks 

corresponding to the (100), (200), (211) and (203) planes of hydroxyapatite (HA, 

indexed using the JCPDS card number 09-0432). TA samples produced from a 

suspension with 2 and 6 g/L do not show HA signal, when 10 g/L were used a low HA 

signal is present. For all samples the (101), (004), (200) and (105) planes indicate the 

presence of the anatase polymorph of titania [273] and the (110) and (313) planes of 

rutile, respectively (indexed using JCPDS cards number 21-1272 and 21-1276). 

Comparing the coatings obtained with the lowest ceramic content for both systems      
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(2 g/L nTA and nTBA) it can be observed that when BG particles are incorporated in 

the coating, the HA phase is more evident according to the higher intensity of the HA 

peaks in the nTBA diffractogram as well as to the appearance of peaks correlated to the 

(100) and (200) planes of HA in the nTBA sample that are not clearly visible in the nTA 

sample. This observation suggests that BG particles accelerate the HA formation after 

immersion in SBF, as expected [30]. However, when the ceramic content is increased to 

10 g/L, no significant differences in bioactive behavior are observed. Even when not all 

the nTA coating developed HA, it has been reported that the presence of titania 

nanoparticles improved osteoblast cell proliferation compared with other 

nanobiomaterials, thereby supporting on bone formation [222,223]. 

 

 

Figure 4.7 Scratch test results as a function of initial ceramic content in the suspension for 
composite coatings produced by EPD with 2g/L alginate suspensions in ethanol/water solvent. 
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Figure 4.8 XRD results of the coatings produced with 2, 6 and 10g/L ceramic particles in 
suspension for both nTA and nTBA systems after 7 days in SBF at 37°C (normalized graphic). 

 

e) Electrochemical behavior and corrosion resistance 

An important parameter determining the success of a metallic material used in biological 

environments is its corrosion resistance. Applying a protective coating is one of the 

alternatives to tackle the potentially low corrosion resistance of metallic materials in 

biological fluids, which is due to the high chloride-content of these media [274,275]. Fig. 

8.9 shows the polarization curves of the uncoated 316L stainless steel substrate (bare 

metal) as well as the curves for the electrophoretically coated substrates for both nTA 

and nTBA systems with different ceramic contents (6, 8 and 10 g/L) upon immersion in 

DMEM at 37°C. It can be observed that all coated samples show a higher Ecorr and a 

lower icorr compared to the bare metal, indicating that both composite coatings protect 

the substrate against corrosion. The presence of the coatings decreases significantly the 

current density from 1065 nA/cm2 (bare metal) to a mean value of 520 nA/cm2 for 

nTA coatings and 470 nA/cm2 for nTBA ones, reducing the kinetics of both anodic and 

cathodic reactions, and hence imparting protective properties to the composite coating.  

The lower Ecorr of nTBA coatings compared to nTA coatings is likely due to the reaction 

of highly reactive BG particles with the medium causing their partial dissolution, while 

titania does not present this dissolution phenomenon. At the same time, it should be 
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taken into account that the smaller particle size of titania favors the effective sealing of 

the possible pores left by the BG particles where the liquid can penetrate. Finally, the 

effect of BG particles on the anodic reaction should be noted, where in all cases the 

anodic polarization curves for nTBA coatings occur at significantly lower current 

densities than the ones of the nTA coatings. 

 

Figure 4.9 Polarization curves obtained using DMEM at 37°C for coating of the nTA system (6 
(a), 8 (b) and 10 g/L (c)), nTBA system (6 (d), 8 (e), 10 g/L (f)) and bare metal (g). 

 

4.1.4 Conclusions 

Novel n-TiO2/alginate (nTA) and n-TiO2-BG/alginate (nTBA) composite coatings on 

stainless steel have been successfully obtained by anodic electrophoretic deposition. The 

optimal experimental conditions were found using an ethanol/water ratio of 40/60 

(vol.%) as solvent for EPD, in order to avoid bubble formation during EPD and to 

ensure a high stability of the colloidal suspension. Voltages of 5 V and 7 V for the n-

TiO2/alginate and the n-TiO2-BG/alginate systems, respectively, and a deposition time 

of 1 min for both of them were determined as optimal EPD parameters. The presence 

of BG particles induced the growth of HA on the coating surfaces upon immersion in 

SBF, while in the nTA coatings the signal of HA was found just for the coatings made 

from the suspension with 10 g/L of n-TiO2. This fact suggests that HA can precipitate 

on nTA coatings with high ceramic/polymer radio. These new coatings present exhibits 

structural stability and they resist deformation (bending) without substantial 
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microcracking. In addition scratching tests showed that coating adhesion strength 

depends on the type of inorganic filler. In terms of corrosion behavior in DMEM, the 

higher Ecorr and lower icorr values exhibited by the coated samples, compared to the bare 

metal, indicate the protective properties of the obtained coatings. Thus, the coatings 

studied in this work, being bioactive, deformation and corrosion resistant, represent a 

new family of “soft” coatings for possible applications in bone substituting devices and 

for bone tissue engineering. 

 

4.2 nTiO2-nBG/alginate coatings 

4.2.1 Introduction 

nTBA coatings showed interesting properties, but still the distribution of micron-sized 

BG on the coating is irregular, meaning that not all the surface is fully covered with BG. 

To resolve this problem, BG nanoparticles emerge as a possible alternative. Due their 

smaller particles size, comparable with the titania particle size, a better packing of the 

particles in the coatings could be obtained, giving a more homogeneous coatings and a 

better distribution of the BG. For this work, nanoparticles of nominal Bioglass® 45S5 

composition were provided by collaborators at the ETH Zurich (Prof. W. Stark and Dr. 

D Mohn) [276]. It is also expected that the presence of nBG particles can induce a faster 

HA formation on the coating than on the nTBA coatings discussed in the previous 

section. 

In addition, the use of nanoparticles of the same BG composition allows a comparison 

of the effect of the BG particles size on the deposition conditions, bioactivity, corrosion 

behavior and degradation of the coatings. 

  

4.2.2 Materials and methods 

Sodium alginate (Sigma Aldrich), titania nanoparticles (n-TiO2, 21 nm particle size, P25, 

Evonik Industries) and bioactive glass nanoparticles (nBG, 30-50 nm particle size) were 

used to produce nTiO2-nBg/Alg (nTnBA) composite coatings with 50 wt.% nTiO2 and 

50 wt.% nBG. The nBG was fabricated as mentioned somewhere else [276]. A 2 g/L 

alginate solution was used in all experiments while the TiO2 or glass content was varied 

from 2 to 6g/L according to the presented previous results (see section 4.1). The 
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suspension preparation was done in accordance with section 4.1.2. Deposition voltages 

and times in the ranges 3-10V and 30s to 5min, respectively, were studied. The 

characterization methods, techniques and machines used are in accordance with section 

4.1.2. 

The bioactivity of the coatings was determined through immersion studies in simulated 

body fluid (SBF) using Kokubo’s protocol [239] (discussed also in section 3.7 and 

appendix 2). The samples of 2.25 cm2 were immersed in 50 mL SBF (pH = 7.4) during 

2, 5, and 7 days at 37°C. XRD (D8 Philips X'PERT PW 3040 MPD) was used to 

evaluate the formation of hydroxyapatite (HA) on the coatings. Due the smaller 

particles size of BG a faster reactivity of the coatings is expected compared with the 

nTBA ones, therefore shorter immersion times were used. 

 

4.2.3 Results and discussion 

a) Suspension stability 

 
To understand the suspension stability and deposition mechanism further ζ–potential 

measurements were performed. The stability of five different suspensions was evaluated 

in terms of the zeta potential (Table 4.2). The results show that despite the behavior of 

the individual particles the systems containing alginate (nTA, nBA and nTnBA) present 

an anodic deposition behavior controlled by the presence of the polymer. As it can be 

appreciated the change from microsize BG to nanosize one does not affect the ζ–

potential, meaning that the particle size does not have an influence on the stability. It is 

important to consider that the reported ζ–potential values are for fresh prepared 

suspension, with the time the values could change with the sedimentation of the 

particles, and the particles sizes can have an active role, i.e. larger particles will have 

faster sedimentation. 

As Table 4.2 shows the deposition is mainly controlled by the alginate. It can be 

assumed that the polymer is forming a kind of cloud or net which encapsulates the solid 

particles, which then migrate, taken by the alginate molecules to the anode. (see Fig. 

4.10) 
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Table 4.2 Zeta-potential values of different suspensions (60vol.% H2O and 40vol.%EtOH) 

Sample name nTiO2 nBG nTA 

Composition 100wt%nTiO2 100wt.%nBG nTiO2:Alg 
3:2 

Zeta potential (mV) 56±18 -21±10 -106±17 
 

Sample name nBA nTnBA nTBA 

Composition nBG:Alg 
3:2 

nTiO2:nBG:Alg 
3:3:4 

nTiO2:BG:Alg 
3:3:4 

Zeta potential 
(mV) 

-52±13 -51±13 -53±18 

 
 

 

Figure 4.10 Schematic diagram showing the suggested deposition mechanism for the nTnBA 
system 

 

b) Deposition conditions 

 
Homogeneous and crack free coatings were obtained using 7 V as deposition potential; 

1 min of deposition time and with ceramic contents of 2-6 g/L. Higher voltages could 

induce hydrogen and oxygen evolution at the electrode surface while lower ones did not 

produce homogeneous coatings. In case of the deposition time, periods below 1 min led 

to inhomogeneous coatings while longer times produced thick coatings that easily 

cracked during the drying process. It can be mention that the use of nBG particles 

compared with the nTBA system, did not affect the deposition conditions, being this 

fact another confirmation that the deposition is controlled by the alginate (Fig 4.10). 
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c) Coating characterization 

 
Fig. 4.11a shows an image of a homogeneous and crack free nTnBA coating produced 

with the optimal deposition conditions (7 V, 1 min) and 2 g/L of ceramic content. After 

bending the sample to angle of 180°, it was seen that the coating remained well attached 

to the substrate (Fig. 4.11b). Similar results were obtained for all ceramic contents. SEM 

images of the coating surface (Figs. 4.11c and 1d) show that also in the micrometric 

level the coating is homogeneous all over the surface (Fig. 4.11c) with well-distributed 

clusters (up to 10 µm). A closer look at one of the clusters (Fig. 4.11d) shows that they 

are composed of a mixture of nTiO2 and nBG particles. The thickness of the nTnBA 

coatings was estimated to be around 8-9 µm by SEM observation of the coating cross 

section. As evident by inspection of the micrographs, the utilization of nBG particles let 

to superior coatings in terms of homogeneity, where the nBG particles are seen to cover 

the whole surface and not only part of it as in the case of the nTBA system. 

TG results (Table 4.3) revealed a final coating composition of 33.8 wt.% alginate and 

56.1 wt.% of ceramic phase (the rest being water) for a coating produced from 2 g/L 

alginate and 3 g/L ceramic content. If the retained water is not considered, the amounts 

of polymer and ceramic in the coating are 37.6 wt.% and 62.4 wt.%, respectively. These 

values are close to the composition of the starting suspension (2 g/L alginate (40 wt.%) 

and 3 g/L inorganic phase (60 wt.%), meaning that the final coating presents almost the 

same polymer/ceramic weight ratio (0.60) than the suspension (0.66). 
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Figure 4.11 Optical images of a nTnBA coating obtained by EPD (2g/L ceramic content, 7V and 
1min) (a), Qualitative bending test (b), SEM images of the same coating at two different 

magnifications (c and d). 

 
 

Table 4.3 Composition of the coating according with the TG/DTA results 

Component TG Without water In suspension 

wt.% vol.% wt.% vol.% wt.% vol.% 

Water 10.1 22.7 - - - - 

Alginate 33.8 47.5 37.6 61.4 40 57.9 

Ceramic 56.1 29.8 62.4 38.6 60 42.1 

 

 

d) Electrochemical behavior and corrosion resistance 

 
Fig. 4.12 presents the polarization curves of the bare material and the coated nTnBA 

sample. As it can be observed the coated sample exhibits a higher corrosion potential   

(-0.28 V) than the bare sample (-0.32 V) and also a lower corrosion current density, 

implying a corrosion protection provided by the coating. These results are slightly better 

than the previously reported ones on  nTBA coatings where a ceramic content of 6 g/L 

was used [115], especially considering that in the present study the ceramic content is 3 
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times lower. Although further studies on the influence of the inorganic particle size on 

the corrosion behavior should be performed, these preliminary results suggest that 

smaller particles are capable to prevent the corrosion of the metallic substrate in a more 

successful way than using conventional (i.e. micrometric) particles. A probable reason 

for this enhancement of the corrosion protection could be that the small particles are 

able to fill the gaps between clusters or agglomeration of particles and therefore less 

metal surface is directly exposed to the corrosion media.  

 

Figure 4.12 Polarization curves of the bare material (uncoated substrate) and the nTnBA coating 
produced from a solution with 2g/L of ceramic content 

 

 

a) Bioactivity evaluation 

 
Fig. 4.13 presents the XRD results of samples immersed up to 7 days showing also the 

SEM image of a sample after 5 days of immersion. For all samples the main diffraction 

peak of hydroxyapatite (HA) at (211) 31.7° is found and the peak (300) is also present 

after 2 days of immersion. A peak (200) is present after 5 days, and a peak (100) after 5 

and 7 days, all these peaks correspond to HA [277–279]. Peaks corresponding to (101), 

(004), (200) and (105) planes of the anatase polymorph of titania as well as peaks of 

(110) and (313) planes of rutile, respectively (indexed using JCPDS cards number 21-

1272 and 21-1276) are also observed. The typical cauliflower structure of HA is not 



Alginate based coatings 

 
75 

visible on the SEM image, but the structure correlated with the XRD results thus 

indicates the formation of an amorphous calcium phosphate phase which is also a 

bioactive phase [25,238,271,280,281]. 

 

 

Figure 4.13 XRD diffractogram of nTnBA samples (3g/L ceramic amount) after 2 days, 5 days 
and 7 days of immersion time in SBF. A SEM image of the sample surface after 5 days of 

immersion in SBF. 

 

 

4.2.4 Conclusions 

 
An organic/inorganic composite coating on stainless steel 316L, containing 

nanoparticles of bioactive glass and titania with a matrix of alginate, was successfully 

obtained by anodic EPD from a suspension with ceramic contents of 2-6 g/L and 2 g/L 

alginate using 7 V and 1 min of deposition potential and time, respectively. Those 

conditions are the same used for the nTBA system discussed in section 4.1, meaning 

that the change of the BG particle size does not have an influence of the EPD 

conditions, this was confirmed by the similar value of ζ–potential for the nTBA and 

nTnBA systems. The use of nanoparticles led to coatings with improved characteristics 

compared with previously reported results [115]. The size of the added BG particles 

seems also to positively influence the corrosion behavior of the coated samples. The use 

of BG nanoparticles also let to the formation of a homogeneous calcium phosphate 
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layer on the entire coating surface, what is an improvement compared with the nTBA 

system where this layer was covering only a small portion of the sample surface. 

 

4.3 Analysis and comparison of the nTA, nTBA and nTnBA 

systems  

 

The similar deposition conditions (time and potential) needed to produce the three 

types of coatings (nTA, nTBA and nTnBA) indicates that the EPD process is mainly 

controlled by the alginate, what is also confirmed by the ζ–potential results. Alginate 

seems to act as a binder and provides suitable mechanical consistency and structural 

stability to the coatings according to the performed bending tests. Regarding the 

influence of the BG, it seems that its addition leads to a reduction of the system 

stability, from an extremely high ζ–potential value of -106±17 mV for the nTA system 

to a value around -52 mV for the suspensions with presence of BG (nBA, nTBA and 

nTnBA) meaning that the interaction BG-Alg is predominant in the investigated 

systems. The ζ–potential values also suggest that a change of the BG particle size, from 

micro to nanosize, has no influence on the system stability for freshly prepared and 

measured suspensions. For suspensions let on static conditions (aging) a faster 

sedimentation of the components was occurred when microsize BG was present in 

suspension, this is likely due the larger particle size, giving an advantage to the use of 

BG nanoparticles. 

The use of nBG let to a superior coating structure due to the homogeneous distribution 

of the BG particles on the whole coating surface, in contrast with the nTBA coating. 

This fact and the higher surface/volume ratio of the nanoparticles led to a faster (less 

immersion time) development of a bioactive layer over the coating when immersed in 

SBF, and also to a more homogeneous coating, because in the case of the nTBA system 

the bioactive layer was non-uniform, appearing only over or near the BG particles. The 

previous findings constitute a clear advantage of the use of BG nanoparticles for these 

systems. 

For all three systems, the formed bioactive layer on the coatings after immersion in SBF 

is similar in composition and crystalline structure to HA but without the typical 

cauliflower structure, this can be explained by the presence of alginate. Analyzing the 
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SEM images of the coatings, after immersion in SBF, results evident that the developed 

structures form a type of calcium phosphate. In previous works it has been reported 

that the presence of alginate and BG together can form a CaP structure with a higher 

Ca/P ratio than the one of stoichiometric HA (1.667), structure that is also highly 

bioactive and osteoinductive [165,238,280]. 

 

  



Chapter 4 

78 

4.4 nTiO2/alginate coatings on magnesium alloy (AZ91D) 

substrates4 

4.4.1 Introduction 

Titanium alloys and stainless steel are presently the most used metallic alloys as intra-

corporal implants [282], such as bone replacement devices [35,53,283–286].  However, 

these alloys are not always accepted by the body, so that in some cases significant 

inflammatory reactions occur after implantation. Other potential concerns include the 

encapsulation of the implant due to the formation of surrounding fibrous tissue [287], 

and the possible release of toxic or non-compatible ions into the body [41,288]. 

Magnesium and its alloys are attracting considerable attention as a biomaterials for 

implants [52,53,286], with them principal advantage being the possibility to produce 

reabsorbable devices, which have the potential to lead to better osteintegration [289].  

Indeed, magnesium has been studied for use as intra-corporal implant material since the 

beginning of the 20th century [52]. Mg is not toxic [290,291] and it is the 4th most 

abundant element in the body [53,61,292]. Its relevant properties, namely density and 

elastic modulus, are much similar to those of natural bone when compared with other 

used alloys, e.g. Ti alloys or stainless steel [53]. All those facts make Mg more 

compatible for orthopedic applications, from the mechanical point of view, than most 

other metallic alloys.  However, magnesium and its alloys present some problems in 

need to be tackled. The main disadvantage is their high degradation (corrosion) rate, not 

allowing enough time for regeneration of the tissues around the implant before the latter 

is fully degraded [55,293,294]. Moreover, as part of the corrosion process hydrogen is 

produced in relative high amount (1 mol of Mg produces 22 liters of H2), raising  

concerns about the biocompatibility of Mg-based materials [293,294].  

To resolve magnesium´s disadvantages, a series of approaches are being explored in 

three main areas. The first one is the development of novel alloys with reduced 

degradation rate [295,296]. However, the results of this route often are only marginally 

better than those of the pure metal in terms of corrosion resistance. A second approach 

is the micro-structural modification of the material, e.g. varying grain size and 

distribution of phases [297–300]. The third approach, very widely studied, is the 

deposition of protective coatings [262,301]. Indeed, numerous coating techniques have 

                                                 
4 Part of the information (text, figures and tables) presented in this section was reprinted with permission 
form Elsevier. Please see the section Permission at the end of this thesis. 
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been applied, including: electroplating, anodization [302], chemical conversion coatings 

[293],  micro arc-oxidation [300,303,304], electrochemical deposition [305,306] and 

thermal spraying [307]. Electrophoretic deposition (EPD) has been also used in recent 

years, however combined with a surface pretreatment by microarc oxidation (MAO) 

[308–315] and anodization [316], which adds an additional second step to the coating 

process. It is therefore of interest to explore EPD coating approaches for Mg alloys 

which do not involve an additional pre-treatment step, reducing therefore the 

production steps and productions costs. Under those conditions, EPD, to the best of 

the author’s knowledge, has been applied just once also in the production of an 

inorganic/organic composite coating, reflecting a lack of previous research efforts in 

this flied [317]. EPD is a convenient coating method as it enables the simultaneous 

deposition of organic and inorganic materials to produce composite coatings with 

improved biocompatibility as also discussed previously  [9]. For example, TiO2/Alg 

composite coatings have been deposited on a Mg alloy (AZ91D) as a model system to 

prove the viability to deposit organic/inorganic composite coatings by EPD without a 

previous pretreatment. Mg Alloy AZ91D was selected as a reference material, 

considering that extensive research has been done on the field of bone replacement 

applications with this alloy [262,286,313,318–323]. Titania nanoparticles were selected 

due their chemical stability avoiding dissolution and chemical modification of the 

surface, like in case of BG, which would make the system more complex to analyze. In 

the case of alginate the selection was based on its high pH in solution reducing Mg alloy 

degradation (corrosion) during EPD. 

 

4.4.2 Materials and Methods 

Magnesium AZ91D coupons (2cm×2cm×0.5cm) were ground with 1200 grit emery 

paper to achieve a homogeneous surface, and then cleaned in ethanol for 10min in an 

ultrasonic bath. The EPD suspension was prepared as described in section 4.2b [115], 

containing 2 g/l sodium alginate (Sigma Aldrich) and 6 g/l nano-titania (n-TiO2) (21 nm 

particle size, P25, Evonik Industries). The suspension was prepared according secction 

4.1.2 and 4.2.2. The colloidal stability of the suspensions was confirmed by measuring 

the ζ-potential, to yield: -107±17 mV [115] (see section 4.2). The deposition was carried 

out at 7 V for 1 min to produce an organic/inorganic composite coating with alginate as 

the matrix and titania nanoparticles as the filler. The working electrode (Mg AZ91D 
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substrate) was the anode. The dried samples were dip coated 3 times during 1min each 

in a solution of 2 wt.% sodium alginate in deionized water to fill possible cracks with 

alginate.  

The surface microstructure of the coatings was analyzed by scanning electron 

microscopy (SEM) (Hitachi S4800). The presence of alginate was determined by FTIR 

while the presence of titania was confirmed by XRD (D8 Philips X'PERT PW 3040 

MPD). A sticky tape from Tesa (Germany), covering the whole sample, was used during 

pull-off tests to determine the level of adhesion of the coating on Mg substrate and to 

compare it with the same coating deposited on stainless steel, see section 4.1.3 [115].  

Electrochemical impedance spectroscopy (EIS) measurements were performed. The 

EIS spectra are presented as Nyquist plots, and the charge transfer resistance values (Rct) 

were determined from the point of the minimum frequency. Immediately after the EIS 

test, potentiodynamic polarization curves were obtained using a 

potentiostat/galvanostat. These measurements were performed on fresh coated samples 

and also on samples that had been immersed for different periods of time in DMEM at 

37°C to analyze the electrochemical behavior as a function of immersion time. 

Stabilization times of 10 min were used during both measurements.  

 

4.4.3 Results and Discussion 

Fig. 4.14 shows the surface morphology of the nTiO2/Alg coated samples without (a, b 

and c) and with (d, e and f) a second alginate layer added by dip coating. It is observed 

that the titania particles are present throughout the entire coating, forming compact 

clusters. Individual titania particles (21-32nm) can be observed at high magnifications 

(Fig. 4.14 a, b and d). The coating is seems to be formed by a matrix of alginate acting as 

a binder for the titania particles (filler). The coating without the extra dip coating 

treatment (Fig. 4.14 c) presents microcracks (< 20 µm) all over the surface owing 

presumably to hydrogen evolution during deposition and also contraction of the coating 

during the drying process. On the other hand, on the dip coated samples (Fig. 4.14 e 

and f) shrinkage cracks were filled by the alginate, blocking possible paths for the 

electrolyte to penetrate during corrosion testing, which would impair the corrosion 

protection capability of the coating.  
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Figure 4.14 SEM images of TiO2/Alg coating on AZ91D Mg substrates at different 
magnifications (a, b and c) and with a second alginate layer deposited by dip coating (d, e and f). 

 

The coatings on Mg alloy and on stainless steel substrates (as a reference) were not 

peeled off after the tape test (Fig 4.15). Moreover, the coatings did not show any kind of 

structural damage indicating that qualitatively the coating on Mg alloy substrate is 

comparable in terms of adhesion strength to the coating on the stainless steel substrate 

(Fig 4.15). It is likely that the relative high roughness of the Mg alloy samples has 

contributed to a higher mechanical anchoring in these samples. 
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Figure 4.15 Tape test results of TiO2/Alg coating deposited on different substrates from a 
suspension with 6g/L TiO2 and 2g/L alginate using 7V and 1min of deposition potential and 

time, respectively. Stainless steel sample before (a) and after (b) tape test. AZ91D sample before 
(c) and after (d) tape test. Scale bar: 5mm. 

 

The presence of alginate was confirmed by FTIR spectroscopy, while the presence of 

titania was confirmed by XRD (Appendix 4). 

The electrochemical behavior of uncoated, as-coated samples and coated samples after 

different periods of immersion in DMEM is presented in Fig. 4.16. The corrosion 

potential of the as-coated sample is 50 mV higher compared to the bare material (-1630 

mV). In addition, the anodic branch is displaced to lower current densities by 

approximately one order of magnitude. After reaching the breakdown potential, which 

is similar for both the bare and coated samples, the coating fails, showing the same 

current density as the bare material. Before coating failure, however, the as-coated 

sample displays a significantly lower corrosion rate. After a period of 2 and 4 days of 

immersion in DMEM, the corrosion potential increased to -1500 mV, i.e., a 

considerable increment of 350 mV and 400 mV in comparison to the as-coated and the 

bare samples, respectively. In addition, the corrosion current density was reduced but 

the anodic branch revealed the same behavior as the as-coated sample at current 

densities beyond 9.7x10-5 A/cm2. Samples immersed for 6 and 8 days also show a 

further anodic shift to potentials between -1250 mV to -1300 mV. Moreover, the 

corrosion current density was further reduced. The decrease in corrosion current density 
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with increasing immersion times may be explained by the formation of corrosion 

products at the metal/coating interface, due to uptake of the corrosion medium by the 

polymer. In this case, the higher the immersion time, the more corrosion products are 

formed, leading to an additional surface protective effect. However, at higher potentials 

this layer does not provide sufficient protection and may break down, exposing the 

metal to the fluid, and the same behavior as for the as-coated sample is recorded.  

 

Figure 4.16 Polarization curves for the bare material, as-coated sample and coated sample after 
different immersion periods in DMEM at 37°C (c). 

 

Fig. 4.17 shows the Nyquist plots of the bare sample, as-coated sample, and coated 

samples with different immersion times. The as-coated sample shows a corrosion 

resistance ≈3 (1.6 kΩ.cm2) times higher than the that of bare sample (0.4 kΩ.cm2), 

demonstrating a protective behavior of the coating. After 2 days of immersion in 

DMEM, the corrosion resistance is elevated to 3.6 kΩ.cm2, being now 7 times higher 

than that of the uncoated sample. This increase in resistance can again be explained by 

the formation of corrosion products, sealing possible liquid entrance sites thus 

hindering the contact of the corrosion medium with the alloy. For 6 and 8 days of 

immersion, the corrosion resistance was found to be similar (≈2 kΩ.cm2), and still 4 

times higher compared with the uncoated sample. The resistance for immersion days 6 

and 8 is 1.8 times lower compared to the one at 2 days immersion. The decrease of 

resistance at longer immersion times can be explained by the coating degradation, 

mainly controlled by alginate, exposing new surface to contact with the liquid. The fact 
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that at 6 and 8 days the resistance values are identical could be an indication that the 

coating degradation has reached a constant rate and is in equilibrium with corrosion 

product formation.  

 

Figure 4.17 Nyquist plot for the bare Mg-alloy (a), as-coated sample (b) and coated sample after 
2 (c), 4 (d), 6 (e) and 8 (f) of immersion in DMEM at 37°C. 

 

4.4.4 Conclusions 

The results therefore demonstrate that it is possible to produce a well adhering and 

protective nTiO2/Alg composite coating on Mg alloy substrates in a one-step EPD 

process. The coating shows excellent adhesion to the surface comparable with the 

coated stainless steel sample. The corrosion behavior of the Mg alloy was strongly 

improved by the presence of the coating, showing a corrosion rate 3 to 7 times lower 

compared with the bare alloy. The immersion in DMEM for different periods of time 

indicated the formation of corrosion products insulating the Mg from the corrosion 

medium and thereby increasing the corrosion resistance. Further optimization is 

required to enhance the long-term degradation behavior of EPD-coated Mg alloys. The 

use of other polymers with lower degradation rate is also suggested, e.g. alginate-PCL, 

alginate-PLLA mixtures, which should lead to longer-term protective coatings. The 

coatings still must be improved in terms of homogeneity to avoid localized corrosion 

that can damage the coating. In addition, improving the overall corrosion behavior for 

longer immersion times is required.  
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As mentioned above, this work has reported the synthesis of an organic/inorganic 

composite coating on a magnesium alloy substrate by EPD without a previous surface 

pretreatment, e.g. MAO. Due to this fact and the differences on the different used 

alloys, immersion media and experimental approaches, a straightforward comparison of 

the results with previous reports in the literature is difficult. Other contributions using 

the same alloy have reported similar corrosion current densities for calcium-phosphate 

coatings produced by electrodeposition [305], with ratios of corrosion resistance 

(coated/uncoated sample) similar to our study. These examples demonstrate the 

potential of the EPD method developed here, which opens a new production field of 

organic/inorganic composite coatings on magnesium alloy for biomedical applications. 
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4.5 n-ZnO/alginate and n-ZnO-BG/alginate coatings5 

4.5.1 Introduction 

In this part of the project, aiming at expanding the application of the alginate system, a 

new type of nanoparticles was used to produce an organic/inorganic composite coating 

by EPD.  Novel ZnO nanoparticles present a better antibacterial behavior than titania, 

and there is increasing interest in their used in comparison to titania [194,324,325], also 

ZnO in nanoparticle size presents better antibacterial behavior than microsize ZnO 

particles [326,327]. For this system microsize BG was used due its slower dissolution in 

the media (compared to nBG) reducing the coating degradation rate in in-vitro 

conditions. A BG/ZnO ratio of 3:1 was used to increase the available BG in the coating 

compared with the nTBA and nTnBA systems. It is expected that with a higher BG 

content the probability to obtain a homogeneous HA or CAP layer over the whole 

sample surface when the coatings are immersed in SBF will increase. 

In this study, bioactivity and antibacterial tests against E.coli were conducted to evaluate 

possible potential applications in the orthopedic and dental implant fields. 

 

4.5.2 Materials and Methods 

Sodium alginate (Sigma Aldrich, Germany), zinc oxide nanoparticles (n-ZnO, Intrinsiq 

Materials, UK), bioactive glass (BG) microparticles (5-25 µm particle size) of 45S5 

composition [30], deionized water and ethanol were used to prepare the composite 

coatings. A 2 g/L alginate solution was used in all experiments, this according the 

previous results (section 4.1 to 4.4). On the other hand, the ceramic content was varied 

from 1 to 10 g/L to have a variety of ceramic/polymer ratios. At the same time, 

different n-ZnO/BG ratios were chosen, varying the n-ZnO content from 25 to 100 

wt.%. Samples were labeled ZA (100 wt.% ZnO), 50-ZBA (50 wt.% ZnO and 50 wt.% 

BG) and 25-ZBA (25 wt.% ZnO and 75 wt.% BG). In order to avoid hydrogen 

evolution formation during the EPD process (due to water electrolysis) a mixture of 40 

vol.% ethanol – 60 vol.% water was used [97,115]. To achieve an adequate dispersion of 

the components, the suspensions were magnetically stirred for 10 min followed by 60 

min of ultrasonication (using an ultrasonic bath, Bandelin Sonorex, Germany). Zeta-

                                                 
5 Part of the information (text, figures and tables) presented in this section was reprinted with permission 
form Elsevier. Please see the section Permission at the end of this thesis. 
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potential measurements were carried out in order to analyze the colloidal stability of the 

suspensions.  

Stainless steel AISI 316L electrodes (foils of 2.25 cm2 deposition area and 0.2mm 

thickness) were used to deposit the coatings via constant voltage-EPD. The distance 

between the electrodes in the EPD cell was kept constant at 10 mm. Deposition 

voltages and times in the ranges 5-40 V and 5-35 s, respectively, were studied. The 

deposition yield was evaluated using an analytical balance (precision 0.0001g). Coated 

substrates were dried during 24 h in normal air at room temperature prior to mass 

determination. 

In order to characterize the coatings, XRD (D8 Philips X'PERT PW 3040 MPD), FTIR 

spectroscopy and thermogravimetric (TG) (TGA/SDTA 851e, Mettler) tests in air until 

a maximal temperature of 1000°C were performed. The microstructure of the ZnO 

nanoparticles was characterized with TEM. Transmission electron microscopy was 

performed at the Natural History Museum (London) in collaboration with Dr. S. Misra 

by using a JEOL 2100 microscope and 200kV energy. 

The surface microstructure and composition of the coatings were analyzed by SEM 

(Hitachi S4800) and energy-dispersive X-ray spectroscopy (EDX), respectively. To 

determine the coating thickness, cross sections of the samples were prepared by cutting 

using an ion mill (Hitachi IM4000) and further observed by SEM. Manual bending tests 

were also performed in order to qualitatively evaluate the deformation ability of the 

coatings and the adhesion between the substrate and the coating. The electrochemical 

behavior of the coatings was studied in order to test their possible corrosion protective 

properties (potentiodynamic polarization curves) 

The bioactivity of the coatings was determined through immersion in simulated body 

fluid (SBF) using Kokubo’s protocol [265]. The samples with an area of 2.25 cm2 were 

immersed in 50 mL SBF (pH = 7.4) during 7 days at 37°C. XRD was used to evaluate 

the formation of hydroxyapatite (HA) on the coatings. 

The antibacterial activity of all samples was investigated against the gram-negative 

Escherichia coli (E. coli, strain: dH5a) using the following method. A colony of E. coli was 

cultivated at 37 °C for 24 h in 5 mL of Lactose broth (LB) medium supplemented with 

0.1 vol.% of Ampicillin. After 24 h, the cultures were diluted in 10 ml of LB medium. 60 

μL of the bacterial solution was added on each coated sample and incubated for 1, 2, 3 

and 4 h at 37 °C. After the specific time points, each sample was stamped on the surface 
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of a LB-agar solid culture, which was prepared by dissolving 7 g of agar and 9 g of LB in 

500 mL of water, poured onto a plastic petri dish for gelation, and cultivated at 37 °C 

for 24 h. 

 

4.5.3 Results and Discussion 

a) Suspension stability 

The compatible interaction of water with the body in comparison with other solvents, 

makes it a simple and reasonable choice to be used as dispersing medium for EPD 

suspensions. However, due to electrolysis water leads to hydrogen and oxygen evolution 

at relatively low voltages inducing a negative effect in the adhesion and homogeneity of 

the electrophoretic coatings [12]. To avoid possible negative effects, a mixture of 60 

vol.% water and 40 vol.% ethanol was used based on the previous results (section 4.1 to 

4.4) [97,115] with an alginate content of 2 g/L. The ethanol contributes to reduce, and 

in the best case, to suppress hydrogen formation during deposition.  

Table 4.4 presents the results of the zeta potential values for different suspensions. As it 

can be seen, ZnO nanoparticles have a positive zeta potential which predicts a cathodic 

deposition, however the high standard deviation reflects certain instability of the system. 

The addition of alginate to the suspension shifts the zeta potential to negative values, as 

expected considering that the alginate is an anionic biopolymer which develops a 

negative charge in solution. The shift of the zeta potential to negative values implies the 

anodic deposition of the sample ZA. When BG is also introduced in the suspension 

(samples 50-ZBA and 25-ZBA), the zeta potential remains negative and becomes 

slightly higher (in absolute value), which implies a higher suspension stability. Moreover, 

the change in the ratio BG/n-ZnO did not induce changes in the zeta potential. 

Considering the low zeta potential values of the BG and the BG/n-ZnO suspensions in 

the absence of alginate, it could be considered that the stability of the particles in 

suspension is mainly controlled by the alginate molecules. This could be explained by 

the fact that the negatively charged alginate is being absorbed on the particles surface, 

and therefore it is the responsible for the high zeta-potential values measured. These 

results are in accordance with the ones for the nTBA and nTnBA systems discussed in 

sections 4.1 and 4.2. 
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Table 4.4 Zeta potential values of different suspensions investigated 

Suspension Zeta-potential 

(mV) 

n-ZnO (without Alg) 24±19 

BG (without Alg) -17±13 

BG-n-ZnO (75wt%/25wt%) -19±12 

ZA -58±9 

50-ZBA -65±10 

25-ZBA -65±9 

 

b) Electrophoretic deposition and characterization 

To optimize the system, an initial n-ZnO content of 2 g/L was chosen keeping a 

ceramic (BG and ZnO)/polymer weight ratio of 1:1. Homogeneous and crack-free 

coatings were obtained using 30 V of deposition potential and 5 s of deposition time. 

Higher voltages or times led to cracking of the coating mainly due to hydrogen 

evolution during deposition, while lower voltages or times led to inhomogeneous 

coatings. For ceramic contents from 1 to 10 g/L, which implies ceramic/polymer 

weight ratios in the range 0.5 - 5, determined deposition conditions (30 V and 5 s) were 

found to be the optimum ones, leading also to homogeneous and crack-free coatings. 

This is an important finding considering that in other works with metallic oxide 

nanoparticles, when the ceramic/polymer ratio was above 3 the coatings highly cracked 

and presented poor adhesion to the substrate [115,228]. Fig. 4.18 shows the surface of 

ZA and 25-ZBA coatings produced with different ceramic contents (2 and 10 g/L). 

Images documenting qualitatively the results of the bending test are also presented in 

Fig. 4.18. As it can be observed, even for the suspensions with ceramic concentrations 

of 10 g/L the coatings resisted the bending process with just some small cracks located 

at the borders of the sample. These cracks at the edges of the substrates are due to the 

higher ceramic content deposited in such areas as a consequence of the well-known 

edge effect during EPD [228]. The adhesive behavior for those coatings at higher 

ceramic content is much better than those made with TiO2 (see section 4.1). The titania 

coating with ceramic contents beyond 6 g/L exhibited severe cracking and the coatings 

were detached from the substrate during the bending test.  
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Figure 4.18 Coatings obtained at 30 V and 5 s of deposition time from the system ZA with 2g/L 
(a and b) and 10 g/L (c and d) of ceramic content, and from the system 25-ZBA with 2 g/L of 

ceramic content (e and f). 

 

Fig. 4.19 (a and b) present the TEM and SEM images of the ZnO nanoparticles. As it 

can be observed, the particles exhibit a broad size distribution with sizes ranging from 

tens to hundreds of nanometers. The particles present an elongated hexagonal shape, 

typical of ZnO powders which crystallize in a hexagonal system, called zincite, as further 

confirmed by XRD. Fig. 4.19 (c and d) shows SEM images of the ZA coatings produced 

with different ceramic contents (4 and 10 g/L). As it can be observed, in all cases the 

coatings are fully homogeneous in the microscale and no cracks are observed with 

deposited particles of size between 20 and 60 nm, meaning that the large ZnO particles 

(seen by TEM) in suspension do not participate in the coating formation. As a 

consequence of their larger particle size, their electrophoretic mobility is lower and these 

particles probably settle down due to gravity forces. The coating thickness was around 

3-4 µm for a ZA coating produced with 2g/l ZnO. As it can be observed, the coatings 

are homogeneous and the BG particles are fairly distributed on the whole surface. 
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Figure 4.19 TEM and SEM images of the ZnO nanoparticles (a and b) and SEM images of the 
ZA coating produced from a suspension of 4 g/L (c) and 10 g/L (d) of ceramic (BG, ZnO) 

content. 

 

Fig. 4.20 shows the variation of deposition yield of ZA coating as a function of the n-

ZnO particles concentration in suspension. As it can be observed, the higher the 

concentration, the higher is the deposition yield. Also at higher concentrations (more 

than 8 g/L) the system presents an asymptotic behavior indicating the system´s 

incapacity for higher deposition yields. This result supports the fact that the deposition 

is controlled by the presence of alginate. When the ceramic content is increased but the 

alginate content is kept constant (2 g/L), the ratio polymer/ceramic decreases 

considerably, from 2 when using 1 g/L of n-ZnO to 0.2 when the n-ZnO content is 10 

g/L. Although the saturation point of n-ZnO powders with alginate has not been 

measured in this study, it is likely that at such a low polymer/ceramic weight ratio as 0.2, 

the ZnO particles would present a lower zeta potential value and therefore agglomerates 

could form more easily. At the same time, with high ceramic contents, particle-particle 

interactions become more important and the largest ZnO particles, as well as the 

agglomerates, tend to settle down not reaching the deposition electrode.  
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Figure 4.20 Relationship between nZnO concentration in suspension and deposited mass per 
area using 2 g/L alginate suspensions in ethanol/water solvent. Deposition time was 5 s and 

deposition potential 30 V. 

 

Different coatings containing BG and n-ZnO were obtained varying the deposition 

voltage and time (from 5 to 60 V and from 1 s to 5 min respectively) and it was 

observed that the optimal conditions were the same used for the ZA system, i.e. 5 s 

deposition time and a voltage of 30 V. The fact that both systems exhibit the same 

optimal conditions is likely due to the fact that the deposition is controlled by the 

alginate as mentioned above. According to the zeta potential measurements, it can be 

hypothesized that the alginate is adsorbed on the surface of both BG and n-ZnO 

particles, which rises the absolute value of the zeta potential. However, the non-

absorbed chains of the alginate in the suspension are also affected by the applied electric 

field since alginate is a polyelectrolyte which is negatively charged in the media. Under 

these conditions, when the voltage is applied, the particles with adsorbed alginate will 

move along with the free polymer chains. It is suggested that, these free chains can 

further favor the deposition on the electrode by dragging the ceramic particles towards 

the deposition electrode. As the alginate concentration is constant for each experiment, 

it can be considered that the kinetics of deposition is determined by the mobility of the 

polymer molecules. In the proposed mechanism, alginate forms a charged polymer 

cloud in the suspension and with its movement, due to the applied potential; it involves 

the ceramic particles forming the composite coating on the electrode surface. Fig. 4.21a 

presents the SEM image of 25-ZBA coating produced with a ceramic content of 2 g/L. 

As it can be seen, the coatings are homogeneous with BG particles well distributed on 
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the surface. Fig. 4.21 (b and c) shows a BG particle partially covered with ZnO particles, 

which confirms the co-deposition of both materials. Fig. 4.21d shows the EDX results 

of large particles deposited, where the presence of Si, P, Ca and Na can be confirmed, 

indicating that these are BG particles. Carbon is coming from the polymer as well from 

the stainless steel substrate, while Ni, S, Cr and Fe are also from the substrate and Zn 

confirms the presence of ZnO nano-particles. Homogeneous and crack-free coatings 

were obtained. ZBA coatings also showed sufficient adhesion to the substrate after the 

qualitative bending test carried out (Fig. 4.17 e and f). ZBA coatings exhibited an 

average thickness of 2-3 µm.  

 

 

 

Fig. 4.22 shows the FTIR results for both ZA and 25-ZBA coatings produced from a 

suspension with 2 g/L of ceramic content, pure alginate coating and inorganic powder, 

i.e. BG powder and n-ZnO powder. The presence of alginate in ZA and ZBA coatings 

is confirmed by the characteristic peaks of both the asymmetric and the symmetric 

stretching of COO- group at 1620 cm-1 and 1413 cm-1, respectively [267]. The BG 

powder spectrum shows the characteristic asymmetric stretching and bending peaks of 

the Si-O-Si bonds at   1043, 924 and 497-500 cm-1 [165], respectively. The presence of 

ZnO was confirmed by EDX and XRD. 

Figure 4.21 SEM images of the nZnO-BG/Alg coating produced from a suspension of 2g/l 
ceramic components (25wt.% nZnO and 75wt.%BG). Images with different magnifications (a, b 

and c) and EDX results (d) (inset from the analyzed surface). 
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Figure 4.22 FTIR result for the different coatings and their components. Alginate powder (a), 
alginate coating (b), BG powder (c), ZnO powder (d), ZA coating (e) and 25-ZBA coating. 

 

The thermal behavior of the ZA and 25-ZBA composite coatings was analyzed by 

TG/DTA measurements (Fig. 4.23). The first mass loss in the TG curve at around 

100°C can be attributed to the physically adsorbed water that was retained in the 

coatings. Between 300 and 450°C, an exothermic peak in the DTA curves became 

visible (Fig. 4.23), which can be attributed to the burn out of the alginate [80,97]. Once 

the alginate is burned out, there is no other important change in the mass loss (at 

T>500°C), indicating that the residual material in the coating is the (non-burnable) 

ceramic phase. Table 4.5 shows the final composition of the coatings, which is based on 

the thermal analysis results. 
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Table 4.5 Final composition of the coatings from both systems (ZA and 25-ZBA) according to 

the TG analysis. 

System 

Initial 
ceramic 

content in 
suspension 

(g/L) 

Final components in the coating 

Water Alginate 
Ceramic 

phase 

wt.% vol.% wt.% vol.% wt.% vol.% 

ZA 

 

 

25-ZBA 

 

2 12 4 35 15 53 81 

10 4 1 13 4 83 95 

2 13 7 27 24 60 69 

 

 

Figure 4.23 TG and DTA results for the ZA coating produced from suspensions with 2g/L (a) 
and 10g/L (b) of ceramic content and for the 25-ZBA coating produced from a suspension 

containing 2g/L of ceramic (c). 

 

c) Electrochemical behavior and corrosion  

The corrosion resistance of metallic materials used in biological environments is one of 

the key parameters determining their success. Applying a protective coating is one of the 

alternatives to tackle the relatively low corrosion resistance of stainless steel in biological 

fluids, which is due to the high chloride content in this environment [43]. Fig. 4.24 

shows the polarization curves of the uncoated 316L stainless steel substrate (bare metal), 

the ZA composite with two different solid contents, namely 1 g/L and 10 g/l, and also 

50-ZBA and 25-ZBA coatings produced with 2 g/L of ceramic content in the 
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suspension. It can be observed that all coated samples show a higher Ecorr and a lower 

icorr compared to the bare metal, indicating that both composite coatings protect the 

substrate against corrosion. The ZA coatings exhibit a higher Ecorr and lower icorr than 

the 50-ZBA and 25-ZBA coatings, which is likely due to the presence of the BG 

particles that increase the activity of the system due to the dissolution of the material in 

the DMEM. The BG dissolution leaves space to the liquid media to penetrate into the 

coating increasing the current density. Similar phenomena were previously reported on 

related BG containing composite coatings [115]. 

 

Figure 4.24 Polarization curves obtained using DMEM at 37°C for: the bare SS 316L (a), ZA 
coatings produced from suspension with 1 g/L (b) and 10 g/L (c) of ceramic content, also 50-

ZBA (d) and 25-ZBA (e) coatings produced from a suspensions with 2 g/L of ceramic particles 

 

d) In vitro assessment in SBF 

In order to evaluate the potential bioactivity of ZA and ZBA coatings, samples prepared 

from suspensions with solid concentration of 2 g/L were immersed in SBF at 37°C 

during 7 days. Fig. 4.25 (diffractograms b and c) shows the normalized XRD plots of 

ZA and ZBA coatings obtained after immersion in SBF. As expected the ZA coating 

was not bioactive, e.g. no hydroxyapatite (HA) was formed on the coating surfaces. On 

the other hand the coating with BG was able to form a HA layer over it, indicating that 

the presence of the n-ZnO particles did not inhibit the bioactivity of the BG. As it can 

be seen, the ZBA coating presents the typical diffraction peaks corresponding to the 

(100), (200), (111) (211), (221) and (222) planes of hydroxyapatite (HA), indexed using 
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the JCPDS card number 09-0432, the characteristic peak at 31-32° corresponding to HA 

is overlapped with a peak of ZnO, but this peak is clearly more intense than in the other 

two diffractograms, indicating the presence of ZnO and HA. 

 

Figure 4.25 Normalized XRD results of the samples: ZA coating produced using a suspension 
with 2g/L of ceramic content (a), ZA coating produced for a suspension with 2g/L of ceramic 

content and after 7 days of immersion in SBF (b) and 25-ZBA coating produced for a suspension 
with 2 g/L of ceramic content and after 7 days of immersion in SBF (c). JCPDS cards: 09-0432 

(HA), 033-0945 (austenitic stainless steel) and 036-1451 (ZnO). 

 

e) Antibacterial evaluation 

The antibacterial properties of the coatings were evaluated against the gram-negative 

Escherichia coli bacteria. To run the test four different samples were prepared: ZA and 25-

ZBA coatings, stainless steel substrate as a reference and a coating containing only BG 

and alginate (BG/Alg sample) [97], also as reference, to evaluate the effect of the BG. 

The antibacterial activity of the coated samples against E. coli is illustrated in Fig. 4.26. 

Each picture displays four different areas corresponding to the four different time 

points considered (1, 2, 3 and 4 h). As observed in Fig. 4.26a and b, there is no evident 

reduction of the bacterial colonies on the stainless steel substrate or on the BG/Alg 

sample even after 4 h. On the other hand, for sample ZA (Fig. 4.26c) the bacterial 

colonies have clearly disappeared after just 1 h, which is an indication of the 

antibacterial power of the n-ZnO particles. Finally, in the case of the coatings obtained 

with both BG and n-ZnO powders (sample 25-ZBA), the bacterial colonies do not 

disappear completely but they are significantly reduced after 3 h and especially after 4 h 
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(Fig. 4.26d). The key difference between samples ZA and 25-ZBA is the higher amount 

of ZnO nanoparticles present in sample ZA compared to sample 25-ZBA, which 

indicates that with increasing n-ZnO content, the antibacterial capability against gram-

negative Escherichia coli bacteria increases. Antibacterial activity of ZnO against gram-

positive and gram-negative bacteria has been already reported [328–330], especially 

against Escherichia coli [194]. The benefits of using small (nanoscale) particle size to 

increase antibacterial activity have been also reported [327,328]. The mechanism of 

antibacterial activity of ZnO is not yet fully understood [194]. Some authors ascribe the 

antibacterial activity to the generation of hydrogen peroxide [330–332], this idea has 

been partially confirmed [194]. On the other hand it has been also proposed that a 

binding of the ZnO particles to the cells due to electrostatic forces can damage the cell 

membrane killing the bacteria [333]. 

 

Figure 4.26 Antibacterial results of different coating against gram-negative E- Coli. Stainless steel 
(a), BG/Alg coating (1.5g/L BG) (b), ZA coating (c) and 25-ZBA coating (d). Zones I, II, II and 

IV indicate the number of hours that the test was run (1, 2, 3 and 4h respectively). 
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4.5.4 Conclusions 

Novel ZnO/alginate and ZnO-BG/alginate composite coatings on stainless steel have 

been successfully obtained by anodic electrophoretic deposition. For both coatings 

optimized deposition conditions were 5 s and 30 V, as deposition time and potential, 

respectively. Homogeneous and crack free ZnO/alginate coatings can be obtained using 

suspensions with solid contents varying from 1 to 10 g/L. In terms of corrosion 

protection all coated samples presented a lower corrosion current density, with a slightly 

higher corrosion potential compared with the bare material, indicating the protective 

character of the coatings against corrosion. The presence of BG in the coating induced 

the growth of a hydroxyapatite layer on the coating after 7 days of immersion in SBF. It 

was also proven that the presence of n-ZnO does not affect the development of the 

bone-like HA phase. Furthermore, the incorporation of ZnO nanoparticles within the 

composite coatings clearly provides antibacterial properties against gram-negative 

Escherichia coli to the final material. Considering the corrosion protection properties as 

well as the bioactivity and antibacterial effect of the ZnO containing coatings, it can be 

concluded that these coatings provide a new alternative to tackle the main problems of 

bone replacement implants namely lack of osteointegration and infection risk. 

 
 

4.6 Comparative analysis of the alginate based coatings 

Alginate has been shown in the present project to have potential to produce 

organic/inorganic coatings by EPD. With this polymer it is relative straightforward to 

deposit inorganic particles in a wide range of sizes from nano- to microsize particles (21 

nm-30 µm), and also mixtures of particles (TiO2/BG and ZnO/BG). Alginate seems to 

act as a binder and provides suitable mechanical consistency and structural stability to 

the coatings according to the performed bending tests. Also, alginate molecules control 

the deposition in all cases with high anodic ζ-potential values, even when mixed with 

positive charged particles, e.g. titania. 

Even if alginate is an excellent polymer to form coatings, a disadvantage is the fast 

degradation rate of alginate based coatings in relevant water based fluids (cell culture 

media, pure water and SBF). It should be highlighted, that BG/Alg coatings were totally 

dissolved after just 1 hour of immersion in SBF. In the case of nTnBA coatings, after 1-

2 days of immersion the coating was almost totally degraded (90%); and for the nTBA 
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coating after one week of immersion, it was significantly degraded (40%) similar 

behavior was observed for the ZA and ZBA coatings. These fast degradation rates do 

not match with expected times of survivability of one month for bone replacement 

applications, giving time for the bone growth around the implant. High degradation 

rates also affect the formation of HA, as the exposed surface degrades faster than the 

formation of HA over it. In cases when the HA layers forms, the low attachment of the 

coating to the substrate, due the polymer degradation, can lead to rapid removal of the 

HA layer. On the other hand, due to its negative charge can establish an interaction with 

the available Ca2+ in the media that can inhibits the HA formation in favor of another 

CaP components. Problems of HA formation induced by the presence for nTiO2 or 

ZnO were not encountered, the mentioned phenomena occurred also on BG/Alg 

samples. The here studied alginate based coatings could be used in applications were the 

coating does not need to stay in the body for long time periods. Possibilities like 

integration of an antibiotic or other biomolecule for release in short times could be an 

option to use these coatings, with the advantage of the coating reabsorption. 

In order to reduce the fast degradation of alginate coatings cross linking of the alginate 

with CaCl2 was tried6, but during the drying process the coating contracts detaching 

from the substrate. If it is true that this is bad for the coating, it opens a new possibility: 

the production of alginate based films by EPD. 

Other option to improve these coatings could be the incorporation of a slower 

degradable polymer in the suspension. Work in this direction has been reported just 

once [238] with relative positive results, but still more options of other polymers are 

open. 

Looking for possible solutions to alginate problems, other materials were studied. In the 

next sections a work based on chondroitin and chitosan is presented. 

 

                                                 
6 Not shown in this thesis. 
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5 Chondroitin sulfate based coatings 

 

In this chapter the results about the development of single, composite and multilayered 

coatings based on chondroitin7 are presented. 

 

5.1 Introduction 

Until now the main natural origin polymers which have been investigated to produce 

organic/inorganic coatings by EPD are alginate (see section 2.5a), chitosan (see section 

2.5c) and hyaluronic acid [231,334–336]. Marginal work has been done using lignin [337] 

or collagen [89]. Looking for new types of polymeric components for this type of 

coatings, chondroitin sulfate (CS), also a anionic mucopolysaccharide [338], emerges as a 

possible alternative (see section 2.4.1). 

To the author's knowledge, this polymer has been never, until this work, deposited by 

EPD. The aim of this work is, first, to determine the feasibility of depositing CS by 

EPD. And second, if this is possible, to continue with the production (by EPD) of 

organic/inorganic composite coatings for bone regeneration applications with the 

incorporation of bioactive glass particles as bioactive material. Solutions and 

suspensions based on CS were developed, and their stability analyzed by means of the 

ζ–potential. Deposition conditions (concentration, potential and deposition time) for CS 

and BG/CS coatings, as well as for a variety of multilayer systems were investigated and 

determined. The coating morphology, microstructure and composition were studied 

using SEM, XRD, FTIR and TG-DTA techniques. And finally the bioactivity by 

immersion in SBF was evaluated.  

  

5.2 Materials and Methods 

Chitosan (190-310kDa, 78-85% deacetilation, Sigma), nanometer titania powder (nTiO2) 

(21nm particle size, P25, Evonik Industries), chondroitin sulfate (a sodium salt from 

bovine trachea, Sigma-Aldrich), acetic-acid (Sigma-Aldrich), pure water (Purelas option 

                                                 
7 For simplicity in the rest of this work the word “chondroitin” or the abbreviation “CS” refers to 

chondroitin sulfate. 
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ELGA DV25 0.67 µS/cm) and ethanol (Emsure, 99.5% with 1% methyl ethyl ketone) 

were used as-received. Micrometric bioactive glass particles (5-25 µm), with composition 

of 45S5 Bioglass®, were also used in the development and preparation of stable 

suspensions suitable for EPD. Stainless steel AISI 316L electrodes (foils of 2.25 cm2 

deposition area and 0.2mm thickness) were used as substrates. 

Mixtures of water/ethanol were used to prepare the suspensions; this was in order to 

avoid hydrogen evolution and its negative consequences on the coatings, e.g. porous 

and inhomogeneous distribution of the components, in case of suspension with only 

water. As chondroitin was until now never deposited by EPD, the adequate ratio of 

water/ethanol is unknown, therefore different ratios (Table 5.1) were evaluated in terms 

of the suspension stability and hydrolysis suppression. The investigated water/ethanol 

ratios were in accordance with the previous obtained knowledge on the alginate 

solutions/suspensions (see chapter 4). 

 

Table 5.1  Mixtures of water and ethanol used on the development of a chondroitin stable 
suspension for EPD. 

Solution name Water (vol.%) Ethanol (vol.%) 

60W/40E 60 40 

40W/60E 40 60 

20W/80E 20 80 

 

To achieve a stable suspension and a good deagglomeration of the ceramic particles, all 

suspensions were magnetically stirred for 5 min followed by 30 min of ultrasonication 

(using an ultrasonic bath, Bandelin Sonorex, Germany) and subsequent 5 min of 

magnetic stirring. Zeta-potential measurements were carried out in order to analyze the 

colloidal stability of the suspensions. 

The deposition yield of selected coatings was evaluated using an analytical balance 

(precision 0.0001g). Coated substrates were dried during 24h in normal air at room 

temperature prior to mass determination. To characterize the microstructure of the 

coatings, micrographs of the coating were taken with an optical microscope (Eclipse LV 

150, Nikon) and by SEM (Hitachi S4800). To determine the coating thickness, cross 

sections of the samples were cut using an ion mill (Hitachi IM4000) and further 
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observed by SEM8. Bending tests were also performed in order to qualitatively evaluate 

the deformation ability of the coatings, as well as the adhesion between the substrate 

and the coating. Contact angle was measured using deionized water droplets to evaluate 

the wettability of the coatings. The roughness of the coatings was determined by means 

of a laser profilometer. FTIR, EDX and XRD were used to determine the presence of 

the different component in the coatings. Thermogravimetrical (TG) and differential 

thermal analysis (DTA) (TGA/SDTA 851e, Mettler) were carried out on selected 

coatings applying a maximum temperature of 1000°C to determine the amount of 

polymer and ceramics in the coating. 

The bioactivity of the coatings was determined through immersion studies in simulated 

body fluid (SBF) using Kokubo’s protocol [239]. The samples were immersed in 40 mL 

SBF (pH = 7.4) during 1, 5 and 7 days at 37°C. XRD and SEM were used to evaluate 

the formation of hydroxyapatite (HA) on the coatings according Kokubo [239]. 

 

5.3 Results and discussion 

5.3.1 Suspension stability 

Table 5.2 shows the ζ–potential results of different suspensions, as it can be observed, 

negative charged chondroitin induces an anodic behavior in all cases, which is 

independent of the type of ceramic particles in suspension or the water/ethanol ratio. 

This fact can be corroborated by considering the ζ–potential values for titania 

(+56±18mV 60W/40E, section 4.2) which presents a cathodic behavior, while by 

adding CS the potential changes to a strong anodic one. On the other hand, BG by itself 

has an anodic behavior, however the ζ–potential of BG aqueous suspension is not so 

high (in terms of absolute value) -22±17 mV. When CS is added the ζ -potential 

increase, meaning this that CS increases the suspension stability and therefore it will 

control a possible deposition.  

Analyzing the effect of the ethanol increase in the suspension, results confirm that its 

increment reduces the suspension stability, this independently of the type of ceramic 

particle in suspension. Water is a strong polar solvent that establishes interactions with 

BG and titania particles dispersing and suspending them. On the other hand, ethanol’s 

                                                 
8 It was impossible to produce the cross section of every single multilayer. In this work results on the 
succesfully produced layers are presented. 
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polarity is lower than that of water and its molecule is bigger, thereby hindering the 

formation of the double layer around the particles and therefore reducing their 

suspendibility in comparison to water based systems. During the suspension preparation 

it was evident that when the ethanol content was increased longer stirring and 

ultrasonication times were needed to disperse the particles in suspension. Even when 

more stable suspensions are obtained using higher proportions of water, it does not 

mean that better coatings are going to be achieved. The effect of hydrolysis during the 

deposition has to be evaluated to determine which was the better (more suitable) 

suspension to work with, in order to obtain the best coatings in terms of structural 

homogeneity. 

 

Table 5.2 ζ-Potential values for different suspension containing chondroitin, BG and titania 
nanoparticles with different water/ethanol and/or ceramics ratios 

Suspension ζ-potential (mV) 

nTiO2/CS (3:1) 

60W/40E -62±11 

40W/60E -57±14 

20W/80E -43±13 

BG/CS (1:1) 

60W/40E -52±10 

40W/60E -50±14 

20W/80E -35±14 

BG/CS (2:1) 

20W/80E -35±12 

BG/CS (3:4) 

20W/80E -33±14 

BG 

60W/40E -22±17 

 

 

5.3.2 Coatings development 

Different coatings containing CS were developed, first to investigate if CS can be 

deposited by EPD, and, second, to understand the deposition mechanism of this 

material. The experiments were carried out starting from a single CS coating, continuing 
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with organic/inorganic composite coatings (with nTiO2 or BG) and finishing with 

multilayers to tailor the degradation behavior and bioactivity. 

 

5.3.3 Chondroitin coating 

To start the EPD of chondroitin, it must be determined if this polymer is able to be 

deposited by EPD. Following this aim, different solutions containing 0.5g/L of 

chondroitin were prepared using different water/ethanol ratios, as proposed in Table 

5.1. To prepare the solution, chondroitin was first dissolved in water and later after fully 

dissolution ethanol was added. Deposition conditions from 25 to 90 V (deposition 

potential) and from 1 to 3 min (deposition time) were evaluated. 

From solutions 60W/40E and 40W/60E, it was impossible to get a homogeneous 

coating, in some cases no deposition at all occurred and in other cases the coatings were 

inhomogeneous. When the solution 20W/80E was used, high-quality homogenous 

transparent coatings were obtained using 50 V and 3 min of deposition potential and 

time, respectively. The higher presence of ethanol in the solution let to a reduced 

hydrolysis and thereby better-quality coatings. This result suggested that a similar 

situation could occur for suspensions containing titania or BG, even when suspensions 

with lower amount of ethanol were more stable (higher ζ–potential). However, as it was 

already discussed, chondroitin is the component that controls the suspension stability. 

Therefore it is likely that the same solution (20W/80E) that produces homogeneous 

chondroitin coatings should be appropriate to produce coatings containing inorganic 

fillers. 

Fig 5.1a shows a fresh deposited chondroitin coating. As can be observed, the coating 

thickness is around 1 mm. Once dried (Fig. 5.1b) the coating reduced considerable its 

thickness by solvent evaporation, however the coating is still visible on the substrate. 

After the bending test the coating was well attached to the substrate, as Fig. 5.1c shows. 

These results constitute the proof that chondroitin can be deposited on a metallic 

surface by EPD, being this the first time that chondroitin coatings have been deposited 

by EPD.  

It must be mentioned that when shorter deposition times were used no coatings were 

obtained, the same observation was made with lower deposition potentials. On the 

other hand, for higher deposition potentials the coatings developed cracks during the 
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dying process, or they were detached from the substrate when removed from the 

solution. These last findings indicate that when in wet condition, the coating does not 

have a good adhesion to the substrate. The adhesion could be extremely low, so that the 

coating can collapse under its own weight. This factor could lead to future problems, 

especially when fillers are incorporated. On the other hand, once the coating is dried it 

exhibits good attachment to the substrate, qualitatively indicated in Fig 5.1c. 

 

 

Figure 5.1 Chondroitin coating made by EPD from a solution containing 0.5g/L CS, 20W/80E, 
50V and 3min of deposition potential and time. Fresh coating (a), dried coating (b) and bent 

sample (c). Substrate thickness: 0.2mm. 

 

The contact angle of the coating was 56±1°, what constitutes a convenient wetting 

behavior for protein attachment [287,339] and a reduction from the initial 95° of the 

bare alloy [97]. This result shows the hydrophilic character of chondroitin. 

 

5.3.4 nTiO2/CS coating  

nTiO2/CS coatings were investigated as a proof of concept, to determine if chondroitin 

molecules can migrate under an electric field and be deposited with ceramic 

nanoparticles forming a composite organic/inorganic coating by EPD. Titania 

nanoparticles were selected due their small particle size and proved stability in 

suspension, making them easy to move and suspend [210,231,340,341] (see also Chapter 

4). Due to TiO2 positive charges, it is expected that titania can easily establish an 

interaction with the negative charged chondroitin. The versatility of titania nanoparticles 

to get deposited by EPD has been shown previously [115,210,230,342], making them an 

interesting model to understand the deposition of composite coatings based on 

chondroitin. If it is possible to produce this coating, the system will prove its versatility 

paving the way for other more complex systems, e.g. combining chondroitin with BG. 
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To study this type of coatings different water/ethanol ratios were studied (Table 5.1). 

Suspensions were prepared using 0.5 g/L chondroitin and 1.5 g/L of nTiO2 particles 

(1:3), and different deposition conditions were tried (10-70 V and 1-5 min of deposition 

potential and times, respectively).  

As it can be observed from Fig. 5.2 (a and b), good-quality homogenous coatings were 

obtained using 65 V and 2 min from a suspension with 60W/40E. For other 

water/ethanol ratios the coatings were partially (Fig. 5.2 c and d) or totally 

inhomogeneous (Fig. 5.2 e and f). When removed from the suspension all coatings were 

homogenous, this independently of the used solvent ratio, but during the drying process 

the titania particles start moving to the zones with more residual solvent distorting the 

final coating. The higher the ethanol contents in suspension the stronger was this defect. 

This previous phenomenon is typical for the titania particles, and was already described 

for TiO2/chitosan composite coatings (section 6.1).  

Fig. 5.2 also shows the results from the bending test, which indicate that the coating 

produced from the 60W/40E suspension was still attached to the substrate and without 

further defects after bending.  

The nTiO2/CS coatings produced from a suspension with 60W/40E and using 65 V 

and 2 min (deposition conditions), present a deposition yield of 0.4±0.1 mg/cm2. 

Roughness (Ra) was also measured showing a value of 1.01±0.07 µm, representing an 

increment from the 0.63 µm reported for the bare alloy [97], the surface roughness 

increase was likely due to the deposition of the titania/chondroitin clusters on it. The 

nTiO2/CS coating exhibits a small contact angle of 17±1°, what is a considerable 

reduction compared with the pure CS coating. This result is likely due to the strong 

interaction of titania with water (hydrophilic character) and the high surface/volume 

ratio of the TiO2 nanoparticles. Similar results have been reported for other 

organic/inorganic coatings based in titania [228] (see section 6.1). 

As the main objective of this coating was to proof the feasibility to produce composite 

organic/inorganic coating based on chondroitin by EPD, no further characterization is 

explained here. A summary of SEM, FTIR and TG/DTA results of the nTiO2/CS 

coatings has been included as Appendix 5 for completeness. 
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5.3.5 Bioglass/chondroitin coating (BG/CS) 

Once was demonstrated the feasibility to produce an organic/inorganic composite 

coating with chondroitin by EPD, the next step was to produce CS-based coatings 

containing BG particles, which should promote bone bonding and bone regeneration 

potential. Following this objective, BG 45S5 microparticles were selected to produce a 

BG/CS coating. Different concentrations of CS (0.5-2 g/L) and BG (1-1.5 g/L) were 

studied. For this system also different ratios of water-to-ethanol were investigated. 

Deposition potentials of 10-110 V and times of 30 s – 3 min were evaluated attempting 

to obtain the best coating in terms of structural homogeneity. 

 

Figure 5.2 nTiO2/CS coatings made from a suspension containing 1.5g/L nTiO2 and 0.5g/L CS 
using 65V and 2 min as deposition conditions and different solvent ratios 60W/40E (a and b), 

40W/60E (c and d) and 20W/80E (e and f). 

 

Homogeneous coatings were fabricated using 0.5g/L CS with 1g/L BG in a 20W/80E 

solvent mixture. The optimal deposition conditions were 60-70 V and 2 min of 

deposition potential and time, respectively. Fig. 5.3 presents a coating made under the 

selected conditions. It can be observed that the sample is totally covered with a white 
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coating (the color coming from the presence of BG). The same figure (Fig. 5.3b) 

presents the bending results where the coating is still well attached to the substrate. 

When the concentration of CS or BG in suspension was increased an accelerated and 

aggressive corrosion process took place on the deposition electrode, even contaminating 

the suspension with brown corrosion products. At the same time high current density 

values were observed (70 mA) as well as a warming up process of the suspension. 

Similar phenomena were observed also for the BG/Alg and nTBA systems (section 4.1) 

at high deposition potentials. The only common material in all those systems is BG, 

therefore the corrosion process could be related with the presence of these highly 

reactive particles in the suspension. When BG is approaching the deposition electrode a 

strong reduction on the pH takes place shifting it to an acidic region, this factor plus the 

dissolved ions coming from BG are the reasons for the corrosive attack of the stainless 

steel substrate, facilitating the interaction of the metal with the free ions. 

 

 

Figure 5.3 BG/CS coatings produced from a suspension with 0.5g/L CS and 1g/L BG 
(20W/80E) with different deposition conditions: 70V-2min (a, c and c) and 60V-1min (d and e). 

 

Reduced deposition potentials or times let to inhomogeneous coatings or no deposition 

at all. While longer times or potentials let to heterogeneous coatings or substrate 

corrosion, as already mentioned. On the other hand, when reduced amounts of ethanol 

were employed a strong gas evolution took place affecting or destroying the coatings. 

Even when the BG/CS 20W/80E system does not present the higher suspension 
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stability (ζ-potential), it was the only mixture of solvents capable of producing 

homogeneous coatings. 

Coatings produced from the optimal conditions presented a deposition yield of 1.0±0.2 

mg/cm2, what is 2.5 times more than from the nTiO2/CS produced in similar 

conditions, indicating a higher mass deposition of BG vs. titania. The bigger BG 

particles size, when compared with titania, could induce a lower interparticular repulsion 

near the deposition electrode, as the number of BG particles per volume unit is much 

lower than for titania nanoparticles, and considering also that BG particles double layer 

is smaller than for titania, based on the ζ-potential values. This phenomenon could lead 

more BG particles to approximate and deposit on the electrode, while for titania 

nanoparticles the interparticular repulsion force creates a barrier to deposit further 

particles. 

 The coating contact angle value was 56±4°, which represents a convenient wetting 

behavior according to literature to induce protein attachment [287,339]. This value is 

much higher than the reported for BG/Alg coatings [97], giving a possible advantage to 

chondroitin. As it is evident from Fig. 5.3 the roughness increased (1.9±0.6 µm) manly 

due to the bigger BG particle size. 

Fig. 5.4 shows SEM images of the coatings. In the micro-level the coatings are not 

homogeneous, between 40-50% of the substrate is uncovered, what is a clear 

disadvantage of those coatings and an aspect to be improved. 
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Figure 5.4 SEM images of a BG/CS coating made from a suspension containing 0.5g/L CS and 
1g/L BG with a potential of 70V and 2 min of deposition time. 

 

On the other hand, coatings made from the same solvent ratio but using 2g/L CS and 

1.5g/L BG9, were homogeneous in the microsrtuctured level even if they were affected 

by corrosion due to the high BG concentration. It was observed that substrates were 

fully covered with the coating (Fig. 5.5). This observation means that a higher amount 

of chondroitin should be used to increase the coating homogeneity at the 

microstructural level; however this led to a corrosion process making this coating 

unviable. 

                                                 
9 Deposition yield: 2.2±0.2mg/cm2, contact angle: 64±1°, roughness (Ra): 2.0±0.2µm 
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Figure 5.5 BG/CS coating made from a suspension containing 0.5g/L CS and 1g/L BG with a 
potential of 80V and 2 min of deposition time. Cracks were induced due to the effect of the SEM 

electron beam. 

 

FTIR was carried out to prove the presence of chondroitin and BG in the coating (Fig. 

5.6). For the pure chondroitin and the BG/CS coating appears at 3440 cm-1 the signal 

for –OH which overlaps with the N-H stretching vibration [343,344]. At 1039 cm-1 the 

stretch vibration of C-O is visible, while at 1640 cm-1 the signal of the amide band is 

detected [343,344]. Signal of the coupling of the C-O stretch vibration and O-H variable 

angle vibration appear at 1413 and 1380 cm-1, indicating the presence of free carboxylic 

groups [343,344]. The stretching vibration of S=O band (SO4
-2), which is the 

characteristic absorption peak of chondroitin appears at 1253 cm-1 [343,344], confirming 

the presence of chondroitin in the coating. The presence of BG was confirmed by the 

stretching and the bending of the Si-O-Si band at 924 and 490 cm-1, respectively. At 

1039 cm-1 the stretching of the P=O binding is visible, confirming the presence of BG 

in the coating [271]. 
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Figure 5.6 FTIR spectra for the pure chondroitin powder (a), a BG/CS coating produced using 
0.5g/L CS with 1g/L BG in a 20W/80E suspension with 70V and 2min of deposition conditions 

(b), and pure BG powder (c). 

 

TG was performed to assess the final coating composition in terms of ceramic/polymer 

ratio. The results are shown in Table 5.3. As it can be observed from the results, when 

water is not considered, the BG/CS ratio on the coating (0.73) is considerable different 

from the one in the suspension (BG/CSsuspension = 2), meaning that not all the BG 

particles are establishing an interaction with the chondroitin molecules and therefore 

their proportion in the coating is much less than in suspension. This result is in 

accordance with the SEM images where BG particles were seen to cover just half of the 

sample and only small particles (≤10 µm) were present with no presence of larger 

particles (10-25 µm). These results confirm the premise that a higher concentration of 

chondroitin could be used to establish a more effective interaction with the rest of the 

BG particles. 

Table 5.3 TG results for a BG/CS coating produced using 0.5g/L CS with 1g/L BG in a 
20W/80E suspension with 70V and 2min of deposition conditions 

Considering water Without water 

Water Chondroitin BG Chondroitin BG 

wt. 

% 

vol. 

% 

wt. 

% 

vol. 

% 

wt.
% 

vol.
% 

wt. 

% 

vol.
% 

wt.
% 

vol.
% 

11.4 16.5 51.1 32.2 37.5 45.3 57.7 41.5 42.3 58.5 
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Bioactivity evaluation by immersion in SBF could not be carried out because the 

coatings were totally dissolved after only a few hours leaving a clean substrate. This fact 

suggests that even when BG/CS can be readily produced by EPD, another approach 

has to be developed to improve coatings with higher stability and longer degradation 

times. 

Another aspect to conclude is that the best solvent ratio for this type of coatings is 

20W/80E, therefore for the rest of this CS based work this ratio was kept constant. 

 

5.3.6 Bioglass®/Chondroitin-Chitosan coating (BG/CS-Ch) 

Chitosan was considered as additive as an approach to reduce the fast coating 

degradation of BG/CS coatings. Chitosan10 is a natural biodegradable polymer, with 

slower degradation rate than chondroitin, this characteristic makes chitosan an 

interesting option to tailor the degradation behavior of chondroitin based coatings. 

Mixtures of chitosan and chondroitin have been previously investigated [338,345,346] 

and used for production of different medical devices, e.g. nasal inserts [117], drug 

delivery systems [343,347] and for bone tissue regeneration [348,349].  

The present approach was to combine chitosan and chondroitin in a solution and later 

to add particles of BG to produce a suspension suitable for EPD. To prepare a solution 

with a final concentration of 0.5 g/L CS and 0.5 g/L chitosan (Ch), two different 

solutions were produced. In a first solution CS was dissolved in water and later ethanol 

was added making solution #1. Solution #2 was made dissolving the chitosan in water 

with 1-3 vol.% of acetic acid and later adding ethanol. Subsequently, both solutions 

were combined, in this step a polymer cloud was formed (Fig. 5.7) precipitating the 

polymers from the solution. Different ways to prepare the solution were tried, e.g. 

varying the relative amount of acetic acid and ethanol, etc. but not clear solution could 

be obtained. 

                                                 
10 Further work and information on chitosan is presented in Chapter 6 
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Figure 5.7 Precipitation from different solutions containing 0.5g/L CS and 0.5g/L Ch. 20W/80E 
and 3 vol.% of acetic acid (a), 40W/60E and 3vol.% of acetic acid (b), and 20W/80E with 2 vol.% 

of acetic acid (c). 

 

Several hypotheses can be put forward to explain this phenomenon. 

As the chitosan is positively charged when protonated, and chondroitin is negatively 

charged, these polymers could react forming a new non-soluble chain, which 

precipitates out of the solution. The pH of the solution was 2-3.5, indicating an acidic 

solution which can induce protonation of the chitosan and formation of SO4
- or CCO- 

groups in the CS. With those available groups it is possible that the protonated amino 

group of Ch can react with the carboxylic group of the CS producing a peptide, leading 

to precipitation out of the solution (see Eq. 8, 9 and 10) 

                   
     

   (Eq. 8) 

                        
  (Eq. 9) 

          
        

      (Eq. 10) 

On in the other hand, the free negative charged SO4
- groups could react with the 

positive charged chitosan precipitating this polymer, but keeping the chondroitin in 

suspension. Given this result, to tackle the problem of the fast degradability of the 

BG/CS coatings a multilayer approach emerges as an alternative, where chitosan and 

chondroitin were also deposited but from different suspensions forming multilayered 

coatings. Multilayer approaches using CS and Ch have been already investigated 

[338,348], but never using EPD. 

 

5.3.7 Multilayer Ch-l-CS-l-Ch coating 

To evaluate the viability of producing a multilayer system with chitosan and chondroitin, 

a Ch-l-CS-l-Ch multilayer coating, without ceramics fillers, was developed. A schematic 
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representation of the coating is presented in Fig. 5.8, where also the deposition 

conditions are indicated. The idea to deposit chitosan as the top layer is to reduce the 

contact of chondroitin with water and thereby reducing the fast degradability of the 

coating. If this multilayer system works further systems including BG could be 

produced. 

 

Figure 5.8 Schematic representation of the Ch-l-CS-l-Ch multilayer system. 

 

A chitosan solution was prepared dissolving the polymer in water with acetic acid, once 

the polymer was totally dissolved ethanol was added little by little to avoid polymer 

precipitation. The final chitosan solution consist of 0.5 g/L of chitosan in a solution 

containing 1 vol.% of acetic acid, 20 vol.% water and 79 vol.% of ethanol (see chapter 

6). This solution was further used for all studied multilayer systems. In the case of 

chondroitin the solvent ratio used was kept constant to 20W/80E, following the results 

reported previously (section 5.3.5). Chitosan presents a cathodic deposition while 

chondroitin an anodic one, therefor for each layer the connection to the power source 

was changed. Between different layers deposition drying times of 90 min were employed 

to ensure a stable layer that will not dissolve or be degraded during the next layer 

deposition. When shorter drying times were used a strong hydrogen evolution took 

place, inducing damage by bubbles formation on the final coating. This effect was 

caused by the retained water in the coating, with longer drying times the water 

evaporates and thereby a reduction on the hydrogen evolution occurs, leading to robust 

coatings. 

Chondroitin deposition conditions (potential and time) were determined by a trial and 

error approach searching for the most homogenous coating and also the one that can 

resist more time immersed in water/PBS (longer degradation). In the case of chitosan 

the deposition conditions were taken from previous results [228] (see section 6.1). 

Fig. 5.9 presents the obtained coating using the conditions presented in Fig. 5.8, as 

observed, a transparent coating is produced. As the figure also shows the sample after 

bending test, the coating exhibits qualitatively good adhesion to the substrate. 
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Figure 5.9 Multilayer Ch-l-CS-l-Ch coating obtained from the deposition of chitosan (0.5g/L 25V 

-1min) and chondroitin (0.5g/L 50V-3min). Dried coating after deposition (a) and bent sample 
(b). 

 

To prove the deposition of all three layers the weight before and after deposition was 

determined. The results are shown in Fig. 5.10 confirming that all three layers were 

successfully deposited. A low weight increment was measured for the chitosan last layer; 

this could be induced by an electrical insulation effect of the electrode due to the two 

previous deposited layers, or it could be the result of dissolution of the chondroitin 

during the third layer deposition. Also it is well known that chitosan produces really thin 

layers [77,87]. However, it has been shown that is possible to produce a multilayer 

coating based on chitosan and chondroitin by EPD. 

The contact angle was also determined giving a value of 61.5±0.2°. This contact angle 

indicates a favorable hydrophilic behavior according literature [287] to promote protein 

attachment. This contact angle is a typical value for chitosan [228], corroborating its 

presence as a top layer. 

The results thus show that it is possible to produce multilayers with chondroitin and 

chitosan by EPD. More complex systems were developed based on these results as 

presented in the next sections. 
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Figure 5.10  Deposition yield of the Ch-l-CS-l-Ch system. Chitosan layer were deposited using 

25V and 1 min deposition conditions, while the CS layer was done using 50V and 3 min. 

 

5.3.8 Multilayer BG/Ch- l -CS- l -BG/Ch coating 

One important application target for the coatings presented in this work is in bone 

replacement implants to enhance bonding of bone tissue to the implant and to induce 

bone regeneration, therefore bioactive materials, such BG, should be present in the 

coating. Following this objective the development of a chitosan-chondroitin multilayer 

containing BG particles was studied and different configurations were produced and 

analyzed.  

As a first approach to incorporate BG in the coating two types of layer configurations 

were tried in parallel: (1) a multilayer BG/Ch-l-CS-l-BG/Ch coating and (2) a multilayer 

BG/CS-l-Ch-l-BG/CS-l-Ch coating (next section 5.3.9) to determine if the 

incorporation of BG is more readily achieved with chitosan or with chondroitin. In 

these two configurations it was important to evaluate which coating presents a lower 

degradation rate when immersed in water, as well as which coating exhibits higher 

bioactivity potential in-vitro (SBF). 

Fig. 5.11 presents the coating configuration and deposition conditions used in the 

production of the BG/Ch-l-CS-l-BG/Ch multilayer.11 

                                                 
11 Deposition conditions for the BG/Ch coating are explained in section 6.2 
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Figure 5.11 Schematic representation of the BG/Ch-l-CS-l-BG/Ch multilayer system 

 

The first BG/Ch layer was successfully deposited with a deposition yield of 1.1±0.2 

mg/cm2 after 1min. The second CS layer was also deposited, but during the extraction 

of the sample from the suspension the CS layer was totally detached from the first 

BG/Ch layer (Fig. 5.12). This phenomenon occurred independently of the deposition 

conditions tried.  

 

Figure 5.12 Detached CS layer from the BG/Ch layer after the EPD process. 

 

It was determined (see also section 5.3.9) that a lack of drying time for the first layer 

(BG/Ch) was the reason of the poor attachment of the chondroitin layer.  

 

5.3.9 Multilayer BG/CS- l -Ch- l -BG/CS- l -Ch coating 

This BG/CS-l-Ch-l-BG/CS-l-Ch was successfully deposited compared with the 

previous one. As chondroitin dissolves considerably fast in water, for this new 

configuration a final chitosan layer was added to reduce the degradation rate of the 

coating. A schematic representation of the coating with the deposition conditions is 

shown in Fig. 5.13. 

An important key factor during the production of this coating was the drying time 

between the subsequent depositions of the different layers. Best results, with a 

homogenous and well attached layer to the substrate coating, were obtained using 24 h 
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as drying step between layers deposition (Fig 5.14 a, b and c). For reduced drying times 

a stronger hydrogen evolution was present due to the retained water in the coating, 

leading to large gas bubble formation between the layers, detaching one form the other. 

Fig 5.14 (d and e) shows a coating produced with drying times of 1 h between 

depositions. The damage caused by the gas formation is evident: bubble of ≈7 mm 

diameter has formed, which during the final drying step collapsed due to contraction, 

ending in coating detachment and undesired exposition of the bare material.  

 

 

Figure 5.13 Schematic representation of the BG/CS-l-Ch-l-BG/CS-l-Ch multilayer system with 

deposition conditions for each layer. 

 

Fig 5.14f presents a BG/CS-l-Ch-l-BG/CS-l-Ch sample, produced using 24 h of drying 

time between depositions, after 24 h of immersion in water. As it can be observed, part 

of the coating was dissolved but an important proportion of the coating is still present. 

This fact constitutes an improvement from previous developed coatings that dissolved 

totally after less than 1 h of immersion. However, the degradation of the coatings is still 

considerably fast compared with other coatings (see chapter 6) and considering the 

expectation that the coatings should stay in the body for several months. 

The final coating presents a contact angle of 90.6±0.3°, which is a relative high value, in 

principle outside the recommended range for better protein attachment [287]. However, 

as indicating elsewhere, it could be tailored reducing the deposition time of the final 

chitosan layer [228] (see section 6.1) .  

Deposition yield for the different layers was determined to corroborate the deposition 

of the three layers (Fig. 5.15). The BG/CS layer makes a considerable contribution to 

the final coating mass; this is mainly due to the presence of BG. In the case of the 

chitosan layers their input is considerably low, mostly by the short deposition times and 

the thin layers this polymer forms. 
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Figure 5.14 Multilayer BG/CS-l-Ch-l-BG/CS-l-Ch coating obtained using different trying times: 

24h (a, b and c) and 1h (d and e). As well as the samples with 24h of drying after one day 
immersed in water (f). 

 

 

Figure 5.15 Deposition yield for the BG/CS-l-Ch-l-BG/CS-l-Ch as a function of the layer 

deposited. Deposition conditions according Fig. 5.13. 
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SEM of the cross sections was carried out to corroborate the presence of the different 

layers, and also to check the surface morphology (Fig 5.16). SEM images show that the 

sample surface exhibits the typical chitosan layer covering BG particles. The BG 

particles show sizes not larger than 20 µm, indicating that it is possible to deposited BG 

particles with sizes ≤ 15-20 µm, confirming that large BG particles do not interact with 

CS and therefore they cannot be deposited, this indicated that the steric stabilization 

forces from CS are not enough to suspend the lager BG particles and they suffer of 

sedimentation. 

The final coating is homogenous and free of cracks. From the cross section, all layers 

that constitute the coating can be identified. The coating presents variable thickness 

from 11 to 16 µm. The first BG/CS layer is the thickest with a thickness varying from 7 

to 12 µm, this variation is mainly for the location of the BG particles, being thicker 

where one of those particles is present. The second chitosan layer is hard to observe 

mainly because of its very low thickness (<1 µm). The second BG/CS layer reduced 

significantly its thickness compared with the first one; this is related to the insulation 

effect of the first two layers reducing the current density and thus the deposition yield. 

This effect also suppresses the deposition of large BG particles. The top chitosan layer 

is clearly differentiable (<1 µm), being homogenous and covering the whole sample 

surface, it is also observed that this layer follows the patterns left from the previous 

layers.  
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Figure 5.16 SEM images of the surface morphology (a and b)  and cross section (c and d) of the 

BG/CS-l-Ch-l-BG/CS-l-Ch multilayer coating obtained using 24h of drying time between layer 

depositions. 

 

The presence of BG was also confirmed by EDX analysis (Fig 5.17). As it can be 

appreciated Ca, Si, P and Na peaks coming from the BG components are visible, while 

the signal of Cr and Fe are from the substrate and are attenuated by the presence of the 

coating. 

To further confirm the presence of the polymers, FTIR was carried out. As it can be 

observed in Fig. 5.18, the presence of BG was confirmed by the stretching and the 

bending of the Si-O-Si at 924 and 490 cm-1, respectively. At 1039 cm-1 the stretching of 

the P=O binding is visible, confirming the presence of BG in the coating [271]. For the 

pure chondroitin, chitosan and the coating, at 3440 cm-1 the signals of the –OH and N-

H stretching vibration (both are overlapped) appeared [343,344,350]. At 1039 cm-1 the 

stretch vibration of C-O is visible, while at 1640 cm-1 the signal of the amide band for 

the chondroitin [343,344] and chitosan [350] is detected. The stretching vibration of 

S=O band (SO4
-2), that is the characteristic absorption peak of chondroitin, appears at 

1253 cm-1 [343,344], confirming the presence of chondroitin in the coating. In the case 

of chitosan the further bands at 1645 and 1318 cm-1 are assigned to the N-H bending of 

the amines groups I and II, respectively [350–354].  The symmetric deformation mode 
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of the CH3 group appears at 1382 cm-1 [350–354]. With these reulst the prencense of 

chitosan, chondroitin and BG was corroborated. 

 

Figure 5.17 EDX results for the BG/CS-l-Ch-l-BG/CS-l-Ch multilayer coating obtained using 

different 24h of trying time. 

 

 

Figure 5.18 FTIR results for chondroitin (a), chitosan (b), BG/CS-l-Ch-l-BG/CS-l-Ch multilayer 

(c) and bioglass (d). (Bands are explained in the text) 

 

The XRD results for the coatings after immersion in SBF (to evaluate the bioactivity) 

are presented in Fig. 5.19. The main peak of HA at 32° (211) is present in all samples. 

When the immersion time increases further peaks appear meaning that HA is forming 

on the top of the coatings during time. After 7 days of immersion four further different 
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characteristic peaks of HA are present at: 10.7° (100), 21.7° (200), 25.9 (002) and 45.4° 

(203).  

 

Figure 5.19 XRD results of the BG/CS-l-Ch-l-BG/CS-l-Ch multilayer coatings after immersion in 

SBF for 2 (a), 5 (b) and 7 days (c) showing the formation of HA. 

 

SEM was also carried out to characterize the HA morphology. Results are shown at Fig 

5.20. Even when the XRD results indicate that HA could be present on the samples 

after 2 and 5 days of immersion, no HA structure was clearly observable on those 

samples by SEM. After 7 days of immersion some small formations are visible, likely 

HA. A possible reason for such a slow HA formation could be due to the top chitosan 

layer inhibiting the direct contact between the SBF and BG. 

BG/CS-l-Ch-l-BG/CS-l-Ch coatings were successfully produced by EPD using the 

multilayer approach. The coatings exhibit relative low degradation when immersed in 

water and SBF. The coatings are also bioactive forming small amount of HA on their 

surfaces after one week in SBF, this aspect could be corrected adding BG in the top 

layer to increase its contact with the SBF. Following this objective, new types of 

coatings, or approaches, are presented in the next sections. 
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Figure 5.20 SEM images of the BG/CS-l-Ch-l-BG/CS-l-Ch multilayer coating after 2 (a and b), 5 

(c and d) and 7 days (e and f) of immersion in SBF at 37°C. 

 

5.3.10 Multilayer Ch- l -BG/CS- l -BG/Ch coating 

BG was added to the top chitosan layer to evaluate the possibility to increasing the 

coating bioactivity, i.e. higher formation rate of HA. This last layer containing BG could 

also have the effect to reduce the high contact angle of the pure chitosan layer [97]. The 

middle layer, as in the previous coatings is a BG/CS composite, this to also have the 

positive effect of BG when the first layer degrades. The layer in contact with the 

substrate is a chitosan layer, this to protect the alloy from possible corrosion coming 

from the BG/CS layer. Fig. 5.21 shows a schematic representation of the coating, 

indicating also the EPD deposition conditions. 
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Figure 5.21 Schematic representation of the Ch-l-BG/CS-l-BG/Ch multilayer system with the 

deposition conditions for each layer. 

 

Fig. 5.22 shows the obtained multilayer coatings. The final coatings are homogenous 

and crack free at the magnifications of the micrographs. Compared to the previous 

coatings the homogeneity qualitatively improved, this could be explained due to the fact 

that chitosan is the layer in contact with the bare alloy and not chondroitin, avoiding 

possible corrosion problems. Also the fact that fewer layers are present increased the 

homogeneity. 

 

Figure 5.22 Light microscopy images of the Ch-l-BG/CS-l-BG/Ch multilayer final coatings. 
Surface (a and b) and bent sample (c). 

 

Deposition of the different layers was proven by mass determination, as Fig. 5.23 

shows. The final coating weight is comparable with the BG/CS-l-Ch-l-BG/CS-l-Ch 

system meaning that a relative similar value of BG could be deposited.  

The coatings were immersed in SBF during 2, 5 and 7 days to evaluate their bioactivity 

in-vitro. XRD was carried out to determine the possible presence of HA on the coatings. 

As it can be observed from Fig. 5.24, the main peak of HA at 32° (211) is present as 

well as a small peak around 46° (222). 
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Figure 5.23 Deposition yield determination for the Ch-l-BG/CS-l-BG/Ch multilayer system. 

 

 

Figure 5.24 XRD diffractogram of the Ch-l-BG/CS-l-BG/Ch system after immersion in SBF 

during 2 (a), 5 (b) and 7 days (c). 
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SEM images of the coatings after immersion are presented in Fig. 5.25. As it can be 

observed structures similar to CaP are present on the coating, but not covering the 

whole surface. The structure of these precipitates does not present the typical 

cauliflower structure of HA. On the other hand the XRD results (Fig. 5.24) confirms 

that the precipitates are HA. 

 

 

Figure 5.25 SEM images of the Ch-l-BG/CS-l-BG/Ch system after immersion in SBF during 2 (a 
and b), 5 (c and d) and 7 days (e and f). 

 

Compared with the BG/CS-l-Ch-l-BG/CS-l-Ch system (section 5.3.9), for the present 

Ch-l-BG/CS-l-BG/Ch coating an improvement on the coating homogeneity is 

observed, and also that more HA is present on the coating after immersion in SBF, but 

still not on the whole coating. On the other hand, for the BG/CS-l-Ch-l-BG/CS-l-Ch 

system, the formed HA exhibited the characteristic cauliflower structure (and more HA 
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peaks in the XRD results) what is not the case for the present Ch-l-BG/CS-l-BG/Ch 

system. 

Looking for an explanation to clarify why well-formed cauliflower HA was not obtained 

for the Ch-l-BG/CS-l-BG/Ch, surges the possibility that maybe defects on the top 

BG/Ch layer allowed the SBF to enter in contact with the BG/CS layer. In this case the 

CS establishes an interaction with the free Ca2+ that can lead to the formation to a HA 

similar structure but with a Ca/P ratio lower than 1.67. As discussed in Chapter 4, these 

structures are also bioactive [238]. 

The fact that defects on the BG/Ch layer could allow the contact of the SBF with the 

BG/CS layer also explains why for some of the samples no formation of HA was 

observed. The dissolution of the BG/CS layer left juts the bottom chitosan layer. The 

ions coming from BG and dissolved in the SBF precipitated on the chitosan layer in the 

form of salts (or other type of CaPs) (Fig. 5.26).  

 

 

Figure 5.26 Degradation mechanism for the Ch-l-BG/CS-l-BG/Ch system 

 

5.3.11 Multilayer BG/Ch-l-BG/CS-l-BG/Ch coating 

Taking in consideration the learnt lessons for the BG/CS-l-Ch-l-BG/CS-l-Ch (section 

5.3.9) and the Ch-l-BG/CS-l-BG/Ch (section 5.3.10) systems, a superior system to 

obtain a coating with reduced degradability and improved bioactivity must meet the 

following requirements: (i) chitosan must be in the bottom layer in contact with the 

metal to reduce the degradability of the coating12, (ii) chondroitin must be incorporated 

in a "sandwich-type" structure between chitosan layers to tailor its contact with the 

media during the initial immersion time, and (iii) BG should be present at least on the 

first two top layers to form HA on the coating. To meet these requirements a BG/Ch-l-

BG/CS-l-BG/Ch multilayer coating was developed (Fig 5.27). In this coating system 

                                                 
12 Please see also Appendix 6 
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BG is present in all the layers to guarantee that even when one of the layers get 

degraded BG will be present maintaining the bioactivity of the coating. 

 

Figure 5.27 Schematic representation of the BG/Ch-l-BG/CS-l-BG/Ch multilayer coating. 

 

Fig. 5.28 shows macroscopic images of the obtained BG/Ch-l-BG/CS-l-BG/Ch 

coatings. As it can be appreciated the coating is homogeneous, crack free and well 

attached to the substrate even after bending. Fig. 5.28d presents a coating after 24 h of 

immersion in water and can be observed that it is almost intact. This previous fact 

proves that having a bottom and top layer with chitosan reduces the degradation rate.  

 

 

Figure 5.28 Images of the BG/Ch-l-BG/CS-l-BG/Ch coatings. Surface (a and b), bent samples 

(c) and sample immersed 24h in water (d). 

 

Fig. 5.29 presents the deposition yield for the different layers confirming that all layers 

were deposited.  
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Figure 5.29 Deposition yield determination for the BG/Ch-l-BG/CS-l-BG/Ch multilayer system. 

 

The microstructure of the coating is presented on Fig. 5.30. As it can be observed the 

whole sample surface is covered by the coating, what is a considerable improvement 

compared with the initial BG/CS single layers. The coating is homogeneous and crack 

free at the microscopical level, being this another improvement compared to the 

BG/CS system (Fig. 5.4). The top layer seems like a classical BG/CS coating (see 

section 6.2) with the largest BG particles size being ≈10 µm. 

 

Figure 5.30 SEM images of the surface morphology of the BG/Ch-l-BG/CS-l-BG/Ch multilayer 

coating. 

 

The bioactivity of this coating was evaluated by immersion in SBF during 2, 5 and 7 

days and later observation on SEM. As Fig. 5.31 shows, independently of the immersion 

time, all the coatings and fully covered with HA with the typical cauliflower structure. 

The concept of having a "sandwich-type" structure Ch/CS/Ch and BG in all layers 

resulted on the formation of a HA bioactive layer on the top of the coating. 
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Figure 5.31 SEM images of the BG/Ch-l-BG/CS-l-BG/Ch system after immersion in SBF during 

2 (a and b), 5 (c and d) and 7 days (e and f). 

 

As BG is present in all the layers even if one layer is completely removed (degraded), the 

presence of BG in the new exposed surface will lead to the potential to form more HA 

on the surface (Fig 5.32). 

 

Figure 5.32 Degradation mechanism of the BG/Ch-l-BG/CS-l-BG/Ch system. 
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5.4 Analysis 

Chondroitin sulfate was successfully deposited by EPD on a metallic substrate without 

the addition of any other materials. Chondroitin sulfate formed a transparent coating 

resembling in appearance the pure alginate or chitosan coatings confirming the initial 

assumption that it could be used as a soft organic matrix for organic/inorganic 

composite coatings. Compared to the deposition of other polymers like alginate or 

chitosan, chondroitin sulfate needs higher electrical potentials to generate a deposit on 

the substrate. The best coating, in terms of homogeneity, was reached using a 

deposition potential of 50 V and time of 3 min, from a solution containing 0.5 g/L of 

chondroitin, 20 vol.% of water and 80 vol.% of ethanol. During deposition high 

currents were observed which indicate high chondroitin mass movement. When a 50 ml 

solution was used for multiple depositions, after the 4th coating the green thickness of 

the final coating was much less than the one of the first samples. This means that 

chondroitin solutions are more susceptible to be wasted than its counterparts. For 

alginate or chitosan solutions comparable coatings, in term of homogeneity and weight, 

were obtained even after more than 10 depositions from the same solution volume (50 

ml). 

Chondroitin endorsed its potential as a matrix when deposited with titania 

nanoparticles. Here chondroitin demonstrated its viability to be deposited with a 

ceramic filler. Being comparable with other polymers used for EPD [80,115]. Analyzing 

the ζ–potential values is observable that independently of the ceramic particle or the 

solvent mixture used, chondroitin is controlling the suspension stability and imparting 

an anodic character. As in the case of the alginate based coating, when BG is added into 

suspension the ζ–potential values are reduced. To understand this behavior, two factors 

may be considered: (i) the BG particles are bigger than TiO2 or ZnO, being harder to 

suspend them, (ii) they dissolve in presence of water, meaning that the particle size is 

not constant, therefore the surface of the BG that already had an interaction with the 

polymer could detach from the rest of the particle changing the stability of the resulting 

rest particles. 

BG/CS coatings were produced from a suspension containing 0.5 g/L CS and 1g/L BG 

from a suspension with 20 vol.% of water and 80 vol.% of ethanol. Best deposition 

conditions were 60-80 V and 1-2 min. As already mentioned, the coatings were not 

totally homogenous, to tackle this problem more BG and CS were added, but this 
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generated an important corrosion effect on the substrate. This fact is related with the 

high potential applied adding considerable energy to the system plus the point that 

chondroitin exhibits relative high current densities during deposition. On the other 

hand, an increment of the BG concentration also comes with a higher risk to corrode 

the sample due to the dissolution of BG. This corrosion problem establishes a limit to 

the BG and chondroitin concentration that can be used to produce homogeneous 

robust coatings without affecting the substrate. As the corrosion products on the 

substrate were evident and the samples were not stable enough, in terms of 

homogeneity and fast coating dissolution, no further corrosion studies were performed 

on those coatings. 

The fast dissolution of the BG/CS coatings is a strong disadvantage for this system, but 

similar results occur for BG/alginate and alginate coatings in general. Regarding 

chondroitin, similar to alginate, it is an anodic polymer, meaning that both materials are 

relative comparable. However, it should be pointed out that alginate’s degradation is 

relative slower than that of chondroitin. 

Considering the right water/ethanol ratio, even when a higher water proportion gives 

better ζ–potential values, stabilizing and facilitating the particles suspension, it does not 

mean that “better” coatings can be produced. The higher the water amount in 

suspension, the higher the hydrogen evolution, which increases the formation of coating 

defects. 

To be in contact with the bare alloy chitosan seems to be a better option than 

chondroitin. A chitosan solution has a pH from 3 to 4.5 but near to the deposition 

electrode the pH increases depositing the polymer. In the case of chondroitin the 

contrary effect happens, where the pH is reduced in the deposition electrode vicinity, 

and if BG is present, corrosion of the alloy can be induced. Looking also on the 

degradation behavior of the multilayer, chitosan seems to be the best option to use as a 

top layer. This polymer presents a slower degradation than chondroitin, thereby 

maintaining the coating during more time attached to the substrate, and on the other 

hand, it reduces the contact of chondroitin with the media. Considering the performed 

work, the best approach for the design of the multilayer is a sandwich structure where 

chitosan is present in both the bottom and top layers. 

To ensure a suitable multilayer coating the drying time between layer depositions plays a 

fundamental role. When drying time is too short, the retained water in the coating 
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induces hydrogen evolution forming bubbles between layers or totally inhibiting the 

deposition of the subsequent layer. On the other hand, long drying times lead to high 

quality coatings, however when times are too long the manufacturing difficulty 

increases, going from production times of minutes to hours or even days. Therefore a 

precise (optimal) drying time should be chosen, and this point could lead to a 

disadvantage against other coating systems. 

Other aspect that seems to be confirmed for the chondroitin based multilayers here 

analyzed is that better results, in terms of bioactivity, are obtained when BG is present 

in all the layers. When chitosan is used as top coating without BG, the BG does not 

enter in contact with the SBF until this layer degrades, therefore HA formation, which 

depends on the interaction of BG and SBF is retarded. On the other hand, as 

chondroitin dissolves considerable fast in contact with water (SBF) the formation of a 

HA layer that can stay attached to the substrate is difficult. This last aspect suggests that 

chondroitin by itself does not constitute a reliable option. The success of the multilayers 

system developed here is based on the chitosan component. For further investigations 

chondroitin could be used as minor component in the coatings, or other options could 

be explored, e.g. cross linking to reduce the fast degradability of the layers containing 

chondroitin.   

 

5.5 Conclusions 

As it was shown in this Chapter, chondroitin can be used to produce coatings by 

electrophoretic deposition. Chondroitin deposition by EPD has been never carried out 

before, constituting this an innovation and opening a new spectrum of possibilities for 

the future. Chondroitin exhibits an anodic behavior and it controls the deposition. This 

work not only showed that it is possible to deposit this material as an entity, but also 

that chondroitin was actually the integral matrix of the system acting as the soft part of 

the coating. 

In terms of processability EPD provides an advantage compared with other techniques 

used to produce chondroitin coatings. With EPD, multilayers can be produced, co-

deposition with ceramic fillers is possible, shorter production times are employed and 

also more simple production methods are required [348]. On the other hand, the fast 

dissolution of chondroitin based coatings in water restricts its applications. As it was 
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shown in this work the combination of chondroitin with other materials, like in this case 

chitosan, led to a slower degradation, this could be an initial step to work further with 

this material to develop stable coatings. The presence of a bioactive material (BG in this 

case) is fundamental in relation to the final application, therefore the BG/Ch-l-BG/CS-

l-BG/Ch multilayer coating containing BG in all its layers was the coating system 

showing best results in terms of a lower degradation behavior and formation of HA on 

the coating. 

To improve the application of chondroitin to produce bioactive coatings further 

considerations are required in order to reduce its fast dissolution, e.g. including a cross-

linking step. This work was the first attempt to use chondroitin in EPD showing its 

successful, hopefully being the first step for future developments involving the use of 

on this material to develop superior coatings for orthopedic applications. 
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6 Chitosan based coatings 

Chitosan is a well know biopolymer, it has a proven biocompatibility, exhibiting also 

antibacterial activity, film forming ability and drug delivery potential [132,144,145]. This 

material presents, as already mentioned (see section 2.5.1c), a cathodic deposition when 

deposited by EPD [77,79,81,355,356]. Looking for an alternative to the anodic alginate 

and chondroitin sulfate and for their fast degradation rate, chitosan emerges as an 

alternative.  

Alginate and chondroitin are highly soluble in water; due to this fact the degradation of 

the coatings based in these polymers is considerable fast, limiting their possible 

applications. As already discussed (see sections 4.6 and 5.3c) alginate and chondroitin 

based coatings could degrade faster than the HA formation rate, whereby playing a 

limited role on the implant-bone osteointegration. An also their anodic character could 

interfere with the HA formation by establishing an interaction with the free calcium ions 

reducing their availability to from HA. 

Chitosan on the other side presents a limited degradation in water based media at pH 

values higher than 5, implying a relative low dissolution at body pH values of 7.4. By 

having a slower degradation the coating can remain on the substrate during more time 

giving enough time to the HA formation, and also providing a continuous surface where 

the HA can precipitate. Due to chitosan cathodic activity is expected that non 

interaction between it and calcium happens. Considering all this factors, chitosan 

appears as an obvious chose to investigate. 

 

6.1 nTiO2/chitosan coatings13 

6.1.1 Introduction 

To understand chitosan deposition mechanism, its combination with a non-soluble 

particle like titania was an adequate choice, to later continue with more complex entities 

like bioactive glasses and biomolecules. With these aims in focus a new nTiO2/chitosan 

coating was developed by EPD.14 

                                                 
13 Part of the information (text, figures and tables) presented in this section was reprinted with permission 

form The Royal Society of Chemistry. Please see the section Permission at the end of this thesis.  
14 During the research work, nTA, nTBA and nTC coating were investigated in parallel projects running 
at the same time. 
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6.1.2 Materials and Methods 

Chitosan (190-310kDa, 78-85% deacetilation, Sigma), nanometer titania powder (TiO2) 

(21 nm particle size, P25, Evonik Industries), water and ethanol were used as-received 

to prepare stable suspensions suitable to be used for EPD.  A constant concentration of 

0.5 g/L chitosan (prepared using 1 vol.% of acetic acid) was used according to the 

results reported by other authors [76,81,87]. TiO2 concentration was varied from 0.5 to 

10 g/L. In order to avoid hydrogen bubbles formation during the EPD process (due to 

water electrolysis) different ethanol/water ratios were considered. All suspensions 

prepared were magnetically stirred for 5 min followed by 30 min of ultrasonication and 

subsequent 5 min of magnetic stirring, in order to guarantee an adequate dispersion of 

the components in the suspension. The colloidal stability of the suspension was 

analyzed by means of ζ-potential measurements. 

Stainless steel AISI 316L electrodes (plates of 2.25 cm2 deposition area and K-wires 

1mm diameter) and titanium electrodes (Ti6Al4V), were used to deposit the n-

TiO2/chitosan composite coating via constant voltage-EPD. Deposition voltages and 

times in the range of 2-50 V and 15 s to 5 min, respectively, were studied. Deposition 

yield was evaluated using an analytical balance (precision 0.0001 g). Coated substrates 

were dried during 24 h in normal air at room temperature prior to mass determination. 

In order to characterize the coatings, XRD (D8 Advance Bruker, Germany), FTIR, as 

well as thermogravimetric (TG) and differential thermal analysis (DTA) (TGA/SDTA 

851e, Mettler) tests were performed. In this last technique, the tests were carried out 

until a maximum temperature of 800°C. The surface microstructures of the coatings 

were analyzed by scanning electron microscopy (SEM) (LEO 435VP, Zeiss Leica). The 

contact angle was measured using deionized water droplets. The electrochemical 

behavior of the coatings was also studied in order to test their possible protective 

properties (potentiodynamic polarization curves).  

 

6.1.3 Results and Analysis 

a) Solution stability 

It is well known that water electrolysis during the EPD process has a negative effect on 

the homogeneity and adhesion of the as-obtained coatings due to the generation of gas 

bubbles [12]. Ethanol/water mixtures have been proven to provide a better stabilization 
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of polymer/inorganic particle mixtures in comparison with other water based solutions 

[79,83]. In order to avoid microstructural inhomogeneities in the coating and to obtain 

highly stabilized suspensions, different ethanol/water ratios (up to 95 vol.% ethanol) 

were tested, while the chitosan and n-TiO2 concentration were kept constant (0.5 and 10 

g/L, respectively). Solutions with ethanol/water ratio of 80/20 were found to be the 

most stable ones. Suspensions with ethanol contents below 60 vol.% let to a strong 

hydrogen evolution with irregular coatings or not coating at all, with contents equal or 

higher than 90 vol.% coagulation and sedimentation of the components took place. 

Only after 192 h of aging, a slight sedimentation was observed (Fig. 6.1). Zeta potential 

of a suspension prepared was found to be 82 ± 21 mV. This high zeta potential value 

evidences the high stability of the suspension and also predicts a cathodic deposition, 

indicating that the suspension is suitable for EPD. 

  

Figure 6.1 Stability of n-TiO2/chitosan suspensions in ethanol/water/acetic acid (79/20/1) 
solvent at 0h (a) and 192h (b) after preparation. 

 

b) Electrophoretic deposition 

Homogeneous and crack free electrophoretic coatings were obtained for voltages in the 

range 20-30 V and for deposition times between 0.5 and 1.5 min. A potential of 25 V 

and a deposition time of 1 min were chosen to study the influence of the n-TiO2 

concentration on coatings quality. Fig. 6.2 shows images of the different coatings 

obtained with varying n-TiO2 content namely from 0.5 to 10 g/L. As it can be observed, 

homogeneous coatings were obtained for all n-TiO2 concentrations. As expected, the 

higher the n-TiO2 concentration in suspension was, the higher was the n-TiO2 content 
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in the coatings. This tendency is also observed in Fig. 6.3 where a linear behavior 

between n-TiO2 concentration and deposition mass is obtained.  

 

 

Figure 6.2 Electrophoretic n-TiO2/chitosan coatings produced with 0.5g/l chitosan suspensions 
in ethanol/water solvent and different concentrations of n-TiO2 using a voltage of 25V and a 

deposition time of 1min (n-TiO2 appears as a white area in the coatings). (a) 0.5g/L, (b) 1.5g/L, 
(c) 3g/L, (d) 6g/L and (e) 10g/L n-TiO2. (scale bar: 2mm) 

 

 

    

Figure 6.3 Relationship between n-TiO2 concentration in solution and deposited mass per area 
using 0.5g/L chitosan suspensions in ethanol/water solvent. Deposition potential: 25V and 

deposition time: 1min. 
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Figure 6.4 SEM images of coating surfaces produced by EPD from solutions with different n-
TiO2 contents: 1.5g/L (a), 3g/L (b), 6g/L (c) and 10 g/L (d). Lighter areas in figures a) and b) 

represent n-TiO2 clusters visible on the surface of the coatings. 

 

 

Figure 6.5 Bent n-TiO2/chitosan coatings produced by EPD with 0.5g/L chitosan suspensions 
in ethanol/water solvent and different concentrations of n-TiO2 using voltage of 25V and 

deposition time of 1min (n-TiO2 appears as a white area in the images). (a) 0.5g/L, (b) 1.5g/l, (c) 
3g/L, (d) 6g/L and (e) 10g/L n-TiO2. 
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Fig. 6.4 shows the surface morphology for four different coatings prepared with 

different n-TiO2 concentrations (1.5, 3, 6 and 10 g/L). As it can be observed, the sample 

prepared using a suspension with 1.5 g/L n-TiO2 (Fig. 6.4a) presents a homogenous 

surface which is free of cracks. When the titania concentration is increased up to 3 g/L 

(Fig. 6.4b), a higher tendency of the titania nanoparticles to agglomerate is observed 

and, consequently, larger clusters (20-40 µm) were obtained. However, this coating also 

presents a homogenous surface free of cracks or any other defects. The coatings 

produced with higher titania contents (6 and 10 g/L) show an important accumulation 

of cracks, with widths of around 1-2 µm. The higher concentration of n-TiO2 in these 

samples decreases the proportion of chitosan within the coating and, therefore, the 

coatings become more brittle and susceptible of microcracking due to internal stresses 

developed during the drying process. This effect is also observed when the samples are 

subjected to deformation by bending to approximately 180° (Fig. 6.5). As the content of 

titania within the coatings increases, a higher number of cracks, which propagate from 

the edges to the center of the coating, are observed (Fig. 6.5b, c and d). In the case of 

samples prepared with suspensions containing 6 and 10 g/L n-TiO2, detachment of the 

coatings can also be seen. However, for the sample obtained with 1.5 g/L n-TiO2 a 

qualitative good adhesion of the coating is observed after deformation of the substrate 

by bending and only a few cracks appear at the edges, probably due to the higher 

ceramic accumulation at these points during the EPD process. These simple 

observations are important to infer the best possible n-TiO2 concentration in the 

coatings that will lead to homogeneous coatings firmly adhered to the substrate and free 

of drying microcracks, which are also sufficient compliant to sustain damage by possible 

impact loads or deformation of the substrate during handling. As in the alginate based 

coatings (Chapter 4), it seems that a ceramic/polymer ratio of 3 is the maximum ratio 

that can be used to obtain well attached coatings able to resist the bending test.  

The morphology of the cross section of the coatings obtained with n-TiO2 

concentrations of 1.5 and 10 g/L are shown in Fig. 6.6. The thickness of the coating 

prepared with 1.5 g/L n-TiO2 suspensions is around 2 µm (Fig 6.6a) and, as expected 

from Fig. 6.3 where it was shown that the higher the ceramic particles concentration, 

the higher the deposition rate, the coating prepared with 10 g/L n-TiO2 suspension 

presents a higher thickness, of around 5-6 µm (Fig 6.6c). In both cases, the coatings 

appear to be dense, fairly homogenous in microstructure and rather uniform in their 

thickness. 
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Figure 6.6 SEM images of coatings cross sections. Coatings were obtained by EPD using 1.5 (a 
and b) and 10g/L (c and d) n-TiO2 concentration in the suspension. 

 

c) Wetting behavior 

As it is well known, both a too high hydrophilicity as well as a too high hydrophobicity 

in biomaterials intended for bone tissue regeneration are not desired since the extent of 

critical protein attachment to the surface can be affected negatively [287]. According to 

Menzies and Jones [287] an ideal contact angle for bone regenerative applications 

should be between 35° and 80°, while Lee et al. [339] consider that 55° is the optimal 

value to improve blood serum protein adsorption. In the present nTC composite 

coatings the wetting angle can be tailored by varying the relative content of chitosan and 

n-TiO2. In principle, these n-TiO2/chitosan coatings present high hydrophilicity. In 

order to increase the contact angle value, it is possible to deposit a second chitosan layer 

on top of the nTC composite coating. In this study, this layer was also developed by 

EPD using an applied voltage of 15 V and a 0.5 g/L chitosan solution prepared in 1 

vol.% acetic acid solution, 79 vol.% EtOH and 20 vol.% water. 

Fig. 6.7 shows the contact angle measurements as a function of the deposition time for 

coatings with different n-TiO2 contents. 
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Figure 6.7 Contact angle for coatings obtained from suspensions with different n-TiO2 content 
(0.5, 1.5, 3, 6 and 10g/L) as a function of deposition time (0.5, 1, 3 and 5min) of the second 

chitosan layer (produced by EPD with a voltage of 15V from a solution with 0.5g/L chitosan). (3 
samples were measured per each condition). 

 

From Fig. 6.7 it can be observed that the coating obtained with the 0.5 g/L n-TiO2 

suspension presents a contact angle of 61° even with just 0.5 min of deposition, 

increasing to 69° after 5 min of EPD. In the case of coatings prepared with 1.5 g/L n-

TiO2 suspension, the contact angle increases from 45° to 68° for the analyzed 

deposition times. These relatively high contact angle values are due to the presence of 

chitosan on the sample and the relatively low content of titania in those coatings. The 

effect of n-TiO2 on the wettability of composite films can be appreciated when the n-

TiO2 content is increased in the different suspensions. The higher the titania content, 

the higher the wettability. According to the contact angle criteria mentioned above 

[287,339], the coatings prepared from 0.5 and 1.5 g/L n-TiO2 suspensions should 

exhibit the best protein attachment behavior for bone replacement applications, since 

the measured contact angle is always within the recommended range of 35-80° and close 

to the optimal value of 55°. After 3 min of deposition, the coatings with a higher 

content of titania (3 and 6 g/L) also present an acceptable contact angle, especially the 

coating obtained using the 3 g/L n-TiO2 suspension. On the other hand, the coating 

fabricated with 10 g/L n-TiO2 suspension shows the lowest contact angle values, 

reaching its maximum (35°) after 5 min of deposition. It is important to mention that 
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the contact angles for the coatings, especially those obtained from the 6 and 10g/L n-

TiO2 suspensions, are also affected by the presence of cracks developed during the 

drying process (see Fig. 6.4).  

d) Coating composition and structure 

The coatings composition was analyzed by means of FTIR and XRD techniques. The 

FTIR results for pure chitosan powder, a pure chitosan coating and a nTC composite 

coating prepared with a titania concentration of 1.5 g/L can be observed in Fig. 6.8.   

 

Figure 6.8 FTIR results for the pure chitosan powder (a), pure chitosan coating (b) and 1.5g/L 
nTC coating (c). Chitosan molecule image taken from [87]. 

 

For pure chitosan (both in powder form and as a coating) two different bands at 898 

and 1162 cm-1 can be observed which are associated to the -C-O-C- group vibration of 

saccharides [351–354]. In the case of n-TiO2/chitosan composite coating, the band at 

1162 cm-1 is also observed but the one at 898 cm-1 is overlapped with a broad band 

which extends up to 400 cm-1. The bands at 1035 and 1080 cm-1 can be attributed to C-

O stretching vibration of the chitosan [231,351–354] while the ones at 1655, 1552 and 

1318 cm-1 are assigned to the N-H bending of the amines groups I and II, respectively 

[231,351–354].  The symmetric deformation mode of the CH3 group appears at 1382 

cm-1 and the stretching one for C-H bond at 2925 cm-1. Finally, the broad band at 

approximately 3429 cm-1 corresponds to the O-H stretching vibration of chitosan 



Chitosan based coatings 

 
149 

[231,351–354]. As mentioned above, in the case of nTC composite coating, there is a 

broad band that extends below 950 cm-1 (and up to 400 cm-1) which can be associated to 

the presence of titania in the coating [231,269,340]. In order to further corroborate the 

presence of the ceramic phase within the composite coating, X-ray diffraction analyses 

were carried out. Fig. 6.9 shows the X-ray diffractogram of the nTC composite coating 

prepared with 1.5 g/L n-TiO2 suspension where the peaks corresponding to both the 

anatase (2θ=25.22°, 37.74°, 47.95°) and the rutile (2θ=27.37°, 35.99°, 54.26°) crystalline 

phases of titanium dioxide are observed [340,357]. 

 

Figure 6.9 XRD results of a n-TiO2/chitosan coating on stainless steel obtained from a 1.5g/L n-
TiO2 suspension. The diffractogram confirms the presence of anatase and rutile which 

correspond to the commercial n-TiO2 material used (P25). 

The thermal behavior of three different samples (1.5, 3 and 10 g/L n-TiO2) was 

characterized by TG and DTA technique (Fig. 6.10). The first mass loss observed in the 

TG curve in the range of 25-150°C can be attributed to the physically adsorbed water 

that was retained in the coating structure. Between 200 and 550°C  an important change 

of mass associated with an exothermic peak in the DTA curves appears in all coatings, 

which can be attributed to the combustion reaction of the chitosan [76]. The total mass 

loss for the coatings made from 10, 3 and 1.5 g/L n-TiO2 suspensions were found to be 

7, 16 and 27 wt.%, respectively, of which 5, 13 and 23 wt.% corresponded to the 

chitosan contribution. These results are in good agreement with the amount of chitosan 

in the initial suspensions (5, 14 and 25 wt.% chitosan, respectively). Regarding the DTA 

curves, it is observed that the main peak, which corresponds to the chitosan 

combustion, shifts to the low-temperature side and it is less intense with increasing 



Chapter 6 

150 

titania content. This thermal behavior appears frequently due to the fact that in samples 

with higher chitosan content the peak signal is more defined and a higher temperature is 

needed to burn out the chitosan completely. Once the chitosan is burned out (above 

550°C), there is no other important change in the mass loss, therefore, it can be 

concluded that the residual material in the coating is titania. According to the TG 

curves, the final ceramic contents were 93, 84 and 73 wt.% for the coatings prepared 

with 10, 3 and 1.5 g/L n-TiO2 suspensions, respectively. These values are relatively high 

for the inorganic component in this type of coatings and confirm the suitability of EPD 

for developing composite coatings for biomedical application where a high content of 

the inorganic filler may be desired to impart bioactivity.  

 

Figure 6.10 TG and DTA results of the tests performed on the coatings produced from EPD 

solutions with initial n-TiO2 concentrations of 1.5 (a), 3 (b) and 10g/L (c). 

 

e) Electrochemical behavior 

The corrosion resistance of metallic materials used in biological environments is one of 

the key parameters determining their success. Applying a protective coating is one of the 

alternatives to tackle the relatively low corrosion resistance of stainless steel in biological 

fluids, which is due to the high chloride-content in biological fluids [43]. Fig. 6.11 

presents the polarization curves of the uncoated 316L (bare metal) and of coated 

substrates prepared from suspensions with different n-TiO2 concentrations. Also, 
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polarization curves for coatings which were coated with a second layer of chitosan are 

presented.  It can be observed that all coatings show a higher Ecorr and a lower icorr 

compared to the bare metal, meaning that the nTC composite coatings protect the 

substrate. In the case of using a single composite layer of nTC, the corrosion potential 

increases with the amount of titania due to a barrier effect that these particles produced, 

reducing (i) the direct contact of DMEM with the surface of the substrate and (ii) the 

tendency of the system to be corroded. However, the addition of a second chitosan 

layer seems to control the electrochemical behavior of the coatings, considering that, 

independently of the ceramic content of the first layer, all coatings have a similar 

corrosion potential and current density. The chitosan layer decreases significantly the 

current density from 1065 nA/cm2 (bare metal) to a mean value of 215 nA/cm2, 

reducing the kinetics of both, anodic and cathodic reactions, and hence imparting higher 

protective properties to the composite coating. This effect was previously observed for 

a pure chitosan coating on stainless steel substrate where the current density was 

considerably decreased as a result of the chitosan coating [350]. The fact that the second 

chitosan layer reduces the corrosion potential may be due to its reaction with the media, 

given chitosan degradation effects. Indeed degradation of chitosan produces a reduction 

in the local pH that could increase the tendency to corrode, and therefore, reduces the 

corrosion potential. However, the potential achieved with the second chitosan layer is in 

all cases higher than the corrosion potential of the bare material. 

The thickness of the nTC coating can be varied from 2 to 6 µm by controlling the 

ceramic content in the initial colloidal suspension. Thus varying the ceramic content 

enables the design of the composite composition in order to achieve proper contact 

angle and corrosion protection properties for possible orthopedic applications of coated 

metallic substrates. Indeed EPD can be carried out readily on Ti and Ti alloy substrates 

[9]. The employment of these coatings in orthopedic applications is also supported by 

the attractive behavior of chitosan as a biomaterial, which combines the biocompatible 

properties of the hyaluronic acid [358] with the corrosion protection of PAA [359] and, 

in addition, provides antibacterial effect [139,146]. 
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Figure 6.11 Polarization curves obtained using DMEM at 37°C of the bare stainless steel 
substrate (a), nTC coatings produced from the n-TiO2 solutions with 3 (b) and 6g/L (c), and 

coatings produced from n-TiO2 solutions with 1.5 (d), 3 (e) and 6g/L (f)  with a second chitosan 
layer. 

 

 

6.1.4 Coatings on 3D structures  

As already mentioned in section 2.6, a key advantage of EPD against other coating 

methods (e.g. spray techniques) is its capacity to coat 3D and/or porous structures 

[177,360]. The research results presented in this thesis have been so far focusing on the 

development of new types of bioactive coatings, all of them deposited on flat metallic 

substrates. In this sub-section 3D structures were coated to demonstrate the technique 

capability. The nTiO2/Ch system was chosen as a representative system. 

a) Stainless steel K-Wire 

A stainless steel Kirschner-wire (KM Medical, Germany) was selected as first 3D-

substrate due to its simplicity. These types of wires are used to hold bone fragments and 

provide anchor for skeletal traction. To coat the wire a cylindrical stainless steel counter-

electrode was produced from a foil (0.2 mm thickness), its final dimensions were 21 mm 

diameter and 15 mm height, with these dimensions the distance between the substrate 

and counter-electrode was kept constant at 10 mm. Fig. 6.12 shows the coated wire. It 

can be appreciated that an homogenous coating was obtained, no evidence of cracks or 
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blisters was found. On the wire’s tip the coating is thicker, but this is mainly due to the 

edge effect factor induced by a different electrical field at the wire tip. This border effect 

was also observed for flat surfaces (Fig 6.2 and 6.4). As it can be appreciated form the 

SEM images the coating in its micro and nano-structural level did not suffer any change 

when compared with the one in Fig. 6.6b, the coating is homogenous, covers the whole 

surface and the titania nanoparticles are still recognizable. 

 

 

Figure 6.12 K-Wire coated with a nTiO2/Ch layer by EPD. Coating produced form a suspension 
containing 1.5g/L nTiO2 and 0.5g/L Ch. Deposition conditions were 40s and 25V. Diameter of 

the wire: 1mm. 

 

To determine whether structures of more complexity could be coated, the K-wires were 

bent in different shapes and coated using the same deposition conditions and counter-

electrode. Even when it was thought that the “mismatch” between the substrate and 

counter-electrode shapes would affect the coating homogeneity by alteration of the 

electric field, all the substrates presented a homogenous coating, at least qualitatively 
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assessed by light microscopy (Fig. 6.13). This fact demonstrates the potential of EPD to 

deal with different substrate shapes.  

In the case of the loop shape the intersection region was not totally coated (Fig 6.13c), 

this mainly because the particles did not reach this part due to a possible alteration of 

the electrical field. Other consideration to explain this result, is that between the two 

“rods” the distance is too small, having there just an extremely low amount of 

suspension and a relatively large electrode surface to cover. Initially, titania and chitosan 

will deposit reducing their concentration in suspension to almost zero in that particular 

region, leading to a thinner coating. 

In the case of the loop shape structure (Fig. 6.13c), the rod intersection establishes a 

processing limitation: that small gaps cannot be coated by EPD when the concentration 

of the suspension decreases to a large extent and no suspension flow is available to 

renew or to introduce new particles to this region, being this limitation common also to 

other methods, such as electrodeposition. In the case of the “coil” (Fig. 6.13d) and 

“wave” shapes (Fig 6.13e) homogenous coatings were obtained. For the wave sample 

when the bending radius was lower than 1mm (not shown here) the coating 

homogeneity was poor, leading to thinner or absence of coating, this is the same 

phenomenon as that occurs the loop intersection. 

 

b) Ti dental implant 

A titanium dental implant screw (Dentsply Implants, Germany) was also coated (Fig 

6.14) for considering possible applications in the dental field. No previous surface 

pretreatment was done to remove the protective oxidized titanuim surface (TiO2)
15. 

SEM images confirming that both crest and root of the thread were covered with an 

homogenous coating. Fig 6.14d shows the uncoated implant surface, while Fig. 6.14a 

and b show the coated thread crest. On the other hand, the implant ditch was just 

partialy cover, in this case a distorsion of the electrical field could be the reason for the 

lack of deposition as described above. To solve this problem higher deposition times 

were tried and results are presented in Appendix 7. 

                                                 
15 The electrical conductivity of the screw was evaluated previous deposition. 
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Figure 6.13 K-Wire coated with a nTiO2/Ch coating after bending. Coating produced form a 
suspension containing 1.5g/L nTiO2 and 0.5g/L Ch. Deposition conditions 40s-25V (a-d) and 

1min-25V (e). K-Wire loop shape (a-c), coil (d) and wave (e). 
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Figure 6.14  Dental implant screw coated with a nTiO2/Ch coating. Coating produced form a 
suspension containing 1.5g/L nTiO2 and 0.5g/L Ch. Deposition conditions 40s and 25V. a) and 

b) show images of the crest and c) and d) from the root. Normal diameter of the screw: 4mm. 

 

c) Micropatterns substrates 

The potential of EPD technique to coat substrates with micro-patterns was studied. 

Titanium samples were kindly supplied by the Fraunhofer Institut für Werkstoff- und 

Strahltechnik (Dresden, in collaboration with Dr.-Ing. Denise Günther). As can be 

observed in Fig. 6.15 (a and b), the uncoated samples consist of a series of repetitive 

crest and valleys paralelly oriented. Each crest has a thickness between 1 and 3 µm, and 

the separation between adjacent crest is ~5 µm. As a first approach a sample was coated 

with a layer of chitosan. EPD was carried out at 25 V for 1 min. The chitosan 

concentration was 0.5 g/L and it was prepared as explained in section 6.1.2. Fig 6.15 (c 

and d) presents that coated sample where an homogeneus chitosan layer covering the 

whole surface and replicating the surface tophograpy is visible. This observation 

indicates that the micro-patterns were not masked by the deposit. In other coatings 

techniques, such as dip-coting, the chitosan solution would be acumulated on the valleys 

with a possible disappearance of the micro-patterns. 

A nTC coating was also deposited on the samples to evaluate the influce of the precense 

of ceramic particles (nTiO2). The deposition conditions were the same as for the 

chitosan single coating. Fig 6.15e shows the coated sample, as it can be obseved all the 

surface is rather homogenously coated and the pattern are still recognizable. Moreover, 
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some clusters (≤ 10 µm) are present covering the micro-patterns. Looking in detail (Fig 

6.15f) in a region without clusters, it is possible to observe how the coating mimics the 

valleys and crest profiles on the substrate. These results are of relevance as they show 

one more time the advatage of EPD compared with other coating technologies to 

coated patterned substrates. 

 

Figure 6.15 Ti substrates with micro-patterns (a and b), coated with chitosan (0.5g/L) (c and d) 
and with nTC (1.5g/L nTiO2-0.5g/L Ch) (e and f) by EPD. Deposition conditions: 25V and 

1min. Uncoated micro-pattern samples were supplied by the Fraunhofer Institut für Werkstoff- 
und Strahltechnik (Dresden, in collaboration with Dr.-Ing. Denise Günther). 
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On one side, the fact that EPD can be used to coat 3D structures allows this technique 

to be used to coat metallic implants of curved or complex shape and porous scaffolds. 

On the other side, in natural skeletal tissue (bone) the cells and other structures (e.g. 

HCA crystals) are found to be aligned and oriented in patterns. Therefore, when 

biomaterials are designed, mimicking the original arrangement of the natural tissue to be 

replaced is relevant. Work has been done on implants to produce surface patterns to 

increase cell attachment [361]. Cells respond to these morphologies by aligning and 

elongating in specific directions [362–364]. As here demonstrated EPD is a suitable 

technique to coat such micropatterned structures as it enables to keep the topography 

unmasked by the coating. Therefore a suitable topography coupled with a coating 

produced by EPD that can reproduce this topography and contains bio-entities, e.g. 

therapeutic drugs, proteins, growth factors, bioactive ceramics, etc., represents a new 

alternatives for the future development of functionalized implants and scaffolds. 

 

6.1.5 Conclusions 

Novel n-TiO2/chitosan composite coatings on stainless steel have been successfully 

obtained by cathodic electrophoretic deposition on both: flat and 3D substrates. The 

viability of the suspension system has been systematically studied by a trial/error 

approach in terms of dispersant media composition (ethanol/water ratio), voltage and 

deposition time. The optimal experimental conditions were found to be: an 

ethanol/water/acetic acid ratio of 79/20/1 (vol.%), in order to avoid bubble formation 

during EPD and to ensure a high stability of the colloidal suspension, a voltage of 25 V 

and a deposition time of 1 min. The solid content was also studied using different 

amounts of n-TiO2 powder and the "best" coatings, in terms of microstructural 

homogeneity and substrate adhesion, were those prepared from suspensions containing 

1.5 and 3 g/L n-TiO2. These coatings have thicknesses of around 2 µm and a ceramic 

content of 73-84 wt.%. The contact angle of different coatings was also measured 

resulting in an optimal range (35-80°) for the coating prepared with 1.5 g/L n-TiO2 

suspensions. The corrosion protection of the coating was tested by electrochemical 

measurements in DMEM at 37°C. When using a single layer of the nTC composite, the 

corrosion protection was found to increase with the ceramic content due to the barrier 

effect achieved. The addition of a second pure chitosan layer leads to an electrochemical 

behavior governed by the thickness of the chitosan layer.   
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6.2 Bioactive glass/chitosan coatings: comparative study of three 

different bioactive glasses 

 

6.2.1 Introduction 

In this section bioactive glass/chitosan (BAG/Ch)16 coatings were investigated with the 

aim to generate a bioactive coating (able to form hydroxyapatite) based on chitosan. The 

motivation for this study is the fact that nTiO2/chitosan coatings are not bioactive and 

that coatings made with alginate and chondroitin sulfate exhibit poor bioactivity 

according Kokubo’s protocol [239]. As it was previously presented, the formation of 

hydroxyapatite during immersion in SBF is a key acellular in-vitro test that can predict 

possible osteointegration properties, based on the ability of a material to develop a HA 

layer on its surface when immersed in SBF. 

As a first step, a coating using Bioglass® 45S5 (BG) was developed to understand the 

system, e.g. suspension preparation, deposition conditions, etc., and to be able to 

compare the work with a previous relevant study in the literature [81]. Pishbin et al. [81] 

reported the production of a BG/Ch coating, where an instable suspension, that needed 

agitation during deposition, was used. In this section it is shown that the suspension 

systems developed here exhibit improved suspension stability, leading to superior 

coating homogeneity. The reason is the reduced effect of hydrogen evolution during 

deposition. Through an established collaboration with the Josef Stefan Institute 

(Nanostructured Materials, Slovenia), two sol-gel produced bioactive glasses were also 

used to produce BAG/Ch coatings. Then a comparative study with the three BAGs was 

carried out to determine the most suitable BAG/Ch coating in terms of: (i) the best BG 

leading to homogeneous and well attached coatings, (ii) highest possible bioactivity, and 

(iii) the influence of particles size on the final coating structural quality (microsize 

melted  BG and nanosize sol-gel BAG). 

 

6.2.2 Materials and methods 

Chitosan (190-310kDa, 78-85% deacetilation, Sigma), pure water (Purelab Option 

R7BP, ELGA), ethanol (VWR) and acetic-acid (Sigma-Aldrich) were used as-received to 

prepare stable suspensions. To start, chitosan was dissolved in a solution of water and 
                                                 
16 BAG: bioactive glass, BG: Bioglass® 45S5 
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acetic acid. After the total polymer dissolution, ethanol was added slowly giving final 

proportions of 79 vol.% ethanol, 20 vol.% water and 1 vol.% acetic acid. The chitosan 

concentration was fixed at 0.5 g/L according to previous relevant studies 

[78,79,81,87,189,228]. To perform a comparative study, three different bioactive glasses 

were used (see Table 6.1). For this study the BAG concentration in suspension was kept 

in the range of 0.5-2 g/L, also according to previous studies [81,365]. 45S5 Bioglass 

(BG) presents a particle size of 5-25 µm. The other two sol-gel produced bioactive 

glasses (70S and 66S) had a nominal particle size of 100 nm 17.  

 

Table 6.1 Chemical composition of the three used bioactive glasses 

Type of glass SiO2 
(wt.%) 

CaO 
(wt.%) 

Na2O 
(wt.%) 

P2O5 
(wt.%) 

45S5 BG [366] 45 24.5 24.5 6 

70S 70 - 30 - 

66S 66 10 20 4 

 

In order to achieve an adequate dispersion of the components in suspension, all 

suspensions were magnetically stirred for 5 min followed by 60 min of ultrasonication 

and subsequent 5 min of magnetic stirring,. The colloidal stability of the suspensions 

was analyzed by means of ζ-potential measurements. 

Coatings were obtained via constant voltage-EPD. Stainless steel AISI 316L electrodes 

were used both as deposition electrode and counter-electrode. Deposition voltages and 

times in the range of 5-80 V and 1-30 min, respectively, were studied. Deposition yield 

was evaluated using an analytical balance (precision 0.0001 g). The coated substrates 

were dried during 24 h in normal air at room temperature prior to mass determination. 

The characterization of the coatings was done performing different tests: XRD (D8 

Advance Bruker, Germany), FTIR and thermogravimetric analysis (TG) 

(Thermoanalyzer 2950TGA V5.4A). For TG, the test was carried out using a dynamic 

air atmosphere, a heating rate of 10°C/min and applying a maximum temperature of 

600°C. The surface microstructure and composition of the coatings were analyzed by 

SEM (Hitachi S4800). Bending tests were also performed in order to qualitatively 

evaluate the deformation ability of the coatings and the adhesion between the substrate 

                                                 
17 Data from collaborators in Slovenia.  
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and the coating. The contact angle was measured using deionized water droplets to 

evaluate the wettability of the coatings, and surface roughness was determined using a 

laser profilometer. The electrochemical behavior of the coatings was also studied in 

order to test their possible protective properties (potentiodynamic polarization curves). 

The bioactivity of the coatings was determined through immersion in simulated body 

fluid (SBF) using Kokubo’s protocol [265]. The samples were immersed in 50 mL SBF 

(pH = 7.4) during 2, 5, 7, 14, 21 and 28 days at 37°C. XRD and SEM were used to 

evaluate the formation of hydroxyapatite (HA) on the coatings [265]. 

6.2.3 Results and analysis 

a) Suspension stability 

Table 6.2 presents the ζ-potential results of the three bioactive glasses with different 

ceramic/polymer ratios, predicting a cathodic deposition for all the systems. The 

BG/Ch system experiences a stability decrease with the increment of ceramic 

component; this behavior may be due to the BG larger particle size compared with the 

sol-gel produced bioactive glasses (70S and 66S). The 66S/Ch and 70S/Ch systems 

present relative stable values when the ceramic/polymer ratio is changed, specially the 

70S/Ch system. Considering the glass composition, the 70S one is a simpler system with 

fewer components while the other two bioactive glasses are quaternary systems. The 

results suggest that an increment either of CaO or P2O4, or both, reduced the 

suspension stability. All suspensions were stable during 1-2 hours, which represents a 

considerable improvement from the work presented by Pishbin et al. [81], allowing 

deposition without stirring. 

 

Table 6.2 Z-potential results for suspensions with different types of bioactive glasses and 
ceramic/polymer ratios. 

Ceramic/polymer 
ratio 

BG/Ch 70S/Ch 66S/Ch 

Zeta-potential (mV) 

1:1 40±18 34±13 45±25 

2:1 34±19 33±21 39±23 

3:1 28±18 34±18 34±21 

4:1 16±22 35±15 33±23 
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b) Coating deposition 

All three BAG/Ch systems, when ceramic contents in suspension below 0.5 g/L were 

used, led to inhomogeneous coatings. BAG particles were not well distributed through 

the sample surface independently of the selected deposition conditions (time and 

potential), meaning also insufficient BAG deposition and thereby the need of higher 

BAG concentration in suspension. On the other hand, coatings from suspensions with 

2 g/L or higher concentrations were considerable thicker inducing cracks during the 

drying process. For those reasons the further work was focused in BAG concentrations 

between 1 to 1.5 g/L. 

Deposition potentials lower than 20 V led to inhomogeneous coatings independently of 

the selected deposition time. Fig 6.16 presents BG/Ch coatings produced with 5 and 10 

V and diverse deposition times from a suspension with 1.5 g/L BG. As it can be 

observed, all coatings exhibit irregular distributed clusters of BG particles. 

 

 

Figure 6.16 BG/Ch coatings produced from a suspension with 1.5g/L BG using different 
deposition conditions: 5V-3min (a), 5V-7min (b), 5V-10min (c), 10V-1min (d), 10V-3min (e) and 

10V-7min (f). 

 

Homogeneous and crack free coatings for the BG/Ch system were obtained using 20 V 

and 7-10 min of deposition potential and time, respectively. Those deposition 

conditions are in accordance with Pishbin et al. work [81] (20V and 10min).  Fig. 6.17 

presents coatings obtained using 20 V of deposition potential with different deposition 

times. As it can be observed, at deposition times of 1 and 3 min the coatings are 

inhomogeneous and are similar to the coatings in Fig. 6.16. Coatings produced using 7-
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10 min were homogeneous. When the deposition time was increased (15-20 min) the 

final coatings were inhomogeneous, showing craters due to hydrogen evolution. Also 

when 20 min deposition time was used the coating was too thick, resulting in the 

formation of cracks during the drying process. 

 

 

Figure 6.17 BG/Ch coatings produced from a suspension with 1.5g/L BG using 20V of 
deposition potential and different deposition times: 1min (a), 3min (b), 7min (c), 10min (d), 

15min (e) and 20min (f). 

 

For the BG/Ch system, homogeneous and crack free coatings were also obtained using 

50-70 V and 1 min of deposition potential and time, respectively. These deposition 

conditions were until now not reported in previous works [81,236]. Fig. 6.18 presents 

two samples produced with 50 and 70 V of deposition potential and 1 min of deposition 

time, as it can be observed the effect of hydrogen evolution (craters) is lower than in 

samples done with 20 V (Fig. 6.17). In this potential range (50-70 V), deposition times 

<1 min led to irregular coatings while longer ones led to cracking due to hydrogen 

evolution. 
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Figure 6.18 BG/Ch coatings produced from a suspension with 1.5g/L BG using 1min of 
deposition time, 50V (a) and 70V (b) of deposition potential. 

 

When the BG concentration in suspension was reduced from 1.5 g/L to 1 g/L similar 

results were obtained for the deposition conditions 20 V/ 7-10 min and 70 V/ 1 min, 

with coatings exhibiting homogeneous and crack free microstructure. When 50 V and 1 

min of deposition conditions are used with a BG concentration of 1 g/L 

inhomogeneous coatings are obtained (Fig. 6.19). 

 

Figure 6.19 BG/Ch coatings obtained from a suspension with 1.0g/L BG and different deposition 
conditions: 20V/7min (a), 50V/1min (b), and 70V/1min. 

 

To continue the study with the other two BAGs, the deposition conditions for the 

70S/Ch and 66S/Ch systems were determined. For both systems BAG concentrations 

below 1 g/L led to inhomogeneous coatings, while coatings from suspensions with 

concentrations beyond 1.5 g/L were brittle. The best coatings, in term of structural 

homogeneity, were obtained using 50-80 V deposition voltage and 1-3 min of 

deposition time for the 70S/Ch system and 70-80 V and 1 min for the 66S/Ch system. 

70S/Ch and 66S/Ch coatings produced using 20 V and different times were 

inhomogeneous and considerable affected by hydrogen evolution when the deposition 

time was incremented. 70S/Ch coatings were always more homogeneous than those 

made with 66S bioactive glass as it can be appreciated in Fig. 6.20. 
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Figure 6.20 70S/Ch (a) and 66S/Ch (b) coatings produced using 1min and 50V deposition 
conditions and a BAG concentration in suspension of 1.5g/L 

 

Fig. 6.21 presents the results of the qualitative bending test for the three BAG/Ch 

systems. BG/Ch coatings, independently of the deposition conditions (70 V- 1 min or 

20 V – 7 min), were well attached to the substrate and without cracks. In the case of the 

70S/Ch coating, cracks were developed on the sample borders. The reason is likely the 

fact that near to the borders the electric field is different during EPD (edge effect) 

[115,228].  In the case of the 66S/Ch system the coating was almost fully detached from 

the substrate, this happened independently of the selected deposition potential (50-70 

V) or BAG concentration in suspension (1-1.5 g/L). 

 

 

Figure 6.21 Samples of the three different BAG/Ch coatings after 180° bending. BG/Ch 70V-1min 
(a),  BG/Ch 20V-7min (b), 70S/Ch 70V-1min (c) and 66S/Ch 50V-1min (d). 
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Table 6.3 presents the deposition yield of the three BAG/Ch systems produced from 

different deposition conditions. BG/Ch coatings produced using 20 V and 7 min have a 

higher weight than those produced with 50-70 V and 1 min, this can be explained by the 

longer deposition time (7 min) leading to more material deposited. Comparing the 

BG/Ch coatings produced using 50 V to the ones from 70 V, an increment of the 

potential led to more deposited mass due to a rise in the potential. Comparing the three 

BAG at fixed potential (70 V) and time (1 min), it is evident that the 70S/Ch systems 

can deposit considerable more mass than the other two (25-43 wt.% more), this is 

supported from the presented results (Fig. 6.84, 6.20 and 6.21) which also show that the 

70S/Ch coating is the thickest one. 

Table 6.3 Deposition rate for the different coatings as function of the deposition potential and 
time. 

BAG 
concentration 

(g/l) 

  BG/Ch 70S/Ch 66S/Ch 

Potential 
(V) 

Time 
(min) 

Deposited mass (mg/cm2) 

1.0 20 7 0.9 ± 0.1   

 50 1 0.5 ± 0.1   

 70 1 0.7 ± 0.1 1.0 ± 0.2 0.8 ± 0.1 

1.5 20 7 1.2 ± 0.2   

 50 1 0.7 ± 0.2   

 

c) Coating characterization 

Fig. 6.22 shows the surface morphology of the coatings made from the three different 

bioactive glasses using different deposition conditions and 1 g/L of BAG in suspension. 

At microstructural level all coatings were homogeneous and crack free. For the BG/Ch 

coating the BG was well distributed on the entire sample surface when 20 V and 7 min 

deposition conditions were used. In the case of the 70S/Ch, 66S/Ch and BG/Ch 

coatings produced using 70 V and 1 min, the BAG ceramic/polymer clusters (10-30 

µm) have formed. From Fig. 6.22 and Table 6.3 it is evident that BG/Ch coatings made 

using 20 V and 7 min have more deposited material than those made at 70 V and 1 min. 

Coatings made with 70S and 66S bioactive glasses exhibit the same form and size of 

clusters as the BG/Ch system, indicating that the deposition may involve movement of 

clusters and no single particles. On the other hand, the nanoparticle size of the sol-gel 

BAGs (77S and 66S) affect the microstructural surface of the clusters. Fig 6.22 (d and f) 

show the surfaces of BAG/polymer clusters in 70S/Ch and 66S/Ch systems, 
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respectively. The smallest distinguishable particle size is around 500 nm, 5 times larger 

than the nominal particles size of the starting powder (100 nm). Also the clusters look 

fully covered with chitosan18.  

Deposition conditions of 70 V and 1 min were then chosen in other to compare the 

three different systems. Also a BAG concentration of 1.0 g/L was fixed to reduce the 

fragility of the 70S/Ch and 66S/Ch coatings. 

 

 

Figure 6.22 SEM images of the three BAG/Ch systems deposited from a suspension with 1g/L of 
the respective BAG. BG/Ch 20V-1min (a), BG/Ch 70V-1min (b), 70S/Ch 70V-1min (c and d), 

60S/Ch 70V-1min (e and f). 

 

Table 6.4 shows the contact angle and roughness (Ra) values of the different coatings. 

As it can be observed, the 70S/Ch and 66S/Ch coatings exhibit a higher roughness 

value than the BG/Ch one. This result may be explained by the fact that the 66S/Ch 

                                                 
18 See Appendix 8 for more detailed images of the BG/Ch system. 
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and 70S/Ch coatings are thicker and less homogeneous than the BG/Ch ones. The 

roughness also had an influence reducing the contact angle of those systems compared 

with the BG/Ch one. The BG/Ch coating showed a higher contact angle than the other 

coatings; this result may be due to the fact that the liquid is in contact with the exposed 

stainless steel substrate through the coating pores. This also plays a role for the 66S/Ch 

system, while in the case of the 70S/Ch coating as the coating is more homogeneous, 

the contact angle decreases due to the interaction with the hydrophilic BAG. 

 

Table 6.4 Roughness and contact angle values for coatings made using 1g/L BAG, 70v and 1min 
of deposition potential and time, respectively. 

Coating Ra (µm) Contac angle 
(°) 

BG/Ch 1.8±0.2 74±1 

70S/Ch 2.0±0.2 37±4 

60S/Ch 2.2±0.6 58±3 

AISI 316L 0.37±0.04 77.1±0.2 

 

Fig. 6.23 shows the FTIR results for the different BAGs, the chitosan powder and the 

three different coatings produced from a suspension containing 1 g/L BAG and 

deposited using 70 V and 1 min. The spectra of the three BAGs and the three coatings 

show broad bands at around 1030 and 460 cm-1 from the asymmetric stretching and 

bending of Si-O-Si. With this result and considering the SEM observations, the presence 

of BAG in the three coatings was confirmed. For pure chitosan two different bands at 

898 and 1162 cm-1 can be observed which are associated to the -C-O-C- group vibration 

of the saccharide molecule. The bands at 1033 and 1080 cm-1 can be attributed to C-O 

stretching vibration of the chitosan [231,351–354] while the ones at 1658, 1552 and 

1318 cm-1 are assigned to the N-H bending of the amines groups I and II, respectively 

[231,351–354].  The symmetric deformation mode of the CH3 group appears at 1382cm-

1. For all three coatings the bands at 1162, 1080 and 1033 cm-1 are overlapped with the 

Si-O-Si bands of the BAGs. BG/Ch coatings exhibit the chitosan bands at 1552, 1318, 

1162 and 898 cm-1; 66S/Ch coatings at 1552 and 1382 cm-1; while 70S/Ch coatings at 

1658, 1552 and 898 cm-1 [350]. Finally, the broad band at approximately 3429 cm-1, 

which corresponds to the O-H stretching vibration of chitosan [350] and the band at 
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2925 cm-1, which corresponds to the C-H stretching, were present in all coatings 19  

[231,351–354], confirming the presence of chitosan in the coatings, as expected. 

 

Figure 6.23 FITR spectrogram of different BAGs and BAG/Ch coatings made from a suspension 
with 1g/L BAG and deposition conditions of 70V and 1min.  BG powder (a), BG/Ch coating (b), 
70S powder (c), 70S/Ch coating (d), 66S powder (e), 66S/Ch coating (f) and chitosan powder (g). 

 

The coating composition in terms of meaning polymer/ceramic ratio, was determined 

via TG analysis (see Table 6.5). 70S/Ch and 66S/Ch coatings present a higher content 

of BAG than the BG/Ch system; this could be explained by the different particle sizes, 

being BG with a larger size more susceptible to sedimentation (gravity effect). On the 

other hand, the polymer contents were similar for the three systems (38-41 wt.%). The 

BG/Ch system absorbs around 10 wt.% more water than the other two coatings, a 

possible explanation of this phenomenon could be the lower packing density of the BG 

                                                 
19 For the better understanding of the graphic this information is not shown. 
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particles and the high affinity of BG with water, leading to interparticle spaces where 

water could be retained.  

The ceramic/polymer ratio in suspension was 2 while in the final coating this ratio is in 

the range of 1.04-1.38, this means that part of the BAG is not reaching the substrate, 

this could be also explained by particle sedimentation, especially in the case of BG/Ch. 

In addition, it is possible that not all the BAG particles establish an interaction with 

chitosan. This effect can be confirmed also by the presence of BAG particles on the 

counter-electrode, which is due to the negative ζ–potential of BAG. Other explanation 

would be that, as confirmed by SEM images, the deposition occurs by the movement of 

clusters and no single particles, where the lager clusters undergo of sedimentation.  

 

Table 6.5 TG results for the three different BAG/Ch coatings produced using 1g/L of BAG and 
deposition conditions of 70V and 1min. 

Component Considering water Without water 

Water 
(wt.%) 

Polymer 
(wt.%) 

Ceramic 
(wt.%) 

Polymer 
(wt.%) 

Ceramic 
(wt.%) 

BG/Ch 20 39 41 49 51 

70S/Ch 8 41 54 43 57 

66S/Ch 7 38 52 42 58 

 

d) Electrochemical behavior and corrosion resistance 

Polarization curves of the three different coatings are shown in Fig. 6.24. In case of the 

three systems, when 70 V and 1 min of deposition conditions are used (Fig. 6.24 a, d 

and e), the corrosion current was always lower compared to the uncoated substrate. The 

best coating, in terms of a lower current density, was the BG/Ch one. The other two 

coatings dissolve considerable fast in contact with the cell culture medium exposing part 

of the bare material, this leads to similar corrosion current density and a practical 

overlapping of the anodic arms with the bare material. The fast dissolution is increased 

by their small particle size of BAG having a high area/volume ratio and thereby a higher 

surface area is exposed to the liquid media.  

On the other hand, all three coatings, deposited using 70 V and 1 min, have a lower 

corrosion potential than the bare material, this fact can be also explained in the case of 

the 70S and 60S glass by the dissolution of the coating. Another factor common to the 

three coatings (when 70 V of deposition potential was used) was the presence of 
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corrosion products on the counter-electrode during the deposition; this could mean also 

that corrosion can occur in the deposition electrode during the coating process. When 

potentials of 50 V or lower were used for the BG/Ch system, no corrosion products 

were observed and this fact has an influence on the polarization curves increasing the 

corrosion potential. Fig. 6.24 (b and c) shows the polarization curves for the BG/Ch 

system using 20 V and 50 V, respectively. The BG/Ch coating produced using 50 V 

shows a similar corrosion current density than the one produced using 70 V, but a much 

higher corrosion potential, even higher than the one measured on the bare material. In 

the case of the BG/Ch coating produced from 20 V and 7 min, the corrosion current 

density is considerably lower and the corrosion potential higher than the values for 

other BG/Ch coatings and the bare material. The reduction on the current density in 

coatings made using 20 V can be explained by the higher yield of deposition during the 

coating production sealing possible entrances of liquid.  

 

Figure 6.24 Polarization curves of different coatings produced from a suspension containing 
1g/L of BAG and immersed in DMEM at 37°C. BG/Ch: 70V-1min (a), 50V-1min (b), 20V-7min 

(c). 70S/Ch: 70V-1min (d). 66S/Ch: 70V-1min (e) and the bare AISI 316L (f). 

 

e) Bioactivity 

Potential bioactivity of the coatings is a key aspect to ensure subsequent bone/implant 

integration in in-vivo conditions, therefore coatings of the three different systems were 

characterized by immersion in SBF to evaluate their bioactivity. When analyzed with 
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XRD, all three systems showed HA formation after just 1 day of immersion in SBF. Fig 

6.25 presents the diffractogram of the three BAG/Ch coatings immersed 1 day in SBF, 

as it can be seen, all samples show diffraction peaks corresponding to the (100), (200), 

(211), (203) and (322) planes of hydroxyapatite, sample BG/Ch and 70S/CH also 

present a peak from the plane (422) (HA, indexed using the JCPDS card number 09-

0432) confirming the formation of HA. This result is a considerable improvement in 

terms of bioactivity (HA formation in SBF) compared with the alginate and chondroitin 

sulfate coatings (Chapters 4 and 5). 

 

 

Figure 6.25 XRD of different samples after immersion in SBF at 37°C during one day. BG/Ch 
(a), 70S/Ch (b) and 66S/Ch (c). 

 

Fig. 6.26 shows the SEM images of the three coating samples after immersion in SBF. 

Even when all the coatings were able to form HA according to the XRD results, the 

BG/Ch one seems to form the typical developed HA cauliflower morphology [239] 

(Fig. 6.26 a and b) which is also seem to cover the whole sample. In the case of the 

70S/Ch and 66S/Ch coatings, due to the fast dissolution of the BAG, only part of the 

samples was covered with HA, especially the borders where the coatings were thicker. 
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The rest of the sample is a mixture of salts and structures similar to HA or some CaP 

(40-50% of the sample surface), and uncoated stainless steel (Fig. 6.26 c to f).  

 

 

Figure 6.26 SEM images of the coatings after 1 week of immersion in SBF at 37°C. BG/Ch (a and 
b), 70S/Ch (C and d) and 66S/Ch (e and f). 

 

6.2.4 Conclusions 

When suspensions of 0.5 g/L of chitosan and 1-1.5 g/L of BAG were used, 

homogeneous and crack free coatings were obtained using all three different BAGs in 

combination with chitosan as polymer matrix. The BG/Ch system presents two 

processing regions, in terms of deposition conditions, at which good coatings can be 

obtained: (i) 20 V of deposition potential with 7-10 min of deposition time, and (ii) 50-

70 V of deposition potential and 1 min of deposition time. Higher deposition mass and 
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a better packing of the coating can be achieved using 20 V and 7-10 min20. Also possible 

corrosion damage is reduced compared to the other deposition conditions. Compared 

to previous reported work [81]: (i) stable suspensions, and (ii) more homogenous 

coatings were developed in this study, and (iii) new deposition conditions were 

discovered which represent an improvement of the BG/Ch coatings. 

Homogeneous 70S/Ch coatings can be obtained using 50-80 V of deposition potential 

and 1-3 min of deposition time, while in the case of 66S/Ch best deposition conditions 

are 70-80 V and 1min. Both, 70S/Ch and 66S/Ch systems, deposit clusters of BAG 

particles with polymer instead of single particles all over the sample, this means that 

particles cannot disperse individually in suspension instead they tend to agglomerate. 

None of the systems exhibited good quality coatings when 20 V and 7-10 min were used 

(or any other combination of parameters). BG/Ch and 70S/Ch coatings present good 

deformation ability when bent; on the other hand, 66S/Ch coatings always break and 

peel off. 

BG/Ch coatings show better corrosion behavior than the other two systems, with 

considerable lower corrosion velocities. 70S/Ch and 66S/Ch coatings degrade 

significantly faster in contact with DMEM, thereby reducing their possible corrosion 

protection by exposing the bare material. On the other hand, for the BG/Ch system, 

when high deposition potentials were used, the system exhibited a lower corrosion 

potential than the bare material, and with it a higher tendency to corrode. This 

phenomenon disappears at deposition voltages below 50 V bringing higher corrosion 

potentials. BG/Ch coatings made using 20 V showed the best corrosion behavior with a 

considerable low corrosion current density, this fact is explained by the higher thickness 

and better particle packing of this coating. 

In terms of bioactivity the three systems are able to induce the formation of HA on 

their surfaces, however just the BG/Ch coating can form HA on the whole sample 

surface and with a well-formed typical cauliflower like structure. Because this factor and 

considering other results such as adhesion, corrosion behavior, range of deposition 

condition, slow degradation, the present study confirmed that the best quality BAG/Ch 

coatings are produced with BG 45S5®.  

  

                                                 
20 When BG/Ch coatings produced using 20 V and 7 min are immersed in SBF they degrade faster than 
the ones produced with 70 V and 1 min. 
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6.3 nTiO2-BG/chitosan and nTiO2-nBG/chitosan coatings 

6.3.1 Introduction 

Different drugs and bioactive molecules have been already co-deposited via EPD in 

combination with organic/inorganic materials, e.g. vancomycin [367], ampicillin [156] 

and gentamicin [236], all of them antibiotics to avoid possible infections. In this work 

simvastatin (Fig. 6.27), from the family of the statins [17], was co-deposit by EPD. 

Statins inhibit the hepatic cholesterol biosynthesis by blocking 3-hydroxy-3-

methylglutarylcoenzyme A (HMG-CoA) reducing then cholesterol level of the patient 

[368]. This drug also exhibit anti-inflammatory effects [368]. Mundy et al. [17] were the 

first to show the effect of simvastatin in the formation of bone. In-vitro studies have 

shown that statins enhance the osteoblastic synthesis of BMP-2 and promote 

osteoblastic differentiation in a mouse osteoblastic cell line [369] and in a human 

osteosarcoma cell line [370]. Statins enhance new bone formation by increasing the 

expression of the bone morphogenetic protein–2 (BMP-2) gene in bone cells [17].  

 

Figure 6.27 Simvastatin molecule. Figure from Sigma-Aldrich [371]. 

 

The aim of this part of the project was to develop a new group of electrophoretic 

chitosan based coatings on stainless steel. In the previous section with addition of 

nTiO2 and BG particles, the deposition of a composite coating based on titania and 

chitosan was achieved [228]. For this new study nanoparticles of bioactive glass were co-

deposited with nanoparticles of titania and chitosan (nTnBC). The bioactive glass was 

added to impart bioactivity to the coatings. In addition, simvastatin was also added to 

the nTiO2-nBG/Ch coatings to produce a nTiO2-nBG/chitosan/simvastatin coating 

(nTnBCS). The deposition conditions (concentration, potential and deposition time) as 

well as the colloidal stability of the starting suspensions were investigated. A preliminary 

cell study using stem cells was performed to evaluate cell viability and the effect of 

simvastatin on cell behavior. 
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Bioactive glass nanoparticles were selected in order to ensure a better match with the 

titania nanoparticles, as already discussed (see sections 4.2, 6.1 and 6.2) providing an 

improved packaging of the particles in the coating and a more homogeneous coating 

structure. 

 

6.3.2 Materials and Methods 

a) Materials and suspension preparation 

Chitosan (190-310kDa, 78-85% deacetilation, Sigma), nanometer titania powder (nTiO2) 

(21nm particle size, P25, Evonik Industries), simvastatin (S6196 Sigma-Aldrich), acetic-

acid (Sigma-Aldrich), pure water (Purelab Option R7BP, ELGA) and ethanol were used 

as-received to prepare stable suspensions suitable to be used for EPD.  Nanometer 

particles of bioactive glass (nBG, particle size: 30-50 nm) with composition of Bioglass 

45S5® were gently supplied by the ETH Zürich (Prof. W. Stark and Dr. D Mohn) 

[276]. A constant concentration of 0.5 g/L chitosan was used according to the results 

reported by other authors and in the previous work (see section 6.1 and 6.2) [76,81,228]. 

The suspension was prepared using  1 vol.% of acetic acid, 79 vol.% EtOH and 20 

vol.% water. Same concentrations of nTiO2 and nBG particles (0.75 g/L) were used to 

prepare the suspensions in order to produce a nTiO2-nBG/chitosan (nTnBC) 

composite coating. Samples containing simvastatin (nTiO2-nBG/chitosan/simvastatin) 

were prepared using the same nTnBC suspension and including 0.2-0.4 g/L of 

simvastatin. 

All suspensions prepared were magnetically stirred for 5 min followed by 30 min of 

ultrasonication (using an ultrasonic bath, Bandelin Sonorex, Germany) and subsequent 5 

min of magnetic stirring, in order to achieve an adequate dispersion of the components 

in the suspension.  Zeta-potential measurements were carried out in order to analyze the 

colloidal stability of the suspensions.  

 

b) Electrophoretic deposition 

Stainless steel AISI 316L electrodes (foils of 2.25 cm2 deposition area and 0.2 mm 

thickness) were used to deposit the composite coatings via constant voltage-EPD. 

Deposition voltages and times in the range of 2-100 V and 15 s to 5 min, respectively, 
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were studied. Deposition yield was evaluated using an analytical balance (precision 

0.0001 g). Coated substrates were dried during 24 h in normal air at room temperature 

prior to mass determination. 

c) Coatings characterization 

In order to characterize the microstructure of the coatings, micrographs of the coatings 

were taken with an optical microscope (Eclipse LV 150, Nikon) and by SEM (Hitachi 

S4800). To determine the coating thickness, cross sections of the samples were cut using 

an ion mill (Hitachi IM4000) and further observed by SEM. Bending tests were also 

performed in order to qualitatively evaluate the deformation ability of the coatings and 

the adhesion between the substrate and the coating. The contact angle was measured 

using deionized water droplets to evaluate the wettability of the coatings. The roughness 

of the coatings was determined by means of a laser profilometer. 

Chemical composition was analyzed by energy-dispersive X-ray spectroscopy (EDX). In 

addition, FTIR and XRD (D8 Philips X'PERT PW 3040 MPD) were used to determine 

the presence of chitosan and titania, respectively. Thermogravimetrical (TG) and 

differential thermal analysis (DTA) (TGA/SDTA 851e, Mettler) were carried out in air 

applying a maximum temperature of 1000°C. To determine the amount of nBG and 

nTiO2 in the coating, induced coupled plasma (ICP, Plasma 400 PerkinElmer) was used. 

For this test 51.2 mg of the coating were dissolved in 100 ml of aqua regia to remove 

the chitosan, later the concentrations of titanium (for the nTiO2) and silicon (for the 

nBG) ions were determined. 

The electrochemical behavior of the coatings was also studied in order to test their 

possible corrosion protection properties (potentiodynamic polarization curves).  

d) Degradation of the coating 

To determine the coating degradation as a function of time, coated substrates (2.25 cm2) 

were immersed in 50 ml of phosphate buffered saline solution (PBS, VWR) during 

different immersion times. Samples of PBS were taken after 30 min, 1 h, 6 h, 12 h, 1, 3, 

7, 14, 21 and 28 days and ICP was applied to determine the release of titanium and 

silicon to the media and later expressed in terms of nTiO2 and nBG. TG/DTA was 

carried out on the residual coating to determine the change on the polymer/ceramic 

ratio as a function of the immersion time (1 h, 1, 3 and 28 days). The coated samples 
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were also weighted before and after immersion in PBS to determine the weight loss. The 

pH of the PBS was controlled during the immersion experiment. 

e) Bioactivity evaluation 

The bioactivity of the coatings was determined through immersion studies in simulated 

body fluid (SBF) using Kokubo’s protocol [239]. The samples of 2.25 cm2 (surface area) 

were immersed in 40 mL SBF (pH = 7.4) during 1, 5 and 7 days at 37°C. XRD, 

RAMAN spectroscopy and SEM were used to evaluate the formation of hydroxyapatite 

(HA) on the coatings. 

f) Drug release 

To determine the presence of simvastatin in the nTnBCS coatings, as well as its release, 

UV-spectroscopy (SPECORD® 40, analytikjena) at 239 nm wavelength was carried out 

[372]. For the analysis the coated substrates (2.25 cm2) were put in 25 ml of PBS and 

samples of 1.5 ml were taken and measured for different periods of time (30 min, 1 h, 6 

h, 12 h, 1, 2, 3, 5 and 7 days). 

g) Cell culture studies 

For cell culture studies the coatings were produced under sterile conditions. Different 

sterilization methods were considered [373,374]. Metal, plastic and glassware were 

sterilized by autoclaving at 121°C during 1 hour (D-23, Systec). The metallic substrates, 

chitosan, titania and nBG were sterilized in a furnace (L3/11 B180, Nabertherm) at 

160°C during 7 h. Ethanol was filtered (22 µm Rotilab, Carl Roth) to remove any 

possible bacterial contamination. The coatings were produced in a sterile hood (Mars, 

Scanlaf). The used substrates were round 12 mm (diameter) AISI 316L pellets. 

g.i Indirect study 

To determine the effect of SIM concentration on the MG-63 cell behavior and also to 

establish a suitable SIM concentration to use in the next steps an indirect study was 

carried out. In this study three different samples were investigated: bare SS316L (as 

reference), nTnBC and nTnBCS coatings, and for each type 6 samples were used. To 

run the test (Fig. 6.28) the samples were incubated using 1 ml of cell culture medium 

(DMEM from Gibco with 10vol.% fetal calf serum and 1 vol.% of penicillin-

streptomycin) during 48 h in an incubator (ThermoScientific) at 37°C with 5 vol.% CO2 

and 95% humidity. Parallel MG-63 cells (ATCC) were seeded in a 96 wellplate (5000 
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cells/well) and grown during 24 h also in the incubator. Later the cell culture medium 

(CCM) in contact with the samples was extracted and diluted using fresh CCM to 

different proportions (Table 6.6). The cells were put in contact with the diluted solution 

during 24 h in the incubator. After that time the cell viability (CV) was measured and 

also the cell morphology was analyzed. 

Table 6.6 Diluted samples using for the cell test studies 

Sample name Dissolution 

D1 Without (original concentration) 

D2 1:2 

D5 1:5 

D10 1:10 

D25 1:25 

D100 1:100 

D200 1:200 

 

 

Figure 6.28 Schematic representation of the indirect cell test 

 

To determine the concentration of SIM in the solution a parallel set of samples was 

prepared, those samples were put in contact with 1 mL of PBS (Gibco) for 48 h in the 

incubator, and afterwards the SIM concentration was measured via UV-VIS. 

For CV measurement the CCM was removed away from the cells. Later a mastermix 

with 1 vol.% WST reagent (cell counting kit-8, Sigma-Aldrich) and rest of CCM was 

added to the cells. After 2 h of incubation the 96 wellplate was placed on a platereader 
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(Promo from Anthos) and the absorbance of the liquid was determined at 450 nm. The 

cell morphology as well as the cell viability was determined by Calcein Staining. 

Therefore, the cells on the plate were washed using PBS and a mastermix containing 5 

µg/ml PBS was added. After incubation of 45 minutes cells were washed with PBS and 

fixed with a 3.7 wt.% paraformaldehyde (PFA, Sigma-Aldrich) containing solution 

during 15 minutes. The final solution was taken away and the cells were left in PBS. 

With help of a fluorescence microscope (AXIO Scope A1, Zeiss) the residual cells were 

observed.  

g.ii Direct study 

Once the right SIM concentration was determined a direct cell culture study was carried 

out. For this study the procedure is the same as described for the indirect study but the 

cells were seeded on the sample and incubated during 48h. This was done to simulate in 

a proper manner (a more realistic scenario) the contact of the cells with the samples. 

 

6.3.3 Results and Discussion 

a) Suspension development and stability 

As reported in previous works a solvent mixture of water/ethanol was used to prepare 

all suspensions [76,228]. The addition of ethanol reduces the effects of hydrogen 

evolution and contributes to the production of stable suspensions and subsequently 

homogeneous coatings. On the other hand, having less water the dissolution of 

bioactive glass is also reduced, which is a key factor considering the small particle size 

used and the high surface/volume ratio of the BG nanoparticles. Also more stable 

suspensions are obtained with ethanol, where particles take longer to sediment [228]. 

 Table 6.7 shows the zeta-potential values for different suspensions prepared in an       

80 vol.% ethanol and 20 vol.% water mixture. The ceramic:chitosan:simvastatin ratio for 

the nTnBCS suspension was always kept as 1:0.33:0.27. As it can be seen, the nBG 

particles present a negative ζ-potential (-23 mV), which predicts an anodic deposition of 

this component. Once the chitosan is added to the suspension, the zeta potential is 

shifted to +32 mV which implies a steric interaction between the negatively charge nBG 

particles and the positively charge chitosan molecules. This way, cathodic 

electrophoretic deposition would be expected for the mixture nBG/Ch. Chitosan 

influence can be also observed in the case of nTiO2 particles, where the ζ-potential is 
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increased from 13 to 66 mV when chitosan is added to the suspension. Analyzing those 

results it can be concluded that the deposition is controlled mainly by the influence of 

chitosan. In the case of suspensions with both nBG and nTiO2, the absence of chitosan 

leads to an unstable suspension with a ζ-potential value close to zero. However, chitosan 

addition produces an increase on the ζ-potential to +33 mV and therefore a stable 

suspension containing nTiO2 and nBG is obtained. Finally, the addition of simvastatin 

to the nTnBC system does not seem to have any influence on the ζ-potential values of 

the nTiO2-nBG/chitosan mixture. 

 

Table 6.7 Zeta potential results of different suspension produced with a solvent mixture of 

80vol.% ethanol and 20vol.% water 

Suspension Zeta-potential 
(mV) 

nBG -23±12 

nBG/Ch 32±14 

nTiO2 13±16 

nTiO2/Ch 66±17 

nBG+nTiO2 -4±16 

nBG+nTiO2/Ch 33±14 

nBG+nTiO2/Ch/SIM 31±13 

 

b) Electrophoretic deposition 

Homogeneous and crack free coatings were obtained using 1 min of deposition time 

and potentials in the range between 50 to 70 V, which is the same range used for 

BG/Ch coatings (section 6.2) and higher than the 25 V used for the TiO2/Ch system, 

implying a control induced by the nBG. Lower voltages or deposition times let to 

inhomogeneous coatings while higher voltages induced a strong hydrogen evolution and 

later cracks on the coatings during the drying process. Fig. 6.29 shows a nTnBC coating 

and a bent sample of the same coating. As it can be observed no cracks or detachment 

of the coating was induced during the bending test proving good adhesion of the 

coating. All coatings, independently of the deposition conditions, present small craters 

due to hydrogen evolution that cannot be totally avoided. It is important to mention 

that the addition of simvastatin to the suspension did not induce any change on the 

coating morphology or its mechanical stability according to the bending test. 
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Figure 6.29 nTnBC coating produced with 1 min and 70V of deposition time and voltage, 
respectively, surface (a) and bent sample (b). 

 

Coated samples were weighted giving an average weight of 1.1±0.3 mg/cm2 for the 

nTnBC and nTnBCS coatings. The amount of SIM added and the precision of the 

employed balance did not allow detecting a significant difference in the weight of 

samples with and without SIM. 

c) Coatings characterization 

Fig. 6.30 (a and b) shows SEM images of a nTnBC coating surface where it can be 

observed that the coatings microstructure is homogenous and crack free. Small particle 

clusters are present on the whole surface, which could be attributed to nBG particles, 

since for the previous work with nTiO2 and chitosan, no clusters were observed [228]. 

Coating cross section presented thicknesses between 10 and 30 µm (Fig. 6.30c and d). In 

these figures, it is also possible to observe that the coatings are not totally dense 

packaged, with some empty spaces between the clusters of material. This observation 

supports the idea that the coatings are growing by the deposition of clusters instead of 

singles nanoparticles. EDX analysis shows the presence of Ti, coming from the nTiO2 

particles, and Na, Ca, Si, and P from the nBG particles (Fig. 6.30e), proving the 

existence of both materials in the coating. 
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Figure 6.30 SEM images of the nTnBC composite coating, surface (a and b), cross section (c and 
d) and EXD result (e). 

 

The coating composition was further analyzed via FTIR showing the presence of 

chitosan. Fig 6.31 presents the FITR results for pure chitosan powder, pure chitosan 

coating, nBG powder and the nTnBC coating. For pure chitosan (both in powder form 

and as a coating) two different peaks at 898 and 1162 cm-1 can be observed which are 

associated to the -C-O-C- group vibration of saccharides molecules [351–354]. In the 

case of nTnBC composite coating, the peak at 1162 cm-1 is also observed but the one at 

898 cm-1 is partially overlapped with a broad band which extends up to 400 cm-1.  The 

peaks at 1035 and 1080 cm-1 can be attributed to C-O stretching vibration of the 

chitosan [350–354] while the ones at 1655, 1562 and 1318 cm-1 are assigned to the N-H 

bending of the amines groups I and II, respectively [350–354]. The symmetric 

deformation mode of the CH3 group appears at 1382 cm-1 and the stretching one for C-

H bond at 2917 cm-1. Finally, the broad band at approximately 3429 cm-1 corresponds to 

the O-H stretching vibration of chitosan [350–354]. As mentioned above, in the case of 

nTnBC composite coating, there is a broad band that extends below 800 cm-1 (and up to 

400 cm-1) which can be associated to the presence of titania in the coating overlapping 

the BG bands at 871 and 468 cm-1 from the asymmetric stretching and bending peaks of 

the Si–O–Si [115,228]. 
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Figure 6.31 FTIR results of chitosan powder (a), chitosan coating (b), nTnBC coating (c) and 
nBG powder (d). 

 

TG/DTA was performed in order to determine the ceramic/polymer ratio in the 

coating (Fig. 6.32). The first mass loss observed in the TG curve in the range of 25-

100°C can be attributed to the physically adsorbed water that was retained in the coating 

structure. Between 150 and 550°C an important change of mass associated with an 

exothermic peak in the DTA curves appears in all coatings, which can be attributed to 

the combustion reaction of the chitosan [76,228].  The final coating present a 

composition of 12 wt.% water, 34 wt.% polymer and 54 wt.% of ceramic particles (nBG 

and nTiO2 particles). Excluding the amount of water that is coming from the absorbed 

moisture the coating is composed of a 38 wt.% of polymer and 62 wt.% of ceramic 

particles. The concentrations polymer and ceramic in the starting suspension were 25 

wt.% polymer and 75 wt.% ceramics, respectively. Therefore, it seems that the 

formation of nBG clusters in the suspension decreases the particle stability and the 

deposition rate of the ceramic particles. 
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Figure 6.32 TG/DTA results of the nTnBC coating produced with 1 min and 70V of deposition 
time and voltage, respectively. 

 

In order to determine the amount of titania and BG in the final coating ICP 

measurements were carried out. The nTnBC coatings were digested in aqua regia to 

eliminate the chitosan and the concentration of titanium and silicon ions was analyzed 

in the resulting solution. Knowing the content of these ions in the TiO2 and BG 

powders, respectively, it is possible to calculate the ratio nTiO2/nBG in the coatings 

(see additional information in Appendix 9). The final ceramic concentration in the 

coatings was found to be 57 wt.% nTiO2  and 43 wt.% nBG particles. Therefore, the 

final composition of nTnBC coatings is 12 wt.% of water, 34 wt.% of chitosan, 31 wt.% 

of nTiO2 and 23 wt.% of nBG. Although the starting nTiO2:nBG ratio was 1:1 (in 

weight), the relative content of titania in the coatings is slightly higher than the one for 

nBG. This would support the previous statement about how cluster formation decreases 

the deposition rate of the ceramic component.  

 

d) Corrosion resistance 

Polarization curves of the bare substrate and a sample with the nTnBC coating are 

shown in Fig. 6.33. As it can be observed the coated samples present an increment in 

the corrosion potential compared with the bare stainless steel substrates. Also the 

anodic arm of the coated samples exhibits lower current density values than the 
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uncoated material, and with it a lower corrosion current density, constituting a proof of 

the protective properties of the new composite coating. These results are consistent 

with previously presented results on the nTiO2/Ch system. It seems that the addition of 

nBG to the coatings slightly reduces the corrosion potential from -0.22 V [228] to -0.29 

V. However, it also reduces the corrosion resistance going from a corrosion current 

density of 215 nA/cm2 [228] to 380 nA/cm2. Nevertheless, this value is a positive one 

compared with the corresponding value for the bare material (1065 nA/cm2), which 

exhibits 2.8 times lower current density. A previous work on the system nTiO2/alginate 

and nTiO2-BG/alginate (see section 4.1) also found that addition of BG reduced the 

corrosion potential and increased the corrosion current density [115]. BG particles 

increase the activity of the system due to the dissolution of the material in DMEM. The 

BG dissolution likely creates microdefects and the liquid media is able to penetrate into 

the coating increasing the current density [228]. 

 

Figure 6.33 Polarization curves of the uncoated substrate and coated sample with the nTnBC 
coating produced with 1 min and 70V of deposition time and voltage, respectively. 

 

e) Coating degradation 

The results of coating degradation in terms of weight loss are presented in Fig. 6.34a. It 

is observed that a high mass loss occurred until the first 3 days of immersion in PBS 

(51±5 wt.%). Subsequently non-significant changes occurred up to the last time point 

(28 days). Analyzing the release of ceramic components into the medium by ICP (Fig. 

6.34b), it is observed that the main release is coming from the nBG, with 68 wt.% of its 
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mass released after 6 h of immersion. This behavior is explained in terms of the high 

solubility of nBG in water media owing to its amorphous structure, which solubilizes to 

a great extent during the first hours of immersion. In the case of nTiO2 only 4 wt.% of 

mass released was detected after 3 days and also no major changes were observed up to 

the 28th day. The pH of the immersion media was tracked during the experiment and a 

slight increase (from 7.40 to 7.45) was observed, which confirms the dissolution of the 

nBG particles in the media. The remaining coatings after the ICP analysis were 

subjected to TG/DTA to determine the ceramic/polymer ratio after the immersion in 

PBS. According to these results, the ceramic/polymer ratio after immersion was 68 

wt.%/32 wt.% and 66 wt.% / 34 wt.% for 1 h and 28 days, respectively. Considering 

the initial ceramic/polymer ratio in the coatings before immersion, which was 62 wt.% 

of ceramic and 38 wt.% of polymer, no considerable changes were observed. These 

results imply that the chitosan matrix is also degrading at the same rate of the ceramic 

phase.  

 

Figure 6.34 Coating weight loss as function of the immersion time in PBS (a). Release of nBG 
and nTiO2 as a function of the immersion time (b). Results determined by ICP analysis. 
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f) Bioactivity evaluation 

To evaluate the possible bioactivity of the coating and with it to assess their potential 

application in bone replacement implants, a bioactivity test in SBF was carried out. Fig. 

6.35a shows the normalized XRD plots of the nTnBC coating obtained after immersion 

in SBF for different times. As it can be seen, all samples present a diffraction peak 

corresponding to the (211) plane of hydroxyapatite (HA, indexed using the JCPDS card 

number 09-0432) as well as the ones of (101), (004), (200) and (105) planes of the 

anatase polymorph of titania [273] and the (110) and (313) planes of rutile, respectively 

(indexed using JCPDS cards number 21-1272 and 21-1276). The main peak of HA at 

32° is present after 2 days of immersion. Considering the lack of other characteristics 

peaks of HA, RAMAN spectroscopy and SEM were performed for further 

characterization. Fig 6.35b shows the RAMAN results where the characteristic peak 

(962 cm-1) of HA is present after 2 days of immersion [260]. Furthermore, Fig. 6.35c 

shows a SEM picture of a sample after 2 days of immersion in SBF, where a clear 

cauliflower structure typical of the HA [239] is visible. These results show that nTnBC 

coatings are capable to develop a HA phase on their surfaces after only 2 days of 

immersion is SBF. 

 

g) Drug Release 

Given the lack of previous studies on EPD of SIM containing coatings, it was required 

to start the experiments with different SIM concentrations. Therefore, two nTnBCS 

coatings with different SIM concentration were produced as a proof of concept to 

determine, first: if it is possible to deposit SIM by EPD, and second, to establish the 

release of this drug as function of the time. Coatings where SIM represents 5 wt.% (0.2 

g/L in suspension) and 10 wt.% (0.4 g/L in suspension) of the final coating were 

produced. Higher SIM contents were not chosen to avoid any possible alteration of the 

deposition conditions by changes in the suspension stability. The assumption, that the 

deposition ratio between the components in the coating would be the same like in 

suspension was based on the results on the nTnBC coatings where this phenomenon 

occurs (section 6.3.3 c). 
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Figure 6.35 XRD (a) and RAMAN spectroscopy (b) results for TBC composite coatings 
immersed in SBF for different periods of time. SEM images of TBC coatings immersed 2 (c) and 

5 days (d) in SBF. 

 

Homogeneous and crack free coatings were obtained for both concentrations. Under 

light microscopy no microstructural differences were observed between the nTnBC and 

the nTnBCS coatings. Drug deposition was confirmed by UV-VIS analysis. Fig 6.36 

shows the drug release behavior in PBS for both samples (0.4g/L and 0.2g/L SIM) as 

function of immersion time, confirming that EPD is effective incorporating SIM in the 

nTnBCS coatings. The total released drug after 7 of days of immersion in PBS was 65 

µg/cm2 and 45 µg/cm2 for the coatings produced from suspensions with 0.4g/L and 

0.2g/L SIM, respectively. Fig. 6.36 also shows that the drug is released from the coating 

mainly during the first 12 h of immersion (39-65 wt.%) with a slower release rate until 

the 7th day (lineal behavior).  

The difference of release between the coatings (in percentage) could be explained based 

on the wide distribution of the data between the three different measurements carried 

out. On the other hand, another possible explanation could be related to the fact that 

for the 0.4 g/L-nTnBCS coating not all the drug established an interaction with the 
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other materials in the coating, liberating part of it rapidly in the initial steps of the 

immersion. To understand this phenomenon further investigations should be done, but 

as the deposited drug concentration is considerable higher than the recommended 

values in literature [17,375,376], coatings with lower amount of drug should be 

produced. 

To explain the deposition of simvastatin two possible mechanisms can be considered. 

First, the dissociation of the simvastatin alcohol group due to the low pH leads to free 

negative charges ( O- ), which can interact with the deprotonated amine group of 

chitosan (NH3
+) thus the molecule moves to the negative electrode. In this theory the 

oxygen with double covalent bonding of the ester group could play a secondary role 

with its polarized negative charge. As second possibility emerges the fact that that the 

chitosan network in suspension could drag the SIM particle with it depositing both 

together. 

 

h) Cell culture studies 

As it has been shown in literature, simvastatin exhibits an optimal concentration rate at 

which its effect can be perceived by cells (0.04 µg/mL to 2 µg/mL) [17,375,376]. In the 

present investigation, cell culture studies, both indirect and direct studies, were carried 

out to test the potential cytotoxic behavior of SIM-containing coatings. 

h.i Indirect study 

As the cells were incubated during 2 days in 1 ml of cell culture media, the effective 

release of SIM for that period of time was determined via UV-VIS. The results indicate a 

SIM release of 16.3±0.4 µg/mL for the nTnBCS coatings produced from a suspension 

of 0.2 g/L SIM21. This value is in accordance with the prediction of the release curve in 

Fig. 6.36, to be 17 µg/mL (15 µg/cm2). As the total released amount of SIM is 

considerable high and the effective range where the drug exhibits effect (0.04µg/mL to 

2 µg/mL) is broad, different SIM concentrations were considered to determine an 

optimal SIM loading in the coatings (Table 6.8). The samples were incubated 2 days in 

CCM at 37°C, later the extract was taken and diluted to the necessary concentration 

(being D1 without diluting) and cells (MG-63) were seeded in the extract medium 

during 2 days. 

                                                 
21 This value was determined in parallel with the cell studies to ensure a representative value 
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Figure 6.36 Simvastatin release measured by UV-Vis from nTnBCS samples produced from a 
suspension containing 0.2g/L (a) and 0.4g/L (b) simvastatin. 

 

Fig. 6.37 shows the WST results of the cell viability (CV) of MG-63 cells after 2 days of 

seeding in the media with different SIM concentrations. As it can be observed, high SIM 

concentrations (1.63-16.30 µg/mL) reduce the cell viability compared with the bare alloy 

and the nTnBC coatings. On the other hand, when lower concentrations were used 

(0.08-0.65 µg/mL), the cell viability increased and even it is lightly higher than that of 

the reference sample, being this last SIM concentration range in accordance with 

reported literature results [17,375,376].  

 

 

 

(a) 

(b) 

(a) 

(b) 
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Table 6.8 Concentration of SIM on the different dissolutions for the nTnBCS samples22 

Dissolution 
factor 

SIM content 
(µg/mL) 

D1 16.30 

D2 8.15 

D5 3.26 

D10 1.63 

D25 0.65 

D100 0.16 

D200 0.08 

 

 

 

Figure 6.37 Cell viability of MG-63 cells cultured with suspensions of nTnBCS samples with 
different concentrations of SIM evaluated in indirect way. Stainless steel 316L and nTnBC 

samples (also diluted) added as reference. Dissolution factors according Table 6.6 and SIM 

concentration in nTnBCS coatings according Table 6.8. p<0.05 

 

Results of the Calcein Staining test are shown in Fig. 6.38. As it can be observed, there 

is no appreciable difference in the cell morphology of the MG-63 cells on the nTnBC 

and the nTnBCS samples. The cells have homogeneously grown on the entire well. The 

difference lies in the cell density, especially from samples D2 to D10 (samples with 

higher SIM concentration). For samples D25 to D200 of the nTnBCS system, the cells 

concentration was recovered reaching similar values to the nTnBC system. 

                                                 
22 Sample D1 was measured just once to corroborate that the value matches with the presented in Fig. 

6.36. The value for the rest samples was calculated according the used dissolution factor. 
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Figure 6.38 Fluorescence images of MG-63 cells cultured for 24h, results for the SS316L, nTnBC 
and nTnBCS coating with different dissolution ratios (D1 to D200). Scale bar 200 µm. 
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(Fig. 6.38 continued) 
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h.ii Direct study 

For the direct evaluation, both stainless steel substrates and nTnBC coating were used 

as reference samples, while four nTnBCS coatings were selected, two out of the 

recommended SIM range (D2: 8.15 µg/mL and D5: 3.26 µg/mL) and two in the range 

(D25: 0.65 µg/mL and D200: 0.08 µg/mL). Fig 6.39 shows the results of the cell 

viability for MG-63 cells after 48 h incubation. Compared with the reference sample 

(stainless steel) the cell viability of all the samples was considerable reduced. The MA of 

the nTnBC system decreased to 58±8%. For the nTnBCS coatings the MA of cells in 

contact with the D2 and D5 samples exhibited an even higher reduction, but this is 

explained in accordance with the previous results of the indirect study, by the high SIM 

concentration. For the D25 and D200 samples, the MA increased (63-70%) compared 

to that cells on nTnBC coating, this indicates a positive effect of the SIM in the MA, 

and corroborates the optimal values of SIM concentrations in agreement with reported 

values in literature [17,375,376]. 

 

Figure 6.39 Cell viability results for SS 316L, nTnBC coating and nTnBCS coating with different 
SIM concentrations (indicated in the figure). p<0.05. 
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Figure 6.40 Fluorescence images of MG-63 cells for the SS316L, nTnBC and nTnBCS coating 
with different SIM concentrations. D2: 8.15 µg/mL, D5: 3.26 µg/mL, D25: 0.65 µg/mL and D200: 

0.08 µg/mL. 
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(Fig. 6.40 continued) 

 

 

Fluorescence images of MG-63 cells for the direct study are shown in Fig. 6.40. For all 

samples, except the SS one, the cells grouped in clusters. The formation of cell clusters 

indicates the inhibition of the cell adhesion. The number, distribution and size of those 

clusters are related to the MA values. The higher the MA, the larger the clusters and the 

higher the amount of them. Cells in contact with the nTnBC sample formed few large 

clusters (100-2000 µm). For the cells in the D2 and D5 systems, the number of cluster 

reduced as well as their size (~100 µm). A recovery in the number of clusters and their 

distribution was observed for the D25 and D200 samples, but still the cluster size was 

small. The results of the D200 sample are considerable better compared with the 

nTnBC sample, with more and larger cell clusters. 

h.iii Comparison of the single materials 

To understand the decrease in the cell viability of MG-63 cells on different coatings, a 

series of coatings were evaluated in the same conditions as for the direct study. Stainless 

steel was used as a reference and samples of: (i) a chitosan, (ii) nTiO2/Ch and (iii) 
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nBG/Ch coatings were evaluated23. Fig 6.41 shows the results of the cell viability of 

MG-63 cells after 48 h of incubation. The MA of the sample with the chitosan layer 

reduces to 57±8% what is practically the same value measured for the nTnBC sample 

from the previous trial (58±8%, Fig. 6.39). This could be related with the fact that cells 

do not usually adhere on polysaccharide surfaces [377,378]. The similarity in the result 

suggests that the reduction in MA is related to the presence of chitosan [379]. As shown 

in section 6.3.3c, the coatings are formed by clusters of the inorganic components with 

a surrounding chitosan layer that provides the steric suspension force. This is a tentative 

explanation for the reduction in MA. Similar results have been reported for chitosan 

coatings on stainless steel with an initial cell attachment reduction [378]. 

For the nTiO2/Ch and nBG/Ch coatings also a lower MA was obtained, but the 

reduction was not as drastic as for the chitosan coating sample. These results support 

the fact the nTiO2 and nBG enhance the coating biocompatibility and cell attachment of 

MG-63 cells [223,380,381]. As reported in literature [186], the reduction in MA for the 

nBG/Ch system can be based in the rapid dissolution of BG nanoparticles in the cell 

culture medium (Fig 6.34) increasing available ions, which reduces MA at initial stages. 

however a recovery of MA occurs for prolonged incubation times. An advantage of the 

rapid dissolution of BG is that the high ion concentration in the medium leads to a 

rapid formation of a HA layer, but also provides an antibacterial effect by the pH 

increment in the surrounding media [13]. 

The fluorescence microscopy images (Fig 6.42) confirm the formation of cell clusters 

for the chitosan sample, confirming the poor attachment of cells on this material for 48 

h of incubation. For the nTiO2/Ch coating the cells are well distributed on the whole 

surface and they follow the porous micropattern of the coating. The coating thus 

provides a stable surface where cells can attach, showing also for this material the 

biocompatibility of titania nanoparticles. In the case of the nBG/Ch coating, the cells 

tend to attach to the BG nanoparticles, but as these particles dissolve and detach from 

the substrate, the integrity of the coating is lost and the cells do not have a stable surface 

to adhere. 

                                                 
23 Ch coating produced from a suspension containing 0.5g/L Ch and using 70V and 1 min of deposition 
conditions. The nTiO2/Ch coating was produced according the results in Section 6.1 (0.75g/L nTiO2 and 
25V-1min). The nBG/Ch coatings were produced according the best conditions from Section 6.2 
(0.75g/L nBG and 70V-1min). 
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The presented results must be contextualized as a function of the evaluation time used. 

For such complex systems 48 h of incubation offers just a small window to understand 

the system. Considering the materials used and their biocompatible behavior according 

to literature (Chapter 2), it is expected that an improvement in the cell viability will 

occur at longer incubation times. Therefore prolonged studies must be carried for in-

depth understanding of the system, and also further studies are required to analyze the 

osteogenic potential of the coating in contact with stem cells, for example. 

 

 

Figure 6.41 Cell viability results for the SS316L (SS), SS+chitosan (Ch), SS+Ch+nTiO2 and 
SS+Ch+nBG coatings. P<0.05 between all the samples. 
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Figure 6.42 Calcein Staining results for the SS316L (SS), SS+chitosan (Ch), SS+Ch+nTiO2 and 
SS+Ch+nBG coatings. 
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6.3.4 Conclusions  

Novel nTiO2-nBG/Ch coatings were obtained by cathodic electrophoretic deposition 

from a water/ethanol stable suspension. Homogeneous, crack-free and well attached 

coatings were produced using a deposition potential in the range from 50V to 70 V and 

1 min of deposition time. The presence of all the components in the coating was 

demonstrated by SEM, FTIR, EDX and XRD. The nTnBC coatings present a final 

composition of 12 wt.% of water, 34 wt.% of chitosan, 31 wt.% of nTiO2 and 23 wt.% 

of nBG for a final polymer/ceramic ratio of 1.6 (38.6wt% polymer / 61.4wt.% ceramic). 

The coating formation involved polymer-ceramic clusters deposition, controlled by the 

kinetic of chitosan deposition and its steric effect (repulsion forces). The ζ-potential 

results demonstrate that chitosan controls the suspension stability, while the cross 

section images support the hypothesis of clusters deposition instead of individual 

particles. 

nBG particles dissolve considerably fast, 70 wt.% of their mass was dissolved just after 

30 min of immersion in PBS, while just 4 wt.% of the titania detached from the coating 

after 28 days of immersion. This behavior has the advantage that a high concentration 

of ions (Ca, Si, P, Na) coming from the BG is available to induce a rapid HA formation, 

while titania nanoparticles stay in the coating providing a structured surface for HA 

growth. HA formation was reported after 2 days of immersion in SBF with a well-

formed cauliflower like layer which coated the whole sample surface, such a fast and 

homogenous HA layer formation was not observed for other systems in this work. 

Simvastatin was successfully integrated into the coating without disruption of the 

suspension stability, deposition conditions or coating homogeneity, being the first time 

that a statin molecule has been successfully deposited by EPD. Relative high amounts of 

drug could be incorporated in the coating, 65 µg/cm2 was released after 7 days of 

immersion in PBS. According to the results of cell viability of MG-63 cells, the best SIM 

concentrations, at which positive cell response was obtained, are in the range of 0.08-

0.65 µg/mL, which is in accordance with previous reported results [17,375,376]. 

The initial decrease in the CV of MG-63 cells could be related to the effect of chitosan. 

This polymer could inhibit the cell attachment at initial stages, therefore cell studies 

during prolonged times must be carried out for complete understanding of the system. 

On the other hand, titania seems to provide a stable surface where cells can attach, 
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compensating the BG nanoparticles dissolution in the media. At the same time, titania 

provides a stable structured phase where the HA layer can growth. 

The results of the study thus provide the basis to develop such complex coatings by 

EPD using chitosan as polymer matrix with the incorporation of a new type of 

biomolecule and bioactive inorganic fillers. Further investigations must be carried out 

on this system to fully understand the interaction of the cells with the coating in in-vitro 

conditions and to ascertain the long-term interaction of cells with coating components 

and SIM. 

 

6.4 Comparative analysis of the chitosan based coatings 

 

Homogeneous, crack-free and well attached coatings were obtained for the µBG/Ch 

and nBG/Ch systems using the same deposition conditions of 70 V and 1 min. This 

implies that the BG particles size has no influence on the deposition conditions, and 

confirms that chitosan controls the suspension stability and the deposition mechanism 

by steric repulsive forces. The ζ–potential for both systems was practically the same 

(µBG/Ch: 28±18 mV and nBG/Ch: 32±14 mV) with a slight reduction for the 

µBG/Ch; this also supports that a change in the BG particle size (nano to microsize 

range: 30 nm - 25 µm) has no influence in the suspension stability. It is important to 

remember that BG has a negative ζ-potential (nBG: -23±12 mV and µBG: -22±17 mV) 

and the steric interaction with chitosan changes the ζ–potential of the system to a strong 

positive value (Δζ-potential: ~52mV), confirming that chitosan controls the suspension 

stability and deposition mechanism. 

The nTiO2/Ch (nTC) system exhibits a high stability (ζ-potential: 82±21 mV) and 

compared with the BG/Ch systems relative lower deposition potential is required to 

obtain homogeneous coatings (nTC: 25 V vs. nBG/Ch: 70 V). The nTC system also has 

wider deposition processing window at which homogenous coatings can be obtained, 

from 30 to 90s of deposition time and from 20 to 30 V of deposition potential. 

Analyzing the nTiO2-nBG/Ch (nTnBC) system, it seems that titania has no effect on 

the ζ-potential (33±14 mV), being the same of the nBG/Ch system. Similar results were 

obtained for the nTiO2-µBG/Ch24 system showing that the stability is controlled by the 

                                                 
24 The nTiO2-µBG/Ch system was investigated but the results are not present in this thesis. 



Chitosan based coatings 

 
203 

BG-Ch couple. To understand this phenomenon it is necessary to consider the stability 

of titania, that has a positive charge and a relative low ζ–potential (13±16 mV); 

therefore having a reduced influence on the nTnBC system stability. Being titania 

particles positive charged and BG mainly negatively charged25 one could induce that the 

small TiO2 particles (21 nm) coupled to the BG ones (nBG: 30-50 nm and µBG: ~25 

µm), can form clusters surrounded by chitosan. This behavior is confirmed by the 

clusters deposition for the nTnBC system (Fig. 6.30). This also explains the morphology 

of the nTC coating in the sub-micrometric level where single nTiO2 particles are easy to 

identify, suggesting that for the nTC system the deposition of single particles or 

extremely small clusters occurred (Fig. 0.15 Appendix 8) compared to the nTnBC 

system in which large clusters deposit (5-20 µm, Fig. 6.30). 

For the bioactive glass/Ch systems the particle size of the BG also plays a role. While 

for the µBG/Ch system deposition of single BG particles coated with chitosan 

occurred, for the nBG/Ch, S66/Ch and S70/Ch systems deposition of clusters 

occurred instead of single particle deposition (Fig 6.22 and 6.30). 

The particle size of BG also plays a role in the coating bioactivity. The µBG/Ch system 

presented a well-formed HA layer covering the whole surface after 1-2 weeks of 

immersion in SBF (evaluated by SEM), while the same results for the nBG/Ch and 

nTnBC systems were obtained after just 2 days of immersion 26 . This rapid HA 

formation represents an advantage of the nBG, but on the other hand, the small size of 

nBG accelerates the degradation rate of the coating; therefore, the choice of micro or 

nanosize BG particles must be done according to the final application requirements and 

considering the obvious differences of in-vitro evaluation, carried out in this thesis, and 

in-vivo conditions. Nevertheless, EPD has proven its potential to be used in the 

deposition of both, micro and nano size particles of BG. 

Compared to the BG/Ch systems, the nTnBC coating offers a clear advantage during 

degradation: the presence of a stable phase (TiO2) that remains in the coating providing 

a structured surface where the HA can attach to the coating. For the BG/Ch coating the 

HA layer can detach into the media when the BG particles dissolve (Fig. 6.43).  

                                                 
25 Due to its components BG presents negative and positive charge on its surface allowing this material to 
bind with cathodic and anodic polymers (Chapter 4). But its surface charge is mainly negative. 
26 Even this time can be shorter, 2 days was the first time point evaluated, but for nBG, HA formation in 
mater of hours has been reported [186]. 
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For all the chitosan based systems studied in this thesis a water/ethanol solvent ratio of 

1:4 exhibited the optimal conditions providing stable suspensions leading to good-

quality coatings. This water/ethanol mixture was especially suitable for the bioactive 

glass/chitosan systems, making a considerable improvement in the suspension stability 

and coating homogeneity compared with results reported until now [365], where 

aqueous based suspensions were used. Water based suspensions usually lead to an 

instable behavior that requires stirring during the deposition to avoid sedimentation and 

the coatings can be considerably affected by hydrogen evolution [81]. 

 

 

Figure 6.43 Schematic representation of the nTnBC (a) and BG/Ch (b) coatings degradation in a 
liquid media (e.g. SBF, PBS). 
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7 Conclusions and outlook 

 

7.1 Conclusions 

Bioactive organic/inorganic coatings for bone replacement applications were produced 

by electrophoretic deposition and deposited on the most representative alloys used for 

this application (stainless steel and Ti6Al4V), and on other substrate representing a 

possible alternative for the future of biodegradable implants such as the magnesium 

alloy AZ91D. 

As polymeric matrix the polysaccharides chitosan, alginate and chondroitin sulfate were 

used in the different developed new coatings containing different ceramic fillers 

(bioactive glass, nanoscaled TiO2 and nanoscaled ZnO). One important conclusion of 

this research is that stable suspensions suitable for EPD and containing those materials 

can be produced and the conditions for achieving such stable suspension were 

established. It was also demonstrated that for all cases the polymers control the 

suspension stability. By means of esterification forces the polymer molecules suspend 

and move the ceramic particles to the deposition electrode. The applicability of the 

Hamaker equation to describe a lineal deposition kinetics was demonstrated for the 

relatively short deposition times used in this work.  

Alginate coatings containing bioactive glass (45S5 Bioglass®) were seem to exhibit a fast 

degradation rate, with total dissolution in matter of hours. In this work titania and ZnO 

nanoparticles were added to this system and a better degradation behavior was obtained, 

with the presence of the coating even after one month of immersion in SBF, and 

confirming the formation of a HA layer covering part of the coatings. When ZnO 

nanoparticles were incorporated the coating presented antibacterial activity against 

Escherichia coli and the formation of HA, according to XRD results, proved the 

bioactivity of the system. The nTiO2/Alg system showed its versatility and corrosion 

protective potential when it was used to coat the magnesium alloy AZ91D. In this case 

EIS results demonstrated a corrosion resistance of the coated sample 8 times higher 

than that of the bare alloy. To the best of the author's knowledge, this was the first time 

that an organic/inorganic coating by EPD was produced on a Mg sample without 

previous pretreatment, what opens a potentially attractive approach for electrophoretic 

coatings on Mg and Mg alloys. 
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In comparison to chitosan or chondroitin, nTBA and nZBA based coatings needed 

much lower deposition potentials (5-30 V) and times (5s to 1 min) to obtain 

homogenous, relatively thick coatings (~10 µm) and high amount of solid content in the 

coating, e.g. from 39 to 67 wt.%. In this work it was also shown than in terms of 

adhesion and homogeneity the best ceramic/polymer ratio for the alginate coating is 3-

6:1. When lower ceramic concentrations are present the alginate covers the particles 

reducing their exposition to the media, on the other hand with higher ceramic 

proportions a detriment on the mechanical properties happened and also the coating 

homogeneity was lost. 

The deposition of chondroitin sulfate by EPD (anodic deposition) was demonstrated 

for the first time in this work. As with chitosan or alginate, the deposition of CS 

produced an homogenous transparent coating well attached to the substrate. Good-

quality coatings in terms of coating homogeneous microstructure and thickness were 

produced in combination with titania nanoparticles, which demonstrated the possibility 

to form organic/inorganic coatings based on this polymer. In terms of homogeneity, 

attachment, deposition yield and contact angle, this coating is comparable to the nTC 

and nTA ones also produced in this thesis (described in Chapters 4 and 6). 

Homogenous BG/CS coatings were also developed in this work. As in the case of 

chitosan based systems, to obtain stable suspensions, a water/ethanol ratio of 1:4 

exhibited the best results. The deposition conditions, time and potential, were also 

similar but exhibiting wider ranges (processing window) suitable to produce 

homogenous coatings (60-80 V and 1-2 min). A disadvantage of the BG/CS coatings is 

the rapid dissolution of the coating in SBF, in matter of hours, while the BG/Ch 

systems are much more stable with the integrity of the coatings remaining after one 

month of immersion in SBF. On the other hand, BG/CS coatings presented a contact 

angle of 56±4°, which is much higher than that of the highly hydrophilic BG/Ch and 

BG/Alg coatings. In terms of microstructural homogeneity the BG/Ch and BG/Alg 

coatings performed much better, qualitatively confirmed by the fact that the coating 

covered the whole surface, while the BG/CS coatings covered only between 50 to 60% 

of the substrate. 

CS in combination with chitosan showed suitability to produce homogenous multilayer 

coatings well attached to the substrate. The production of a bioactive coating containing 

BG was possible for two systems: (i) BG/CS-l-Ch-l-BG/CS-Ch and (ii) BG/Ch-l-
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BG/CS-l-BG/Ch. In these multilayered systems chitosan must be the top layer in order 

to control the coating degradation, especially the fast CS dissolution. These two systems 

were the only two coating systems able to form HA after immersion in SBF. As already 

mentioned, this was the first reported work of CS deposition by EPD, opening a new 

research field for developing functional biomedical coatings exploiting the CS biological 

effects. 

In the case of the chitosan based systems, independently of the ceramic filler used, best 

results in terms of suspension stability, and coating's homogeneity and adherence to the 

substrate, were obtained from suspensions containing a water/ethanol mixture with a 

1:4 ratio and 0.5g/L of chitosan concentration. Other solvent mixtures or chitosan 

concentrations did not lead to similar results and/or the stability was significantly 

reduced. In this wok it was also shown that the best ceramic filler/chitosan ratio is 3:1, 

and this value is independent of the filler type, e.g. titania, bioactive glass or a mixture of 

both. Lower ceramic contents can be also used leading to homogeneous coatings. At 

higher ceramic concentrations the coatings do not adhere to the substrate and are 

inhomogeneous in their microstructure. 

For the chitosan based systems, coating thicknesses from 3 to 30 µm were produced 

with ceramic contents in the range 50 to 90 wt.%. As the filler is normally the bioactive 

component in the coating, the possibility of depositing high proportions of the ceramic 

component constitutes an advantage of the chitosan based systems. Both titania and 

bioactive glasses are considerable hydrophilic, in this work it was shown that a second 

chitosan layer can be deposited to increase and tailor the final contact angle to values up 

to 60° independently of the ceramic content. The deposition on 3D structures as well as 

on patterned ones has been highly held as an advantage of EPD. In this work this EPD 

capability was demonstrated coating different medical devices. It was demonstrated that 

the transition from 2D to 3D structures is straightforward, even, as in this work, 

without using a special design of the counter-electrode in the EPD cell. 

The successful incorporation of simvastatin into a coating by EPD was also firstly 

reported in this thesis. Prior to this study, statins had not been deposited by EPD. Cell 

culture results confirmed that an optimal SIM concentration in terms of cell viability 

must be in the range of 0.04 µg/mL to 2 µg/mL, such concentrations were achieved 

from coatings produced from suspensions containing 1 to 8 µg/mL SIM (0.88 - 7.07 

µg/cm2). Titania and nBG exhibit a positive effect on the cell viability of MG-63 cells 
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while lack of attachment due to the presence of chitosan was observed. It must be 

mention that these results were just after 48 h of incubation, and further work must be 

done to characterize further the system, in particular to elucidate the synergetic cellular 

effect of SIM and bioactive glass dissolution products. 

In addition, it was demonstrated that in terms of bioactivity, chitosan based coatings 

exhibit considerably superior behavior than alginate or chondroitin sulfate based 

systems when bioactive glass was incorporated in the coating. For the chondroitin 

sulfate based multilayer systems bioactivity was registered just when chitosan was 

present and bioactive glass was mixed with this polymer. In the case of alginate coatings, 

HA peeks were present in the XRD spectra, however not for all the cases. In addition 

when XRD peaks of HA were observed, SEM analysis did not confirm formation of the 

typical HA cauliflower structure. As suggested previously, the negatively charged 

chondroitin sulfate and alginate could compete with the HA formation for the available 

positive calcium ions coming from the bioactive glass. Therefore, and considering 

strictly the evaluation of the bioactivity in terms of Kukobo’s approach [239], the most 

suitable systems leading to bioactive coating were those based in chitosan. 

Another advantage of the chitosan based systems was their reduced degradation rate 

compared with alginate and chondroitin sulfate based coatings. The fact that chitosan 

exhibits low solubility in aqueous solutions with pH values higher than 5 explains the 

relative slow degradation of these coatings. Other advantage of chitosan is that it can be 

used to coat titanium substrates, while the anodic polymers, e.g. alginate and 

chondroitin sulfate, induce the formation of an inhomogeneous corrosion layer and the 

formation of a coating under such conditions is challenging. In this work coatings of 

alginate or chondroitin sulfate on titanium substrates were further investigated. 

It is thus confirmed that chitosan, based on the results in this study, is on the whole a 

more suitable polymer from the coating's properties point of view. However, alginate 

has particular advantages over chitosan and chondroitin sulfate. Considering the 

processability, more stable suspensions can be obtained using alginate, and also their 

preparation is easier with limited requirements of stirring and ultrasonication. The range 

of deposition conditions (time and voltage) at which homogeneous alginate coatings can 

be obtained is much wider than for the chitosan systems. As a comparison, for the 

nTnBC system good-quality coatings were obtained only using 70 V and 1 min, while 

for the nTnBA system suitable coatings were produced using 5-10 V and times from 20 
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s to even 2 min. Examples like this are common when alginate is compared with 

chitosan. Other advantage of alginate is that the alginate-based coatings developed and 

analyzed in this work were not affected by water hydrolysis thus resulting in increased 

coating homogeneity. In addition, thicker coatings could be produced when compared 

with chitosan coatings. 

In terms of the electrochemical behavior, all the studied coatings offered corrosion 

protection to the bare metallic substrate when immersed in DMEM, leading to lower 

corrosion current density. The incorporation of BG to the coating has a clear effect on 

the reduction of the corrosion potential independently of the presence of other ceramic 

filler or the polymer used (alginate or chitosan). In some cases a slight increment in the 

current also occurred. This effect was explained by the fast dissolution of bioactive 

glasses, with manly two effects: (i) the release of ions to the surrounding medium that 

can transport electric charge, and (ii) the formation of pores in the coating as a results of 

bioactive glass dissolution enabling the liquid medium to penetrate and be in direct 

contact with the metallic alloy, this defeating the purpose of the coating. 

 

7.2 Future work 

In this work several challenges related to the development of organic/inorganic coatings 

based in alginate, chondroitin sulfate and chitosan have been successfully tackled, 

however many new questions have arisen, which open novel avenues for further 

research in this field. Some of the possible areas, where more investigations should be 

carried out in future research projects, are discussed in the next paragraphs: 

 More studies on the reactions between chondroitin sulfate and alginate with 

bioactive glasses must be conducted in order to understand the mechanism 

leading to the deceleration or totally inhibition of HA formation in SBF that 

these polymers induce. As proposed in this work this could be related to the 

anodic character of the polymers that react with the available Ca2+ from the 

bioactive glass. Given that many different types of chondroitin sulfate surcease 

exist as well as more than 200 types of alginates, it could be possible that this 

bioactivity inhibition can be tackled by changing the source or type of the 

polymers. Also chemical modifications could be considered to tailor the 
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interaction of these polymers with bioactive glasses to improve the bioactivity 

behavior. 

 For alginate and chondroitin sulfate based coatings it is necessary to develop 

experimental approaches leading to the reduction of the fast degradation 

kinetics. This problem can be tackled by the combination of alginate with other 

materials, for example developing multilayer systems. This seems a convenient 

alternative that could bring, as shown in this work (Chapter 5), positive 

outcomes. Novel approaches should reduce the degradation kinetics to a higher 

extent than what was achieved in this thesis, to expand the applications of these 

systems in the future. Other possibilities to tackle the fast degradation of 

alginate and CS could be chemical crosslinking, or bonding with ceramic fillers. 

 Even if chitosan presents a better degradation behavior than alginate and 

chondroitin sulfate, with well attached coatings after 1 month of immersion in 

PBS or SBF, a reduction of the mechanical properties was observed. Thus 

investigations on alternatives to improve the (time-dependent) mechanical 

properties of chitosan-based coatings should be carried out. 

 Qiang et al. [97] demonstrated the feasibility of producing BG/Alg coatings via 

AC-EPD with better mechanical properties compared with DC-EPD produced 

ones. The production of BG/Ch coatings by AC-EPD has been also recently 

reported [161]. AC-EPD emerges as a versatile method to produce coatings 

which are less affected by hydrogen evolution at the electrodes, therefore more 

homogenous coatings can be obtained [252]. AC-EPD or even pulsed-EPD 

should be thus considered as an alternative to study the coatings presented in 

this thesis in order to improve coating homogeneity and mechanical properties. 

 More extensive work on the nTnBCS system must be carried out to expand 

knowledge about the cell biology response to the coatings. The system seems to 

be considerable complex; more research involving longer cell culture periods is 

required to ascertain the potential biological advantages of the coating. 

There are general challenges associated with the organic/inorganic coatings made by 

EPD for bone replacement applications, which are discussed next: 

 More work must be carried out to improve the degradation behavior of the 

coatings. With the aim to reach applications in the biomedical field, different 

evaluation techniques, which should mimic in-vivo conditions, must be used, e.g. 
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test of coating behavior in a bioreactor, with continuous flow and interchange 

of the liquid media. 

 Other area where intensive work must be carried out is the improvement of the 

understanding of coating behavior under different realistic conditions, in 

particular related to the mechanical properties and behavior of the coatings, 

especially related to the attachment of the coating to the substrate. This factor is 

not exclusive for the organic/inorganic coatings presented in this work, but in 

general for biomedical coatings obtained by different techniques. Work in this 

direction is necessary to translate basic research to clinical application of the 

coatings in the future. Almost no comprehensive investigation has been 

conducted in this context until now. A major difficult is related to the lack of 

proper techniques, criteria and standards to be able to compare the 

performance of coating produced by different methods. Thus testing standards 

for this type of coatings must be developed in future. Questions to be 

addressed include: “How to develop and run a degradation test that simulates 

better the in-vivo conditions and is accepted and used for the scientific 

community as standard test?”, “Which is the minimum immersion time that a 

coating must resist and in which conditions such that in in-vitro studies can be 

realistically linked to in-vivo conditions?", “Which mechanical properties must 

exhibit the coating and which techniques must be used to evaluate this?”, “How 

much time should the coating retain its structural stability in the body and 

which is the degradation rate it must exhibit?”. These and related questions 

remain unanswered and they should be considered in the near future to 

consider realistically the clinical application of the coatings. 

 Once an improvement in the degradation behavior of the coatings has been 

achieved and tests for in-vitro evaluation have been established, more in-vivo 

work should be carried out. Until now the work on EPD organic/inorganic 

coatings for bone replacement applications has been limited to the development 

and deposition of new coatings, but extensive in-vitro or in-vivo evaluations have 

not been reported, this mainly due to the two previously mentioned challenges. 

It is the task of materials scientists and in particular of the EPD community, to 

work together with medical experts in the different fields in which the coatings 

may have applications, orthopedics and dentistry, and thus to conduct research 

with scope closer to the final applications. 
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Appendix 1: Technical draw of the EPD cell for Mg substrates 

EPD holder for variable dimension samples 

To coat samples with other dimensions or shapes, a second cell was used (Fig. 0.1). The 

main difference is that both electrodes are hold by two metallic alligators. This EPD cell 

was especially used to coat samples of a suitable geometry to observe the cross section 

via SEM (see section 3.3.2). 

 

 

Figure 0.1 Electrodes holder to prepare samples of variable dimensions. 

 

EPD setup to coat Mg substrates 

Die-cast AZ91D Mg coupons were obtained cut to dimensions: 20mm x 20mm x 5mm. 

To coat these substrates a new cell was designed (Fig. 0.2). The suspension was 

prepared in a normal beaker and later poured in the plastic cylinder (40ml) of the cell. 

The samples were in contact with the suspension through a hole (12mm diameter) on 

the cylinder side. An O-ring between the cylinder and the sample avoid the leak of the 

suspension. A copper plate was located between the sample and the screwed shaft to 

make electrical contact with the power source. 
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Figure 0.2 Setup and EPD cell used to coat Mg samples. 

 

 

The two cells presented in Fig 0.3 and 0.4 are intellectual property of the Chair of 

Surface and Corrosion Science, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Martenstraße 7, 91058 Erlangen. Totally or partial reproduction of these draws and 

design are prohibit without the written license. 
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Cell to coat the substrates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 0.3 EPD cell used to coat Mg substrates® 
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Cell used on for the polarization curves and EIS 

 

Figure 0.4 Cell for electrochemical analysis ® 
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Appendix 2: Kokubo’s SBF production protocol resume and Table of 

regents 

 

The next text was taken from Kokuko [239]:  

Reagents for SBF 

The following powder reagent grade chemicals have to be stocked in a desiccator. Ion-

exchanged and distilled water is used for the preparation of SBF: 

(1) sodium chloride (NaCl), 
(2) sodium hydrogen carbonate (NaHCO3), 
(3) potassium chloride (KCl), 
(4) di-potassium hydrogen phosphate trihydrate (K2HPO 4 .3H2O), 
(5) magnesium chloride hexahydrate (MgCl 2 .6H2O), 
(6) calcium chloride (CaCl2), 
(7) sodium sulfate (Na2SO4), 
(8) Tris-hydroxymethyl aminomethane: ((HOCH2)3CNH2) (Tris), 
(9) 1 M (mol/l) Hydrochloric Acid, 1 M -HCl, 
(10) pH standard solution, (pH 4, 7 and 9). 
 

Preparation procedure of SBF 

Since SBF is supersaturated with respect to apatite, an inappropriate preparation 

method can lead to the precipitation of apatite in the solution. Always make sure that 

the preparing solution is kept colorless and transparent and that there is no deposit on 

the surface of the bottle. If any precipitation occurs, stop preparing SBF, abandon the 

solution, restart from washing the apparatus and prepare SBF again. 

In order to prepare 1000 ml of SBF, first of all, put 700 ml of ion-exchanged and 

distilled water with a stirring bar into 1000 ml plastic beaker. Set it in the water bath on 

the magnetic stirrer and cover it with a watch glass or plastic wrap. Heat the water in the 

beaker to 36.5±1.5°C under stirring. 

Dissolve only the reagents of 1st to 8th order into the solution at 36.5±1.5°C one by 

one in the order given (see Table below), taking care of the indications in the following 

list. The reagents of 9th (Tris) and 10th order (small amount of HCl) are dissolved in 

the following process of pH adjustment: 

(a) In preparation of SBF, glass containers should be avoided, but a plastic container 

with smooth surface and without any scratches is recommended, because apatite 
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nucleation can be induced at the surface of a glass container or the edge of scratches. If 

the container has scratches, replace it by a new one. 

(b) Never dissolve several reagents simultaneously. Dissolve a reagent only after the 

preceding one (if any) is completely dissolved. 

(c) Since the reagent CaCl2, which has great effect on precipitation of apatite, takes 

usually granular form and takes much time to dissolve on granule at a time, completely 

dissolve one before initiation of dissolution of the next. 

(d) Measure the volume of 1 M -HCl by cylinder after washing with 1 M -HCl. 

(e) Measure the hygroscopic reagents such as KCl, K2HPO 4 .3H2O, MgCl 2 .6H2O, 

CaCl2, Na2SO4 in as short a period as possible. 

Set the temperature of the solution at 36.5±1.5°C. If the amount of the solution is 

smaller than 900 ml, add ion-exchanged and distilled water up to 900 ml in total. Insert 

the electrode of the pH meter into the solution. Just before dissolving the Tris, the pH 

of the solution should be 2.0±1.0. 

With the solution temperature between 35 and 38 °C, preferably to 36.5±1.5°C, dissolve 

the reagent Tris into the solution little by little taking careful note of the pH change. 

After adding a small amount of Tris, stop adding it and wait until the reagent already 

introduced is dissolved completely and the pH has become constant; then add more 

Tris to raise the pH gradually. When the pH becomes 7.30±0.05, make sure that the 

temperature of the solution is maintained at 36.5±1.5°C. With the solution at 

36.5±1.5°C, add more Tris to raise the pH to under 7.45. 

Do not add a large amount of Tris into the solution at a time, because the radical 

increase in local pH of the solution can lead to the precipitation of calcium phosphate. 

If the solution temperature is not within 36.5±1.5°C, add Tris to raise the pH to 

7.30±0.05, stop adding it and wait for the solution temperature to reach 36.5±1.5°C. 

The pH shall not increase over 7.45 at 36.5±1.5°C, taking account of the pH decrease 

with increasing solution temperature (the pH falls about 0.05/ 1 C at 36.5±1.5°C). 

When the pH has risen to 7.45±0.01, stop dissolving Tris, then drop 1 M -HCl by 

syringe to lower the pH to 7.42±0.01, taking care that the pH does not decrease below 

7.40. After the pH has fallen to 7.42±0.01, dissolve the remaining Tris little by little until 

the pH has risen to p7.45. If any Tris remains, add the 1 M -HCl and Tris alternately 

into the solution. Repeat this process until the whole amount of Tris is dissolved 
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keeping the pH within the range of 7.42–7.45. After dissolving the whole amount of 

Tris, adjust the temperature of the solution to 36.5±1.5°C. Adjust the pH of the 

solution by dropping 1 M -HCl little by little at a pH of 7.42±0.01 at 36.5±0.2°C and 

then finally adjust it to 7.40 exactly at 36.5°C on condition that the rate of solution 

temperature increase or decrease is less than 0.1 1 C/min. 

Remove the electrode of the pH meter form the solution, rinse it with ion-exchanged 

and distilled water and add the washings into the solution. Pour the pH-adjusted 

solution from the beaker into 1000 ml volumetric flask. Rinse the surface of the beaker 

with ion-exchanged and distilled water and add the washings into the flask several times, 

fixing the stirring bar with a magnet as if to prevent it from falling into the volumetric 

flask. 

Add the ion-exchanged and distilled water up to the marked line (it is not necessary to 

adjust exactly, because the volume becomes smaller after cooling), put a lid on the flask 

and close it with plastic film. After mixing the solution in the flask, keep it in the water 

to cool it down to 20°C. 

After the solution temperature has fallen to 20°C, add the distilled water up to the 

marked line. 

 

 

Procedure of apatite-forming ability test 

The dried specimen for SEM observation should be thinly metal-coated to induce 

electro conductivity. The SEM photos should be taken both at high magnifications 

(around 10,000) and low magnifications (around 1000). 

The next Table was used to prepare the SBF according the purity of the regents used at 

the Institute of Biomaterials (WW7, FAU) 
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Figure 0.5 Chart to prepare SBF 
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Appendix 3: SEM, FTIR and XRD results of the nTiO2-nBG/Alg 

coating 

 

FTIR analysis was carried out on the final nTnBA coatings and the results were 

compared to those obtained for alginate powder, alginate coating and for pure nBG 

powder, in order determine the co-existence of the three components (Fig. 0.6). The 

presence of alginate in nTnBA coating was confirmed by the characteristic peaks of 

both the asymmetric and symmetric stretching of COO- group at 1600 cm-1 and 1413 

cm-1, respectively [267]. In the case of the pure alginate coating, an extra peak at 1723 

cm-1, caused by the stretching vibration of the protonated carboxylic group of alginic 

acid, is observed [86,268]. When nBG particles are included in the suspension, an 

alkalinization effect occurs and the pH increases resulting in the deprotonation of the 

mentioned carboxylic group, the same case as for the nTBA system. Therefore, the peak 

at 1723 cm-1 does not appear in the nTnBA coating. For the nTnBA system the 

presence of titania is confirmed by the broad absorption band below 800 cm-1 [228]. 

The BG powder spectrum shows the characteristic asymmetric stretching and bending 

peaks of the Si-O-Si bonds at ≈1043, 870 and ≈468 cm-1 [271], respectively. However, 

due to the presence of n-TiO2, these peaks are not visible for the nTnBA coating since 

they overlap with the broad band assigned to the presence of TiO2 (from 900 to 400 cm-

1 [231,269,340]). Therefore, the presence of nBG in nTnBA was confirmed via EDX 

analysis (Fig 0.7) by determining the presence of Si, Ca, Na and P atoms. XRD peaks 

corresponding to the (101), (004), (200) and (105) planes of the anatase polymorph of 

titania and the (110) and (313) planes of rutile, respectively (indexed using JCPDS cards 

number 21-1272 and 21-1276) also confirmed the presence of titania in the coating (see 

Fig. 4.13). 
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Figure 0.6 FTIR results for the pure alginate powder (a), alginate coating (2g/L Alg 10V and 1min, 
deposition potential and time, respectively) (b), TnBA coating (2 g/L ceramic content, 7V and 

1min, deposition potential and time, respectively) (c) and nBG powder (d). 

 

 
 

Figure 0.7 Composition of the nTnBA coating according the EDX analysis. The coating was 
obtained from a suspension with 2g/L of ceramics, 7V and 1min of deposition conditions. 
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Appendix 4: FTIR and XRD of the nTiO2/Alg coating on the MG 

alloy AZ91D 

 

The presence of alginate was confirmed by FTIR spectroscopy obtained on selected 

samples (Fig. 0.8a). The characteristic bands of both asymmetric and symmetric 

stretching vibrations of COO- groups at 1619 and 1423–1413 cm-1, respectively [267], 

are indicative of alginate. An extra peak at 1730 cm-1 is caused by the stretching 

vibration of the protonated carboxylic group of alginic acid [86,267]. The band at 

1027cm-1 relates to the CO and CC stretching and the COH bending vibration [382]. 

The presence of TiO2 in the coating was demonstrated by XRD analysis as shown in 

Fig. 0.8b, where both anatase (2 = 25.3°, 37°, 48, 54-55°) and rutile (2Ɵ = 27.5°, 62°, 

69) were detected (indexed according to JCPDS cards number 21-1272 and 21-1276).   

 

Figure 0.8  (a) FITR spectra of as-received alginate powder, alginate coating and TiO2/Alg 
coating and (b) XRD pattern of the TiO2/Alg coating showing typical peaks of TiO2 crystalline 

phases. 
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Appendix 5: SEM, FTIR and TG of the nTiO2/CS coating 

nTiO2/CS coatings are homogenous at the microscopical level as Fig.0.9 shows. At high 

magnifications the titania particles are visible with their nominal size of around 21nm. 

 

Figure 0.9 SEM images of the nTiO2/CS coating. 

 

The FTIR results at Fig. 0.10 prove that titania as well as chondroitin are present in the 

coating. For the pure chondroitin and the BG/CS coating at 3436 cm-1 appears the 

signal for –OH and N-H stretching vibration (both are overlapped) [343,344]. At 1035 

cm-1 is visible the stretch vibration of C-O, while at 1636 cm-1 the signal of the amide 

band [343,344]. Signal of the coupling of the C-O stretch vibration and O-H variable 

angle vibration appear at 1430 and 1380 cm-1, indicating the presence of a free 

carboxylic group [343,344]. The stretching vibration of S=O band (SO4
-2) that is the 

characteristic absorption peak of chondroitin appears at 1253 cm-1 [343,344], confirming 

the presence of chondroitin in the coating. The presence of titania was is confirmed by 

the brought band at from 900-400 cm-1 [115]. 
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Figure 0.10 FTIR results for the nTiO2/CS coating 

 

TG results suggest that a coating containing a high proportion of ceramic particles can 

be produced for the nTiO2/CS system.    

Table 0.1 TG results of the nTiO2/CS coating 

Considering water Without water 

Water CS nTiO2 CS nTiO2 

wt.
% 

vol.
% 

wt.
% 

vol.
% 

wt.
% 

vol.
% 

wt.
% 

vol.
% 

wt.
% 

vol.
% 

3.6 11.3 19.9 32.1 76.5 56.6 20.6 36.2 79.4 63.8 

 

Bioactivity test by immersion in SBF was carried out. The coatings were not bioactive. 

 

Appendix 6: Multilayer BG/CS-l-Ch-l-BG/Ch 

Comparing the results of the BG/CS-l-Ch-l-BG/CS-l-Ch and the Ch-l-BG/CS-l-

BG/Ch systems; and considering that chondroitin is an anodic type of polymer, maybe 

an interaction between it and the SBF could occur defaulting the HA formation, this 

like in the chase of alginate (chapter 5). For that reason it was considered that like in the 

BG/CS-l-Ch-l-BG/CS-l-Ch system  a layer of pure chitosan can be deposited in the 
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between the BG/CS and BG/Ch layer to reduce the contact of chondroitin with the 

media. Fig. 0.11 presents the schematic view of the coating. 

 

Figure 0.11 Schematic representation of the BG/CS-l-Ch-l-BG/Ch multilayer system. 

 

Fig. 0.12 presents the obtained coating that is homogenous and free of cracks. 

 

Figure 0.12 Obtained coating for the BG/CS- l -Ch- l -BG/Ch system. 

 

The problem of this coating was that after a few hours of immersion in water a totally 

dissolution occurs. This could be explained by the presence of CS on the first layer 

(bottom one). If this material enters by some defect in contact with the water the whole 

coating will detach form the substrate (Fig. 0.13). This corroborates the idea that CS 

should not be present in contact with the bare alloy. 

 

Figure 0.13 Degradation mechanism of the BG/CS- l -Ch- l -BG/Ch system 
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Appendix 7: Coated dental implant 

 

 

Figure 0.14 Dental implant screw coated with a nTiO2/Ch coating. Coating produced form a 
suspension containing 1.5g/L nTiO2 and 0.5g/L Ch. Deposition conditions 80s and 25V. Normal 

diameter 4mm. 
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Appendix 8: BG/Ch coating produced with 50V and 70V 

Fig. 0.15 (a and b) presents SEM images with more magnifications of the BG/Ch 

coating made with 70V and 1min of deposition potential and time, respectively. As it 

can be observed, the surface roughness of the clusters is smooth and regular compared 

with the 70S/Ch and 66S/Ch systems (Fig 6.19).  The BG/Ch coating made using 50V 

and 1min present similar microstructure compared with the one made using 70V and 

1min, but at high magnifications some defects are present and the surface is noticeably 

rough compared with 70V-1min. 

 

Figure 0.15 SEM images of the BG/Ch system using 1g/L BG in suspension. 70v 1min (a and b) 
and 50V-1min (c, d and e). 
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Appendix 9: Additional information for the nTnBCS system 

Knowing that:  

 MWTi=47.867g/mol; MWTiO2=79.865g/mol; MWSi=28.086g/mol; 

MWSiO2=60.084g/mol 

 Bioglass composition: 45wt.%SiO2, 24.5wt.% CaO, 24.5wt.% Na2O and 6wt.% 

P2O5 

 51.2 mg of coating were dissolved in 100ml of aqua regia. 

The ICP analysis brought:  

[Ti] = 100±1mg/L and [Si] = 26.1±0.5mg/L 

Calculating: 

[    ]  [  ]  
      

    
                       [    ]  [  ]  

      

    
          

Mass of TiO2 at the 100ml:      
 [    ]               

Mass of SiO2 at the 100ml:      
 [    ]               

Mass of nBG at 100ml:      
     

    
        

Mass of ceramic at 100ml:               
             

Considering in percentage from the original 51.2mg of coating, the coating is 24.2wt% 

nBG, 32.4wt.% TiO2 and 43.4wt% of a mixture water and chitosan. 

Comparing this data with the TG results (see table under) is evident that the results of 

both test match with a small difference around 5%. 

Component 
Mass from 

ICP test 
(wt.%) 

Mass from 
TG test 
(wt.%) 

nBG 24.2  

nTiO2 32.4  

Total ceramic 56.6 54 

Chitosan  34 

Water  12 

Mixture water and chitosan 43.4 46 
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