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ABSTRACT 

In spite of notable success of metallic orthopedic prosthesis in clinical, their long-term 

survivability remains a major challenge due to the lack of osteoconductivity and risks associated 

with post-surgery infections and surface corrosion. Modification of implant surfaces with bioactive 

materials and antimicrobial agents is being intensively investigated to prevent these negative effects. 

In this project, electrophoretic deposition (EPD) as a convenient coating technique has been 

developed to generate different combinations of biopolymer-bioceramic composite coatings on 

metallic substrates with the aim of enhancing bioactive characters and minimizing infections.  

Bioactive ceramics, e.g. 45S5 bioactive glass (BG), hydroxyapatite (HA), and phosphate glass 

fibers were applied in this study. There are promising bone substitute materials which were 

investigated to support the bioactive character of the coating for an enhanced bone-to-implant 

interaction. The polymer components considered in this research project, e.g. alginate, chitosan, 

cellulose nanocrystals (CNCs), polyacrylic acid (PAA) and polyvinyl alcohol (PVA), will not only 

strengthen the bonding of bioceramics coating to the surface of the implant, but also offer the 

possibility to control the in situ release of dissolution products and can accelerate the attachment of 

biomolecules and cells by the presence of functional groups. A series of composite coatings with 

different combination of inorganic fillers and biopolymer matrix were successfully fabricated by 

EPD from aqueous based suspensions at room temperature. The composite coating systems 

produced and characterized in this project were alginate-BG, alginate-PVA-BG, CNCs-BG, PAA-

phosphate glass fiber, Alginate-PHBV microsphere and HA based multilayers. The co-deposition 

mechanisms were experimentally investigated and the coating properties were comprehensively 

assessed by means of relevant material characterizations and cell biology tests. In addition, due to 

the temperate coating conditions offered by EPD, specific drug molecules (antibiotic, enzyme and 

growth factor) were able to be incorporated into the coating structure by two methods: (i) direct co-

deposition exploiting the interactions between drug molecules with the charged biopolymer 

molecules, (ii) pre-loading of the drug into a biodegradable polymer microspheres, and co-

deposition with the biopolymer matrix material. The coating properties, including degradation, 

adhesion and drug release profiles, which are key factors for an effective and sustained antibacterial 

effect, were optimized and validated. A multilayer coating, considered to impart the 

osteoconductivity and antibacterial properties simultaneously, was successfully fabricated via a 

combination of EPD and layer by layer deposition. The aim of this project, which focused on 

exploiting the EPD technique to fabricate biomedical coatings with specific functions, oriented 

fiber structures and free-standing membranes for emerging biomedical applications, was achieved 

and a series of new coating systems, well characterized and exhibiting combination of favorable 

properties, are thus available for further applications and dedicated in vivo evaluations.  
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ZUSAMMENFASSUNG 

Trotz des beträchtlichen Erfolges metallisch-orthopädischer Prothesen in klinischen 

Anwendungen bleibt ihre Lebensdauer auf lange Sicht aufgrund des Mangels an Osteokonduktivität 

und der Risiken, die mit post-operativen Infektionen und Oberflächenkorrosion verbunden sind, 

eine Hauptherausforderung. Um diese negativen Effekte zu vermeiden, wird eine Modifizierung der 

Implantatoberfläche mit bioaktiven Materialien und antimikrobiellen Wirkstoffen zurzeit intensiv 

untersucht. In diesem Projekt wurde elektrophoretische Deposition (EPD) als geeignete 

Beschichtungsmethode entwickelt, um verschiedene Kombinationen von Biopolymer-Biokeramik 

Kompositbeschichtungen auf metallischen Substraten zu erzeugen. Das Ziel dabei ist die 

Osseointegration zu erhöhen und Infektionen zu verringern. 

Bioaktive Keramiken, z.B. 45S5 bioaktives Glas (BG), Hydroxyapatit und phosphatische 

Glasfasern wurden in dieser Studie verwendet. Sie sind erfolgsversprechende 

Knochenersatzmaterialien, die untersucht wurden, um den bioaktiven Charakter der 

Beschichtungen im Hinblick auf eine Erhöhung der Knochen-Implantat-Wechselwirkung zu 

unterstützen. Die in dieser Studie verwendete Polymerkomponente, z.B. Alginat, Chitosan, 

nanokristallines Cellulose (CNCs), Polyacrylsäure (PAA) und Polyvinylalkohol (PVA), verstärkt 

nicht nur die Bindung der Biokeramikbeschichtung zur Implantatoberfläche, sondern bietet auch die 

Kontrollmöglichkeit über die in-situ Abgabe von Zersetzungsprodukten und kann die Anhaftung 

von Biomolekülen und Zellen durch die Anwesenheit funktioneller Gruppen beschleunigen. Eine 

Serie von Kompositbeschichtungen mit verschiedenen Kombinationen von inorganischen Füllern 

und biopolymerischer Matrix konnten erfolgreich mittels EPD aus wasserbasierter Suspension bei 

Raumtemperatur hergestellt werden. Die Kompositbeschichtungssysteme, die in diesem Projekt 

hergestellt und charakterisiert wurden, sind Alginat-BG, Alginat-PVA-BG, CNCs-BG, PAA-

phosphatische Glasfasern, Alginat-PHBV Mikrokugeln und Hydroxyapatit basierte Multilayer. Die 

Co-Depositionsmechanismen wurden experimentell untersucht und die Beschichtungseigenschaften 

wurden umfassend anhand relevanter Materialcharakterisierung und zellbiologischen Versuchen 

beurteilt. Aufgrund der sanften Beschichtungsbedingungen der EPD konnten zusätzlich spezifische 

Wirkstoffmoleküle (Antibiotika, Enzyme, Wachstumsfaktoren) in die Schichtstruktur mittels 

zweier Methoden eingebracht werden: (i) Direkte Co-Deposition durch Ausnutzung der 

Wechselwirkung zwischen Wirkstoffmolekülen mit geladenen Biopolymermolekülen (ii) 

Vorbeladung des Wirkstoffes in biodegradierbare Polymermikrokugeln und Co-Deposition 

zusammen mit dem Matrixmaterial des Biopolymer. Die Beschichtungseigenschaften einschließlich 

Degradation, Adhäsion und Wirkstoffabgabeprofil, welche Schlüsselfaktoren für einen effektiven 

und nachhaltigen antimikrobischen Effekt sind, wurden optimiert und validiert. Eine Multilayer 

Beschichtung, die gleichzeitig Osteokonduktivität und antibakterielle Eigenschaften verleiht, wurde 
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erfolgreich durch eine Kombination aus EPD und Layer-by-Layer Beschichtung hergestellt. Das 

Ziel dieses Projekts, welches sich auf die Verwendung von EPD Techniken fokussiert, um 

biomedizinische Beschichtungen mit spezifischen Funktionen, orientierten Faserstrukturen und frei-

stehenden Membranen für aufkommende biomedizinische Anwendungen herzustellen, wurde 

erreicht. Somit ist eine Serie von neuartigen, gut charakterisierten Beschichtungssystemen, die eine 

Kombination der favorisierten Eigenschaften aufzeigen, für weitere Anwendungen und geeignete in 

vivo Evaluationen verfügbar. 
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1. Introduction 

 

1.1 Research background 

The demand for artificial implants has dramatically increased during the last a few decades [1, 

2]. Implants fabricated by a variety of materials, including metals (Ti and Ti alloy, stainless steel, 

Co and Mg alloy), ceramics (alumina, zirconia, HA, and glass ceramics) and biopolymers (PMMA, 

HDP), have been considerably applied to assist the fracture and deformity healing processes and to 

improve the life quality of patients. Metals are the earliest used implant materials [3]. Fig. 1.1 

presents some commercial implant devices made of metallic biomaterials reproduced from Ref. [4, 

5]. With the increased percentage of the aged population in most industrialized countries [3], the 

number of aged people and even increased proportion of young generations[5] who demand 

replacement of failed bone tissue, are constantly growing. The use of implants and medical devices 

has become a common procedure and is important in saving the lives of thousands of people every 

day. For example, it is reported that there are about one million hip replacements and over 250,000 

knee replacement surgeries in the world a year [6]. Therefore, it is of great importance to exploit 

intensively advanced metallic implants to meet different surgery needs, both reducing the patient 

suffering and obtaining economic benefits for the healthcare systems.  

 

Fig. 1.1. Commercial examples of metallic implant devices, images reproduced from Ref.[4, 5] with 

permission of Springer and Elsevier. 

Metallic implants suitable for practical use should be nontoxic and biocompatible to minimize 

the potential rejection reaction. They also need to provide adequate mechanical support as they are 

commonly applied at defected areas of hard tissue for load-bearing purpose as designed in Fig. 1.1. 
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However, the potential negative effects of metallic implants, e.g. lack of bioactivity, which can lead 

to infection, and prouptness to corrosion and resultant metal ions release, are still challenging the 

success of surgical treatment. It is reported that about 10% of hip prostheses need to be replaced 

within a decade of implantation due to the mechanical loosening of the implant in situ [7]. It is the 

bioinert character of metals which restricts their chemical or biological bonding to surrounding 

tissue. Secondly, because of abrasion as result of movement and the effect of aggressive body fluid 

environment, which contains water, dissolved oxygen, proteins and electrolyte ions, metallic 

materials after implantation are prone to be corroded with increasing time, leading to the 

detachment of bone tissue and the release of toxic metal ions [8]. In addition, infections are still one 

of the most pressing complications associated with orthopedic surgery, leading to lengthy healing 

periods and even complete failure of the implant, which is a serious problem and has clinical and 

economic consequences [9]. In order reduce the risk of implantation failure associated with the 

abovementioned unintentional aspects, the metallic implants could be coated with different 

materials to functionalize the surfaces with bioactive character and drug delivery capability while in 

this case the bulk properties of the implant substrate will not be interfered [10]. 

1.2 Scope of the thesis 

In this project, electrophoretic deposition (EPD) technique was exploited to generate different 

advanced combinations of biopolymer and bioceramic composite coatings on metallic substrates 

with the aim of developing functional coatings able to enhance the bioactive character and 

minimize infection. Biological substances (antibiotic, protein and other molecules) were 

successfully incorporated into the coating structure to add orthopedic characters to the coating. The 

material processing, characterization of coating properties relevant to their potential application and 

further in vitro assessment of their bioactivity and antibacterial properties were comprehensively 

introduced and discussed. According to the current research background of biomedical coatings, the 

general aim of demonstration, the versatility of EPD for biomedical coatings was achieved by 

fulfilling the following tasks:  

1. Study of the electrodeposition kinetics of relevant polyelectrolytes, including alginate, chitosan, 

PAA and cellulose nanocrystals. 

2. Study of the influence of suspension parameters (solvent, composition, zeta potential) and EPD 

processing parameters (deposition voltage, deposition time, direct or alternating current type) on the 

microstructure and properties of the deposited coatings. 

3. Exploitation of EPD technique to fabricate laminates or multilayer structures, free-standing 

membranes, manipulation of nanofibers and macroscopic glass fibers. 
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4. Development of electrophoretic co-deposition of biphasic and triphasic organic-inorganic 

composite coatings from aqueous-based suspensions, elucidation of co-deposition mechanisms and 

of the correlation between processing conditions and coating properties.  

5. Investigation of degradation and mineralization behavior of bioactive glass-containing composite 

coatings influenced by the co-deposited polymer phases.  

6. Development of drug-loaded (antibiotic and antibacterial enzyme) electrophoretic coatings and 

evaluation of antibacterial properties.  

7. Incorporation of daidzein (a natural isoflavonoid) into the coatings and study of the stimulatory 

effect on osteoblast activity. 

8. Optimization of the drug release profile by adjusting the degradation rate of coating materials, 

study of the use of multilayer structures and pre-loading of drug molecules into biodegradable 

microspheres. 

9. Exploitation of EPD-produced multilayered bioactive coatings with the capability of inhibiting 

bacteria colonization. 

 

Fig. 1.2. Graphical abstract showing the different material systems investigated during the PhD 

project. 
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The different tasks are summarized in the graphical abstract (Fig. 1.2), which captures, for benefit 

of the reader all the combination of biomaterials investigated in this project. A brief description for 

a better understanding of the framework and scope of the thesis is presented next: 

 The graphical abstract represents an EPD dominated processing technique applied to different 

groups of coating materials including bioceramics, polyelectrolytes and biological molecules. 

 The polyelectrolyte group includes four different polymers and their functional groups, 

determining the charge of the dispersed particles and the direction of EPD, are highlighted in 

green color.  

 In the biological molecules group, three types of drugs, lysozyme, levofloxacin and daidzein, 

have been incorporated in the coating structure. Lysozyme was directly added into the blend 

suspension and codeposited on the coating, while levofloxacin and daidzein were pre-loaed into 

PHBV microspheres before subsequent co-deposition. 

 Polyvinyl alcohol is used as a binder for the enhanced adhesion and retarded degradation rate of 

the corresponding coating system. 

 Seven different composite coating systems (I−VII) have been fabricated and characterized 

during this project, and the development of the investigation follows the increment of the 

rainbow colours. 

 The raw materials of each coating system are connected with the same color.  

 The developed coating systems are assigned to three chapters based on their specific 

applications: systems I−IV assigned to Chapter 4 discussing coatings to enhance bioactive 

characters, systems V−VI assigned to Chapter 5 discussing drug delivery coatings, and system 

VII assigned to Chapter 6 discussing multifunctional coatings.  
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2. Literature review 

 

2.1 Development of biomedical coatings 

The biological behavior of an implant is highly dependent on the chemical composition and 

morphology of the surface. A variety of coating systems containing biopolymers, bioceramics and 

their combinations have been developed to modify the surface properties of metallic implants, 

improving the biocompatibility and bone-to-implant contact. At the same time, coatings also act as 

a barrier to shield the implant from the body fluid environment and thus protect against corrosion 

[11, 12]. Furthermore, The prepared coating can serve as a local drug delivery platform, releasing 

biomolecules (antibiotics, growth factors, proteins, peptides, genes) which have been preloaded into 

the coating structure, to convert biomaterials to “living tissues” for a specific application. 

2.2 Coatings to improve bioactivity 

Incorporation of bioactive components into biomedical coatings is commonly used to enhance 

bioactivity ability of implant surfaces. Bioactive ceramic coating on macroscopically smooth 

prostheses seems to be an outstanding candidate taking advantages of the ceramic with beneficial 

bone tissue growth effects and metallic implants maintaining sufficient strength and toughness as 

load-bearing devices [13]. Hydroxyapatite (HA), which is chemically similar to the apatite of the 

human bone, has received considerable attention as bioactive fillers for osseointegration purpose 

[14]. HA coating can be deposited on titanium substrate by plasma spray technique to ensure a 

robust connection between the coating and the metallic substrate, and a relevant investigation 

reported that no statistically significant differences of the tensile strength after 24 weeks of 

implantation [15]. An ultrathin HA coating (~0.1 μm) using magnetron sputtering technique was 

successfully deposited on screw-type titanium implants [16]. Furthermore, it is reported from ref. 

[16] that a highly crystallined HA obtained by thermal treatment achieved the highest bone-implant 

contact in both tibiae and femora compared with amorphous CaP-coated (as-prepared) and uncoated 

titanium implants. Bai et al. [17] reported recently a promising HA coating structure 

electrophoretically deposited on Ti surface which has been pretreated by micro-arc oxidation 

technique, and it is found that, the coating structure produced by the combination of micro-arc 

oxidation with EPD possessed excellent corrosion resistant behavior, higher apatite-forming ability 

and cellular response compared to uncoated Ti surface. Another convenient method to generate HA 

layers on titanium surface is biomimetic incubation [18]. With the proper adjustment of incubation 

conditions, nano-apatite coatings with composition and structure equivalent to those of bone 
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mineral can be formed on the surface of titanium to conduct bone formation and promote direct 

bone apposition [19, 20]. The biomimetic technique can be applied as well to grow bone-like 

apatite layer on biodegradable polymer based implants [21]. A review by Tomsia et al. [22] 

described recent advances in the fabrication of novel coatings to improve implant bioactivity based 

on biomimetic bonelike composites and novel bioactive glass coatings.  Bioactive glasses (BG) are 

well-known as a substitution of HA for their osteoconductive and osteoinductive properties [23]. 

Ignatius et al. [24] reported that a alumina implant coated with a layer of BG resulted in obviously 

higher interfacial shear strength and a high amount of mineralized bone in direct contact to the 

implant surface. The effectiveness of BG as an excellent alternative coating material has been 

recently proved by Mistry et al. [25], who carried out a comparison study on performance of 

bioactive glass coated or HA coated titanium dental implants in the human jaw bone. The 

experimental results indicated that bioactive glass coatings are non-toxic and biocompatible and 

present as equally successful as HA in achieving osseointegration and supporting final restorations. 

Apart from the pronounced bioactive coatings produced single inorganic component, numerous 

studies on fabrication of biphasic or triphasic coating structures were carried out aiming to benefit 

the advantages of each component [26]. For example, a biphasic calcium phosphate ceramics made 

of an optimum balance of the HA (more stable) and more soluble TCP (more degradable) was 

successfully fabricated to adjust the dissolution rate [27]. Y2O3 nanoparticles were successfully co-

deposited with HA onto titanium substrates reported by Parenta et al. [28]. The presence of Y2O3 

showed the ability to slow HA decomposition and improve coating-Ti joining. It is reported that a 

combination of BG with HA coated on the surface of electrospun poly(l-lactic acid) (PLLA) 

nanofibers presented the highest bone regeneration compared to single BG or HA coatings after 8 

weeks of implantation in rat critical-size defects [29]. A two-layer ceramic coating consisted of an 

outer HA layer to promote improved initial bone attachment and an inner crystalline TiO2 layer to 

ensure the long-term fixation was developed by Piskounova et al. [30]. Bone morphogenetic 

protein-2 (BMP-2) was further incorporated into the coating structure during the biomimetic 

formation of HA layer, leading to a more favorable surface in terms of cell viability and cell 

morphology as well as initial cell differentiation [30]. Instead of an improvement of in vitro 

bioactivity by adding bioceramics, modification of Ti surfaces with a chitosan layer, as reported by 

Bumgardner at al. [31], which led to a higher contact angle (76.4±5.1 °) compared to Ti controls 

(32.2±6.1 °), increased significantly protein adsorption and cell attachment. Novel methods to 

enhance bioactive characters by means of anodized microporous titanium surfaces [32] or grafting 

of active peptides [33] exhibited as well promising properties for enhanced bone-to-implant contact. 

2.3 Coatings for antibacterial and drug delivery applications 
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Implantation surgery is always accompanied with a risk of infection [34], which is considered 

the most serious complication, happening in knee arthroplasties of 0.8 to 1.9 % and hip 

arthroplasties of 0.3 to 1.7 % [35]. Kurtz [36] and Del Pozo [37] summarized the number of 

prosthetic-joint infections in the United States from 1989 to 2005, as shown in Fig. 2.1, where a 

drastic increase of infection cases is clearly seen in recent years. Therefore, increasing research 

efforts have been dedicated in the field of drug delivery coatings with improved capabilities and 

performances for localized and controlled therapies [38]. In comparison to the conventional oral or 

injection therapies with the risk of side effects, short duration of action and low compound 

concentration in the defect location, drug delivery systems are able to release specific drug 

molecules in a controlled rate for a prolonged period [39]. Furthermore, local release of drug 

molecules with an efficient dosage at the infection site can be realized while avoiding the system 

toxic effects. Generally, there are mainly two types of biomedical coating for antibacterial purpose, 

adhesion resistant coatings (passive coatings) and coatings which are able to release antibacterial 

agents such as antibiotics, enzymes, peptides, heavy metal ions and so on [10].  

 

Fig. 2.1. The number of prosthetic-joint infections in the United States from 1989 to 2005, data 

obtained from Ref. [36, 37] and reproduced with permission of Elsevier. 

2.3.1 Passive antibacterial coatings 

A bacterial anti-adhesive surface of implant can be obtained by convenient modification of its 

physiochemical surface properties, such as surface topography and chemistry, including 

hydrophilicity, surface potential and conductivity which play crucial roles on the initial adhesion 

and subsequent growth of bacteria on the implant surface [40]. Gallardo-Moreno et al. [41] reported 

recently an in vitro experiment result of UV irradiation treated Ti alloy implants inhibiting bacterial 

adhesion without compromising the biocompatibility to bone-forming cells. Moreover, it has been 

shown that the bacterial attachment can be significantly reduced with the addition of a crystalline 

titanium oxide layer on the surface of Ti implants [42]. Some low degradable polymers, e.g. 

chitosan which presents the ability to inhibit bacterial adhesion, can be coated on the surface of 

implants for the long-term antibacterial purpose [43]. The impaired cellular functions can be 



Chapter 2: Literature review 

8 

 

restored and even further improved by incorporation of specific cell-friendly substance (proteins, 

peptides or growth factors) [44]. 

2.3.2 Drug release antibacterial coatings 

From the view of drug delivery coating systems, antibacterial entities could be incorporated 

into the coating structure during the preparation, and the subsequent drug release can effectively 

treat the complications associated with infection and biofilm formation [45, 46]. In order to 

formulate a customer-tailored antibacterial surface of implants, combinations of drug molecules 

into one coating matrix to simultaneously address different type of infections could be realized, for 

example gentamicin and teicoplanin were successfully incorporated in a poly(D,L-lactic acid) 

matrix and exhibited continuous drug release with sufficient dosage [47]. Silver nanoparticle is 

another commonly used antibacterial functionality which possesses broad and intensive inhibition 

to bacteria colonization [48]. ZnO particle is gaining increasing interest as an antibacterial additive 

to biomedical coatings for its remarkable bacterial inhibition effects [49]. The possible inhibition 

mechanisms of ZnO particles have been investigated however no clear conclusion was proofed. 

Zhang et al. [50] reported that the antibacterial effect was due to the presence of ZnO nanoparticles 

damaging the membrane wall of the bacteria. Raghupathi et al. [51] found that the antibacterial 

activity of ZnO was inversely proportional to the size of the nanoparticles, and Northern analyses of 

various reactive oxygen species indicated that the antibacterial activity of ZnO nanoparticles might 

involve both the production of reactive oxygen species and the accumulation of nanoparticles in the 

cytoplasm or on the outer membranes. A more popular inhibition mechanism of ZnO nanoparticles 

investigated by Savai [52] suggested that the release of Zn
2+

 frin ZnO nanoparticles did not affect 

the growth of E. coli and S. aureus. The contact between the ZnO powder and the bacterial cell is 

very important for generation of hydrogen peroxide (H2O2) which is considered the primary factors 

contributing to the antibacterial activity of ZnO. Apart from antibacterial properties provided by 

ZnO, Li et al. [53] reported that a small addition of ZnO nanoparticles (up to 2 wt%) could 

significantly improve the polyurethane coatings in Young's modulus and tensile strength. The 

metallic antibacterial agents, e.g. Ag, Cu and Zn, could be doped into a coating structure for 

inhibition purpose [54, 55]. A copper-doped mesoporous bioactive glass coating exploited by Ye et 

al. [55], provides an effective and facile strategy to combine biological performances of porous HA 

orbital implants and potential anti-infection property of the doped ions. Other categories of 

antibacterial agents commonly incorporated into the coating include enzymes [56], peptides [57], 

nitric oxide [58] and their combinations. For example the combination of lysozyme with silver 

nanoparticles was electrophoretically deposited on the surface of surgical blades and needles made 

of stainless steel, exhibiting the antimicrobial activity of silver ions and the muramidase activity of 

lysozyme [59]. 
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Indeed a variety of research efforts have been dedicated on incorporation of antibacterial 

functionalities into a bioactive coating (e.g. HA) for multi-functionalization of metallic implants. 

Tang et al. [60] reported a gentamicin loaded carbonated hydroxyapatite coating with hierarchically 

porous structures to guarantee a sustained release of antibiotics. The experimental results showed 

that the released gentamicin could effectively inhibit bacterial adhesion and biofilm formation 

without toxic effect to human bone marrow stromal cells. It is interesting that antibiotics 

(chlorhexidine in this study) can be loaded into HA structure during a biomimetic mineralization, 

and a compact bonding between antibiotic and HA matrix could be obtained [61]. Stigter et al. [62] 

compared the drug release and inhibition efficiency of different antibiotics (cephalothin, 

carbenicillin, amoxicillin, cefamandol, tobramycin, gentamicin and vancomycin) loaded in a HA 

coating on titanium substrates using a biomimetic precipitation method. Antibiotics, containing 

carboxylic groups such as cephalothin, carbenicillin and cefamandol, exhibited a more robust 

bonding and slower release than carboxylic-free antibiotics. Inorganic antibacterial agents such as 

silver was also successfully loaded into a HA network as pronounced by Chen at al. [63]. However, 

the silver concentration should be carefully adjusted to obtain a robust antibacterial ability with the 

lowest silver concentration to minimize cytotoxic effects. The results from the same group indicated 

that the sliver-containing HA coating could be magnetron co-sputtered on the surface of a 

nonconductive substrate for multifunctional modification [64]. For the optimization of the drug 

release profilefrom antibiotics incorporated HA coatings, it was found that the addition of a 

polymer phase can effectively retard the early burst release [65]. An hierarchical coating structure 

composed of gelatin and HA for the controlled release of ibuprofen (water-insoluble antibiotic) was 

prepared by Xiao et al. [66]. The drug loading could be varied from 10 to 30 wt% depending on the 

immersion time and the drug concentration in quenching solution. More importantly, the prepared 

drug delivery system, no matter of the condition of drug loading, presented always an approximate 

zero-order release for at least 30 days. 

2.3.3 Drug release mechanisms 

Different drug release models have been established in order to understand the release 

mechanism and further optimize the release profile from drug-loaded coatings. The drug release 

process from a biodegradable polymer based coating can be described by several steps starting with 

the swelling of coating, over-diffusion, decomposition and destabilization of the whole coating 

structure [67]. In many drug delivery systems aiming of controlled release, a large amount of drug 

molecules were initially released in a short time after being in contact with the release medium, 

which is typically referred to ‘burst release’. Burst release will lead to high drug loss (high local 

concentration of drug) causing toxic side effect, and also reduces the effective lifetime of drug 

delivery devices. Therefore a comprehensive understanding of the burst effect in controlled release 
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systems is of great importance. Huang et al. [68] reviewed the experimental observations of burst 

release in the form of monolithic polymer systems, theories of the physical mechanisms causing 

burst release and some treatments to prevent burst release. Burst release has been attributed to a 

variety of physical and chemical characteristics of both drug and coating materials as well as the 

coating processing parameters [68]. Several popular methods used to prevent burst release include 

drug prerelease before practical use, surface modification of drug loaded coatings with additional 

polymer layers, strengthened bonding between drug molecules and coating materials. In a 

controlled drug delivery, drug release generally occurs by one of three main mechanisms: i) 

diffusion, ii) chemical reaction; and iii) solvent activation and transport [69]. Langer and Peppas 

[70] summarized the classification of drug-loaded polymeric systems with controlled release 

performance, including diffusion-controlled systems, chemically-controlled systems and swelling-

controlled systems. Diffusion controlled systems, as formulated into two basic configurations 

(reservoirs and matrix models), are the most widely used systems which are suitable to interpret the 

drug release profile from membranes, capsules, microcapsules, liposomes, and hollow fibers 

produced by low-degradable polymers. In a reservoir model the drug molecules were incorporated 

in the core surrounded by a layer of polymer and zero-ordered release rate could be achieved from 

this system. In a matrix model, the drug was uniformly distributed throughout a solid polymer, 

which leads to a significant cost decrease but higher drug release rate. In the case of chemically-

controlled systems, the drug was distributed in the same way as in the matrix model. However, the 

difference between these two systems is that the polymer matix in chemically-controlled systems 

will be degraded during drug release processes. Such a drug delivery system offers a significant 

advantage over non-degradable systems, as the degraded polymer will be metabolized in the body 

and a second surgery to remove the drug delivery platforms becomes unnecessary. The third 

swelling-controlled release could be achieved by employing the glassy/rubbery transition in the 

presence of penetrant. When the dissolution medium penetrated into the matrix, the polymer matrix 

started to swell allowing the blocked drug to diffuse outward. Siepmann et al. [71] recently gave an 

overview on the state of the art of mathematical modeling of drug delivery systems including 

empirical/semi-empirical models (Peppas equation, Hopfenberg model, Cooney model, artificial 

neural networks) and mechanistic realistic models. The review highlighted that the elucidation of 

drug release mechanisms is not only of academic interest but also a prerequisite for improving the 

safety of the pharmaceutical treatments with targeted shooting. With the selection of an appropriate 

mathematical model, the drug release profile from a specific delivery platform could be precisely 

elucidated. For example of a hydroxypropyl methylcellulose-based drug release system refers to a 

large spectrum of mathematical models depending on device design parameters, geometry of the 

system and the amount and properties of incorporated drugs [72]. A polyelectrolyte multilayer 

system fabricated by layer-by-layer (LbL) deposition for tunable gentamicin release was exploited 
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by Chuang et al. [73]. The drug release mechanism of LbL delivery coating was proposed 

according to the observation of both microstructure and drug release profile in-vitro: (1) direct 

deconstruction of the film without polymer degradation driven by lowered film stability upon rapid 

diffusion of gentamicin out of the film matrix, and (2) hydrolytic degradation of the polymer 

component. It should also be kept in mind that the various theoretical models that have been 

advanced to elucidate the drug release processes are often quite insufficient to predict in vivo 

dissolution rates reliably and precisely [74]. More complexly, mechanistic theories should be 

discovered when reliable and detailed information are required. One of the major challenges to be 

considered in the future development of drug delivery modeling is the combination of different 

mechanistic theories quantifying the drug transport within the human body in a realistic way [71]. 

2.3.4 Novel drug delivery coatings 

Novel drug delivery coating systems highlight the exploitation of novel drugs with superior 

antibacterial property but lower cytotoxic effect, the drug release in a controlled manner and the 

combination of antibacterial agents with the osseoconductive and osseoinductive additives. The 

drug molecules were able to be targeted with drug carriers to the defected position in vivo and the 

release process can be triggered with proper stimulation such as pH, light, magnetic field, heating 

and so on. Antibiotics are currently used as the main form of therapy to treat medical device-

associated infections. However this form of therapy is fast becoming ineffective due to the 

appearance of staphylococcal resistance. Baveja et al. [75] exploited the suitability of furanone as 

potential antimicrobial compound to inhibit S. epidermidis adhesion and slime production on 

biomaterial surfaces. No significant change of the coating characteristics was detected after 

furanone loading while the bacterial attachment on all furanone coated materials was significantly 

reduced. Inorganic membranes composed of alumina, titania, and silica with nanoporous 

microstructure are gaining increasing research interest recently as drug delivery platforms due to 

their acceptable biocompatibility, supporting for a sufficient drug loading and subsequent sustained 

release extending to several weeks [76]. An anti-cancer drug cisplatin has recently been combined 

with magnetic iron oxide nanoparticles for the targeted drug delivery application, as reported by 

Unterweger et al. [77]. The diameter of iron oxide nanoparticles increased from 4.5 nm to around 

77 nm after the coverage of a cisplatin containing hyaluronic acid coating. The prepared drug 

delivery system presented a high drug-loading and drug release in a dose-dependent manner, stable 

dispersion in water and tolerant biocompatibility. Furthermore, the drug loaded nanocarriers could 

be manipulated under magnetic field for a targeted delivery. The study from Amoozgar et al. [78] 

showed that PLGA nanoparticles combined with low molecular weight chitosan have pH-sensitive 

cell interactions, which enable a selective drug delivery to cells in a weakly acidic 

microenvironment. In summary, active ongoing research related to the exploitation of the numerous 
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possiblibities of local delivery of biological entities coated on orthopaedic implants will shed light 

on the coating technology which will mitigate the occurrence of current implant infections.  

2.4 EPD technique 

A variety of coating techniques have been applied for the fabrication of biomedical coatings, 

including aggressive coating techniques such as thermal spraying [79] and magnetron sputtering 

[80], and room-temperature techniques including physical vapor deposition [81], dip coating [82], 

sol-gel coating [83], spin coating [84], electrospinning coating [85], biomimetic deposition [86], 

EPD [87] or the combination of those coating techniques. Considering the potential incorporation 

of biological molecules into the coating structure for a biofunctionalization purpose, room 

temperature processing techniques are often selected for the fabrication of biomedical coatings. 

EPD is considered a rapid, simple and versatile coating technique which enables manipulation of 

charged particles or molecules in suspension and subsequent consolidation on the electrode to form 

a variety of bulk materials and coatings with high microstructural homogeneity and tailored 

thickness [87]. EPD is essentially a two-step process. In the first step, charged particles or 

molecules are forced to move to an electrode on the opposite side under the electric field. In the 

second step, the particles deposit and consolidate to form a coating/film on the electrode [88]. An 

EPD setup contains a power source, two electrodes (anode and cathode) and a EPD cell carrying the 

suspension with homogeneously dispersed particles or macromolecules. According to the direction 

of deposits, the EPD can be separated into anodic EPD, and cathodic EPD, as schematically shown 

in Fig. 2.2. Particles having a positive surface charge will be deposited on the cathode and negative 

charged particles will be deposited on the anode under the electric field. The current supplied to 

electrodes can either be direct current (DC) or alternating current (AC). 

 

Fig. 2.2. Schematic diagram displaying the movement of charged particles during EPD process 

leading to anodic and cathodic deposition. 
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The stability of the EPD suspension plays the key role for a homogeneous deposition, a well 

dispersed particles can prevent sedimentations in the suspension as well as agglomeration on the 

coating. Besra et al. [89] recently reviewed a story of EPD technique with comprehensive 

fundamental knowledge and various current applications. It can be concluded according their 

discussions that, deposition rate of the charged particles is related to the zeta potential that a high 

zeta potential results in a fast deposition rate. In addition, the charge of particles affects the packing 

density of the deposited coatings. For example, the particles with low surface charge tend to attract 

each other leading to a porous microstructure of the deposited coating, and the highly charged 

particles lead to a dense coating because of their strong electrostatic repulsion force during 

deposition. Optimal parameters of the suspension suitable for EPD include a high dielectric 

constant and low viscosity and conductivity. Apart from the intrinsic characters of suspensions 

affecting EPD kinetics, parameters related to the processing, including deposition voltage, 

deposition time, solid concentration and conductivity of the substrate, are also of great importance 

for determining the final structure and properties of the deposited coatings [90]. The Hamaker 

equation (Equation 2.1) [91] describes a time-dependent deposit yield during EPD, where f is 

constant representing the efficiency coefficient of the EPD process (f≤1), and the time-dependent 

deposit mass (w) is proportional to: the electrophoretic mobility (μ), the electric field strength (E), 

the surface area of the electrode (A), and the particle concentration in the suspension (c). 

𝑤(𝑡) = ∫ 𝑓 ∙ µ ∙ 𝐸 ∙ 𝐴 ∙ 𝑐 ∙ 𝑑𝑡
𝑡

𝑡0

                                               (2.1) 

EPD presents many advantages compared to the other coating techniques. It is highly versatile 

to a wide range of both the coating materials and the shape of substrate surfaces. Only simple 

equipment is needed for the whole process, therefore, EPD is a low-cost process that is capable of 

being used in large scale coating production. The thickness and microstructure of the deposited 

coatings can be tailored by varying the EPD parameters and the composition of EPD suspensions, 

for example different coating components can be deposited simultaneously or sequentially onto the 

substrate forming composite or laminate coatings. The main disadvantage of EPD is water 

electrolysis leading to cracks and even detachment on the surface of the obtained coatings. The 

bubble formation could be eliminated by using organic solvents, however, which is more expensive 

and less environmentally compatible. Some of the biomolecules additives (proteins, enzymes, cells) 

are not able to be survived in organic solvents. A mixture of water and organic solvent might be a 

suitable compromise [92]. 

2.5 EPD of biomedical coatings 

EPD is one of the most promising techniques for the fabrication of biomedical coatings. The 

room-temperature condition provides the opportunity to incorporate biological agents for 
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accelerated osseointegration and antibacterial purpose. Biomedical coatings with uniform thickness 

and homogeneous distribution of each component can be easily fabricated onto complex shapes of 

medical devices such as plates, screws, wires, needles, meshes, spinal, femoral, tibia implants. A 

highly cited review regarding the topic of EPD of biomaterials has recently been published by 

Boccaccini et al. [93]. The versatility of EPD was comprehensively reviewed with a number of 

recent works in the processing of biomedical coatings, focusing on: (i) bioceramic coatings (HA or 

bioactive glasses) on orthopaedic implants, and (ii) biomedical nanostructures, including 

biopolymer–ceramic nanocomposites, coatings of nanotube or nanowhisker, tissue engineering 

scaffolds, deposition of peptides, proteins and other biological entities for biosensors and 

multifunctional applications. Furthermore, EPD shows the promising potential to manipulate a wide 

range of biomolecules and biological entities forming films or coatings while preserving their 

bioactivity, as reviewed by Seuss et al. [94]. As schematically introduced in Fig. 2.3 from the Ref. 

[94], biological molecules, such as cells, enzymes, hyaluronic acid, proteins and drugs, can be 

flexibly deposited onto the surface of a specific biomedical device directly from their well-

dispersed aqueous suspension, which is extremely convenient for the biofuncionalization of 

orthopaedic implants. The use of alternating current electric field can overcome the problem of 

water electrolysis at higher voltages leading to a high deposition efficiency of macromolecules and 

particles from aqueous solvent [95]. 

 

Fig. 2.3. Schematic description of DC- and AC- EPD of biomolecules including cells, enzymes, 

hyaluronic acid, proteins and drugs. Data obtained from Ref. [94] and reused with permission of 

ACS Publications. 

2.6 Organic-inorganic composite coatings by EPD 

Recent studies have highlighted the importance of developing composite materials based on 

biodegradable polymers and bioceramics, e.g. the combination of natural or synthetic biodegradable 
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polymers with HA or bioactive glasses, to mimic the chemistry of natural bone which presents a 

composite structure comprising fibrous collagen and HA crystals [96]. EPD of organic-inorganic 

composite coatings is gaining increasing research interest in recently years. The bioceramic 

component will help improve the bioactivity of an implant surface leading to an enhancedbone-to-

implant contact. On the other hand, the addition of a polymer phase not only acts as the binder 

connecting bioactive glass particles to the surface of implants, but also offers the possibility to 

control in situ release of dissolution products by which better bone ingrowth can be anticipated. 

Phisbin et al. [97] reported the fabrication of chitosan-bioactive glass composite coating by EPD, 

showing that the deposit yield could be controlled with proper design of composite suspension. 

HA–chitosan nanocomposite coatings were electrophoretically deposited on 316L stainless steel 

from different alcoholic solvents (methanol, ethanol and isopropanol) suspensions by Mahmoodi et 

al. [98]. The deposition mechanism was found to be a two-part process: the chitosan adsorbed on 

the HA nanoparticles and incorporated in the coatings accompanying them, and the non-adsorbed 

chitosan deposited individually. Yoshioka et al. [99] exploited the use of AC-EPD to fabricate the 

polyacrylic acid-titanium oxide composite coating, which was the first time of AC-EPD fabricating 

organic-inorganic composite coatings from aqueous suspension. Recently, an alginate-titanium 

oxide composite coating was successfully coated on magnesium alloy  substrates (AZ91D) for 

anticorrosion application, and the electrochemical test indicated that the coated sample exhibited a 

corrosion resistance 3-7 times higher than that of the uncoated substrate [100]. 

In order to achieve an antibacterial characteristic of the deposited organic-inorganic 

composites, antibacterial agents could be conveniently incorporated into the coating structure from 

a drug containing EPD suspensions. For example, gentamicin was added into a chitosan-BG 

suspension and an antibiotic-loaded chitosan-BG composite coating was fabricated by a one-step 

EPD process [101]. A continuous gentamicin release up to 8 weeks was detected and the resultant 

coating exhibited long-term antibacterial effect while maintaining its biocompatibility. Erakovic et 

al. [102] produced an antibacterial composite coating consisting of Ag-doped HA and lignin by 

EPD, which exhibited superior antibacterial effect and negligible cytotoxicity in vitro. Phisbin et al. 

[103] revealed a novel electrochemical deposition of antimicrobial coatings based on a bioactive 

glass/chitosan/nano-silver composite system. The chitosan was considered as both the binder 

connecting BG to the substrate and the stabilization layer controlling the release of silver ions to the 

surrounding environment. 

Indeed EPD is a very promising coating technique for the fabrication of biopolymer-

bioceramic composite coatings for osseintegration and antiinfection with antimicrobial applications. 

In this project, several commonly used bioceramics, biopolymers and antibacterial agents were 

selected and different combination of raw materials were exploited to fabricate biomedical coatings 
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with optimized EPD conditions. The key properties of raw materials applied in this project and a 

brief introduction of their current biomedical application will be shown. 

2.6.1 Bioactive fillers 

I. 45S5 Bioglass
®
 

 

Fig. 2.4. Phase diagram showing bone bonding depending on different compositions. Data obtained 

from Ref. [104] and reused with permission of John Wiley and Sons. 

Bioactive glasses (BG) are typically composed of compounds of Na2O, CaO, MgO, P2O5 and 

SiO2. The most commonly used version of bioactive glasses is 45S5 Bioglass
®
 which was 

developed by Hench in 1969 [104]. Different compositions of those raw materials were tested to 

produce a specific bioactive glass capable of ideal bone bonding, as shown in Fig. 2.4. 45S5 BG is 

consisted of 45 wt% SiO2 (the network former), 24.5 wt% CaO, 24.5 wt% Na2O and 6 wt% P2O5. 

This composition possesses a high Na2O and CaO content and a high CaO/P2O5 ratio, which makes 

them highly reactive in contact with body fluids. Consequently, hydroxycarbonate apatite (HCA) 

crystallites are formed on the surface, which is equivalent to natural bone mineral. It is reported that 

HCA stimulates activities of osteoprogenitor cells causing bone regeneration [105]. 

The mineralization of a BG surface during incubation in simulated body fluid was detailed 

investigated by Hench [106], as shown in Fig. 2.5. First, the alkali ions were exchanged with 

protons, and in the second step the glass network was dissolved leading to the formation of SiOH 

bonds. After that the silica-gel got polymerized, inducing the precipitation of amorphous Calcium 

phosphate and their subsequent crystallization to form carbonated hydroxyapatite. Growth factors 

were accumulated in this layer promoting the interaction with cells. These osseointegration 

processes took place in different time intervals, which starts with the initial crystallization of HCA 

after 2 hours. Common clinical uses of Bioglass® are as substitutes for small bone defects, as fillers 

in dental and bone grafts applications. 45S5 BG has the highest rate of bioactivity leading to fast 

regeneration of the damaged bone due to its osteosconductive and osteocoinductive properties. A 
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Class A bioactive material, e,g, bioactive glasses, induces cell attachment, the proliferation and 

differentiation in a short amount of time, while cells need longer time to show comparable activities 

on the surface of bioinert or Class B biomaterials. However, the boarder application of BG is still 

restricted due to their brittleness and leack of toughness. It is therefore worthwhile to produce 

organic-inorganic composite coatings for modification of implants in load-bearing areas.  

 

Fig. 2.5. Sequence of interficial reactions involved in HA formation between bone and a bioactive 

glass. Data obtained from Ref. [106] and reused with permission of John Wiley and Sons. 

II. Hydroxyapatite 

Hydroxyapatite (HA) has been used as a bioactive component in dental and orthopaedic fields 

for many decades [107]. HA belongs to the calcium phosphates group possessing the following 

chemical formula of Ca10(PO4)6(OH)2, which can be found in nature chemically synthesized. It 

seems to be the most suitable ceramic material for hard tissue replacement implants from the view 

of biocompatibility [108]. The methodology behind the wide use of HA is because of its similar 

composition to bone. Therefore, HA ceramics does not exhibit any cytotoxic effects. Around 70% 

of human bone and up to 90% of human dental enamel is made up of calcium phosphate. Since HA 

closely resembles the chemical structure of bone, rapid integration and bone regeneration will be 

obtained by using HA [108]. To overcome the brittle character of bioceramics, HA is usually coated 

on the surface of titanium implants as load-bearing prosthesis [109].  

III. Phosphate glass fiber 

Bioabsorbable phosphate glasses are gaining increasing interest as potential candidate for hard 

tissue replacement [110]. Compared with bioinert metallic implants or silica–based bioactive 

glasses with slow degradation rate from the body, the degradation rate of phosphate can be tailored 
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from hours to months by modifying the glass composition [111]. Phosphate glass in the form of 

fiber structure have been widely investigated as reinforcing agents of the resorbable tissue 

substitution [112]. Phosphate glass fibers (PGF) possesses high mechanical strength and elastic 

properties, which can significantly enhance the low-weight materials with high mechanical stability 

and moderate chemical durability [112]. Moveover, a variety of dopants can be flexibly 

incorporated into the glass fiber structure inducing a specific biological function and enhancing 

biocompatibility. For example, Neel et al. [113] exploited a copper-doped PGF for potential uses in 

wound healing application. PGF with different amount of copper ions was conveniently fabricated, 

and the diameter, degradation rate, copper ion release profile and the corresponding antibacterial 

effect could be tailored with the addition of copper oxide. Ahmed et al. [114]] reported the 

processing, characterization and biocompatibility of iron-PGF as building blocks for tissue 

engineering application. The mild addition of iron in the range of 1-5 mol% and release of iron 

from the glass fiber was seen to stimulate the attachment and differentiation of immortal muscle 

precursor cell line. Indeed PGF is an ideal bioceramic platform to incorporate various ions for 

antibacterial and cell stimulation functions [115]. Apart from the modification of molecular-level 

structures, PGF can be embedded within a biodegradable polymeric matrix, which showed 

considerable promise in the field of regenerative medicine, and could potentially serve as 

degradable  artificial devices for bone fracture fixation [116]. Therefore, it is proposed in this 

project to fabricate ion-doped PGF-biopolymer composite coating with excellent mechanical and 

bioactivity properties. The prepared composite coating can be potentially applied as cell delivery 

vehicles or biosensors. 

2.6.2 Biopolymer components 

Polymeric biomaterials have been widely used in tissue engineering for tissue fixation or 

replacement, orthopaedics, scaffolds and drug delivery vehicles [117]. In many cases the body 

needs only a temporary supporting of biomedical devices/biometerials, e.g. the antibacterial 

delivery coating is mainly applied to treat the potential infection of a biomedical device at the early 

stage after implantation. Novel scaffold biomaterials aim not only to repair the defects but also 

regenerate the target tissue [118]. Therefore, biodegradable or partially biodegradable polymeric 

materials are superior alternatives in comparison with biostable ones. Novel polymeric biomaterials 

based on natural and synthetic polymers are being exploited and intensively investigated with the 

aim of mimicking structural and metabolic characteristics of natural extracellular matrix. In this 

project, natural polymers including alginate, chitosan, cellulose and synthetic polymers including 

polyacrylic acid, polyvinyl alcohol and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

were selected for the fabrication of organic-inorganic bioactive coatings and organic-organic drug 

delivery platforms. The molecule structures of the selected biopolymers are shown in Fig. 2.6. The 
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characteristics and the typical biomedical applications of these biopolymers are briefly summarized 

in below. 

 

Fig. 2.6. Chemical formulas of natural (left side) and synthetic (right side) biopolymers applied in 

the project, their functional groups controlling the direction of electrophoresis were highlighted in 

green color. 

I. Alginate 

Since polysaccharides offer biocompatibility, biodegradability, renewability, film-forming, 

gelling and easy processing in a variety of forms, they are of great interest in biomedical 

applications. Alginate [119, 120] is a naturally occurring anionic polymer typically obtained from 

brown seaweed and consist of (1-4)-linked β-D-mannuronic acid (M units) and α-L-guluronic acid 

(G units) as linear building components as shown in Fig. 2.6. The molecular weight of 

commercially available sodium alginate ranges between 32 to 40 kDa. Alginate is a copolymer 

composed of regions including sequential M units, sequential G units and a tactically organized M 

and G units. Due to its mild gelation by adding divalent cations such as Ca
2+

, alginate hydrogels can 

be prepared with various cross-linking degrees. Alginate presents structural similarity to 

extracellular matrices of living tissues, tailored mechanical, swelling, and degradation behaviors, 

which lead to their wide applications in wound healing, delivery of biological agents such as 

antibiotics, peptides, proteins, and cells. An anginate gel can also be formed by reducing the pH of 

alginate solution. The viscosity of alginate aqueous solutions increases with decreasing pH, and a 

maximum viscosity can be obtained at pH values of around 3–3.5, as carboxylic groups on alginate 

chains become protonated and form hydrogen bonds between each other. According to this 

principle, alginate can be deposited onto the anode of an EPD cell where a local pH reduction will 
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be generated as a result of water elecrolysis. The deposition mechanism of alginate during EPD can 

be explained by three main steps [121]. At first the sodium alginate gets dissociated into an anionic 

alginate species in water-containling suspensions.  

Na−Alg → Na
+
 + Alg

−
 

The electrolytic decomposition of water takes place at the surface of the anode and the local pH 

decreases at the anode region. 

2H2O → O2 + 4H
+
 + 4e

−
       

After that the alginate anions deposit in the form of an anionic polysaccharide Alg−H at the anode, 

while the oxygen was released from the electrode as bubbles. 

Alg
−
 + H

+
 → Alg−H 

An alginate based basic coating can be conveniently generated on the anode with this principle. The 

future development of alginate refers to the understating of fundamental properties of alginate, and 

developing new types of cell and tissue-interactive alginate gels expanding its future advances in 

biomedical science and engineering. 

II. Chitosan 

Chitosan [122, 123] is extracted and deacetylated from chitin in the outer skeleton of 

crustaceans. The structure of this semi crystalline polysaccharide consist of (1-4)-linked β-D-

glucosamine and N-acetyl-D-glucosamine. The chemical formula of a partially deacetylated 

chitosan is shown in Fig. 2.6. The deacetylation degree (DD) of chitosan is normally in the range of 

60% to 100% with a molecular weight between 300 to 1000 kDa. A higher DD leads to a higher 

water solubility and stability against enzymatic degradation. The biodegradable, biocompatible, 

antimicrobial properties and the film forming ability of chitosan, make it a very promising 

polysaccharide for a series of biomedical applications, including wounding dressing, tissue 

engineering, flocculation for protein recovery, and gene delivery. The suitability of chitosan-based 

materials in a wide field of orthopaedic tissue engineering is being developed due to its interesting 

characteristics such as the low foreign body reaction, the intrinsic antibacterial nature, and the 

ability to be molded in various geometries and forms suitable for cell ingrowth and osteoconduction. 

Chitosan is the only naturally occurring cationic polymer which can be dissolved in water after 

protonation in acidic solution. The deposition mechanism of chitosan under an electric field can be 

explained within three main steps [124]. At first chitosan got dissociated into cationic species. 

Chi−NH2 + H3O
+
 → Chit-NH3

+
 + H2O 

The electrolytic decomposition of water takes place at the surface of the cathode and the local pH 

increases at the cathode region. 

2H2O + 2e
−
 → H2 + 2OH

−
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During the migration of chitosan to the cathode and an insoluble chitosan film is deposited on the 

surface of cathode as the result of gelling process at high local pH region. 

Chi-NH3
+
 + OH

−
 → Chi-NH2 + H2O 

III. Polyacrylic acid 

Polyacrylic acid (PAA) is a synthetic polyelectrolyte which is well-known for its stimuli-

responsive ability exhibiting a sharp change in swelling upon a small or modest pH change in 

micro-environmental condition [125]. In addition, the low cost of acrylic polymers and their robust 

adhesion to biological surfaces when partially protonated are both promising characters to promote 

PAA to a large number of pharmaceutical applications. Therefore, taking accounting into the 

unique advantages of PAA, intensive research work is being carried out on the preparation of so-

called ‘smart’ drug delivery systems produced by PAA based materials, which will mimic the 

biological response to a specific metabolism reaction [126]. From the chemical formula of PAA 

shown in Fig. 2.6, it can be concluded that PAA will be negatively charged due to the 

deprotonation of carboxylic acid groups. EPD of composite coatings composed of PAA and 

titanium dioxide has been reported by Yoshioka et al. [99]. The deposition mechanism is due to the 

protonation of carboxylic groups in the low pH region around anode, which is in agreement with 

the deposition of alginate. 

IV. Cellulose nanocrystals 

Cellulose is a renewable and environmental friendly material. It is probably the most 

ubiquitous and abundant polymer resource available today [127]. In recent years, nanocellulose 

materials, such as nanofibers and nanocrystals, also called nanowhiskers, have been gaining a 

tremendous level of attention due to their unique physical and chemical properties. Cellulose 

nanocrystals (CNCs) are promising materials in the field of nanotechnology because of their 

economic processing, nanoscale dimensions, renewability, light weight, high aspect ratio, and 

especially superior mechanical properties, e.g. theoretically stronger axial Young’s modulus than 

steel [128]. As a consequence, CNCs have been mainly incorporated as nanofillers into polymeric 

matrices with the aim of reinforcing their mechanical properties [129, 130]. Furthermore, the 

biomedical applications of CNCs are starting to be intensively explored. For instance, the self-

assembly of CNCs/DNA hybrid nanomaterials could open the way for structuring biomaterial-

based nanoscale devices [131]. In addition, biocomposite hydrogels with the presence of 

carboxymethylated, nanofibrillated cellulose powder could successfully mimic the mechanical and 

swelling behaviors of the native nucleus pulposus [132]. It has been also shown that ZnO/CNCs 

nanocomposite with homogeneous dispersion of ZnO nanoparticles presented stronger antibacterial 

effects due to the presence of CNCs compared to pure ZnO nanoparticles [133]. Dong et al. [134] 

investigated the cytotoxicity of CNCs against nine cell lines by MTT and LDH assays with the 
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view of their potential drug delivery applications. The lack of cytotoxicity and the low nonspecific 

cellular uptake of CNCs found in their experiments, at concentrations as high as 50 µg/ml and 48h 

of exposure, represent an initial indication that CNCs can be considered potential candidates for 

nanomedicine applications. Investigations showed that filamentous nanoparticle geometries have 

advantages over spherical geometries for drug delivery [134]. As a result CNCs with a rod like 

geometry is considered a promising candidate for drug delivery applications. 

The isolation of cellulose nanocrystals from natural cellulosic sources is carried out in two 

stages, firstly pretreatment of cellulose-based materials to purify the cellulose component and 

secondly, separation of the nanocrystals by chemical or mechanical treatments [128]. Processing 

techniques play an important role on the distribution, orientation, and accumulation of nano-

components thus they affect the final properties of the nanomaterials. When cellulose nanocrystals 

are isolated by hydrolysis with sulfuric acid, sulfate groups are introduced on the surface of the 

nanocrystals by esterification with the surface hydroxyl groups, as shown in Fig. 2.6. The presence 

of these sulfate groups leads to a stable dispersion of CNCs, which are stabilized through 

electrostatic repulsions of these negative charged groups [135]. It is therefore expected that 

negatively charged CNCs can be thoroughly dispersed into polymer suspensions and co-deposited 

under the electric field simultaneously. It has been reported that a good dispersibility of the CNCs, 

both in the processing solvent and in the polymer matrix, is a prerequisite to create high-quality 

polymer/CNCs nanocomposites that display significant mechanical reinforcement [128]. 

V. Polyvinyl alcohol 

Polyvinyl alcohol (PVA) is a synthetic and water-soluble polymer derived by the hydrolysis of 

polyvinyl acetate. The chemical formula of PVA is also shown in Fig. 2.6. PVA possesses excellent 

film forming ability, emulsification and adhesive properties, and has been widely used for decades 

in pharmaceutical and biomedical applications for its superior mechanical properties, 

biocompatibility, low toxicity and low cost [136] and [137]. Innovative applications of PVA in 

recent years relate to PVA-based hydrogels/hybrids for encapsulation of biomolecules [138] and the 

combination of PVA with other biopolymers for controlled drug release [139], for example PVA–

alginate hybrid constructs have been produced as an artificial cartilage tissue which histologically 

resembles a native cartilage [140]. The room-temperature produced biomedical coatings always 

present a low adhesion strength to the substrate. It is expected that the addition of PVA phase into a 

biopolymer-bioceramic composite will fill the cracks and micropores, leading to an enhanced 

adhesion strength of the deposited coatings. 

VI. PHBV microsphere 

PHBV is a copolymer of polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) (shown 

in Fig. 2.6) and its properties, including crystallinity and biodegradability, can be flexibly tailored 
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by varying the molar percentage of HV units in the structure [141]. The combination of PHBV with 

inorganic phases such as HA, bioactive glass and glass-ceramic fillers, has been studied intensively 

to fabricate composite with improved mechanical property, degradation rate and bioactivity [141]. 

PHBV is commonly used as drug carriers in the form of microspheres due to its tunable degradation 

behavior and biocompatibility [142]. The release of small molecule antibiotics could be 

significantly retarted after incorporation into PHBV microspheres, and the drug release rate was 

significantly retarded compared with PHBV microsphere-free surfaces [143]. In this project, PHBV 

will be applied as the drug carrier that the drug molecules will be pre-wrapped into PHBV 

microspheres. Then the drug-loaded microspheres will be co-deposited with polyelectrolyte, leading 

to a PHBV-biopolymer composite as drug delivery platforms. In this way, drug molecules 

preloaded in microsphereshave to diffuse through firstly the network of PHBV and then a polymer 

shell to reach the physiological microenvironment. It has been reported that encapsulation of drug-

loaded microsphere with a polymer barrier, either by individual wrapping [144] or embedding 

microsphere into a bulk polymer matrix [145, 146], will significantly retard the drug release rate. 

The drug release from biodegradable microspheres is controlled by a combination of drug diffusion 

and microsphere erosion processes. In the first few hours the diffusion mechanism is dominant that 

the drug molecules located close to the microsphere surface will be rapidly released leading to a 

burst release. The release of drug molecules from interior areas is caused by diffusion accompanied 

with polymer degradation (surface and bulk erosion), which is schematically described in Fig. 2.7 

[147]. When the degradation rate is faster than the swelling of microspheres, surface erosion is 

observed and drug release only occurs in degraded areas, resulting in a directional drug release from 

microspheres surface towards the interior area (pathway B in the figure). On the other hand, a bulk 

erosion occurs when the complete swelling and cleavage of microspheres is faster than the polymer, 

which is determental for a controlled drug release.  

 

Fig. 2.7. Drug release mechanisms of biodegradable polymeric nanoparticles: A) bulk erosion, B) 

surface erosion. Data obtained from Ref. [147] and reused with permission of Dovepress. 
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In summary, drug release kinetics from PHBV-based microsphere drug carriers is mainly affected 

by several factors, including the preparation method of microspheres, the gemmetry (size, shape, 

surface morphology, specific area, etc), the intrintic properties of PHBV (molecular weight, 

chemical structure, crystallinity, hydrophilicity and glass transition temperature), and 

physiochemical paprameters of release buffer (pH, temperature, agitation rate and ionic 

concentration). 

2.6.3 Biological molecules 

I. Antibiotic levofloxacin 

Table 2.1 Treatment of infection associated with prosthetic joint surgery caused by common 

microorganisms. Data obtained from Ref. [148] and reused with permission of Dovepress. 

 

To prevent inflammations and infections after surgery, an antibiotic treatment is the standard 

method used in hospitals. Table 2.1 shows several antibiotcs used in orthopedic surgeries to treat 

common occuring microorganisms. The type and doses of antibiotics as well as the therapeutic 

period differ with the treatment of different microorganisms [148]. In order to exploit the capability 

of the prepared coating as drug delivery systems, levofloxacin, known as a water-soluble and small 

0 1 2 3 4 5 6 7

Methicillin-susceptible Staph. aureus

Methicillin-resistant Staph. aureus

Streptococcus species

Enterococcus species

Mixd infection

Nafcillin or Floxacillin 2g every 6hr + Rifampin 450mg every 12hr

Rifampin 450mg every 12hr + Ciprofloxacin or Levfloxacin 750mg
every12hr
Vancomycin 1g every 12hr + Rifampin 450mg every 12hr

Rifampin 450mg every 12hr +  Ciprofloxacin or Levfloxacin 750mg every
24hr
Penicillin G 5 million U every 6hr or Ceftriaxon 2g every 24hr

Amoxicillin 0.75 - 1g every 8hr

Penicillin G 5 million U every 6hr or Ampicillin or Amoxicillin +
Aminoglycoside (each 2g every 4-6hr)
Amoxicillin 750 - 1000mg every 8hr

Treatment time [week] 
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molecule antibiotic (molecule mass 361.368 g/mol), is selected as a model drug and incorporated 

into an organic-inorganic composite coating to address the risk of infection. Levofloxacin belongs 

to the quinolone class of antibiotics and is the levo isomer of ofloxacin offering higher antibacterial 

activity than ofloxacin [149]. The major use of levofloxacin is the treatment of pulmonary, urinary 

and intestinal infections. The presence of carboxylic and piperazine amino groups provides the 

possibility to be charged in solutions with specific pH values. Levofloxacin is known as a broad-

spectrum antibiotic and particularly efficient to inhibit the colonization of gram-negative bacteria, 

that the minimum inhibitory concentration (MIC) of levofloxacin against E. coli is 0.03-0.06 μg/ml 

[150].  

II. Antibacterial lysozyme 

As a model enzyme (protein), lysozyme is used in this study as the antimicrobial agent 

incorporated in the coating. Since there is an increasing bacterial resistance to antibiotics, the use of 

enzymes to treat implant infections is considered a promising alternative. Lysozyme was first 

discovered by Ridley in the early 1900s [151]. It is reported that lysozyme cleaves the β-

1.4glycosidic binding between the N-acetyl-D-muramic acid and the N-acetyl-D-glucosamine in the 

sugar chains of the peptidoglycan structure (murein structure) of the bacterial wall. The gram-

positive bacteria (for example streptococcus, staphylococcus and enterococcus) which have a 

murein layer on the outside, and the gram-negative bacteria (for example Escherichia coli, 

helicobacter pylori) which have a murein layer and another outer membrane (lipopolysaccharide 

based). This outer membrane from gram-negative bacteria is not permeable to lysozyme. Therefore 

lysozyme is mainly effectively against gram-positive bacteria. When the outer membrane was 

treated with permeabilizing agents such as EDTA, the membrane became permeable to lysozyme 

and and the lysozyme could effect to decompose the inner murein layer leading to bacteria 

disruption [152]. Lysozyme presents also the ability to hydrolyze chitin as well as chitosan which 

contains a minimum amount of acetamide groups [153].  

Since most infections in implant surgery are caused by gram-positive bacteria like 

staphylococcus aureus and staphylococcus epidermis, lysozyme is expected a promising 

antibacterial agent to treat implant infections [37]. Lysozyme is a suitable candidate for drug 

delivery applications for its biocompatibility, solubility and high stability in physiological 

environment. A negative aspect of lysozyme might be the low antibacterial effect to gram negative 

bacteria. Apart from the abovementioned strategy by adding EDTA, it is possible to combine 

lysozyem with other antibacterial agents, which are specifically effective to inhibit the growth of 

for the inhibition of gram-negative bacteria, into the same coating matrix and achieve a 

simultaneous dual release.  
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III. Daidzein 

Daidzein is a natural isoflavone extracted from leguminosae such as soy, and belongs to the 

diphenolic compound family with structural similarities to synthetic estrogens and anti-estrogens 

[154]. More recently, daidzein has received increasing attention because of its potential role on 

preventing osteoporosis [155]. It was found that daidzein could stimulate mineralization and bone 

formation in vitro, which presents the similar anabolic effect compared to genistein [155]. Jia et al. 

[156] found that the stimulatory effect of daidzein on osteoblast growth and differentiation may be 

resulted from the increased production of BMPs in osteoblast cells. Experimental results indicated 

that daidzein with the concentration of 2-50 μM increased the viability of osteoblasts by around 1.4-

fold, and the alkaline phosphatase activity (ALP) and osteocalcin synthesis of osteoblasts by about 

1.4- to 2.0- fold when using daidzein concentration of 2-100 μM. Sugimoto et al. [157] reported 

that the enhanced anabolism of MC3T3-E1 cells with the presence of daidzein is due to the 

stimulatory effect on cellular protein synthesis. Their experiment results showed that daidzein (1-10 

μM) induced a significant elevation of protein content, ALP and DNA content in cells up to as high 

as 1.4, 1.5, and 2.0-fold, respectively. Dang et al. [158] reported that daidzein presented a biphasic-

dose response to osteogenesis and adipogenesis. It was reported in their investigations that activated 

osteogenesis (ALP activity and nodule formation) and a decreased adipogenesis (the number of 

adipocytes) were observed when using daidzein concentration below 20 µM, whereas the inhibited 

osteogenesis and stimulated adipogenesis was detected at the daidzein concentration of higher than 

30 µM. The similarities and differences of stimulatory effects of daidzein from different research 

work demonstrate that more intensive investigation work on molecular level stimulation effects of 

daidzein should be carried out in future work. Nevetheless, taking account into the well-pronounced 

stimulatory effect of daidzein and the potential opthopaedic application of the proposed coating 

systems in this study, it is interesting to incorporate daidzein into the coating structure to achieve a 

controlled and sustained release and an accelerated osseointegration process. 
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3. Processing and characterization techniques 

 

This chapter includes the general description of primary raw materials, EPD setup and 

processing as well as commonly used characterization techniques developed to the 

electrophoretically deposited coating throughout this study. The preparation of EPD suspensions, 

detailed EPD parameters as well as the specific characterization methods and conditions are 

introduced in the corresponding chapters for a better understanding of the text.  

3.1 Materials 

Commercial 45S5 Bioglass® (BG) with the typical composition (wt%): 45% SiO2, 24.5% CaO, 

24.5% Na2O and 6%P2O5 and average particle size of 2.0 μm was used from Schott AG (Jena, 

Germany). Short phosphate glass fibers (length of 1-2 mm and diameter of ~20 μm) with two 

typical composition (in mol %): P40 (40 P2O5, 16 CaO, 24 MgO, 16 Na2O and 4 Fe2O3) and P50 

(50 P2O5, 40 CaO, 5 Na2O and 5 Fe2O3) produced by melting spinning technique were kindly 

supplied by Dr. I. Ahmed (The University of Nottingham, UK). HA nanopowders were purchased 

from Merch (Darmstadt, Germany). 

Sodium alginate (CAS No. 9005-38-3), polyacrylic acid (CAS No. 9003-01-4) and chitosan 

(CAS No. 9012-76-4) powders were purchased from Sigma Aldrich. Polyvinyl alcohol powders 

(Mw ~ 30,000, degree of hydrolysis ≥ 98%) were purchased from VWR (Darmstadt, Germany). 

PHBV powder with PHV content of 12 wt% was provided from Goodfellow UK. Antibacterial 

drugs such as levofloxacin (CAS No. 100986-85-4) and lysozyme (CAS No. 12650-88-3) were 

purchased from Sigma-Aldrich. Daidzein selected as a model osteoblastic stimulation molecule was 

purchased from VWR (produced by Cayman Chemical from USA). 

3.2 EPD setup 

The EPD setup applied for all experiment is shown in Fig. 3.1. AISI 316L stainless steel (SS) 

plates were used as substrates with a length of 30 mm, width of 15 mm and thickness of 0.2 mm. 

The substrates were cleaned sequentially in acetone, ethanol and de-ionized water for 10 min each 

in an ultrasonic bath. For the construction of the EPD cell, two parallel SS substrates with a 

distance of 10 mm were fixed as the working electrode and the counter electrode, respectively. The 

plates were dipped 20 mm into the suspension yielding a deposition area of 20×15 mm
2
. Two 

electrodes holder were connected to a voltage-constant power source (direct current or alternating 

current, as shown in Fig. 3.1). The voltage could be adjusted on the electricity power with the 

accuracy of 0.1 V, and the deposition time was recorded with a timer. The optimization of EPD 
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parameters was carried out by varying the deposition time and voltage until a homogeneous, 

compact and crack-free coating with the highest thickness was obtained. However, it should be 

mentioned that the property of EPD suspensions plays the key role on the quality of the deposited 

coatings. For example the conductivity of applied solvents determines the bubble formation during 

the EPD process. After the termination of the EPD process, a jack was used to slowly lower the 

suspension and remove the coated electrode out of suspension in order to prevent the detachment of 

the wet deposit. 

 

Fig. 3.1 EPD setup employed for all experiments, two electrodes were parallel fixed with a distance 

of 10 mm. 

3.3 Zeta potential measurement 

The stability of the suspensions in terms of zeta potential was studied in order to ensure the 

reproducibility and homogeneity of the coatings. Firstly the particles subjected to zeta potential 

measurement was dispersed in the corresponding solvent with a solid concentration lower than 0.1 

g/l for obtaining a reliable result with the equipment. The suspension was ultrasonically treated for 

10 min before the measurement. Then a U-tube electrophoresis cell was filled with the suspension 

and located in the Zetasizer nano ZS equipment (Malvern Instruments, UK). The measurement was 

performed according to the Laser Doppler Velocimetry (LDV) technique, which measures the 

electrophoretic mobility of the particles and, after applying Henry’s equation, transforms that value 

into zeta potential value.  

3.4 Deposit yield 

The deposit mass after each coating process was measured with an analytical balance with an 

accuracy of 0.1mg and the deposit yield (deposit mass per unit area) was determined knowing the 

area of the deposit (15×20 mm
2
), as showing in Equation 3.1. 
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yd=(wc－w0)/A            (3.1) 

where A represents the deposit area, and w0 and wc represent the weight of the uncoated and coated 

substrates, respectively. 

3.5 SEM-EDX 

The surface and cross-sectional microstructure as well as the distribution of different 

components of the deposited coatings were observed by Scanning Electron Microscope (SEM). An 

Energy Dispersive X-ray Spectrometry (EDX) detector combined with SEM was employed to 

detect the elemental distribution of the selected points/area in the SEM image. Different types of 

SEM equipment including LEO 435VP (Zeiss Leica), Quanta 200 (FEI), Ultra Plus (Zeiss) and 

Auriga (Zeiss) were used for different magnification requirements. The samples were coated with a 

gold layer of around 15 nm (model Q150T, QUORUM) before the observation to avoid sample 

charging during imaging. 

For the observation of the surface samples, the coated substrate was cut into 5×5 mm
2
 piece. 

For the observation of cross-sections, the coated area was mechanically cut and the cross-section 

fixed to stand on the sample holder. The connection between the sample and the metallic sample 

holder was enhanced by using conductive silver paste. 

3.6 Wettability 

The wettability of the coated substrate was evaluated by means of static water contact angles. 

A DSA30 instrument (Krüss GmbH, Germany) was applied for the measurement. A water droplet 

with the volume of 3 µL was put on the surface of the sample with the dropping rate of 100 µl/min. 

An image of the status of water droplet on the sample surface was taken and the contact angle at the 

interface was calculated immediately. A low water contact (<90 °) angle corresponds to a 

hydrophilic surface which is suggested to benefit the attachment of nutrients and bone-forming 

related cells. At least 4 parallel tests at different surface areas should be carried out in order to 

ensure the reproducibility of the measurement. It is interesting that contact angle measurement can 

be applied to qualitatively evaluate the porosity of coatings. For example, a porous coating structure 

will induce the extremely rapid infiltration of water droplet and no contact angle will be obtained 

finally.  

3.7 Surface roughness and topography 

Surface roughness has a significant impact on cellular response (adhesion, proliferation, 

differentiation) to the implant surface [159]. The surface roughness is defined as irregularities in the 

surface profile consisting of peaks and valleys. As shown in Fig. 3.2, typical parameters to 

characterize the degree of surface roughness are Ra, Ry and Rz [160]. All roughness parameters are 
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calculated using the mean line (m) on the roughness chart at a selected length (l). All elevations 

above the mean line are called peaks and all lowerings below the mean line are called valleys. Ra 

describes the arithmetic mean value of all peaks and valleys on the selected length. Ry represents 

the maximum peak, calculated by adding the highest peak and deepest valley of a roughness profile 

length [160]. The definition of Rz in this work is the ten-point mean roughness, which is computed 

by adding values of the 5 highest peaks and 5 lowest valleys along the measurement line. To 

measure these parameters, laser profilometry was used (UBM, ISC-2). Laser profilometry is a non-

contact measurement using a perpendicular laser beam scanning the sample surface. The laser beam 

is reflected from the surface and time of flight is measured. The roughness profile can be calculated 

according to the distance from beam source to the sample surface, comparing to that from beam 

source to the reference surface. 

 

Fig. 3.2. Definition of typical calculations of surface roughness [160]. 

3D topographical feature of the deposited coatings was quantitatively assessed by confocal 

imaging microscope (Leica DCM 3D, Germany). An objective EPI 20X-L with 1 µm spatial 

pinhole to pass through was used to detect an image area of 4×4 mm
2
. The 3D structure was 

reconstructed by surface imaging and metrology software with a Gaussian filter of 0.8 mm (Leica 

Map 6.0, Leica, Germany), The measurement also allowed to assess the root mean square height, 

corresponding to the standard deviation of the height distribution, indicating the roughness 

distribution on the surface. 
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3.8 FTIR 

Fourier transform infrared spectroscopy (FTIR) was applied to determine the presence of 

specific covalent bonds and thus composition of EPD coatings before and after the degradation or 

mineralization process in simulated body fluid. FTIR is very sensitive to vibrations of functional 

groups, therefore, it is very effective to detect the presence of small amount of polymers and the 

progressing of molecule-level polymer reactions and HA mineralization. The test was performed in 

transmission mode. The coating was scratched and mixed thoroughly with 200 mg of KBr at a 

concentration of 1% (w/w) and compressed into pallets for FTIR spectroscopy in the range of 

4000–400 cm
−1

 (Nicolet 6700). 

3.9 XRD 

X-ray diffraction (XRD) is a tool to identify crystalline phases from single or complex 

compositions. X-ray beams were emitted towards the sample surface and collide with the atoms of 

the samples. Only the deflected photos possessing the same wavelength as the incident X-ray 

photos would be gathered. If the Bragg’s law (Equation 3.2) was fulfilled, deflected X-ray beams 

reinforced each other and led to the so-called diffraction. 

nλ=2d·sinθ            (3.2) 

where n, λ, d, θ represent integer, wavelength, interplanar spacing and scattering angle, respectively. 

Diffraction can be measured by using a fixed incident beam angle and varying wavelength or by 

fixing the wavelength but varying incident beam angles. The resultant pattern presented a 

combination of diffraction peaks including amorphous, semi-crystalline and crystalline phases. 

Amorphous phases possess broad peaks, while crystalline phases present very characteristic and 

sharp peaks. XRD patterns will represent a combination of the characteristic peaks of individual 

materials if the test specimen is composed of more than two components. In this study, a D8 Philips 

X’Pert PW 3040 MPD instrument was used to analyze the phase composition of the deposited 

coating and the coatings during incubation in simulated body fluid. A step size of 0.04 º for the 2θ 

range of 10 º to 80 º was employed for XRD examination. 

3.10 TGA measurement 

The relative content of organic and inorganic components could be determined by 

thermogravimetric analysis (TGA) method. The coating were scratched into an alumina crucible, 

and heated from room temperature to 600-800 °C depending on different coating compositions. The 

heating rate is fixed as 10 °C/min in air atmosphere in order to completely burn out polymer phases. 

Different equipment employed for TGA measurement were used (TA INSTRUMENTS Q500 and 

2950 TGA V5.4A). The specimen weight as a function of heating temperature was plotted and the 

scope of the weight loss curve corresponding to the heating temperature is defined as differential 
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thermogravimetric (DTG) value, which can be used to determine phase transformation during 

heating process. 

3.11 Mechanical adhesion strength 

Adhesion strength is a key mechanical property to evaluate the quality of a biomedical coating. 

Bending test is a simple and convenient method to rapidly evaluate the adhesion strength of 

coatings. A cycled bending test was designed to further compare the coating adhesion if they were 

still attached to the substrate after the first bending, which will be detailed described in the 

following chapter. However, the bending test is not a standard measurement and the results are 

usually not comparable to the results from other publications. The adhesion strength can be 

determined either by qualitative tape test or by quantitative measurement such as pull-off test or 

scratch test. 

Adhesive tape test was conducted using a cross-hatch cutter (Model Elcometer 107) according 

to the ASTM D3359-B standard method. This is a tape-peel off test wherein lattice patterns with 11 

cuts in two orthogonal directions are made in the coating down to the substrate, yielding 100 square 

lattices (1×1 mm
2
). Pressure-sensitive tape is applied over the lattice and then removed by pulling it 

out parallel to the substrate in a single smooth action. The detached areas of patterned coatings are 

assigned five quality degrees: 5B for 0% removal, 4B for less than 5% removal, 3B for 5–15% 

removal, 2B for 15–35% removal, 1B for 35–65% removal, and 0B for more than 65% removal, 

respectively [161]. 

A PosiTest Pull-Off Adhesion tester (Model ATA, Defelsko Corporation) could be applied to 

quantitatively measure the adhesion strength according to ASTM D4541 standard. The 

configuration of the tester is schematically shown in Fig. 4.12 in Chapter 4. The detachment of the 

coating occurred with the constant increase of pull force loading and the maximum load was 

recorded as the critical load. The diameter of the test joint was 10mm, and three samples were 

tested for each coating condition. Another commonly used quantitative adhesion measurement is 

called scratch test (CSM instruments, Revetest®, Switzerland). In this test a diamond indenter with 

the tip radius of 22 µm is drawn across the coated surface under a linearly increased load. A scratch 

length of 5 mm, scratch speed of 10 mm/min and a load range of 0.09–20 N are used for the 

measurement. Due to the insignificant response from acoustic emission signals, the load at which 

failures are first observed to occur regularly along the scratch track is determined as the critical load, 

which is realized with the help of a combined optical microscope. At least seven parallel tests were 

performed for each coating condition. 
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3.12 Electrochemical characterization 

Electrochemical experiments of the deposited coatings were studied via an electrochemical 

workstation “IM6eX” Software (Zahner-Elektrik GmbH & Co. KG, Kronach, Germany). 

Dulbecco’s modified Eagle’s medium (DMEM, Biochrome AG) was used as the electrolyte at 

37 °C during the test. A conventional three-electrode system was used for electrochemical tests 

with the coated samples as the working electrode, a platinum plate as the auxiliary electrode and an 

Ag/AgCl electrode in 3-molar KCl as the reference electrode. At a scan rate of 3 mV/s, 

potentiodynamic polarization tests were performed, starting from -1 V to 0.5 V. The values of the 

corrosion potential (Ecorr) and the corrosion current density (Icorr) were collected from Tafel 

region [162] (±50 mV with respect to the corrosion potential) of the polarization curves. 

3.13 SBF test 

HA forming ability is usually considered the key characteristic of bioactive materials used as 

bone replacement and orthopedic coatings [163]. In addition to in vivo implantation examination, 

the characterization of apatite formation (mineralization) of orthopedic coatings in simulated body 

fluid (SBF) with ion concentrations nearly equal to those of human blood plasma has been 

established as an effective and convenient alternative to predict their bioactive potential [163]. The 

following reagents were used to prepare SBF solution: NaCl, NaHCO3, KCl, K2HPO4·3H2O, 

MgCl2·6H2O, CaCl2, Na2SO4, Tris-hydroxymethyl aminomethane and HCl (1.0 M). The 

preparation procedure has been described in detail in the Ref. [163]. The as-prepared EPD coatings 

were soaked in 50 ml of SBF solution and placed in an orbital shaker at 37 ºC at an agitation rate of 

90 rpm. The incubation time varies for 0.5, 1, 2, 4, 7, 14 days and the SBF solution was refreshed 

every two days. Three samples per each time point were recorded. After reaching the proposed time 

points, the samples were removed, gently rinsed with deionized water for three times and dried at 

37 ºC in a desiccator for 24 h before further characterization. 

3.14 Degradation test 

The degradation rate of the deposited coatings, which is quite relevant to the mineralization 

process of a bioactive coating or to the drug release rate of a drug-eluting coating, was evaluated by 

measuring their weight loss during the incubation in a buffer solution (either simulated body fluid 

or phosphate buffered saline). The process is similar to the SBF test as discussed in Section 3.13. 

The weight of the coated substrate was measured before and after the degradation process with 

predetermined time point. At least three specimens per each condition were tested. Then the weight 

loss as a function of incubation time in the buffer solution was plotted to indicate the degradation 

rate of the test sample. 
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3.15 ICP-ES 

Inductively Coupled Plasma Emission Spectrometer (ICP-ES, ICPE9000, Shimadzu, Japan) 

analysis was carried out to investigate ion release process from the BG-containing samples. The 

coating sample was put in a centrifuge tube (100 ml) in order to keep it standing while not attaching 

the internal wall. The proper amount of ultrapure water (model Elix 3 from Millipore) or SBF 

solutions were filled in and the tubes were placed in an orbital shaker at 37 ºC at an agitation rate of 

90 rpm. The coating material to solvent ratio (w/v) is fixed as 1:10 for all sample conditions. After 

5, 10, 30, 60, 120, 240, 360, 480, 1440, 2880 min, 1 ml of the solution was removed and diluted 10-

fold with ultrapure water and filtrated immediately with 0.22 µm filter to separate the potential 

solid precipitation from the solution. Absorption wavelengths used for determination of Si, P, Ca 

were selected according to the literature [164]. Calibration curves were obtained before each 

measurement by preparing standard solutions containing Si, P and Ca (dilutions of 1000 ppm 

solutions by Spex-CertiPrep). Three replicates were measured for each element condition. Then the 

ion concentration of the each ion as a function of the released time was plotted for further 

discussion. 

3.16 Drug release study 

To analyze the drug release profile from drug-containing coatings, the as-prepared samples (in 

triplicate) were immersed in 2 ml of PBS and located in a 37°C incubator for a sustained period up 

to 6 weeks. After each pre-determined time point (0.5h, 1h, 2h, 4h, 8h, 10h, 1d, 2d, 4d, 7d, and 

every week for longer period), the whole solution was withdrawn and the released concentration of 

specific drugs was directly measured by UV-vis spectrophotometer (Specord 40, Analytic Jena, 

Germany) at their characteristic wavelengths. 2 ml of fresh PBS was refilled for a continuous 

release and detection. The total release of lysozyme at each time point (mx) could be calculated by 

accumulating the released amount of drug before that time. In order to calculate the percentage of 

drug release (ρx) after each time point, the total amount of drug in the coating should be determined 

at first. Normally there are two methods to determine the total amount of drug molecules in the 

coating. The principle of the 1
st
 method is based on the hypothesis that the drug-loadings in the 

coatings fabricated with the same condition possess the identical amount of drug. Then the total 

amount of drug in the coating (mt) was determined by scratching the whole area of a drug-loaded 

coating into 2ml of PBS and shaking it at 37 °C thoroughly to completely release the drug 

molecules from the coating structure. The percentage of cumulative release was calculated 

according to Equation 3.3: 

𝜌𝑥 =
𝑚𝑥

𝑚𝑡
× 100%                  (3.3) 



Chapter 3: Processing and characterization techniques 

35 

 

3.17 Antibacterial tests 

3.17.1 MIC test 

The MIC test and quantitative antibacterial test were carried out by Ms. Yufang Liu from 

Department of Chemistry and Pharmacy, Food Chemistry, University of Erlangen−Nuremberg. The 

antibacterial activity of samples was evaluated using the 96-well plate assay as described by 

Pritchard et al [165]. Escherichia coli ATCC 25922 (E.coli) and Bacillus subtilis ATCC 6051, 

considered in this study as model bacteria from gram-negative and gram-positive bacteria families, 

respectively, were purchased from Leibniz Institute DSMZ-German Collection of Microorganisms 

and Cell Cultures (Braunschweig, Germany). According to the instructions of the manufacturer, 

both strains were inoculated into fresh nutrient broth (Roth, Karlsruhe, Germany) and incubated at 

37 
o
C for 8h simultaneously shaking to reach the logarithmic phase of growth at a density of 

1−5×10
7
 cfu/ml. Then, these bacterial suspensions were diluted to a density of 1−5×10

5
 cfu/ml 

before use. 

The minimal inhibitory concentration (MIC) of antibacterial agents was determined as its 

lowest concentration to effectively inhibit the bacterial growth. The drug concentration was varied 

using two- or five- fold serial dilutions covering the possible MIC concentration ranges. Individual 

wells of a sterilized 96-well microtitre plate were inoculated with identical amount of bacterial 

suspension and gradient concentration of drugs. Control wells contained all the components except 

the test medium, which were replaced by 50 μl ampicillin (10 μg/ml, negative control) or 50 μl 

sterilized PBS (10 mM, positive control). The experiment was conducted in triplicate and the 

optical density (OD, 600 nm) of samples incubated for 9 h at 37 
o
C was recorded 

spectrophotometrically by using a temperature-controlled automatic plate reader (Tecan, Männedorf, 

Switzerland). Percentage of bacterial growth was determined by Equation 3.4:  

Bacterial growth (%) =
(𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒 – 𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

(𝑂𝐷𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100%        (3.4) 

3.17.2 Qualitative and quantitative antibacterial test 

The antibacterial activity of all samples was qualitatively investigated against the gram-

negative E. coli using the following method. In brief, 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 of a LB-agar solid culture plate and cultivated at 37 °C for 24 h. The 

LB-agar solid culture plates were 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 cooled down at room temperature. 
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For the quantitative measurement of antibacterial properties of the prepared antibacterial 

coatings, e.g. in order to evaluate the sustained antibacterial effect, the drug-loaded samples were 

immersed in 2 ml of PBS at 37 
o
C for the predetermined periods. After the termination of each time 

point, the solution was completely renewed with fresh PBS and the samples were immersed 

continuously for another 12h. Then the PBS was extracted for the antibacterial test following the 

procedure of the MIC measurement.  

3.18 Cell culture test 

MC3T3-E1 and MG63 cells were cultured in a modification of Eagle’s minimum essential 

medium (Gibco, Invitrogen, USA), with a volume fraction of 10% fetal bovine serum (Gibco, 

Invitrogen, USA) and 60 μg/ml gentamicin under a humidified atmosphere of 5% CO2 at 37 °C. 

Medium was refreshed every two days. The cell culture experiments were operated by Ms. 

Qingqing Yao from Wenzhou Medical University in China. 

3.18.1 Cell proliferation 

Cell proliferation was quantitatively analyzed by using cell counting kit-8 (CCK-8; Dojindo, 

Japan). The sterilized samples (uncoated and coated substrates in 1×1 cm
2
) were placed into a 24-

well flat culture plate, and 1×10
4
 cells/well was seeded into each well. The cells were cultured for 1, 

2 and 4 d, respectively, then 20 μl CCK-8 reagent was added per well, and the cells were incubated 

for an additional 2h. The results were expressed as percentage of the mean absorbance (optical 

density at 450 nm) of six parallel tests of coated vs. bare substrates.  

3.18.2 Live/Dead staining 

The sterilized samples were placed into a 24-well flat culture plate, and were immersed in α-

MEM for 4 h, then 1×10
5
 cells were seeded into each well and cultured for 1 and 4 d. After 

culturing, the samples were rinsed with phosphate buffer solution (PBS) solution for 3 times. Cells 

were labelled with a freshly made solution of dyes taken from a final concentration of 10 μM 

calcein AM [4′5′-bis (N′N-bis (carboxymethyl) aminomethyl fluorescein acetoxymethyl ester)] and 

15 μM PI (propidium iodide) in PBS. After 15 min of staining at 37 ºC, the samples were washed 

with PBS solution for three times, after that the samples were observed with fluorescence 

microscope (IX 2-UCB, Olympus, Germany). 

3.18.3 Cell Skeleton 

The cytoskeleton organization of MC3T3-E1 influenced with the presence of CNCs-BG 

composite coatings was analyzed using Filamentous actins (F-actin) staining. The sterilized 

samples (uncoated and coated substrates in 1×1 cm
2
) were placed into a 24-well flat culture plate, 

and a 1×1 cm
2
 glass coverslip was then located on the top completely covering the surface of each 

sample, after that 1×10
4
 cell/ml of MC3T3-E1 cells were seeded into each well. After 8 h and 1 d of 
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culture, cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-

100 for 5 min, blocked with 1% bovine serum albumin for 20 min, stained with Rhodamine 

Phalloidin (Sigma, USA) for 20 min and stained with Hoechst 33258 (Beyondtime Bio-Tech, China) 

for 5 min in the dark. The stained MC3T3-E1 cells were viewed under laser confocal microscopy 

(LSM 710, Zeiss, Germany). 

3.18.4 Cell Morphology 

The sterilized samples (1×1 cm
2
) were placed into a 24-well flat culture plate, and 4×10

4
 cells 

were seeded into each well and cultured for 1, and 4 d. After culturing, the samples were washed 

twice with PBS solution and fixed in 2.5% glutaraldehyde for 3 h at 4 ºC. After cell fixation, the 

specimens were dehydrated in ethanol solutions of varying concentration (30, 50, 70, 90 and 100%) 

for 15 min each. Then the specimens were freeze-dried for 2 h. After being completely dried, the 

morphology of the cells was observed by SEM. 

3.18.5 ALP Activity 

Cell differentiation was assessed by means of alkaline phosphatase (ALP) activity and 

mineraliztion cultured. ALP activity was measured using an ALP assay kit (Beyondtime Bio-Tech, 

China). 5×10
3
 cells per well were seeded onto the samples and cultured for 7 and 14 days. Samples 

were rinsed with PBS and lysed with 0.1% Trion X-100 solution for 30 min at 4 C, the whole 

solution was then collected and centrifuged at 3000 rpm for 2 min at 4 C. 50 μl of the obtained 

supernatant was mixed with 50 μl chromogenic substrate and cultured for 30 min at 37 C. The 

reaction was stopped by adding 100 μl terminal liquid. ALP activity was measured at 405 nm using 

a microplate reader. 

3.18.6 Mineralized Nodules 

For the cell mineralization process, 5×10
3
 cells were seeded per well and cultured for 3 weeks. 

Samples were rinsed with PBS for 3 times after culture, fixed in ethanol for 10 min, then stained 

with Alizarin red-S (pH 4.2) for 10 min and finally rinsed with de-ionized water to remove 

unreacted Alizarin red-S. The precipitation of mineralized nodulus was observed by optical 

microscope. 

3.18.7 Statistical analysis 

Statistical differences in cell viability of the different samples studied were determined by 

SPSS 16.0. All results are expressed as the mean ± SD. P<0.05 was considered statistically 

significant.  
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4. Organic-inorganic composite coatings to 

improve bioactivity 

 

4.1 Alginate/Bioglass® composite coatings by AC- and DC- EPD 

4.1.1 Introduction 

Th is part of research work has been publishedin Ref. [166] and reproduced with the 

permission from Elsevier. Decoration of implant surfaces with bioactive glasses is being intensively 

investigated to improve binding affinity to human tissue [167, 168]. Bioactive glasses have proven 

to be promising biocompatible and osteoconductive materials due to their ability to promote 

damaged bone repair and regeneration [169]. However, some bioactive glasses exhibit a faster 

dissolution rate than that required for the remodeling of human bone [170]. In addition load-bearing 

applications of bioactive glasses are still restricted due to their brittleness. The composite 

composition of natural bone paves the way to prepare composite coatings for orthopedic implants 

based on tailored combinations of bioactive glasses and biodegradable polymers [171, 172]. On the 

one hand, the possible mechanical degradation of metallic implants caused by the high temperature 

consolidation of a glass coating can be eased with addition of a polymer phase. As reviewed 

previously in Chapter 2, the polymer component not only acts as the binder connecting bioactive 

glass particles to the surface of implants, but also offers the possibility to control in situ release of 

dissolution products by which better bone ingrowth can be anticipated [97]. Moreover, functional 

groups such as amine, carboxyl and hydroxyl groups introduced by biopolymers can accelerate the 

adsorption of proteins and enhance cellular adhesion, providing an appropriate and simulating 

environment on the implant surface for bone growth. Indeed the development of organic-inorganic 

composite coatings for orthopeadic and dental applications is receiving considerable research 

interests [97], and both stable and biodegradable polymers are being considered [22]. 

The use of aqueous rather than organic suspensions for EPD has the advantage of lower cost, 

lower electric potential requirements, and greater environmental compatibility. However, because 

of the low voltage threshold for water electrolysis [173], it is usually observed that bubbles form 

during the EPD process when using aqueous suspensions, which has a negative effect on the 

homogeneity and the adhesion of the resultant coatings. An attractive solution for the EPD in water 

without any extra addition to the process is the use of alternating current (AC) instead of direct 

current (DC) conditions [95, 174, 175]. In the present research, both direct current and alternating 

current EPD approaches involving different number of EPD cycles were developed for the 
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fabrication of alginate/Bioglass® composite coatings from water-based suspensions. Sequential 

EPD procedures were introduced with the aim of producing robust layered bioactive coatings with 

superior mechanical strength and corrosion resistance. The properties of coatings deposited by both 

DC-EPD and AC-EPD were quantitatively compared having in mind their possible applications in 

the orthopedic and dental fields. 

4.1.2 Experimental 

I. Preparation of EPD suspension 

Alginate was firstly dissolved in deionized water and magnetically stirred for 5min followed 

by 10min ultrasonication (using an ultrasonic bath, Bandelin Sonorex, Germany). In order to 

suppress the electrolysis of water, a small amount of ethanol was added to the suspension with 

continuous magnetic stirring (the final water/ethanol ratio was 60/40). BG powders were then 

slowly added in the alginate suspension which was subjected to 10min magnetic stirring followed 

by 20min ultrasonication. The ultimate concentration of alginate and BG were 2 g/l and 10 g/l 

respectively, and the pH of the composite suspension was measured to be 12.2±0.1. It is important 

to note that the pH of the final suspension was not adjusted. The measured value (12.2±0.1) is the 

natural pH of the prepared alginate/bioglass suspension before and after each EPD cycle.  

II. DC-EPD and AC-EPD processes 

Prior to each EPD process, the suspensions were ultrasonicated for 5 min to induce the 

homogeneous dispersion of BG particles. Both planar and cylindrical counter electrodes were 

considered. For the deposition onto planar substrates, the EPD cell included two parallel 316L 

stainless steel (SS) electrodes with deposition area of 15×20 mm
2
 and a distance of 10 mm between 

the electrodes. For the uniform deposition of coatings onto SS wires (1mm in diameter), the counter 

electrode was formed to a cylindrical geometry with a diameter of 30 mm. Anodic deposition is 

achieved via electrophoresis of Alg
－

 and Alg
－

 charged Bioglass® particles followed by 

neutralization in the low pH region at the anode interface, as discussed previously [124]. 

Introducing a trial-and-error approach, process parameters of DC-EPD and AC-EPD were 

optimized to obtain composite coatings with high homogeneity, free of bubbles and adequate 

deposit yield. For DC-EPD, the deposition was carried out at constant voltage of 10 V and 

deposition time of 15 s. Then the deposited anode was gently removed from the suspension and it 

was dried by holding it for 10 min in air at room temperature before repeating the EPD processes. 

The coatings obtained with different number of depositions were named DC-1, DC-2 and DC-3, i.e. 

for coatings obtained by one, two and three depositions, respectively. For the use of AC-EPD, a 

programmable function generator (HP 3314A) was used to generate an asymmetric AC signal. A 

Piezo Driver/Power amplifier (PZD 700A) was used to amplify the signal which was monitored 
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with a digital oscilloscope (PM3335 PHILIPS). A rectangular waveform was selected as an 

asymmetrical signal and the factors affecting the AC-EPD process, including peak-to-peak voltage, 

frequency, deposition time and asymmetry ratio, were determined by a series of designed 

experiments to be: 10 V, 8 kHz, 1 min and 7:3, respectively. The AC-EPD coatings obtained by 

applying different number of depositions were named AC-1, AC-2 and AC-3. 

4.1.3 Results and discussion 

I. Stability of the colloidal suspension 

The zeta potential value of alginate/BG suspensions used for EPD experiments at a solid 

content of 1 g/l, as well as the zeta potential value for a BG suspension taken as a reference sample, 

were found to be −57±13 and −24±13 mV, respectively. As it can be observed, both suspensions 

present negative values of zeta potential at the working pH, which predicts an anodic deposition of 

the BG particles. The higher absolute value of zeta potential obtained with the combination of 

alginate and BG, compared to pure BG suspension, indicates that alginate enhances the stabilization 

of BG particles in solution. Moreover, when the suspensions are left to settle over time, 

sedimentation is observed for the pure BG slurry after 5 min while no sedimentation occurs for the 

alginate/BG slurry after 30 min (Fig. 4.1). Considering the sequential EPD experiments carried out 

in this work, the relatively high colloidal stability of the alginate/BG suspension achieved is a key 

parameter in order to obtain highly homogeneous coatings. 

 

Fig. 4.1. Digital image of prepared suspensions standing over different time periods: (a) 

alginate/BG suspension used for EPD experiments after 30 min, and (b) pure BG suspension after 5 

min. 

II. Deposit yield and composition 
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Fig. 4.2(a) shows the relationship between deposition yield and number of depositions by both 

DC- and AC-EPD. It is observed that the yield increases linearly with the number of EPD cycles 

both for AC- and DC-EPD. The deposition yield from each repeated deposition is very similar, 

indicating the high stability of the alginate/BG suspension and thus the reproducibility of both EPD 

methods. It is thus confirmed that the yield and thickness of the deposits are controllable by 

choosing the appropriate EPD parameters and the number of depositions. As an additional 

confirmation of the high stability of the prepared suspension, it is worth noting that all coatings 

were deposited from the same suspension and the pH difference measured before and after the 

whole EPD process was less than 0.2. Typical TGA data of DC-3 and AC-3 coatings are compared 

in Fig. 4.2(b). TGA results were used to determine the degradation profiles and the residual mass of 

the coatings. Several steps in the weight loss curves could be observed, which are attributed to the 

dehydration and burning out of alginate [176]. The same degradation trend of samples DC-3 and 

AC-3 throughout the temperature range suggests the same composition of coatings (relative 

amounts of alginate and BG), thus, it could be concluded that an alternating electric field during 

EPD does not affect the coating composition. By considering TGA results, no significant loss in 

mass is found above 560 °C and therefore this temperature was chosen to record the residual BG 

mass. The BG content of both coatings determined from Fig. 4.2(b) is 85 wt%. The initial 

concentration of alginate and BG are 2 g/l and 10 g/l, respectively. If it is hypothesized that the 

solvent was completely evaporated, then the concentration of BG and alginate in the coatings would 

be 83 wt% and 17 wt%, respectively, which is in good agreement with the concentration of BG and 

alginate in the coating determined from TGA data. Therefore, the composition of the 

electrophoretic alginate/BG coatings can be precisely manipulated by proper preparation of 

suspensions at least for the relative concentrations of alginate and BG used in this study. 

 

Fig. 4.2. (a) Deposit yield versus number of depositions prepared by DC-EPD and AC-EPD, and (b) 

typical TGA data for DC-3 and AC-3 coatings. 

III. SEM observations 
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Fig. 4.3. Surface morphology of DC-3 (a, c) and AC-3 (b, d) coatings at different magnifications; 

cross-sections of DC-3 (e) and AC-3 (f) coatings, arrows show the alginate/BG layers and the inset 

in panel f shows the high magnification of the selected area. 

SEM images of DC-3 and AC-3 coatings are shown in Fig. 4.3(a) and (b), respectively. Crack-

free and fairly homogeneous coatings were obtained from both DC- and AC-EPD conditions. 

However, comparing the SEM micrographs of DC-3 and AC-3 coatings, it is apparent that AC-3 

coating exhibits more homogeneous and uniform areas than DC-3 coating. Furthermore, as shown 

in high magnification images in Fig. 4.3(c) and (d), a few pores are found on the surface of the DC-

3 coating, while a compact and smooth surface is characteristic for the AC-EPD coating. 

Homogeneous distribution of alginate and BG can also be observed, indicating the composite 
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composition of these coatings. According to the TGA results shown abovementioned, only alginate 

and Bioglass® particles are present in the coatings, the SEM images confirm this result, e.g. BG 

particles of average particle size 2.0 μm are likely the large dark particles. Cross-sections of DC-3 

and AC-3 coatings were prepared by direct mechanical cutting of the coated substrates. Smooth 

cross-sections were obtained and the coatings were still attached to the substrates after the rather 

invasive cutting preparation, as shown in Fig. 4.3(e) and (f). The cross-section images indicate that 

the coatings are uniform in thickness and the surface appears to be homogeneous even after 3 

separate EPD cycles. The inset in Fig. 4.3(f) shows a high magnification image of a detached area 

of the AC-3 coating. No visible pores or structural defects such as microcracks are observed. In 

contrast, a porous cross-section is observed for the DC-3, possibly due to the effect of water 

electrolysis. The high porosity of the DC-3 coating was also confirmed by the difference in 

thickness. The thickness of DC-3 coating is approximately 33 μm, about 5 times higher than the 

thickness of the AC-3 coating. Considering that the yield (weight per area) of DC-3 and AC-3 

coatings are very similar, as shown in Fig. 4.2(a), it is obvious to conclude that the porosity of DC-

3 coating is much higher than that of AC-3 coating. The absence of bubble formation in the AC-3 

coating could be ascribed to the fact that the decomposition of water was minimized and the 

nucleation of bubbles was prevented under AC fields, as also discussed in the literature for several 

systems [95]. Additionally, by introducing an oscillating field, the particles with a weaker bond to 

the deposit would be resuspended and rearranged into a more favorable packing structure, and the 

electrohydrodynamic flow around the particles near the electrodes should force them together again, 

resulting in close packed coatings [175, 177, 178]. 

IV. Roughness (Ra) and wettability studies 

The surface roughness (Ra) values of the coatings prepared from different EPD methods and 

number of cycles are presented in Table 4.1. Reported values are the average of 4 different 

measurements. The bare stainless steel substrate was also measured as a reference. Compared with 

the Ra value of the uncoated substrate, all coatings show increased Ra values although the 

maximum Ra was found to be only 0.26 μm higher than that of the bare substrate. The slight 

increase of roughness is mainly due to the fine particle size of BG used. The increase of Ra with 

increasing number of depositions is observed for both DC- and AC-EPD coatings, which could be 

attributed to the increased surface inhomogeneity caused by the repetitive EPD process. Moreover, 

the appreciable decrease of Ra in AC-EPD coatings can be explained by the higher particle packing 

ability obtained in AC fields, as discussed previously. The wettability of deposited coatings was 

analyzed by static water contact angle measurements, and average values of 5 different tests for 

each coating are also presented in Table 4.1. Contact angles for DC and AC coatings were observed 

to be significantly lower compared to those of the hydrophobic stainless steel substrate. The contact 
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angle of a surface is related to several properties of the surface including the surface roughness. The 

effect of the roughness in the value of the contact angle has been frequently studied [179, 180], but 

other parameters beyond the roughness play a role in the final value of the contact angle, including 

surface hardness, plasticity threshold, microstructure, crystallinity and grains size [181]. Clearly the 

chemical interaction between the surface and the droplet also influences wettability. In the present 

coatings, alginate exhibits, due to the presence of −OH groups, Van der Waals interaction forces 

with water molecules which should increase the hydrophilicity. The effect of alginate as an agent to 

increase the hydrophilicity has been also demonstrated on different surfaces with different 

roughness [182, 183]. Also, the presence of bioactive glass should lead to superior hydrophilic 

properties. The contact angle decreased significantly by increasing the number of EPD cycles, and 

it was found that contact angles of DC-EPD coatings were significantly lower than those of AC-

EPD coatings. According to Kubiak et al. [184] different parameters affecting the roughness of a 

surface will also determine the surface wettability. In the present study we have observed that for 

the BG/alginate coatings the high porosity of DC-EPD coatings with micron-sized pores on their 

surfaces can accelerate the infiltration of the water droplet into the coating structure, which is likely 

the reason leading to lower contact angles compared to AC-EPD coatings. It is also reported that 

high surface roughness and hydrophilicity are essential to promote cell adhesion and rapid bone 

formation at the tissue-implant interface in vivo [185, 186]. Therefore, the roughness and contact 

angle values of the present alginate/BG coatings resulting in hydrophilic surfaces anticipate 

adequate cell interaction induced by these coatings. 

Table 4.1. Roughness (Ra) and water contact angles of stainless steel substrate and coatings 

obtained by DC- and AC-EPD 

Samples SS DC-1 DC-2 DC-3 AC-1 AC-2 AC-3 

Ra/μm 0.63 0.70±0.02 0.81±0.02 0.89±0.03 0.68±0.01 0.78±0.02 0.79±0.02 

Contact angle/° 95.2 46.1±0.2 26.2±0.2 20.1±0.8 78.9±3.1 67.3±0.2 60.9±0.9 

V. Adhesion between coatings and substrate 

The bonding between alginate/Bioglass® layers and the 316L stainless steel substrate was 

assessed qualitatively by the adhesive tape test. Three specimens of each condition were tested and 

typical optical images of the coatings after adhesive tape test are shown in Fig. 4.4. Both DC-1 and 

AC-1 samples exhibited intact surfaces after adhesive test. With increasing number of depositions, 

no peeled areas (detachments) were observed on the coatings deposited via AC-EPD, while the 

extension of peeled areas caused by the tape test increased steadily with increasing number of EPD 

cycles for coatings obtained via DC-EPD. However, the maximum value of peeled area observed 

for the DC-3 coating was estimated to be not larger than 15%, which suggests that the lowest 

adhesion grade for all coatings is “3B” degree, according to ASTM D3359-B standard [161]. 
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Fig. 4.4. Typical optical images of coatings deposited by DC- and AC-EPD after adhesive tape tests. 

In order to further qualitatively evaluate the adhesion strength between the coating and the SS 

substrate, the alginate/BG coated SS sheets and wires were extensively bent and the surfaces were 

visually inspected. Typical optical images are shown in Fig. 4.5. After the bending of SS sheets 

coated by DC-EPD, no visible flaking or cracking was found in the region where the tensile stress 

is at a maximum level, however the inset in Fig. 4.5(b) shows that a few micro-cracks appeared on 

the top region of the bent DC-3 coating. It is also shown in Fig. 4.5(c) and (d) that SS wires were 

completely covered by a homogeneous alginate/BG coating obtained by using 1 and 3 AC-EPD 

cycles, respectively. The AC-1 coating was seen to be firmly attached to the substrate during the 

extensive bending without formation of visible cracks or detachments, while the AC-3 coating 

exhibited evident cracks outside and a few detached areas inside, which is attributed to the reduced 

adhesion of the deposits with increasing number of EPD cycles. Considering the high glass 

(inorganic) content of the composite coating (with BG concentration as high as 85 wt%), it is 

expected that the adhesion strength could be further improved when increasing the concentration of 

alginate, as a binder, which could be investigated in future investigations. 
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Fig. 4.5. Optical images of bent 316L stainless steel sheets and wires coated with alginate/BG by 

DC-EPD and AC-EPD: (a) DC-1, (b) DC-3, the inset shows the high magnification of the selected 

area indicating that cracks formed during the bending process, (c) AC-1, and (d) AC-3. 

VI. Polarization curves 

 

Fig. 4.6. Potentiodynamic polarization curves for different samples performed in Dulbecco's MCM 

at 37 °C. 

The potentiodynamic polarization curves for the uncoated stainless steel substrates and the 

coatings obtained by DC-EPD and AC-EPD are shown in Fig. 4.6. The corrosion current and the 

corrosion potential are presented in Table 4.2 for all coatings. It is clear that for all alginate/BG 

coatings, independently of the deposition method and the number of EPD cycles applied, there is a 

considerable reduction of the corrosion current with respect to the uncoated stainless steel substrate, 

which is evidence of the reduction in degradation rate included by the coatings. According to the 

corrosion potential results, no clear trend of the electrochemical activity of the system can be 

identified, because coatings obtained by two-deposition cycles present a substantial reduction in the 

activity, while samples obtained by one and three cycles show an increment. On the other hand, the 

most important aspect to emphasize is that in all cases the AC-EPD coatings are superior, in terms 
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of corrosion current and potential, than the DC-EPD coatings, which is a confirmation of the 

advantage that AC-EPD presents compared to DC-EPD, particularly due to achieved lower porosity 

and higher adhesion to the substrate achieved, which provide a better barrier against the penetration 

of the surrounding fluid through the coating. 

Table 4.2 Corrosion potential and current for the bare and coated substrates with different number 

of EPD cycles under DC-EPD and AC-EPD conditions. 

Samples Corrosion 

Potencial (mV) 

Corrosion current 

(nA/cm
2
) 

Uncoated 316L -305.650 1064.200 

DC-1 -365.560 331.860 

AC-1 -340.230 139.000 

DC-2 -178.590 311.580 

AC-2 -146.570 179.570 

DC-3 -374.290 461.510 

AC-3 -310.840 338.410 

VII. In vitro assessment in SBF solution 

After 7 days of immersion in SBF solution, the HA forming ability of coatings deposited by 

both DC- and AC-EPD was analyzed by FTIR measurement. The formation of HA in SBF is 

usually considered the marker of the bioactive character of materials used as bone replacement and 

as orthopedic coatings [187]. Typical FTIR spectroscopy patterns of DC-3 and AC-3 coatings are 

plotted in Fig. 4.7. The FTIR pattern of DC-3 coating before soaking in SBF is also shown for 

comparison. The IR absorption of 45S5 Bioglass® is mainly caused by the vibrations of Si−O−Si 

and P−O bands [188]. HA (Ca10(PO4)6(OH)2) shows IR absorption due to vibrations of phosphate 

and hydroxyl groups. According to the literature, an overview of all peaks identified for the 

different coatings is given in Table 4.3. The presence of alginate in all coatings before and after 

SBF immersion is supported by characteristic absorption peaks including the stretching vibration of 

C−H, and asymmetric and symmetric stretching of COO− groups. Before immersing in SBF 

solution, both stretching and bending vibration of Si−O−Si were well visible. However, 

characteristic peaks of Si−O−Si disappeared for both DC-3 and AC-3 coatings after immersion in 

SBF for 7 days. Meanwhile, two new peaks corresponding to the bending vibration of PO4
3−

 and a 

slight shift of the peak at ~1030 cm
−1

, which are consistent with results reported in the literature 

[189, 190], can be attributed to the formation of HA phase. Additionally, characteristic peaks 

appeared at 875 cm
−1

 and 959 cm
−1

 which indicate the presence of HPO4
2−

. The similar FTIR 
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spectra of DC-3 and AC-3 coatings after in vitro assessment are attributed to the coatings having 

the same composition. 

Table 4.3 Assignment of FTIR bands to the vibrations of groups present in the deposited 

alginate/BG coatings before and after SBF immersion. 

Vibration mode Wavenumber/cm-1 Ref. 

Stretching of O−H 3200-3600 [191] 

Stretching of C−H ~2920 [192] 

Asymmetric stretching of COO
−
 1620-1610 [191] 

Symmetric stretching of COO
−
 1430-1410 [191] 

Stretching of PO4
3−

 1020 [189] 

Stretching of Si−O−Si 940-860 [188] 

HPO4
2−

 ions 959, 875 [189] 

Bending of PO4
3−

 560, 600 [189] 

Bending of Si−O−Si 540-451 [188] 

 

The presence of distinct phosphate bands in the FTIR spectra thus confirms that the 

alginate/Bioglass® surface is a favorable substrate for HA nucleation and deposition, i.e. the 

coatings are bioactive. The synergistic effects provided by the osteoconducting properties of 

Bioglass® and the room temperature processing ability of alginate based coatings by EPD offer 

promising opportunities for the development of functional bioactive coatings for implants and bone 

tissue scaffolds. Composite coatings with different porosity, roughness and thickness can be 

obtained by selecting proper EPD parameters and number of EPD cycles. The effect of different 

EPD conditions on the generation and microstructure of formed HA layers after immersion in SBF 

is an interesting topic for future investigations. AC-EPD showed advantages over DC-EPD, leading 

to enhanced packing density of the coatings, improved adhesion strength and corrosion resistance. 

The future characterization of the coatings in in vitro and in vivo conditions should provide relevant 

information to consider the balance between the performance of the coating both as a dense 

corrosion protection barrier and as a bioactive surface, possible exhibiting certain porosity, to 

facilitate cell attachment and suitable bonding to bone tissue. As previously discussed, AC-EPD can 

be also applied for immobilizing biological entities which can be introduced into 

alginate/Bioglass® coatings for enhanced biofunctionalization of metallic implants. Moreover, the 

addition of specific biological entities during different EPD cycles can motivate a more precise and 

convenient approach to fabricate functionally graded bioactive coatings compared with 

conventional layer-by-layer assembly [193]. 
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4.1.4 Summary 

Alginate/Bioglass® composite coatings with different porosity and thickness were 

successfully fabricated by DC-EPD and AC-EPD. The alginate addition significantly increased the 

stability of aqueous BG suspensions enabling EPD. It was confirmed that alternating electric fields 

do not affect the composition of the deposited coatings. Porous coatings with thickness as high as 

33 μm were prepared after 3 repetitive DC-EPD cycles, whereas coatings obtained by AC-EPD 

showed lower thickness and higher packing density, which was attributed to the suppression of 

water electrolysis under AC-EPD conditions. The porous microstructure and greater surface 

roughness of coatings deposited by DC-EPD have led to lower water contact angle values in 

comparison to those formed by AC-EPD. Coatings obtained by both AC-EPD and DC-EPD were 

bioactive, however, AC-EPD coatings exhibited superior adhesion strength and corrosion resistance 

compared with DC-EPD coatings. The superior quality of coatings obtained by AC-EPD is relevant 

considering the possibility of immobilizing biological entities by using alternating fields, which 

could lead to extra functionalities of the alginate/Bioglass® coatings. Summarizing, electrophoretic 

alginate/Bioglass® bioactive coatings, possibly combined with biological entities or antibiotic 

drugs, can be anticipated as favorable layers for the bio-functionalization of metallic implant 

surfaces. Indeed further investigations will consider the in vitro and in vivo characterization of the 

coatings in relevant conditions for applications as bone contacting surfaces. The ability of tuning 

the alginate/Bioglass® coating bioactivity, surface roughness and composition by the EPD 

technique developed here will be advantageous to design the optimal coating system for a given 

application. 

4.2 PVA reinforced alginate/Bioglass® composite coatings 

4.2.1 Introduction 

Th is part of research work has been publishedin Ref. [194] and reproduced with the 

permission from Elsevier. It is a continuous study of alginate-BG coating system addressing the 

limited adhesion strength to the substrate. For alginate/BG coatings, and indeed in general for other 

room-temperature produced biopolymer/bioceramic coatings, the limited adhesion strength to the 

substrate is the primary obstacle limiting their broader application. It is believed that higher amount 

of polymers in the coating acting as binders to connect BG particles to the substrate, will induce 

more robust adhesion strength of alginate-BG coatings. However, considering EPD of alginate, it is 

known that high concentration of alginate anions in the suspension will lead to increased 

suspension conductivity. As a result, excessive water electrolysis becomes inevitable and bubble 

formation on the electrode will result in deposits with pin holes and low adhesion to the substrate. 

On the other hand, PVA, which is different from those polyelectrolytes such as alginate and 

chitosan, will be only partially ionized in an aqueous solution, and the degree of ionization will not 
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be high enough to increase the suspension conductivity. Therefore, electrolysis of water can be 

minimized leading to a reduction of bubble evolution of the electrodes. In this case, enhanced 

adhesion strength of the obtained coating to the substrate is expected due to the higher amount of 

polymer in the coating. The goal of the present investigation is to develop a new family of coatings 

based on the previous alginate-BG system but with improved mechanical properties and stability. 

With this objective, an innovative approach was followed in this investigation employing PVA to 

reinforce alginate–BG coatings, which was achieved by adding appropriate amounts of this polymer 

(PVA) into the composite suspension and by co-depositing PVA, alginate and BG onto the stainless 

steel through one step EPD. Repeated depositions were also introduced with the aim of producing 

robust layered bioactive coatings with higher thickness and suitable mechanical strength. The 

composition and the mechanical properties of composite coatings, which were expected to be 

influenced by PVA concentration, were quantitatively analyzed. In vitro degradation and bioactivity 

behavior of the composite coating in SBF for different time periods were also investigated in 

relation to the possible application of the coatings in the orthopedic, dental and bone tissue 

engineering fields. 

4.2.2 Experimental 

I. Preparation of EPD suspension 

PVA aqueous solution was firstly prepared by dissolving PVA particles into deionized water 

with vigorous stirring at 80 °C. After cooling down the PVA solution, alginate powders were gently 

added into the PVA solution and the mixture was magnetically stirred for 5 min followed by a 10 

min ultrasonication step (using an ultrasonic bath, Bandelin Sonorex, Germany). In order to 

suppress the decomposition of water during the EPD process, ethanol was added to the PVA–

alginate solution with continuous magnetic stirring until the solution became stable and transparent. 

Then BG powder was slowly added to the solution which was subjected to 10 min magnetic stirring 

followed by a 20 min ultrasonication treatment. Table 4.4 shows the final composition of the 

obtained suspensions as well as the sample codes and electrophoretic yields. 

Table 4.4. Composition of experimental suspensions and resulting yields of coatings with different 

PVA concentrations. 

Sample PVA 

(g/l) 

Alginate 

(g/l) 

BG 

(g/l) 

Solvent 

(VH2O:VEthanol) 

Coating yield 

(mg/cm
2
) 

PAB0 0 2 10 6:4 0.61±0.01 

PAB10 10 2 10 6:4 0.75±0.08 

PAB20 20 2 10 6:4 1.06±0.05 

PAB30 30 2 10 6:4 1.71±0.09 
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II. EPD process 

Prior to each EPD experiment, the composite suspension was ultrasonicated for 3 min to 

achieve homogeneous dispersion of BG particles. The EPD cell included two parallel 316L 

stainless steel (SS) foils as the deposition and counter electrodes, respectively. The deposition area 

was fixed at 15×20 mm
2
 and the distance between the electrodes was 10 mm. A trial and error 

approach was introduced to optimize the EPD conditions. A range of voltages (5–30 V) and 

deposition times (2–60 s) were applied to fabricate coatings with high homogeneity, free of cracks 

and adequate deposit yield. Anodic deposition was carried out at the optimal voltage and deposition 

time of 10 V and 15 s, respectively. Due to the excellent corrosion resistance of 316L SS and the 

gentle EPD parameters applied in our experiment, it is considered that the oxidation of the SS 

substrate during the anodic EPD process is negligible. Then the deposited anode was gently 

removed from the suspension and held for 10 min in air at room temperature before repeating the 

EPD procedure. The deposited substrates after the second EPD process were kept at 37 °C in a 

desiccator for 24 h for further characterization. 

4.2.3 Results and discussion 

I. Compositional and microstructural characterization 

 

Fig. 4.7. (a) FTIR spectra of composite coatings deposited with different PVA concentrations, the 

FTIR spectrum of raw PVA powder is also shown as a reference, (b) TG curves of composite 

coatings deposited with different PVA concentrations. 

FTIR spectra of the deposited coatings from suspensions with different PVA concentrations 

are shown in Fig. 4.7(a), where the FTIR spectrum of raw PVA powder is also introduced as a 

reference. The characteristic peaks of PVA correspond to the vibration of OH groups (~3420 cm
−1

), 

Csingle bondH (2942, 2916, 1450, 855 cm
−1

) and C–O (~1147 cm
−1

) bands, hydrogen bonds, and 

acetyl groups (~1715 cm
−1

, due to incomplete hydrolysis of polyvinyl acetate) [195, 196]. The 

FTIR spectrum of PAB0 deposited from the alginate–BG composite suspension presents typical 
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absorption peaks of both alginate (~1610 and ~1420 cm
−1

) and BG (~1030 and ~480 cm
−1

), which 

has been discussed previously [166]. The spectra of PAB10, PAB20, and PAB30 present the 

characteristic peaks of alginate, BG as well as PVA, indicating the presence of the three 

components in the deposited coatings. Moreover, when increasing the PVA concentration from 

PAB10 to PAB30, the relative intensities of the absorption peaks originated from PVA also 

increase, which can be attributed to an increase in the amount of deposited PVA in the coating. 

Typical thermogravimetric (TG) curves of the deposited coatings are shown in Fig. 4.7(b). When 

no PVA is employed for the deposition of PAB0 coating, a two-step degradation process can be 

inferred from the TG curves. According to previous experiments, these two weight loss stages can 

be attributed to the removal of absorbed water and the burning out of alginate [166]. However, with 

the addition of PVA, TG curves of the deposited coatings exhibit three well-separated 

decomposition stages. The weight loss region between 50 and 100 °C is attributed to the removal of 

absorbed water, while the subsequent two regions are related to the burning out of alginate and 

dehydroxylation (200-275 °C) and decomposition (400-500 °C) of PVA chains, respectively [197]. 

The presence of the additional peaks and the more rapid decrease of weight ratio at 200−275 °C 

compared to sample PBA0, indicate the presence of PVA in PBA10, PBA20 and PBA30. No 

significant mass loss is found above 600 °C, hence this temperature was chosen to record the 

residual BG content. Considering that the same alginate content was used in the initial suspensions, 

and that the decomposition trends of PAB10, PAB20 and PAB30 seem to be the same below 

240 °C (which is reported to be the peak decomposition temperature of alginate [198]), it may be 

considered that the relative content of alginate in PAB10, PAB20, and PAB30 is constant, however 

the partially overlapped degradation temperatures of alginate and PVA makes it difficult to identify 

the accurate content of alginate from TG curves. The relative content of BG decreases from 85 wt% 

for PAB0 to 32 wt% for PAB30 with increasing PVA concentration from 0 to 30 g/l. In contrast, 

the deposit yields, which are influenced also by the PVA addition, increase significantly from 0.61 

mg/cm
2
 for PAB0 to 1.71 mg/cm

2
 for PAB30, as shown in Table 4.4. Because of the relatively 

lower concentration of alginate in the starting suspensions compared to PVA and BG components, 

if it is hypothesized that the composite coatings were constituted only by PVA and BG (the content 

of alginate is considered equal and negligible among the composite coatings), the corresponding 

yields of PVA and BG were calculated and the results are shown in Fig. 4.8. The content of BG in 

the deposits is determined to be 0.49±0.05 mg/cm
2
, while the yield of PVA increases exponentially 

when increasing PVA concentration. Therefore, it is confirmed that the addition of PVA has no 

significant effect on the deposition of BG, whereas the content of PVA in the coatings is highly 

dependent on the initial PVA concentration in solution (although more experimental results should 

be obtained to determine reliably the exact correlation between PVA concentration and its yield on 

the substrate). 
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Fig. 4.8. Calculated electrophoretic yield of PVA and BG assuming negligible content of alginate in 

the deposited coatings. 

In order to understand the reason for the behavior of the deposit yield as well as the 

mechanism of co-deposition, a series of EPD experiments was performed to elucidate the 

interaction between the three components of the system. The first observation was that no 

deposition of BG or PVA or even the combination of them can be achieved in the absence of 

alginate in the current experimental conditions (DC voltage: 10 V, deposition time: 15 s, solvent: 

water–ethanol mixture). According to our previous discussion in Section 2.6.2, anodic deposition 

of alginate is achieved via electrophoresis of negatively charged molecules followed by 

neutralization in the low pH region at the anode. The zeta potential values of BG particles in 

different suspensions with different polymer components are shown in Table 4.5. BG particles in 

alginate-containing suspensions possess much higher absolute values of zeta potential in 

comparison with those in alginate-free suspensions, which indicates that alginate, which is strongly 

negatively charged, plays an important role on the stabilization of the BG particles, probably due to 

their electrostatic interactions. No obvious increase of zeta potential is found with the addition of 

PVA. The constant yield of BG obtained from both diphasic or triphasic suspensions indicates that 

the addition of PVA did not affect the EPD behavior of BG. On the other hand, PVA–alginate 

coatings were successfully produced from the initial mixed PVA–alginate suspension (before 

adding BG particles) by EPD, and the FTIR spectrum of the deposited coatings (not shown here) 

exhibited the characteristic peaks of both alginate and PVA. Additionally, no shifts of peaks were 

observed in the FTIR spectrum indicating that there is no chemical interaction between PVA and 

alginate during the EPD process. 
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Table 4.5. Zeta potential values of BG suspensions with different polymer components (Solvent: 

VH2O:VEthanol=6:4, the concentrations of alginate, PVA and BG were 0.2, 1, and 1 g/l, respectively). 

Components BG BG+PVA BG+Alg BG+PVA+Alg 

Zeta potential/mV -24±13 -24±13 -57±13 -56±23 

 

Based on our experimental results, a possible model of the interactions among the three 

components in the used suspensions is schematically shown in Fig. 4.9. The ‘+’ and ‘−’ symbols 

show the relative amount of charge units on the surfaces of different components (based on the 

chemical structure of the molecules and/or the obtained zeta potential values). Firstly it should be 

noted that the surface of BG particles possesses both positive and negative charges, while the zeta 

potential of BG (− 24 ± 13 mV) indicates only that the relative amount of negative units is higher 

than that of positive units. Therefore, as alginate presents a higher degree of dissociation (meaning 

a higher number of negative charges) than PVA (since the first is considered an anionic polymer 

while the latter is considered a neutral one), BG particles are expected to be preferentially covered 

by alginate rather than PVA chains which likely adsorbs onto the positive points of BG particles. 

This way, under an applied electric field, BG particles migrate to the anode along with alginate 

molecules. Considering the neutral behavior of PVA, no chemical interaction is expected between 

PVA and alginate. However, since PVA is being co-deposited with alginate, a physical interaction 

may be developed between PVA and alginate chains. Xie et al. [199] described the physical 

interlocking of PVA and further crosslinking with alginate and they schematize the result as a 

network formation due to the interpenetration of the two polymers. In our case, the individual 

crosslinking of the polymers was not observed according to the FTIR measurement, but it is likely 

that free chains of both PVA and alginate become interpenetrated. Considering this network 

formation, when the voltage is applied during EPD, it is suggested that the negatively charged 

alginate migrates to the positive electrode dragging the PVA chains in the same direction, therefore 

allowing the co-deposition. With increasing PVA concentration in suspension, the physical 

interaction between the two polymers will be enhanced, thus a higher yield of PVA could be 

anticipated. As a result, the co-deposition of BG and PVA, which is possible due to their co-

deposition with alginate, can be conveniently realized by a one-step EPD procedure from a three 

component suspension, as shown for the first time in the present investigation. 
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Fig. 4.9. Schematic model describing the interactions among the three components in composite 

suspensions. 

Surface SEM images in Fig. 4.10(a, c, and e) show the homogeneous and crack-free composite 

coatings deposited with the selected EPD parameters (two cycles EPD process with the same 

deposition voltage of 10 V and deposition time of 15 s). BG particles (average diameter of ~2 μm) 

are seen to be well dispersed and partially embedded in the polymer matrix while a few 

agglomerations are observed for samples PAB20 and PAB30. The relative content of BG is largely 

reduced with increasing PVA concentration, which is in accordance with the TG results. Smooth 

cross-sections were prepared by direct mechanical cutting of the coated substrate using a pair of 

scissors. As shown in Fig. 4.10(b, d, and f), the cross-sections are fairly uniform in thickness and 

appear rather homogeneous even after 2 separate EPD cycles. Increased thickness of the deposits 

was observed with higher PVA concentrations, indicated with arrows in the figures, and the 

maximum thickness is around 10 μm. The inset in Fig. 4.10(f) shows a high magnification cross-

section of PAB30 coating. No visible structural defects such as pores or micro-cracks are observed, 

and the coating appears dense and polymer-dominated by visual inspection with a few BG particles 

interspersed inside. As discussed previously in Fig. 4.3 in Section 4.1.3, alginate–BG coatings 

deposited using the same EPD condition exhibited a cracked cross-section and a surface with 

massive micropores due to the effect of water electrolysis. However, the absence of cracks and 

micropores in PAB10, PAB20, and PAB30 could be ascribed to the effect of the co-deposited PVA 

chains which could conveniently fill the voids among BG particles and potentially infiltrate into the 

pores caused by water electrolysis during EPD. 



Chapter 4: Organic-inorganic composite coatings to improve bioactivity 

57 

 

  

  

  

Fig. 4.10. Surface and cross-section SEM images of composite coatings with different PVA 

concentrations: (a, b) PAB10, (c, d) PAB20, (e, f) and PAB30; the inset in panel (f) is a high 

magnification image of the selected area. 

The roughness characteristic values including the arithmetic mean value (Ra), mean peak-to-

valley height (Rz), and maximum peak-to-valley height (Ry) were measured to evaluate the surface 

topographic features of the deposited coatings, as shown in Table 4.6. Appreciable increase of Ra 

with increasing PVA content is observed although the maximum increment was found to be only 

0.36 μm from PAB0 to PAB30 coating. The slight increase of Ra is likely due to the relatively fine 

particle size of BG used in the present experiment. In contrast, Rz and Ry values increase, which is 

probably due to the high viscosity of the suspension with higher PVA concentration, leading to 
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agglomeration of BG particles on the coating, as also confirmed by SEM observations, e.g. in Fig. 

4.10(c) and (e). 

Table 4.6. Surface roughness parameters of deposited coatings with different PVA concentrations. 

Sample 

code 

Roughness/μm 

Ra Rz Ry 

PAB0 0.81±0.02 5.1±0.2 7±1 

PAB10 0.89±0.05 7.1±0.3 9±1 

PAB20 1.13±0.04 8.3±0.3 10±1 

PAB30 1.17±0.08 9.5±0.7 13±1 

 

The wettability of deposited coatings was evaluated by static water contact angle measurement, 

and average values of 5 tests for each coating condition are presented in Fig. 4.11. It is reported that 

an ideal water contact angle range for bone regenerative applications should be between 35 ° and 

80 °, which represents a not too highly hydrophilic surface, since otherwise the extent of critical 

protein attachment to the surface could be negatively affected [31, 200]. All coatings show 

hydrophilic characteristics according to the contact angle measurement. Compared to coatings 

containing PVA, the extremely low contact angle of PAB0 is probably due to the presence of 

micron-sized pores on its surface which can accelerate the infiltration of water droplet into the 

coating structure. The contact angle of pure PVA film produced by the solution casting method was 

measured as 74±2 °. A linear decrease of contact angle is observed with increasing PVA 

concentration, and the contact angle of PAB30 is 74.2±0.9 °, which is approximately equal to the 

contact angle of pure PVA film. PVA is well known as a hydrophilic polymer due to the presence 

of abundant hydroxyl groups that interact with water molecules leading to hydrophilicity. Since the 

formation of micropores and cracks was remarkably minimized in the present coatings due to the 

PVA addition, the hydrophilic characteristic of the coatings is mainly dictated by the chemistry of 

the coating components themselves. Therefore, the contact angle decreased proportionally to the 

increasing amount of PVA and finally reached the value of pure PVA film due to the dominant 

effect of the PVA phase in PAB30. The relation between surface roughness and hydrophilicity is 

complex and it has been discussed in the literature [184]. As found in this study, porosity is a key 

factor affecting the hydrophilicity of the coatings, i.e. the contact angles of PVA containing 

coatings, due to the absence of micropores, were significantly increased compared to those of PVA-

free alginate–BG coatings, while the increase of PVA content in the coating has a lower effect on 

the decrease of water contact angle. On the other hand, the surface roughness of PAB30 (1.17±0.08 

μm) coating, due to the presence of BG particles, is much higher than that of the pure PVA film 

(0.31±0.05 μm) produced by solution-casting process. However, the almost identical contact angle 
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values of these coatings indicate that the contact angle is more sensitive to the nature of the coating 

materials themselves (chemical composition) than to the slight change of surface roughness. 

 

Fig. 4.11. Water contact angles of the composite coatings deposited with different PVA 

concentrations (the contact angle of pure PVA film was measured as a reference). 

II. Mechanical properties 

Fig. 4.12 shows the adhesion strength of deposited coatings with different PVA contents 

which was quantitatively measured by a pull-off test, as schematically shown by the inset in Fig. 

4.12. It is found that the adhesion strength increased significantly with the presence of PVA which 

is thus confirmed to play an important role on the packing density of the coatings and on the 

connection between the coating and the substrate. A slight increase of adhesion strength is observed 

with higher PVA content, i.e. from 2.2 MPa for PAB10 to 2.4 MPa for PAB20 coatings. However, 

there is no significant difference between the measured values given the intrinsic experimental 

variability of the test. 

 

Fig. 4.12. Adhesion strength of the coatings with different PVA contents measured by pull-off test. 

In order to further qualitatively evaluate the adhesion between the coating and the substrate, a 

cycled bending test was carried out, as schematically described in Fig. 4.13(a). The coated substrate 

was bent around the axis (180 °) until the coated surface became parallel to the other half of the 

substrate, followed by which the substrate was bent back to its original position before the next 
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bending cycle. The distance between the two halves of the bent substrate (Step 2) was kept at less 

than 2 mm during all bending cycles. Fig. 4.13(b–d) shows cyclically bent surfaces of coatings in 

the region where the tensile strength is at a maximum level. The PAB10 coating after 5 bending 

cycles exhibits a relative compact surface with a few micro-cracks and detached areas (shown by 

arrows in the figure) on the edge of the coating. No visible crack or coating detachment was 

observed after 5 bending cycles for PAB20 coating. Further bending test of PAB20 sample, which 

is not shown here, indicated that cracks appeared only after 10 bending cycles. After 5 bending 

cycles of PAB30 sample, the coating began to detach from the substrate but no crack was observed 

on the surface of the detached coating. The detachment of PAB30 coating during the cycled 

bending test can be ascribed to its polymer dominated structure which leads to enhanced bonding 

and higher flexibility of the coating. Under the excessive bending loading involving both tensile 

and shearing forces, the PAB30 coating tends to detach from the substrate. Therefore, a qualitative 

proper optimal amount of polymer addition to form a suitable organic–inorganic composite coating, 

e.g. in our case PAB20 coating produced from the suspension containing 20 g/l PVA, is an ideal 

compromise for achieving high adhesion to the substrate and reduced crack-formation. 

  

  

Fig. 4.13. (a) Schematic diagram of the cycled bending test process, and optical images of coated 

substrates after 5 bending cycles (b) PAB10, (c) PAB20, and (d) PAB30 coatings showing different 

cracking and detachment behaviors of the coatings. 
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III. In-vitro bioactivity assessment 

 

Fig. 4.14. Weight loss of deposited coatings versus immersion time in SBF with different PVA 

concentrations. 

HA forming ability is usually considered the key characteristic of bioactive materials used as 

bone replacement and orthopedic coatings [163]. In addition to in vivo implantation examination, 

the characterization of apatite formation (mineralization) of orthopedic coatings in SBF with ion 

concentrations nearly equal to those of human blood plasma has been established as an effective 

and convenient alternative to predict their bioactive potential [163]. Fig. 4.14 shows the weight loss 

of deposited coatings as a function of immersion time in SBF for 0.5, 1, 2, 4, 7, and 14 days in 

order to quantitatively evaluate their degradation and mineralization behaviors. SBF immersion 

studies of pure PVA films were proposed to be carried out as a reference, however it was found that 

the PVA film swelled up rapidly and lost its film structure in less than 0.5 day after immersion in 

SBF. Significant weight losses of all coatings were observed after incubation in SBF for only 0.5 

day, which is mostly attributed to the rapid water-swelling and detachment of superficial PVA 

binder under orbital shaking condition, and subsequent release of BG particles due to the reduced 

adhesion. However, the weight of all coatings increased after the initial incubation in SBF for 1 day, 

suggesting the occurrence of a mineralization stage related to the well-known ion exchange and 

apatite precipitation processes on the surface of BG particles [106]. It can be seen that after 2 days 

of SBF incubation the weight of PAB10 continued to decline reaching 18% of its initial value after 

14 days of incubation, while the weight of PAB20 was stabilized at ~29 wt%. There was also a 

weight increase in the PAB30 specimen with increasing time in SBF. These experimental results 

indicate that the enhanced adhesion of the coating to the substrate and better bonding between BG 

particles introduced by higher amounts of PVA could minimize the detachment and rapid 

degradation rate of BG particles during SBF incubation, resulting in the coating increasing weight, 

which should indicate deposition of HA. Moreover, it was reported that PVA exhibits the lowest 
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degradation rate in neutral pH environment [201], and many related studies [202-204] have shown 

that a pH buffering effect of BG particles, with respect to the neutralization reaction between 

dissolved alkaline ions from BG particles and acidic products of the polymer degradation, could 

locally retard the polymer degradation rate. Therefore, in the present coatings, reduced degradation 

rates of both BG particles and PVA were achieved simultaneously. 

 

Fig. 4.15. FTIR spectra of deposited coatings after immersion in SBF for different time periods: (a) 

PAB10, (b) PAB20, and (c) PAB30; (d) XRD patterns of PAB30 coatings after immersion in SBF 

for 2, 7, and 14 days; the XRD pattern of as-received BG particles is also shown as a reference. 

FTIR spectra of PAB10, PAB20, and PAB30 coatings after incubation in SBF for different 

periods of time are shown in Fig. 4.15. The absence of FTIR spectra of PAB10 samples incubated 

in SBF for longer than 2 days, as shown in Fig. 4.15(a), is due to the fact that most of the coating 

detached from the substrate under orbital shaking condition and no measurement was possible. It 

can be observed from Fig. 4.15(a–c) that all coatings showed the same evolution behavior during 

the initial 2 days of incubation. The increased intensity of Si−O vibration modes (~480 cm
−1

 and 

~1087 cm
−1

) and the appearance of S−O−Si stretching at around 810 cm
−1

 during 0.5 and 1 days of 

SBF incubation correspond to the condensation and polymerization of a SiO2-rich layer on the 

surface of BG particles. Meanwhile, the P−O bending vibration emerging at 561 cm
−1

 after only 0.5 

day of incubation is associated with the formation of an amorphous calcium phosphate phase. After 

2 days of incubation, the amorphous P−O band is replaced with a double P−O band (561 cm
−1

 and 

601 cm
−1

) assigned to crystalline apatite [205]. With increasing immersion time the Sisingle bondO 

peak, which also stands for the presence of BG particles, seems to gradually disappear, while the 

P−O peaks become sharper indicating the enhanced crystallization of the HA phase. Furthermore, 
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the peak at 873 cm
−1

 and the dual broad peak at 1420–1460 cm
−1

 (as arrowed in Fig. 4.15(c)) can be 

assigned to the stretching vibration of C−O bond, suggesting the formation of carbonated 

hydroxyapatite (HCA) [188, 206]. It should be noted that higher concentrations of PVA did not 

affect the HA formation capability of the deposited coatings even though the concentration of BG 

particles contained in the coating was sharply reduced (from 58 wt% to 32 wt% as shown in Fig. 

4.7(b)). The XRD spectra of PAB30 coating after incubation in SBF for 2, 7, and 14 days are 

shown in Fig. 4.15(d), where the XRD pattern of as-received BG is also introduced as a reference. 

Compared to the XRD pattern of the as-received BG particles, the appearance of a characteristic 

peak at 32 °, which indicates the presence of HA, is observed after only 2 days of immersion in 

SBF. The relative intensity of the HA peak increases slightly for coatings immersed in SBF for 14 

days. The intensity of the peak at 19.6 °, due to the presence of PVA [207], is significantly reduced 

after 14 days of immersion in SBF. It should be also point out that the strongest peaks shown are 

from the 316L stainless steel substrate. 

  

  

Fig. 16. SEM images of the surface of the PAB30 coating after incubation in SBF for different time 

periods: (a) 2 days, (b) 7 days, and (c) 14 days; the selected area was used for EDX analysis, (d) 

high magnification image of (c). 
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Furthermore, surface SEM images of PAB30 coating after SBF incubation for 2, 7, and 14 

days are shown in Fig. 4.16. A small amount of nano-sized particles is present on the surfaces of 

bulk BG particles after 2 days of incubation, which is likely the result of the crystallization of HA at 

this stage. Caused by the removal of superficial PVA in the initial immersion period, the top layer 

of the coating mainly consists of bare BG particles while the BG particles in the bottom layer are 

partially embedded in the polymer matrix. Therefore, with this graded coating structure the 

adhesion of the coating could be maintained and the coating bioactivity could be improved with the 

exposure of BG particles to the SBF. For longer immersion times in SBF, both PVA and BG 

particles dissolved gradually and a continuous and porous HA layer formed on the top surface of 

the PAB30 coating, as shown in Fig. 4.16(b) and (c). The highly porous morphology of the nano-

grained HA framework incorporated with a few incompletely converted BG particles after 14 days 

of incubation, is similar to the microstructure of the final converted 45S5 BG reported in the 

literature [208].  

 

Fig. 4.17. EDX spectrum of the selected area in Fig. 4.16(c); the inset table shows the normalized 

weight and atomic ratios of the detected elements. 

Surface EDX analysis was also applied to investigate the element composition of PAB30 

coating after 14 days of SBF incubation, as shown in Fig. 4.17. The EDX pattern of the selected 

area in Fig. 4.16(c) revealed the presence of calcium, phosphorus, as well as carbon element which 

was not detected in the original PAB30 coating (not shown here). The EDX results of PAB30 

coating after immersion in SBF for 14 days, combined with the aforementioned FTIR and XRD 

analyses, suggest the possible formation of HCA which, according to literature, exhibits higher 

osteoconductive properties and earlier bioresorption compared to stoichiometric HA in vivo [209]. 

The weight and atomic ratios of detected elements are presented in the table in Fig. 4.17. The 

selected area had a Ca/P ratio of 2.34 which is higher than 1.67, which is the value of stoichiometric 

HA (Ca10(PO4)6(OH)2). The relatively high Ca/P ratio could be attributed to the presence of 

unconverted BG particles (Ca/P atomic ratio ~5.2) on the coating surface. 
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Based on the experimental results of the in vitro bioactivity test, it can be thus concluded that 

the PVA reinforced alginate–BG composite is a favorable bioactive platform for orthopedic 

coatings. PVA is a low cost and biocompatible polymer, which provides significantly enhanced 

adhesion strength and modulates the degradation rate of the obtained composite coatings, leading to 

their promising bioactivity, i.e. fast apatite forming ability. Moveover, the graded-porosity structure 

of PAB30 coating after incubation in SBF is convenient to balance the performance of the coating 

both as a dense corrosion protection barrier and as a bioactive surface exhibiting certain porosity to 

facilitate cell attachment and potentially leading to suitable bonding to bone tissue. In addition, 

antibiotics, growth factors and other bioactive molecules can be added in the initial composite 

suspension and co-deposited by EPD together with the coating components for bio-

functionalization purposes. In this application, PVA chains with large number of hydrophilic 

hydroxyl groups are expected to improve the entrapment efficiency of biomolecules during EPD. 

For example the combination of PVA with alginate has been reported as a suitable matrix for cell 

immobilization purposes [210]. 

4.2.4 Summary 

EPD was successfully developed for the co-deposition of PVA reinforced alginate–Bioglass® 

composite coatings from a three component suspension. Surface and cross-sectional SEM 

observations confirmed the compact and fairly homogeneous coating structure obtained due to the 

addition of PVA. Appreciable increase of coating thickness and surface roughness was also 

observed with higher PVA concentration. All coatings showed a hydrophilic character according to 

water contact angle measurements, while the contact angle of PVA containing coatings, due to the 

absence of micropores, was measured to be significantly higher than that of pure alginate–BG 

coatings. The mechanical adhesion analysis (pull-off adhesion strength and cycled bending tests) 

indicated that the presence of PVA significantly increases the adhesion between the coating and the 

substrate. Experimental results from in vitro bioactivity tests in SBF indicated that the addition of 

PVA gave rise to a retarded decomposition rate of the deposited coatings in SBF, and, more 

importantly, the superior bioactivity of the coatings with higher amount of PVA was not affected. 

Rapid formation of crystalline HA was found after 2 days in SBF, and the coatings incubated in 

SBF for 14 days exhibited a highly porous surface structure constituted by nano-grained HA and 

incompletely converted BG particles, which should be beneficial to interact with bone-forming cells. 

Summarizing, the addition of PVA, a low-cost and biocompatible polymer, plays an important role 

in determining the composition and microstructure of alginate-BG coatings leading to excellent 

adhesion strength to the substrate. The proposed one-step EPD method offers the advantages of 

room temperature processing and the possibility of co-deposition of biological entities or antibiotic 

drugs.  
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4.3 Cellulose nanocrystals—45S5 bioactive glass composite coatings 

4.3.1 Introduction 

Recent studies have highlighted the importance of developing composite materials based on 

biodegradable polymers and bioactive glasses to mimic the biological constitution of natural bone 

which presents a composite structure comprising fibrous collagen and HA crystals [211]. In the 

case of the potential combination of CNCs with BG in this study, we consider for the first time the 

use of electrophoretic co-deposition to fabricate CNCs-BG nanocomposites as potential bone 

replacement materials. A nanocomposite coating consisting of BG individually wrapped and 

interconnected with fibrous CNCs, inspired by the constitution of natural bone, was generated on 

316L stainless steel from aqueous suspensions by a one-step EPD process. CNCs is expected to 

mimic the activity of fibrous collagen and BG, which presents excellent HA forming ability, is 

designed as the bioactive substitution of inorganic fillers in bone. Deposition of CNCs-BG 

composite coatings with varied CNCs and BG concentrations was carried out to interpret the 

deposition kinetics and to validate the tailoring of the coating composition and microstructure by 

EPD. The co-deposition mechanism was experimentally elucidated by means of zeta-potential 

measurements and SEM. The coating composition, surface roughness and wettability were 

controllable as a result of the simplicity of EPD technique. In vitro characterization of the deposited 

CNCs-BG coating in simulated body fluid revealed an extremely rapid mineralization of BG 

particles on the coating, e.g. the formation of a HA layer after 12 hours of incubation, as indicated 

in Fig. 4.18. A series of comparative trials were implemented and different characterization 

methods were considered for a comprehensive understanding of the mineralization of BG particles 

with in contact with CNCs, including SEM-EDX, X-ray diffraction, Fourier Transform Infrared 

spectroscopy and Inductively Coupled Plasma Emission Spectrometer. Furthermore, the 

development of surface topography, wettability, porosity, adhesion strength and anticorrosion 

stability, considered the key factors determining the applicability of the prepared coatings, were 

quantitatively evaluated as a function of mineralization time. MC3T3-E1 cells (preosteoblast) were 

cultured on the deposited coating, and on bare stainless steel substrate used as a control. The results 

of cell culture indicated that the CNCs-BG coating substantially accelerated MC3T3-E1 cell 

attachment, spread, proliferation, differentiation as well as inducing the mineralization of the 

extracellular matrix. This study validates the versatility of CNCs to act as element and to regulate 

the mineralization of bioactive glass based biomedical coatings, and thus promoting the 

osseointegration process. 
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Fig. 4.18.  Synthesis of cellulose nanocrystals, electrophoretic co-deposition of cellulose 

nanocrystal -bioactive glass nanocomposite coating and rapid mineralization of BG particles in SBF. 

4.3.2 Materials and methods 

I. Sulfuric acid hydrolysis of CNCs 

 

Fig. 4.19. Schematic hydrolysis production process of CNCs by sulfuric acid. 

The synthesis of CNCs was carried out by Uxua Pérez de Larraya and Nere Garmendia from 

CEMITEC in Spain. Briefly, microcrystalline cellulose (MCC) was purchased from Sigma-Aldrich 

(Steinheim, Germany). Sulfuric acid for hydrolysis of MCC was provided from PANREAC 

(Barcelona, Spain). The hydrolysis was performed using 63.5% (w/w) sulfuric acid (10 ml H2SO4/g 

MCC) at 44 ºC for 2 h under mechanical stirring. The sulfuric acid hydrolysis process is 

schematically exhibited in Fig. 4.19. The reaction was stopped by diluting with 10-fold cold (4 ºC) 

distilled water. The obtained suspension was concentrated and subsequently rinsed with distilled 

water by repeated centrifugation at 9000 rpm for 10 min until the supernatant became turbid. Then, 
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the suspension was dialyzed in distilled water until constant pH was reached and finally a stable 

CNCs suspension with solid content of 0.42% (w/v) was obtained. The obtained CNCs are partially 

sulfated because of the hydrolysis process with sulfuric acid. This fact diminishes the CNCs 

aggregation and confers stability in comparison with the desulfated CNCs.  

II. EPD process 

The stock CNCs suspension was subjected to ultrasound probe treatment (Branson Sonifier
®
 

S250D, USA, time: 10 s, amplitude: 30%) before use. De-ionized water (Purelas option ELGA 

DV25, ≤0.67 µS/cm) was used as solvent. The BG powder was added into CNCs suspension 

followed by 10 min magnetic stirring and 5 min sonication bath treatment (BANDELIN RK100, 

Germany). Prior to each EPD experiment, the composite suspension was sonicated for 3 min to 

achieve a homogeneous dispersion of BG particles. The EPD cell included two parallel 316L 

stainless steel (SS) plates as the deposition and counter electrodes, respectively. The deposition area 

was fixed as 15×20 mm
2
 and the distance between the electrodes was 10 mm. The composition of 

all suspensions as well as corresponding EPD parameters are listed in Table 4.7. After the 

deposition, the coated anode was gently removed from the suspension and dried at 37 ºC in a 

desiccator for 24 h before further characterization. 

Table 4.7. List of suspensions, EPD parameters and contact angle values of the obtained coatings 

for all experiments. (‘*’ represents the sample condition for in vitro SBF study) 

CNCs    

(mg/ml) 

BG       

(mg/ml) 

Deposition voltage 

(V) 

Deposition time 

(s) 

Contact angle 

(
o
) 

0.5 0.5 20 45 30±4 

0.5 1.0 20 45 27±5 

0.5 2.0 20 45 12±1 

0.5 5.0 20 45 9±1 

0.5 10.0 20 45 — 

0.2 5.0 20 60 12±2 

0.5 5.0 20 60 11±1 

1.0 5.0 20 60 — 

2.0 5.0 20 60 — 

1.0* 10.0* 10* 60* — 

4.3.3 Results 

I. Deposition mechanism 

The stability of the colloidal suspension plays a key role on determining the microstructure 

and homogeneity of the deposited coatings. The zeta potential values of BG particles with different 
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CNCs/BG ratios (w/w) are shown in Fig. 4.20(a) representing the possible interaction between BG 

and CNCs. The CNCs/BG ratios for zeta potential measurement were set to cover those applied for 

EPD and a suspension containing only BG was measured as a reference. The zeta potential of BG 

particles is −24±3 mV, which then increases in absolute value to −35±7 mV after mixing with a 

small amount of CNCs (CNCs/BG ratio of 0.04). The higher absolute zeta potential of BG in 

CNCs-containing suspensions is probably a consequence of the negatively charged CNCs adsorbed 

on the surface of BG, leading to a more stable suspension and further homogeneous deposit. With 

the increase of CNCs/BG ratio from 0.04 to 2, all samples present similar zeta potential values in 

the range −35 ~ −31 mV. Therefore, it can be concluded that BG particles in all EPD suspensions 

(minimal CNCs/BG ratio is 0.04 according to Table 4.7) were fully charged with the presence of 

CNCs. A possible model describing the interaction between BG and CNCs in the EPD suspension, 

and their co-deposition under an applied electric field, is schematically shown in Fig. 4.20(b). The 

co-deposition mechanism of BG with CNCs can be assigned to two separate processes: (i) the 

CNCs adsorbed on the surface of BG particles and incorporated in the deposit accompanying them, 

and (ii) the non-adsorbed CNCs which migrate and incorporate in the deposit separately. 

 

Fig. 4.20. (a) Zeta potential of BG as a function of CNCs/BG ratio in water solvent, (b) Schematic 

model describing the interaction between BG and CNCs in suspension, and their EPD process. 

II. Coating characterizations 
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Fig. 4.21. (a) Deposit mass per area as a function of BG or CNCs concentration. The fitted line 

shows the linear regression trend, where ‘y’ is the deposit mass per area and ‘c’ is the BG or CNCs 

concentration, ‘R
2
’ is the linear correlation coefficient, (b) TG analysis and optical images (inset) of 

the prepared coatings with different BG concentration (The CNCs concentration is fixed at 0.5 

mg/ml). 

The deposit mass per area of the prepared coatings as a function of BG or CNCs concentration 

is plotted in Fig. 4.21(a), where the fitted linear equations are also depicted. A linear increase of the 

deposit mass with increasing BG or CNCs concentration in suspension is obtained, which is broad 

agreement with the Hamaker equation [91]. The slope of the fitted Line 2 in Fig. 4.21(a) is much 

higher than that of Line 1, which indicates that the increase of deposit mass depends strongly on the 

concentration of CNCs, considered to be the charger for electrophoresis. Fig. 4.21(b) shows the TG 

analysis as well as the optical images of the coatings deposited from suspensions with different BG 

concentrations. It is found that the deposited coatings become brighter with increasing BG 

concentration. Considering the organic-inorganic composition of the deposit, the relative content of 

BG and CNCs in the coating can be quantitatively determined by TG measurements. The initial 

drop seen in TG curves below 150 °C corresponds to a mass loss of adsorbed moisture. No 

significant loss in mass is found above 400 °C indicating a complete bunring out of CNCs in the 

coating [212], and therefore 400 °C is chosen to record the residual BG mass. The relative content 

of BG in the coatings increases from 48 to 86 wt% as shown in Fig. 4.21(b), which is in accordance 

with the increase of BG concentration in suspension from 2 to 10 mg/ml. According to our 

experimental results, the linear variation of the deposition kinetics based on the current EPD 

conditions has been established. More importantly, the knowledge of deposition kinetics will 

simplify the production of CNCs-BG coatings with predetermined amount of coating components.  

 

Fig. 4.22. Surface roughness (Ra) of the deposited coatings as a function of BG or CNCs 

concentration, the dash line indicates the Ra of the bare substrate. 

As shown in Fig. 4.22, the average roughness (Ra) of the deposited coatings was measured to 

evaluate their topographical characteristics with different BG or CNCs concentration. The Ra of 
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uncoated stainless steel substrate (used as a reference) is 0.63 µm according to our previous 

investigation [213]. A drastic increase of Ra from submicron to micron scales was obtained with 

increasing BG concentration, while no significant differences of Ra values were found when 

increasing CNCs concentration from 0.2 to 2.0 mg/ml, indicating that the increase of Ra strongly 

depend on the addition of BG. Considering the nanoscale dimension of CNCs and microscale 

dimension of BG particles, the surface roughness of the CNCs-BG composite can be extensively 

adjusted with proper combination of CNCs and BG. 

  

  

Fig. 4.23. SEM images of the deposited CNCs-BG coating: (a, c) low and (b, d) high magnification 

of the surface and the cross-section, respectively. (CNCs: 1mg/ml, BG: 10 mg/ml) 

Surface and cross-sectional SEM images of the deposited coatings are shown in Fig. 4.23. The 

particles with diameter of around 1~3 µm are assigned to BG particles. As arrowed in figure in Fig. 

4.23(a), BG particles are firmly bridged by the polymer phase although the deposited coating 

presents a particle-dominated structure. The surface of single particles, as also clearly exhibited in 

Fig. 4.23(b), is completely masked with a layer of fibers. Uniform nanoholes are distributed on the 

surface, which could provide channels for the release of ions during degradation of the BG phase. 

The microstructure of the internal coating was observed from the cross-section prepared by direct 

mechanical cutting of the coated substrate. As shown in Fig. 4.23(c), the cross-section is compact 

and fairly uniform in thickness of ~28 µm, indicated with arrows. Fig. 4.23(d) shows a high 

magnification cross-section image indicating the surface morphology of BG particles inside the 

coating. It is found that those particles are masked by a firmly attached fiber mesh, which is the 
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same as the morphology of BG particles at the top of the coating. Therefore, it is concluded that the 

surface of all BG particles in the coating were covered with a layer of CNCs mesh, which is 

considered the consequence of the adsorption of CNCs in suspension, and subsequent co-deposition 

under the electric field. This phenomenon is also a visual confirmation of the hypothesized EPD 

mechanism explained above. 

Quantitative porosity measurements on the deposited coatings were not carried out in this study 

due to the limited coating thickness. However, it can be observed from SEM images that 

micropores in the form of gaps between BG particles are present throughout the coating. Another 

proof of the porous structure of the deposited coating is the water contact angle measurement 

shown in Table 4.7. Apart from the hydrophilic character of both BG and CNCs [213, 214], the 

rather low contact angle values of all samples can be attributed to their porous microstructure which 

accelerated the infiltration of water droplet into the coating structure. The contact angle reduces 

gradually with the increase of BG concentration which will introduce higher percentage of 

micropores in the coating. It should be noted that the absence of some contact angle is due to the 

fact that the water droplet spread and infiltrated the whole area of the coating in a short time. 

III. In-vitro SBF study 

 

Fig. 4.24. Coating weight and XRD spectra (normalized by the characteristic peak from the SS 

substrate) as a function of incubation time in SBF. 

The characterization of apatite formation on the surface of orthopedic devices in SBF, an 

aqueous solution with ion concentrations nearly equal to that of human blood plasma, has been 

established as an effective and convenient alternative to predict the bioactive potential [163]. 

Although BG is well-known as a bioactive ceramic due to its superior HA forming ability [215], it 

is interesting to investigate the mineralization mechanism of bioactive glass influenced by the 

addition of biopolymer with specific functional group and dimension. Such knowledge will effect 

to exploit smart bioceramics with controlled nanotopography and ion release properties, especially 

the ion dissolution products from ion-doped bioactive glasses play an important role on stimulating 
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biological performance involving osteogenesis, angiogenesis and antimicrobial applications [216, 

217]. On the other hand, in vitro evaluation of composition, microstructure as well as mechanical 

stability of the deposited CNCs-BG composite was carried out, which can help understand cell-

material interaction and clarify the suitability of the prepared coatings for orthopaedic and dental 

applications. The processing condition of the coating proposed for in vitro SBF study is marked 

with symbol ‘*’, as shown in Table 4.7.  

Fig. 4.24(a) shows the weight of the CNCs-BG coating as a function of immersion time in 

SBF for 0.5, 1, 2, 4, 7, and 14 days in order to quantitatively evaluate the degradation and 

mineralization behaviors. Significant weight loss was found after incubation in SBF for only 0.5 

day, which is mainly attributed to the rapid dissolution rate of BG under the current shaking 

condition. However, the coating weight increased after incubation in SBF for 1 day, suggesting a 

mineralization stage related to the ion-exchange from the BG component and apatite precipitation 

processes on the coating [106]. The coating weight increased significantly with increasing 

incubation time in SBF, indicating a continuous mineralization process. XRD measurements were 

carried out to evaluate the compositional variation of the CNCs-BG coating during the SBF 

incubation, as shown in Fig. 4.24(b). The XRD spectra were normalized by the characteristic peak 

at 43.8 º assigned to 316L stainless steel substrate. The diffraction peak at 22.6 º is typical for 

cellulose I structure indicating the presence of CNCs [218, 219]. The characteristic peaks of HA are 

detected in all soaked samples, which is a confirmation of HA formation on the incubated coatings. 

Meanwhile, the relative intensity of HA peak is growing with incubation time, which is in 

agreement with the increase of coating weight, indicating an increased amount of the precipitated 

HA phase. 

 

Fig. 4.25. Surface SEM images of BG pallets (used as reference) and CNCs-BG coatings as a 

function of incubation time in SBF, the inset in the figure (CNCs-BG coating after 3h of incubation) 

shows the elemental distribution by EDX analysis. 
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In order to investigate the mineralization process of BG particles influenced by wrapping of a 

CNCs mesh, the surface morphologies of the deposited CNCs-BG coatings as a function of 

incubation time in SBF were recorded, as shown in Fig. 4.25, where the morphology of BG 

particles in the absence of CNCs was also introduced for comparison. From the SEM images of BG 

pallets, it is observed that a few clusters of spherical particles have grown on the surface of bulk BG 

particles after 0.5 d of SBF incubation, which is probably caused by the precipitation of calcium 

phosphate phase [220]. After 1 d of incubation, bulk BG particles were completely covered with a 

layer of sperical nanoparticles indicating the enhanced mineralization process. With the increase of 

incubation time from 2 to 7 days, continuous precipitation of HA phase was observed and obvious 

crystallization in terms of the formation of plate-like HA started to appear after 7d of incubation. 

The whole surface of BG pallet was covered with platelet HA crystals after 14 d of SBF incubation. 

The mineralization process of CNCs-BG coatings was more rapid compared to that of BG pallets. 

A fabric-like structure with randomly distributed nanoholes was formed on the surface of BG 

particles after 3 hours of incubation, which is likely the precipitation and preferential growth of HA 

phase along the CNCs mesh. Additionally, EDX measurement was applied to analyze the elemental 

composition of an annular region on the fabric structure, as marked in the figure. The selected area 

exhibits mainly calcium, oxygen, phosphorus, chloride, and small amount of sodium and silicon, 

and the atomic Ca/P ratio was calculated to be 1.76, which is similar to Ca/P ratio (1.67) of 

stoichiometric HA (Ca10(PO4)6(OH)2). Therefore, it is considered that the composition the fabric 

surface layer is a mixture of calcium phosphate and sodium chloride precipitates from SBF. After 6 

h of incubation, the surface of BG particles was completely covered with a porous calcium 

phosphate layer. After one day of SBF incubation, the CNCs-BG coating presented a surface 

morphology with highly crystallized HA, which is comparable to the morphology of the BG pallet 

after incubation in SBF for 14 d. The results of the comparative experiments indicate that the 

presence of CNCs mesh will significantly accelerate the in situ mineralization/crystallization 

process of BG particles.  

Ion release profiles of the deposited CNCs-BG coating in ultrapure water and SBF for up to 2 

days are plotted in Fig. 4.26. When using ultrapure water as the release medium, the concentration 

of silicon, phosphorous, and calcium increased rapidly at the first 8 hours as a result of rapid 

degradation of raw BG particles. Then an appreciable increase of silicon concentration was detected 

indicating a continuous but much slower degradation rate of BG, while the concentration of 

phosphorous and calcium remain constant during the incubation. Compared to aqueous release 

medium, an equivalent ion release curve of silicon in SBF was found, indicating that BG particles 

perform the similar degradation rate in both ultrapure water and SBF. However, the concentration 

of both phosphorous and calcium reduced during the whole incubation period, which is attributed to 

the formation of a calcium phosphate phase compensating the degradation products of BG. For 
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example, a concentration platform of calcium during the initial releasing time is probably due to the 

equilibrium of reactions involving degradation of BG and precipitation of calcium phosphate phase.  

 

Fig. 4.26. Ion release profiles of CNCs-BG coatings in ultrapure water and SBF, and BG pallets 

with/without a CNCs dipping layer. 

At the same time, the ion release study of BG pallets coated with/without a CNCs dipping layer 

were tested in order to elucidate the effect of CNCs on the ions release behavior. It is obvious that 

the coated sample showed a higher concentration of silicon and lower concentration of phosphorous 

compared with the uncoated sample, suggesting a more rapid degradation as well as mineralization 

processes occurring on CNCs-coated samples. The uncoated sample presents a decreased 

concentration of calcium at the first 6 hours, while at the same time the coated sample exhibits a 

more significant reduction of calcium concentration before reaching the equilibrium stage. The 

different performance of calcium ion release profile can be ascribed to a preferential precipitation of 

cationic calcium on CNCs-wrapped BG particles at the initial stage of immersion in SBF.  

 

Fig. 4.27. Schematic model describing the proposed mechanism of mineralization of BG particles 

wrapped with porous CNCs layers. 
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According to the abovementioned experimental results, a possible model describing the 

mineralization mechanism of BG coated with a CNCs mesh layer is proposed in Fig. 4.27. The 

mineralization mechanism of bare 45S5 bioactive glass has been well described by Hench [215], 

which starts with the formation of a silica-rich gel on the particle surface, followed with ion-

exchange induced precipitation of amorphous CaO–P2O5-rich film and their further crystallization 

to a carbonated hydroxyapatite phase. Compared to the uncoated BG particle, the presence of a 

CNCs layer, with uniformly distributed nano-tunnels on the surface, will not retard the 

transportation of ion dissolution products. In contrast, the CNCs layer is expected to significantly 

accelerate the mineralization of BG by two approaches. On the one hand, the specific area of the 

coated BG is increased by covering a porous CNCs layer, providing more anchoring points for 

precipitation of the CaP phase. On the other hand, the anionic sulfate groups (described as green 

patterns in the figure) grafted on the CNCs can assist in capturing mineral ions. For example it is 

detected that the concentration of cationic calcium reduced drastically during the first 6 hours of 

incubation. Therefore, the prior attachment of calcium ions along the CNC nanofiber, serving as the 

mineralization nuclei, will induce the precipitation of calcium phosphate surrounding the fiber mesh, 

as evidenced by SEM images in Fig. 4.27. In other words, the CNCs meshes covering individual 

BG particles can act as an in situ template tailoring the surface morphology of the mineralized HA. 

It has been reported carboxylated carbon nanotubes, due to the interaction between carboxyl groups 

and minerals in SBF, were capable to nucleate HA under ambient and physiological temperatures 

[221]. that a bacterial cellulose pellicle pretreated by soaking in a Ca-containing solution could 

trigger HA precipitation on polymer surfaces incubated in 1.5× SBF [222]. A more relevant 

example with respect to our study is a fibrous poly-DL-lactide coating (diameter of 100-200 nm) 

electrospun on the surface of bulk BG pallets, which presents a full coverage of PDLLA fibers with 

mineralized HA nanocrystals after 14 days incubation in SBF [223]. It is therefore concluded from 

our experimental findings that an in situ wrapping of BG particles with CNCs, without pretreatment 

of raw materials or long-term incubation, is capable of inducing remarkably accelerated 

mineralization (less than 1 day) of BG particles providing also a guided growth of the HA phase. 

Apart from the significant influence of CNCs on the morphological character of individual BG 

particles during mineralization, the surface topography of the deposited CNCs-BG coating as a 

function of incubation time in SBF was evaluated by means of confocal microscope. As shown in 

Fig. 4.28, the 3D topography of each coating is indicated in the form of height distribution, and the 

arithmetic mean value (Ra) and normal distribution (gray pattern next to the scale bar) of roughness 

is also shown. The as-deposited CNCs-BG coating shows a relative smooth surface with Ra of 

0.731±0.07 μm. With the increase of incubation time in SBF, only a mild increase of Ra is obtained, 

while the incubated samples present an increasing amount of needle-like tips on the surface. It has 

been reported that the increased surface roughness of HA layer can effectively promote initial 
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osteoblastic cell adhesion and proliferation directly via enhanced formation of focal contacts or 

indirectly through selective adsorption of serum proteins specific for cell attachment [159]. 

Meanwhile, Costa et al. [224] reported that the variation of surface roughness of a biomimetic HA 

coating, from submicron to micron scale, exhibited significantly greater osteoblast attachment while 

minimizing the susceptibility to osteoclastic resorption [224]. More interestingly, by applying a 

precise control of surface nanopatterns including periodicity, shape and height, human foreskin 

fibroblasts exhibited significantly smaller cell size and lower proliferation on needle-like nanoposts 

[225]. Therefore, it can be concluded that the topographical control of the deposited CNCs-BG 

coating in our study, e.g. both the microscopic modification of individual BG particles and 

macroscopic modification of bulk coating surface in the range that equivalents size to osteoblastic 

cells, offers an straightforward approach to improve the osteoconductivity of apatite coatings. 

 

Fig. 4.28. 3D topographical features of the CNCs-BG coatings as a function of incubation time in 

SBF. 

Fig. 4.29(a-c) shows cross-sectional SEM images of CNCs-BG coatings in order to visualize 

the internal microstructure during SBF incubation. A drastic reduction of coating porosity (or 

coating densification) was observed after 1d of SBF incubation. The cross-section of the samples 

after 7d of SBF incubation exhibited a rather compact and uniform microstructure, as shown in Fig. 

4.29(c). Furthermore, well-distributed nanowhiskers were found in the matrix of newly formed HA 

phase (indicated with arrows), showing the preservation of CNCs in the coating after the 

mineralization. The wettability of the deposited coating as a function of incubation time in SBF was 

evaluated in terms of static water contact angle measurement (Fig. 4.29(d)). This measurement can 

also be used for indirect assessment of coating porosity as discussed previously. The contact angle 
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of as-prepared coatings could not be measured due to the immediate and complete infiltration of 

water droplet into the coating structure, as shown by the inset image in Fig. 4.29(d). With the 

increase of incubation time, probably due to the densification progressing, the incubated sample 

exhibited contact angles of 6.7±0.5 ° and 7.3±1.2 °after 1 and 2 days, respectively. Additionally, 

a significant increase of the contact angle after 4 d of incubation indicated a rapid densification 

process during this period. It seems that the coating was absolutely densified after day 4 because of 

the constant contact angle value even after 14 d of SBF incubation. The wettability of a dense 

coating is mainly determined by the chemistry of the coating components themselves. It is reported 

that the surface hydrophilicity of an implant surface plays an important role on soft and hard tissue 

integration process including protein adsorption and metabolism of osteoblast precursors [226, 227]. 

The densified nanocomposite coating in our study exhibits a moderate contact angle, which is 

expected to promote enhanced interactions between the bone tissue and the implant surface. 

 

Fig. 4.29. Cross-sectional SEM images (a-c) and water contact angles (d) of CNCs-BG coatings as 

a function of incubation time in SBF: (a) 0.5d, (b) 1d, (c) 7d (low and high magnification), (d) the 

inset shows the surface of the as-prepared CNCs-BG coating immediately contacting with water 

droplet. 

The content of CNCs in the coating, influenced by the SBF incubation, was quantitatively 

determined by a combination of coating weight and TG measurements, as shown in Table 4.8. The 

coating weight is significantly increased after 14 d of SBF incubation due to the mineralization of a 

HA layer. According to the result of TG measurement, the weight percentage of CNCs in the as-

prepared coating and the mineralized coating are 20.4 wt% and 11.1 wt%, respectively. The net 
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weight values of CNCs, obtained by multiplication of coating weight and percentage of CNCs, are 

0.24 and 0.20 mg/cm
2
 in two samples, respectively. It is therefore concluded that the majority of 

CNCs component in the coating is preserved after the mineralization process, which is of great 

importance for supporting the mechanical property of the mineralized coating. 

Table 4.8. Percentage and net weight of CNCs in the coatings before and after 14d of SBF 

incubation, determined by TG analysis. 

Coating condition Coating weight 

(mg/cm
2
) 

Percentage of CNCs (wt%) Net CNCs weight 

(mg/cm
2
) 

As-prepared 1.18±0.004 20.4 0.24 

14d of SBF incubation 1.77±0.32 11.1 0.20 

The bonding strength between the CNCs-BG coating and the metallic substrate was 

quantitatively evaluated by means of a scratch tester. Fig. 4.30(a) shows the critical load values of 

the CNCs-BG coating influenced by the SBF incubation time. A typical scratch line on day 4 

sample is shown in Fig. 4.30 (b). The cross on the scratch line standing for the position of the first 

detachment with linearly increased load is used to determine the critical load in this study. 

Appreciable increase of the critical load is observed during the initial densification stage. The day 4 

sample exhibits the highest critical load, which is in accordance to the terminal point of 

densification process. The slightly reduced adhesion of the completely densified coating with 

longer incubation time was probably due to the increased thickness of the HA layer (CNCs-free). 

However, no significant difference in critical load was found among all incubated samples. This 

result suggests that the adhesion strength is successfully maintained during the mineralization 

process. Fig. 4.30(c-d) shows SEM images of detached areas on the scratch line from a day 14 

sample. A thin polymer layer is found in direct contact with the metallic substrate, which is 

probably due to a prior deposition of CNCs phase over CNCs-wrapped BG particles. Furthermore, 

it is likely that the intermediate polymer layer can act as a binder strengthening the connection 

between the mineralized coating and the substrate, which has been confirmed in Fig. 4.30(d). The 

image indicates that the mineralized coating was impeded to detach from the substrate by the 

polymer layer. It is therefore reasonable that the stable adhesion strength of the mineralized coating, 

with the increase of incubation time, is mainly due to the presence of the polymer film in between 

the mineralized layer and the substrate. The initial critical load of the prepared CNCs-BG coating at 

different mineralization stages is higher than that of an EPD-produced calcium phosphate/chitosan 

coating (~6 N) [228]. However, the critical load (measured with the same principle) of the 

biomedical coating which is chemically bonded to the metallic substrate always presents 

significantly higher adhesion strength. For example a suspension plasma sprayed HA coating 

showed a critical load of around 10−12 N [229], and a biomimetic-assembled HA coating on 

titanium substrates presented a critical load as high as 13.1 N [230]. Nevertheless, it should be 
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noted that the coating was only slightly detached under these critical load values (shown in Fig. 

4.30(b)). In addition, the adhesion strength of the current CNCs-BG coating is expected to be 

effectively enhanced with further treatments. For instance, the relative content of CNCs considered 

as the polymer binder could be increased, and the substrate roughness could be increased for a 

better mechanical interlocking between the coating and the substrate. 

 

Fig. 4.30. (a) The critical load of the CNCs-BG coating as a function of incubation time in SBF, (b) 

typical optical micrograph of the scratch line on day 4 sample (the cross shows the occurrence of 

the first detachment), (c-d) SEM images of the detached area on the scratch line of day 14 sample. 

Potentiodynamic polarization curves of the samples are presented in Fig. 4.31, and their 

corrosion potential (Ecorr) and corrosion current density (Icorr) values are also introduced in the inset 

table. Compared to the as-prepared coating, the mineralized coatings showed better anticorrosion 

performance, proofed by the shifted polarization curves to the direction of lower absolute value of 

Ecorr and Icorr values. As shown in the inset table, significant reduction of both |Ecorr| and Icorr is 

observed with longer incubation time, indicating a gradually enhanced corrosion resistance property. 

The improved barrier property of the incubated coating is in accordance with the densification 

process as previously revealed in Fig. 4.31. The resultant coating with compact and robust 

microstructure could provide more effective barrier effect to prevent corroded ions penetrating into 

the metal matrix. 
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Fig. 4.31. Polarization curves of the prepared CNCs-BG coating as a function of incubation time in 

SBF. The inset table shows the corrosion potential and current density calculated from the 

polarization curve. 

IV. Cell culture test 

Cell culture tests were carried out by Ms. Qingqing Yao at Wenzhou Medical University, 

China. The relative cell viability cultured on bare and CNCs-BG coated 316L SS substrates was 

quantitatively studied by means of CCK-8 test, as shown in Fig. 4.32. Both the bare and CNCs-BG 

coated SS substrates exhibited comparable cell viability after 1 and 2 days of cultivation. 

Significantly higher cell viability (P <0.05) of the coated samples compared to bare substrates was 

obtained after 4 days of cultivation. Live/dead cell staining was performed for a direct observation 

of cell viability on the surface of the test samples, and the fluorescence images of the stained cells 

are also shown in Fig. 4.32. After 1 day of cultivation, cells were homogeneously distributed on 

both 316L SS and CNCs-BG coating while several dead cells were observed on bare SS group. No 

obvious difference of cell number was found between 316L SS and CNCs-BG groups. As shown in 

the images of day 4, cell proliferated on both 316L SS and CNCs-BG surface, and the number of 

living cells on CNCs-BG surface seems to be higher than that on 316L SS. Furthermore, cells 

exhibited significantly different spreading pathways on 316L SS and CNCs-BG surfaces, 

respectively. The cells cultured on 316L SS substrate tends to form clusters and interconnect to a 

network structure, while the cells spread individually and homogeneously on the surface of CNCs-

BG coating. Both CCK8 and Live/dead staining results suggest that the prepared coating system 

promoted the pre-osteoblast cell proliferation. 
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Fig. 4.32. CCK-8 counts of cells cultured on bare and CNCs-BG coated 316L SS substrates for 1, 2 

and 4 days. Error bars represent means ± SD for n=4 (*P <0.05), and the inset shows the 

corresponding fluorescence images of stained live/dead cells cultured for 1 and 4 days. 

The morphology and cytoskeleton of MC3T3-E1 cells cultured on the surface of both 316 L SS 

and CNCs-BG coating for different times are shown in Fig. 4.33. According to the SEM 

observation, cells were able to attach and spread on both surfaces after 1 day of culture. The pre-

osteoblast cells showed flattened appearance on the 316L SS surface, while cells on CNCs-BG 

surface had numerous filopods attached to the surface. After 4 days of culture, cells proliferated on 

both 316L SS substrate and CNCs-BG coating. Compared to the morphology of cell clusters shown 

on the surfaces of 316L SS, cells grown on CNCs-BG surface presented well-spread morphology 

with a large number of filopodia. Furthermore, it is shown in the high magnification image that 

cells tightly adhered on the coating surface started to penetrate into the micro-pores.  

In order to examine the specific effect of ion dissolution products on MC3T3-E1 proliferation, 

the whole surface of the sample (bare 316L SS and CNCs-BG coating) was masked with a glass 

coverslip to eliminate their difference in surface topography, as schematically shown in Fig. 4.33. 

LCM images revealed the information of actin cytoskeleton, which provides structural framework 

and participates in cell migration. After 8 h of culture, cells were found to attach onto the glass 

coverslip on both 316L SS and CNCs-BG groups, and cells on the CNCs-BG group exhibited more 

spreading filopodia. After 1 d of culture, more well stretched F-actin bundles were observed on 

CNCs-BG sample than that on 316L SS sample. The data above demonstrated that a significantly 
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enhanced osteoblastic attachment and proliferation on CNCs-BG coating could result from a 

synergistic effect of surface topography and ion products released from BG particles. 

 

Fig. 4.33. SEM micrographs of cell morphology on 316L SS substrates and CNCs-BG coatings 

cultured for 1 and 4 days; confocal fluorescence images and schematic models of cell skeletons 

grown on glass coverslips cultured with 316L SS and CNCs-BG coatings for 8 and 24 hours. 

ALP participates in the early process of mineralization, thus an increase in ALP activity can be 

considered as a marker of increased bone formation [231]. ALP activity was firstly evaluated to 

investigate pre-osteoblast MC3T3-E1 cells differentiation cultured on both 316L SS and CNCs-BG 

groups. As shown in Fig. 4.34(a), an increase of ALP activity suggests that both 316L SS and 

CNCs-BG samples could induce pre-osteoblast cells to differentiate into osteoblast cells in a period 

of 14 days. Furthermore, the ALP activity on CNCs-BG coating was significantly higher (P<0.001) 

than that on 316L SS after 7 and 14 days of cultivation, indicating the CNCs-BG coating could 

highly promote the osteoblast activity of pre-osteoblast cells compared to the 316L SS. The mineral 

formation of MC3T3-E1 cells on the prepared samples were evaluated after 21 days of cell 

cultivation One well was partially covered with 316L SS or CNCs-BG sample (1×1 mm
2
) as 
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schematically shown in Fig. 4.34(b). The covered and uncovered areas of two samples were stained 

with Alizarin red S (Fig. 4.34(c, d)). It was found that the CNCs-BG surface was highly stained 

compared to the 316L SS surface. In addition, in order to avoid the interference of calcium source 

from the coating material, Alizarin red S staining of the uncovered area was also compared, which 

showed a significantly higher mineral formation in the CNCs-BG group compared to the 316L SS 

group. The enhanced cellular mineralization in the CNCs-BG group could be attributed to a 

continuous release of ion products from the coating. 

 

Fig. 4.34. (a) ALP activity of MC3T3-E1 cells on 316 L SS and CNCs-BG for 7 and 14 days; (b) 

Schematic sample position in the well plate, Alizarin red S staining of (c) 316L SS and (d) CNCs-

BG wells after 21 days of cell cultivation. Error bars in (a) represent means ± SD for n=3 (***P 

<0.001), scale bars in (c-d) represent 100 µm. 

The present investigation indicates the promising combination of BG with CNCs in the form of 

biomedical coatings by EPD, with superior performance in terms of surface topography, mechanical 

strength, mineralization and material-induced cellular reactions. Bioactive glasses are well-known 

for their tunable composition (e.g. ion doping), osteosconductive and osteocoinductive properties, 

leading to a fast and specific stimulation for bone regeneration [216]. With the addition of CNCs, 

the brittle nature of BG could be eased and a desirable adhesion strength of BG particles to the 

substrate could be achieved at room temperature without the need of high temperature sintering. In 

addition, the partially sulfated CNCs during acid hydrolysis treatment help stabilize BG particles 

suspended in aqueous suspension, thus a CNCs-BG composite coating with fairly homogeneous 

distribution of coating components and uniform thickness was obtained. It is revealed that the 

topographical feature of BG particles in the coating was in situ modified by a nanoporous CNCs 
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layer, leading to a regulated mineralization of BG in SBF, and subsequent an accelerated 

osteoblastic response in vitro. Therefore, from the view of stimulatory effects originated from 

modifying the character and configuration of materials in this study, without the need of growth 

factors with usually complex and unexpected outcomes, it is of great interest to explore the 

capability of CNCs on regulating the surface mineralization and cellular performance in future 

work. The flexible grafting of small molecules or charged functional groups (positive or negative) 

on the surface of CNCs [232], will induce the selective capture of ion dissolution products which 

might be particularly useful for the biomedical application of ion-doped bioceramics. 

Environmental friendly processing conditions (room temperature and aqueous solvent) and the 

highly porous structure of the as-prepared CNCs-BG coating are extremely beneficial for the 

incorporation of antibacterial molecules (antibiotics, peptides, and proteins) into the coating 

structure simultaneously addressing implant-associated infections. It is expected that the drug 

release can be effectively controlled by the synergistic effects of high specific area, electrostatic 

attraction of functionalized CNCs [233, 234], and rapid densification of the bulk coating which may 

enhance the trapping of drug molecules. This remains an area for future research.  

4.3.4 Summary 

A novel CNCs-BG nanocomposite composite coating was synthesized through a one-step EPD 

process with the aim of mimicking the compositional structure of nature bone. It is convenient to 

prepare CNCs-BG coatings with predetermined composition from aqueous suspensions containing 

varied concentrations of CNCs and BG. The co-deposition mechanism of BG with CNCs was 

assigned to two separate processes: (i) the CNCs adsorbed on the surface of BG particles and 

incorporated in the deposit accompanying them, and ii) the non-adsorbed CNCs migrating and 

incorporating in the deposit separately. A prior deposition of a thin CNCs layer was detected, acting 

as an intermediate barrier which binds the composite coating to the substrate and preventing the 

metal substrate from corrosion. The surface roughness and wettability of the deposited coating were 

significantly increased when applying higher concentrations of BG. Furthermore, it was found that 

all BG particles in the coating were wrapped with a nanoporous CNCs mesh, leading to an extreme 

rapid mineralization of platelet HA (0.5 day) on the BG surface in comparison with that on bare BG 

surfaces (14 days). The CNCs mesh covering the individual BG particles acted as an in situ 

template tailoring the morphology of the formed HA phase. 3D topographical characterization 

revealed an increase of needle-like patterns on the coating during SBF incubation. The majority of 

CNCs deposited in the coating is preserved and well-dispersed in the HA matrix. The results of cell 

culture tests using MC3T3-E1 cell line demonstrated that this CNCs-BG nanocomposite coating 

offers a promising platform on which cells exhibited accelerated attachment, proliferation and 

differentiation as well as mineralization performance. This study highlights the promising potential 
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of EPD to prepare coating configurations with tunable material character and ion dissolution 

property based on CNCs-BG, for advanced applications as smart bone-contacting materials.  

 

4.4 Orientation of phosphate glass fibers in PAA coating matrix 

4.4.1 Introduction 

As discussed in Section 2.6.1, phosphate glass fibers (PGF) have been widely used in 

biomedical applications as reinforcing agents, cell delivery vehicles and drug release systems 

(hollow PGF or antibacterial ion doped PGF). Moreover, many research efforts are being dedicated 

to the surface modification of PGF for a better bonding strength to the matrix material and long-

term biocompatibility [235]. The idea of the combination of PGF with biodegradable polymers was 

originated from the well-established composite systems consisting of bioactive glass particles and 

biopolymers, as discussed in previous sections. PGF possess several advantages over bioactive 

silica glasses. For example, PGF are completely resorbable in physiological environment, while the 

silica network inside the silica-based bioactive glass exhibits an extremely slow/incomplete 

degradation behavior [236]. In addition, the fabric structure of PGF, compared to silica based 

bioglass particles, provides the possibility to better enhance the mechanical properties and delivery 

or regulate the growth of cells. Ahmed et al [237] produced iron-doped PGF which can effectively 

induce the attachment and differentiation of muscle precursor cells along the axis. Vitale-Brovarone 

et al. [238] reported that the presence of PGF played a role in neuronal polarization, and further 

directional growth along the fiber axis. These promising findings encouraged further studies 

highlighting the potential use of PGF for the enhancement of the peripheral nerve healing in the 

way of supporting and guiding the cells involved in the nerve regeneration. 

In the context of biomedical coatings containing PGF as bioactive fillers, it is interesting to 

exploit processing techniques which are able to control the orientation of PGF on the coating 

surface with the aim of guiding cellular activities, e.g. effect of aligned PGF on stimulating 

osteogenesis and angiogenesis during bone healing. In this study, short PGF with length of 1−2 mm 

were added in aqueous polyacrylic acid (PAA) solution (molecular weight of ~1250000) for a 

stable dispersion during EPD process. The novelty of the experiment was the exploitation of EPD 

to induce the alignment of PGF in the coating, which was carried out using horizontal and vertical 

electric fields and varied EPD parameters (suspension, deposition voltage and time), as 

schematically shown in Fig. 4.35. Both directional and disordered distribution of PGF in the 

deposited composite coatings were successfully obtained with proper design of the EPD cell, and 

the effect of different EPD parameters on orientation of PGF was discussed. This study is 

considered a preliminary exploitation of EPD technique on orientating macroscopic glass fibers, 

which shows great potential for applications in bone tissue engineering. 
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Fig. 4.35. Horizontal and vertical EPD configurations for production of directional and isotropic 

distribution of PGF, respectively. 

4.4.2 Materials, suspension and EPD process 

Two types of short PGF, namely P40 and P50, were used for the experiment (See composition 

in Section 3.1). PGF were kindly provided by Dr. I Ahmed, University of Nottingham. PAA was 

firstly dissolved in deionized water and magnetically stirred for 10 min followed by 5 min 

ultrasonication (using an ultrasonic bath, Bandelin Sonorex, Germany). PGF were then added in 

PAA suspension with continuous magnetic stirring for 10 min. Different concentration of PAA 

(0.5−2 g/l) and PGF (0.25−2 g/l) were applied throughout the experiment. The suspensions were 

under continuous magnetic stirring to induce the homogeneous dispersion of PGF before the EPD 

process. The EPD cell included two parallel 316L stainless steel (SS) electrodes, horizontally or 

vertically located, with deposition area of 15×20 mm
2
 and a distance of 10 mm between the 

electrodes. Anodic deposition is achieved via electrophoresis of negatively charged PAA chains 

(due to ionization of −COOH to −COO
−
) followed by neutralization in the low pH region at the 

anode interface, as discussed in the literature [239]. According to a trial-and-error approach, 

processing parameters were optimized to obtain composite coatings with high homogeneity, free of 

bubbles and most importantly to obtain a deposit with highly aligned PGF. The deposited anode 

was gently withdrawn from the suspension and dried in air for 30 min at room temperature. The 

alignment of PGF in the coating was preserved due to the electrodeposition of a bottom PAA layer 
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binding the PGF to the substrate. The concentration of PAA and PGF in the suspension, as well as 

the corresponding EPD parameters is listed in Table 4.9.  

Table 4.9. List of suspensions and corresponding EPD parameters for all experiments. 

Sample code PAA concentration 

(g/l) 

PGF concentration 

(g/l) 

Deposition voltage 

(V) 

Deposition time 

(s) 

I 0.25 0.125 10 60 

II 0.25 0.125 50 10 

III 1 0.5 10 60 

IV 1 0.5 20 30 

V 1 0.5 30 15 

VI 1 0.5 50 5 

VII 2 0.5 20 15 

VIII 2 1 20 15 

4.4.3 Results and discussion 

I. Alignment of PGF (P50) with horizontal and vertical electric field 

 

Fig. 4.36. Effect of deposition voltage on the orientation of PGF with horizontal electric field, The 

degree of vertical orientation was assigned to three levels (high, moderate and low indicated with 

green, yellow, and red color, respectively). 

When applying horizontal electric field to the composite suspension, the alignment of PGF in 

the deposited coating, with varied suspension compositions and EPD processing parameters, is 
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shown in Fig. 4.36 and Fig. 4.37, respectively. The degree of vertical orientation was assigned to 

three levels (high, moderate and low indicated with green, yellow, and red color), as shown in Fig. 

4.36. The effect of deposition voltage (strength of electric field) on the degree of vertical orientation 

was firstly investigated (Fig. 4.36). When comparing the distribution status of PGF between sample 

I and II, which were deposited from suspensions with the same composition, it is observed that a 

higher degree of PGF orientation could be obtained with lower voltage. Samples III−VI were also 

deposited from the same suspension and varied EPD parameters (the voltage was increased from 10 

to 50 V and the deposition time was reduced from 60 to 5 s). The degree of vertical orientation is 

seen to increase when applying a higher voltage combined with a shorter deposition time. A high 

voltage will reasonably trigger the movements of larger PGF and lead to their robust adhesion on 

the deposited PAA gel. On the other hand, although the movement of PGF will be probably 

restricted under a weak electric field, it is hard to generate a PAA gel at low voltages and short 

deposition times. Therefore, in order to ensure a high degree of vertical orientation, a relatively 

thick PAA layer should be formed in-situ and the movement of PGF under the electric field should 

be suppressed, for example a relative low applied voltage combined with maximum deposition time 

could be an alternative. The possible effect of PGF concentration on the degree of orientation was 

investigated as shown in Fig. 4.37. It is expected that a low concentration of PGF can minimize the 

aggregation of PGF in suspension and during deposition. According to the comparative images 

from the two groups (sample I vs III and sample VII vs VIII ), it is found that a deposit produced 

using low concentration of PGF presents the highest degree of PGF orientation (qualitatively 

determined from observations of microscopic images). 

According to the experiment results, it can be concluded that both the PGF concentration and 

deposition voltage play an important role on the orientation of PGF. It should be noted that the 

prepared PAA solution is highly viscous as a result of its high molecular weight. In this way, PGF 

are able to stably suspend in PAA solution for around 15 min in a static condition. According to 

findings on electrophoretic co-deposition of PAA-TiO2 composite coatings reported by Yoshioka et 

al. [99], it is considered that in the present experiment the PGF was coated individually with PAA 

molecules leading to a negative surface charge. A higher deposition voltage will lead to an 

enhanced electric field, and substantially high driving force for the electrophoresis of PAA-wrapped 

PGF, for example a slow movement of PGF was observed with high deposition voltages. A low 

orientation degree of PGF under the high deposition voltage of 50V was found when using a low 

concentration of PGF (0.125 g/l in this study), which is probably attributed to the deposition of PGF 

with anisotropic orientations from the suspension. In contrast, when the deposition voltage was set 

as 10 V, which is not efficient to trigger the movement of PGF, only the electrodeposition of PAA 

chains was possible. A relative thick PAA gel could be generated on the electrode after longer 

deposition time. During the withdrawal process of the deposited electrode, the suspended PGF were 
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adhered on the PAA gel and aligned along the withdrawal direction, leading to a vertical orientation 

on the coating, as schematically shown in Fig. 4. 35. Samples III−VI were deposited from the same 

suspension composition containing 1 g/l of PAA and 0.5 g/l PGF. A high concentration of 

polyelectrolyte will apparently increase the electrical conductivity of the EPD suspension, leading 

to enhanced migration of PGF to the electrode. A considerable deposition of PGF even at low 

deposition voltages will likely cause the anisotropic orientation of PGF on the coating. Therefore, a 

low orientation degree was observed on sample III which underwent a deposition period of 60 s. 

Sample VI presenting the highest degree of orientation was deposited using the deposition voltage 

and time of 50 V and 5 s, respectively. Under this EPD processing condition, sufficient amount of 

PAA gel can be generated while few PGF were able to adhere on the electrode at a short deposition 

time (5 s). In summary, the prerequisite to fabricate a PAA-PGF composite coating with highly 

orientated PGF by EPD requires the deposition of a PAA layer while minimizing the deposition of 

PGF. 

 

Fig. 4.37. Effect of PGF concentration in suspension on the orientation of PGF with horizontal 

electric field, orientation qualitatively assessed by observing microscopic images. 

A vertical electric field was designed for producing a random orientation of PGF on the 

coating, as schematically shown in Fig. 4. 35. An accelerated sedimentation of PAA-wrapped PGF 

was achieved accompanied with the electrodeposition of PAA. Therefore, a PAA-PGF composite 

coating with randomly distributed PGF was produced with the same processing parameters. Two 

optical images of the deposited PAA-PGF composite coatings, with typical 1- and 2- dimension of 

distribution of PGF, produced by horizontal and vertical EPD, respectively, are shown in Fig. 4.35. 

II. In-vitro SBF study 

The prepared PAA-PGF (P40 and P50, respectively) composite coatings were incubated in 

SBF for up to 30 days to evaluate their HA forming ability. SEM images of the incubated coatings 

as a function of SBF incubation are shown in Fig. 4.38. The diameters of the as-prepared P40 and 

P50 fibers are around 20 and 9 µm, respectively. Both PGF present a smooth morphology and 
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uniform diameter. The PGF were partially embedded as the thickness of the PAA layer is lower 

than the diameter of PGF. P40 fiber was wrapped with a layer of spherical nanoparticles after 30 

days of SBF incubation, which could be the possible precipitation of HA. Meanwhile, a slight 

reduction of fiber diameter was also observed (1~2 µm). It is expected that P50 will exhibit a faster 

degradation rate in comparison with P40 fiber due to their relative higher content of P2O5. The P50 

fiber presented a rough surface after 7 days of incubation, which could be attributed to the 

formation of nanoholes during fiber degradation. The surface roughness increased after 14 days of 

incubation. Moreover, from the high magnification image of a selected area, as highlighted in the 

figure, it is observed that a porous apatite layer was formed on the surface. The rich apatite 

mineralization on the surface of PGF is due to the release of Ca
2+

 and PO4
3−

 ions which increased 

the degree of saturation of the surrounding SBF accelerating the apatite formation on the surface 

[240]. 

 

Fig. 4.38. Surface morphology of P40 and P50 fibers as a function of incubation time in SBF 

III. Ion release study of PGF 

Ion release profiles of the raw P40 and P50 fibers in SBF for up to 28 days are plotted in Fig. 

4.39. The PGF/SBF ratio was set as 0.1g/50ml. The dynamic concentrations of calcium and 

phosphorous in the medium were measured as they are closely associated with the mineralization of 

HA phase. According the SBF recipe provided by Kokubo et al. [163], the concentrations of 

calcium and phosphorous in SBF are 2.5 (100) and 1 (31) mM (ppm), respectively. The 

concentration of phosphorous in P40 group was stable at around 30 ppm with an appreciable 

reduction during the first 6 days of incubation. The concentration of phosphorous in P50 group 

reduced significantly after the first 2 hours of incubation. Then the concentration increased with 

longer incubation time, indicating a continuous degradation of P50 fibers. The dynamic 
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concentration of calcium in both P40 and P50 groups exhibited a similar tendency, showing a peak 

concentration after 1 day of incubation for both groups. The terminal concentration of calcium from 

both groups was decreased after 14 days of incubation. The results of the ion release profiles from 

P40 and P50 fibers are in accordance with their mineralization progress shown in Fig. 4.38. The 

lower ion concentration in P50 group at the early stage of SBF incubation confirmed a faster 

mineralization on the surface of P50 fibers. The constant ion concentration after 14 days of SBF 

incubation could be considered the consequence of equilibrium of reactions involving degradation 

of PGF and precipitation of the calcium phosphate phase. 

 

Fig. 4.39. Phosphorous and calcium ion release profiles from P40 and P50 fibers in SBF up to 28 

days. 

4.4.4 Summary and outlook 

PAA-PGF composite coatings with controlled orientation of PGF were successfully fabricated 

by one-step EPD. By applying a horizontal electric field, a PAA gel was firstly generated by a 

electrodeposition process, followed by the attachment and alignment of PGF along the withdrawal 

direction of the deposition electrode. Both the deposition voltage and the PGF concentration in 

suspension play important roles on the degree of vertical orientation during horizontal EPD. The 

formation of a relative thick PAA layer with minimal deposition of PGF during EPD yields the 

highest degree of PGF orientation. A vertical electric field configuration can effectively yield a 

PAA-PGF composite coating with anisotropic distribution of PGF. Both P40 and P50 showed the 

ability of forming HA during SBF incubation. P50 fiber showed a faster ion release rate in SBF and 

a faster formation of apatite phase. Further investigations will consider the possible effect of the 

prepared PAA-PGF composite coating on directional growth of osteoblast cells and on 

differentiation of stem cells in vitro. The versatility of EPD technique on manipulating macroscopic 

glass fibers was validated in this study. 
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5. Biopolymer composite coatings for drug 

delivery application 

 

The physiological environment which is suitable for the metabolism of bone-related cells is 

also favor for the adherence of bacteria. Therefore, implantation of orthopedic devices in skeletal 

sites of the human body, e.g. fracture fixation, joint replacement and spine revision surgery, is 

always associated with a risk of microbial infections which may cause delayed bone healing and 

prolonged patient suffering [241, 242]. Post-surgical bacterial colonization and especially biofilm 

formation on the implant surface, considering the extreme resistance of biofilm to both the host 

immune system and antibiotics, will lead to acute and chronic complications [243]. In order to 

prevent microbial adhesion and colonization as well as facilitate host tissue integration, 

incorporation of biomaterial coatings containing bactericidal molecules is attracting increasing 

attention [242, 244]. Traditional anti-infection methods such as injectable antibiotics and oral drugs 

always require continuous and high dosage uptake to ensure an effective level of drug at the injured 

site. However, the biggest challenge of these medication treatments is unexpected side effects under 

excessive drug dosage. The drug-coated implant can serve as a local drug delivery system to treat 

infections with high local concentration of drugs, long-term controlled release and lower risk of 

systemic toxicity [245]. Natural and synthetic polymeric materials have been widely used as drug 

delivery platforms providing tunable drug-loading and various release manners, such as targeted, 

pH or thermal-response drug release functions [246-248]. In general, antibacterial agents can be 

loaded easily within a coating matrix by either physical embedding or covalent grafting, however 

the controlled release of antibiotics under physiological conditions with tunable dosage remains a 

challenge [67, 73]. Nevertheless, it should be taken into account the swelling or dissociation of the 

polymer coating structure at the early stage after implantation will severely induce so-called “burst 

release” of antibiotics, for example, studies of drug loaded thin coatings show that almost 80%, 

sometimes even as high as 85-90% of total drug, was released during the first hour [249]. Different 

strategies have been developed over the past decades to address the problem of burst release. Berg 

et al. [250] explored a porous polyelectrolyte multilayer structure (less than 1µm) for controlled 

drug release, which showed zero-ordered release kinetics over a period of 25 days. A long-term 

drug eluting coating system constituted of chitosan and gelatin was reported by Patel et al. [251]. 

Experimental results showed that the release of model drug ampicillin was highly sustainable with 

no burst release up to a month, and the degradation of the composite coating and subsequent drug 
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release behavior could be tailored by varying the concentration of gelatin in the coating. More 

recently, polymeric microspheres employed to deliver medications in a rate-controlled and 

sometimes targeted manner have gained particular interest [252]. Another promising drug delivery 

carrier is cellulose nanocrystals (CNCs), which is being intensively investigated to expand their 

application in the field of drug delivery [253, 254].  

In this chapter, the potential application of the two drug carriers (polymer microspheres and 

CNCs) in the form of drug delivery coatings was exploited. At first, the EPD technique was 

exploited to fabricate drug carrier coatings. The processing parameter was optimized and the 

deposition mechanism was experimentally interpreted to understand the process of drug loading 

and subsequent release profiles. A range of experimental trials and the corresponding 

characterizations were carried out to validate EPD technique on fabricating drug delivery coating 

containing microspheres with tunable and controlled release rate in vitro. 

5.1 EPD of CNCs and CNCs/alginate composite coatings and free standing 

membranes 

5.1.1 Introduction 

The research work in this section has been published in Ref. [255] and reproduced with the 

permission from Elsevier. As discussed in Section 2.6.2, processing techniques play an important 

role on the final properties of the nanocellulose. When cellulose nanocrystals are isolated by 

hydrolysis with sulfuric acid, sulfate groups are introduced on the surface of the nanocrystals by 

esterification with the surface hydroxyl groups. The availability of such stable CNCs suspensions 

motivated us to consider for the first time electrophoretic deposition (EPD) technique as a potential 

ideal processing approach for the manipulation and generation of CNCs based biomaterials. With 

the application of EPD, CNCs based structures could be generated directly from well-dispersed 

CNCs aqueous suspensions to avoid exacerbated aggregation during the drying and redispersion of 

CNCs. It has been reported that a good dispersibility of the CNCs, both in the processing solvent 

and in the polymer matrix, is a prerequisite to create high-quality polymer/CNCs nanocomposites 

that display significant mechanical reinforcement [128]. By introducing a water-soluble 

polyelectrolyte into stable aqueous CNCs suspensions, for example anionic alginate, which is a 

natural polysaccharide being highly investigated for biosensoring, drug delivery, tissue engineering 

and other biomedical applications [119, 256], it is hypothesized that the coherent co-deposition of 

CNCs and alginate could be achieved by EPD. Taking advantage of both CNCs as an excellent 

organic reinforcement filler and alginate as a biocompatible and biodegradable polymer matrix, it is 

of great interest to fabricate CNCs/alginate nanocomposites to explore their utilization as biologic 

coating in biomedical applications. Layer-by-layer (LbL) deposition methods are suitable 

fabrication of free-standing polyelectrolyte films for the purpose of wound dressing, drug delivery 
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and a range of other biomedical applications [257, 258]. However, LbL techniques require 

numerous dipping cycles to achieve desirable thickness [259], which is time-consuming. In addition, 

by LbL methods it is rather difficult to control possible defect formation between two adjacent 

layers and the uniformity of the final product. The possible fabrication of coatings and free-standing 

CNCs/alginate membranes by EPD could be a promising alternative to LbL deposition given the 

simplicity, rapid-processing, and robustness of EPD, which can lead to homogeneous thickness of 

coatings and suitable distribution of each component compared to conventional LbL deposition 

approaches. 

In this study, both CNCs and CNCs/alginate nanocomposite coatings were prepared from 

aqueous suspensions by EPD technique. The potential of EPD technique for altering the orientation 

of CNCs in the coating was discussed and repetitive EPD cycles were carried out to produce 

multilayer CNCs coatings. With proper variation of the suspension and EPD parameters, we 

explored also for the first time the possibility to prepare free-standing CNCs/alginate membranes by 

a one-step EPD process. Several characterization measurements on the deposited coatings were 

carried out to assess their key properties and to confirm and validate the robustness of the EPD 

method developed.  

5.1.2 Experimental 

I. Preparation of EPD suspension 

The preparation of CNCs by sulfuric acid hydrolysis was detailed described in Section 4.3.2. 

The obtained CNCs are partially sulfated because of the isolation process by hydrolysis with 

sulfuric acid. This fact diminishes the CNCs aggregation and confers stability in comparison with 

the desulfated CNCs. The Zeta Potential of the raw suspension was measured as −25.6mV. De-

ionized water was added to dilute the concentration of CNCs suspension to 1.05 mg/ml for carrying 

out EPD of pure CNCs. The composite CNCs/alginate suspension was prepared by adding a small 

amount of sodium alginate powder into diluted CNCs suspension, followed by 10 min magnetic 

stirring and 5 min ultrasonication treatment. The final concentrations of CNCs and alginate were 

0.42 and 2 mg/ml, respectively. The prepared suspensions were magnetically stirred before EPD. 

The pH values of both CNCs and CNCs/alginate suspensions were seen to be stable and neutral 

throughout the whole experiment.  

II. EPD process 

Prior to each EPD experiment, the composite suspension was sonicated for 3 min to guarantee 

the homogeneous dispersion of CNCs. The EPD cell included two parallel 316L stainless steel (SS) 

electrodes as the deposition electrode and the counter electrode, respectively. The deposition area 

was fixed as 15×20 mm
2
 and the distance between the electrodes was 10 or 15 mm for different 
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experiments. The deposition of single CNCs layer was carried out at deposition voltage and 

deposition time of 40 V and 1 min, respectively. Repetitive EPD processes were applied with the 

aim of fabricating multilayer CNCs structures. The deposition anode (due to the negative zeta 

potential of CNCs) was gently removed from the suspension and dried by holding it in air at room 

temperature for 10 min. The EPD parameters used for each deposition cycle were the same, namely 

deposition voltage and time of 20 V and 1min, respectively. Seven EPD cycles were employed and 

no visible cracks or deposit detachments were observed after the experiment. For the co-deposition 

of CNCs and alginate, diphasic suspensions were used with voltage and deposition time of 15 V 

and 1 min, respectively. The adjustment of the diphasic suspension and EPD parameters for the 

preparation of free-standing CNCs/alginate membranes is discussed in detail below.  

5.1.3 Results and discussion 

I. Deposition mechanism 

 

Fig. 5.1. FTIR spectra of (a) CNCs suspension, (b) deposited coatings from the pure CNCs 

suspension, and (c) the CNCs/alginate suspension. 

The FTIR spectra of the deposited coatings from pure CNCs and CNCs/alginate suspensions 

are shown in Fig. 5.1, where the FTIR spectrum of the CNCs suspension is also introduced as a 

reference. The FTIR spectrum of CNCs presents typical absorption peaks of OH stretching at 3420 

cm
−1

, CH stretching at 2896 cm
−1

, OCH in-plane bending vibrations at 1430 cm
−1

, CH deformation 

vibration at 1375 cm
−1

, which are consistent with results reported in the literature [260]. The 

presence of sulfate peak at 1205 cm
−1

, is due to the partial esterification reaction between the sulfate 

and hydroxyl groups during the acid hydrolysis production of CNCs [135]. The deposited CNCs 

coating exhibits the same FTIR spectrum as the starting CNCs in suspension, indicating that no 

chemical interaction has occurred during the EPD process. It is therefore concluded that the 

deposition mechanism of CNCs coating involves the migration of negatively charged CNCs and 

their physical attachment on the surface of the SS substrate acting as the anode in the EPD cell. The 
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FTIR spectrum of coatings deposited from the CNCs/alginate diphasic suspension contains the 

characteristic absorption peaks of both CNCs and alginate (1635 cm
−1

 and 1420 cm
−1

 assigned to 

the asymmetric and symmetric COO
–
 stretching vibrations [135, 166])，which indicates that the 

co-deposition of CNCs and alginate is realized by a one-step process. The strong peak at 1737 cm
−1

 

in the spectra of Fig. 5.1(c) corresponds to the stretching of the protonated carboxylic group 

(COOH) of alginic acid [261]. The dissolution of sodium alginate (Na−Alg) will result in the 

formation of anionic Alg
－

 species and the anodic oxidation of water under electric field will 

decrease the pH at the anode interface. It has been reported that the alginate acid gel can be 

generated due to the electrophoresis of anionic Alg
－

 species followed by protonation in the low pH 

region at the anode [121]. Therefore, the presence of protonated carboxylic group in our system 

also confirmed the formation of alginic acid during EPD. Compared to the zeta potential of the 

CNCs suspension (−25.6 mV), the zeta potential of CNCs in CNCs/alginate mixture suspension 

was higher (−56.8±13.6 mV), which is likely due to the adsorption of Alg
−
 chains on the surface of 

CNCs. It is therefore anticipated that by applying a constant electric field to the CNCs/alginate 

suspension, the anionic Alg
－

 chains and negatively charged CNCs will migrate and adhere onto the 

anode simultaneously, leading to the formation of CNCs/alginate composite coatings. 

II. SEM observations 

Surface morphologies of single-layer CNCs coatings deposited by a one-step EPD process are 

shown in Fig. 5.2. Randomly oriented CNCs exhibiting diameter <20 nm and length in the range 

100–200 nm are observed in Fig. 5.2(a). No agglomeration of CNCs is observed and the coatings 

are confirmed to be quite thin due to the fact that the topography patterns of the metallic substrate 

are still visible. It is also observed that the coating exhibits a “domain” structure, with some 

domains showing highly oriented CNCs and others where no preferred orientation of CNCs occurs. 

A pronounced perpendicular orientation of CNCs is observed in some areas of the coating, as 

arrowed in Fig. 5.2(b), while two main orientations can be observed in Fig. 5.2(c). Both oriented 

and disordered CNCs domains were also observed, as shown in Fig. 5.2(d), where a distinct 

boundary between both domains is visible. It has been reported that non-flocculated CNCs in 

aqueous suspension can be oriented when they are subjected to a magnetic or electric field due to 

their negative diamagnetic anisotropy [128]. Pullawan et al. [262] demonstrated that crystalline 

cellulose nano-whiskers solvent-casted on a glass slide were able to orient under a magnetic field of 

1.2 T, leading to enhanced stiffness and strength of the composite. Additionally, it was found that 

lower volume fraction of CNCs could yield more uniform orientation of CNCs, leading therefore to 

larger relative increases in mechanical properties. The simple application of an electric field can be 

considered a cost-effective and versatile tool in comparison to magnetic fields. Habibi et al. [263] 

described an efficient alternating current (AC) electric field-assisted method to study self-assembly 
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and orientation of CNCs. A drop of CNCs suspension was deposited onto a thin gap of 

lithographically patterned metallic electrodes, and it was then subjected to an AC electric field to 

yield a highly homogeneous orientation of CNCs parallel to the direction of the electric field. 

Further investigations showed that the frequency and strength of the applied electric field played an 

important role on the homogeneous orientation of water-suspended CNCs. Similar results have 

been reported by Csoka et al. [264], who fabricated ultrathin films of orderly aligned CNCs by 

using a convective assembly setup coupled with a low-strength external AC electric field. 

Nevertheless, the reported studies regarding the controlled orientation of CNCs under 

magnetic/electric field typically require liquid supporting media, specifically designed substrates 

and relatively complex processing equipment and processes. It seems to be challenging to produce 

CNCs coatings at macroscopic scale and with high degree of alignment. The results obtained in this 

study indicate that direct EPD of oriented CNCs from well-dispersed CNCs suspensions is possible 

representing a promising and cost effective alternative to currently used techniques. Further 

investigations should be performed to improve the uniformity of the CNCs orientation. 

 

 

Fig. 5.2. SEM images of single layer CNCs coating after 1 EPD cycle (DC voltage: 40 V, 

deposition time: 1 min, electrode distance: 10 mm). 

Fig. 5.3 shows the surface morphology of a multilayer CNCs coating produced after 7 

repetitive EPD cycles. The deposited CNCs coating exhibits a compact and homogeneous surface 

as shown in Fig. 5.3(a), and no obvious orientation is visible. In fact a mesh-like structure of the 
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deposited CNCs coating with well distributed nano-pores is observed from the high magnification 

image in Fig. 5.3(b). It should be mentioned that bubble formation due to the electrolysis of water 

around the deposition electrode was observed throughout the whole EPD experiment. However, no 

cracking or detachment of the coating was detected, which is most likely attributed to the fact that 

oxygen molecules, formed during the oxidation reaction of OH
－

 groups on the surface of the anode, 

can infiltrate through the porous CNCs coating rather than generate and expand at the interface 

between the CNCs coating and the substrate. Therefore, the integrated structure of the multilayer 

CNCs coating after repeated EPD cycles could be preserved and favorable mechanical properties of 

the coatings could be anticipated. Compared to the partially aligned CNCs structure of the single-

layer CNCs coating (Fig. 5.2), the disordered CNCs orientation of the multilayer CNCs coating is 

likely caused by the effect of bubble formation on the surface of the deposited coating and the 

resulting rearrangement of CNCs in different EPD cycles. It is then confirmed that the repetitive 

EPD technique, taking advantage of its simplicity and rapidness, can be effectively applied to 

fabricate multilayer CNCs structures exhibiting homogeneously distributed porosity and isotropic 

orientation of CNCs in each layer. 

 

Fig. 5.3. SEM images of multilayer CNCs coating after 7 EPD cycles: (a) low and (b) high 

magnifications (Voltage: 20 V, deposition time: 1 min, electrode distance: 10 mm). 

In order to investigate the suitability of EPD technique for the fabrication of CNCs containing 

polyelectrolyte coatings, CNCs/alginate nanocomposites were generated from mixed aqueous 

suspensions (2 mg/ml alginate and 1.05 mg/ml CNCs). Typical surface and cross-sectional SEM 

images are exhibited in Fig. 4. The coatings show a relatively smooth and uniform surface as 

observed in Fig. 5.4(a). From the high magnification image it is observed that the CNCs are 

randomly distributed in the polymer matrix. It is well-known that the homogeneous dispersion of 

CNCs-fillers in the composite matrix is critically important for effective exploitation of CNCs as 

reinforcing element in the nanocomposite [265]. No agglomeration of CNCs or micro-cracks 

caused by bubble formation is observed on the surface of the present EPD-produced composite 

coatings. Moreover, it is shown from SEM images of cross-sections (e.g. in Fig. 5.4(c)) that the 
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obtained coating exhibits a compact structure and a uniform thickness of around 15 μm. It should 

be noted that the CNCs/alginate coating cross-section was prepared by direct mechanical cutting 

(with scissors) of the coated substrate. Even under such cutting operation, the coating was only 

slightly detached from the substrate indicating, qualitatively, a strong adhesion of the coating to the 

substrate. In addition, bending tests were applied to coated samples (not shown here) and it was 

observed that the coatings were not detached after bending the substrate an angle of 180°. 

Considering the proposed application of these CNCs/alginate nanocomposites as antibacterial 

coatings, the adhesion strength, evaluated preliminary in this study by qualitative tests, can be 

considered to be acceptable and promising for further investigations. The high magnification image 

of the cross-section in Fig. 5.4(d) indicates that the deposited coating is constituted of nanosized 

spherical and axiolitic particles which are probably the protonated Alg
−
 chains and Alg

−
 coated 

CNCs, respectively. Therefore, SEM observations seem to confirm that the co-deposition of CNCs 

along with alginate is due to the wrapping and protonation of Alg
−
 chains around the CNCs. 

 

 

Fig. 5.4. Typical surface (a, b) and cross-sectional (c, d) SEM images of CNCs/alginate 

nanocomposite coating after one-step EPD process (DC voltage: 15 V, deposition time: 1 min, 

electrode distance: 15 mm). 

III. Roughness (Ra) and wettability 
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Table 5.1. Roughness (Ra) and water contact angles of deposited CNCs and CNCs/alginate coatings, 

and bare SS substrate measured as a reference. 

Samples Bare SS 

substrate 

Single layer CNCs 

coating 

Multilayer CNCs 

coating 

CNCs/alginate 

composite coating 

Contact 

angle/° 

95.2 65±2 58±2 41±2 

Ra/µm 0.63 0.50±0.04 0.45±0.01 0.37±0.05 

Static water contact angle measurements were carried out to evaluate the wettability of the 

deposited coatings, as shown in Table 5.1. The stainless steel substrate has a slight hydrophobic 

contact angle value of 95.2 °. On the contrary, the single layer CNCs coated substrate exhibits a 

hydrophilic character due to the presence of hydroxyl groups as well as sulfate groups of CNCs. 

The multilayer CNCs coating shows a slight decrease of contact angle when compared to the single 

layer CNCs coating. The presence of nanopores on the surface of multilayer CNCs coatings, as 

discussed previously, can accelerate the infiltration of the water droplet. The coating composition 

also plays an important role on the final value of contact angle. For example the contact angle of 

CNCs/alginate nanocomposite coating, due to the addition of hydrophilic alginate component, 

possesses a much lower value in comparison to that of pure CNCs coatings. It has been reported 

that the wettability of metallic implant surfaces plays an important role on the interaction between 

the tissue and the implant being related to the extent of osseointegration [227, 266, 267]. 

Bumgardner et al. [31], for example, reported that a moderate water contact angle of chitosan-

coated surfaces (76.4±5.1 °), which is not highly hydrophilic compared to control Ti surfaces 

(32.2±6.1 °), exhibits significantly greater albumin adsorption, fibronectin adsorption and 

osteoblast cell attachment. In another relevant study, alginate coated chitosan membranes for 

guided tissue regeneration were recently fabricated by Chen et al. [268]. The significantly 

decreased contact angle of the alginate-modified surface compared with the untreated sample (from 

88.4 ° to 34.2 °) resulted in up to 50 % improvement in the resistance to 3T3 fibroblast cells 

adhesion. Therefore, considering the potential application of the present coatings in the biomedical 

(orthopaedic) field, the flexible variation of contact angle values of the uncoated and coated 

substrates, ranging from 41 ° to 95.2 ° in our experiment, may be of benefit for regulating 

interfacial cell-material interactions and to enhance osseointegration of implant devices. 

The roughness values (Ra) of single layer CNCs coating, multilayer CNCs coating and 

CNCs/alginate composite coating were also measured to quantitatively evaluate their surface 

topography properties. Reported values are the average of 4 different measurements. As shown in 

Table 5.1, the Ra values of all coated substrates are evidently lower in comparison to those of the 

bare substrate. Appreciable decrease of Ra is detected from the single layer CNCs structure to the 

composite CNCs/alginate structure. All samples exhibit nano-scaled roughness, which is mainly 
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due to the fine size of CNCs used in our experiment. Nanoscale substrate topographies are of 

significant interest in controlling cell function at cell-biomaterial interfaces [269]. Oliveira et al. 

[270], for example, reported that the in vitro osteogenic activity of calvaria-derived bone cells 

extracted from newborn rats could be accelerated by producing a nanotopographic surface on 

titanium substrates. Moreover, emerging evidence suggests that the ability to control substrate 

nanotopography can foster the development of a novel generation of biomaterials with “intelligent 

surfaces”, which will selectively influence the shape, spreading and proliferation of cells at the 

tissue-biomaterial interface to promote tissue repair and regeneration. Webster et al. [271] 

demonstrated that nanotough Ti surfaces fabricated by electron beam evaporation technique showed 

the ability of reducing bacteria colonization while maintaining favorable protein adsorption and 

subsequent bone-forming cell functions. Choi et al. [225] investigated the effect of substrate 

nanopatterns (posts and grates) on cells. Their experimental results showed that human foreskin 

fibroblasts exhibited significantly smaller cell size and lower proliferation on needle-like nanoposts, 

while they presented enhanced elongation on blade-like nanogrates. Lim et al. [272] revealed that 

cell adhesion is simultaneously affected by surface chemistry, topography, and wettability and that 

nanotextured surfaces may be utilized in regulating cell adhesion. The nanoscaled roughness and 

coating topography of the present CNCs samples, as confirmed by SEM observations, indicate that 

the differential modification of nanotopographic surfaces is possible by EPD of CNCs based 

coatings, which may be exploited to regulate cell function in various bioengineering areas including 

tissue engineering or model surfaces to investigate cell and bacterial behaviours. 

IV. Corrosion studies 

 

Fig. 5.5. Polarization curves obtained using DMEM at 37 °C for (a) bare stainless steel, (b) single 

layer CNCs coating, (c) multilayer CNCs coating, and (d) CNCs/alginate nanocomposite coating. 

Polarization curves (Fig. 5.5) show that all coatings present a higher corrosion potential (Ecorr) 

and a lower current density (icorr) than the bare stainless steel substrate. This result constitutes a 
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probe of the protective corrosion properties imparted by the coatings, reducing both the tendency of 

the material to be corroded and the kinetic of the corrosion process. In terms of current density, an 

important displacement of the anodic reactions is detected from the bare material to the coated 

samples, reducing icorr almost one order of magnitude, from 1065 nA/cm
2
 to 210-250 nA/cm

2
 for the 

bare material and the CNCs coatings. Comparing the coatings between each other, there is no 

appreciable difference between the single and the multilayer CNCs coatings, indicating that with 

just one layer the electrochemical behaviour of the stainless steel can be significantly modified. The 

CNCs/alginate composite coating presents a similar electrochemical behavior compared with that of 

the pure CNCs coatings. A visible effect of the presence of alginate is the displacement that the 

cathodic branch shows, shifting to lower current density values. Different investigations on alginate 

based coatings on stainless steel have been also carried out, e.g. Bioglass®/alginate [166], 

TiO2/alginate and TiO2-bioactive glass/alginate [273], showing similar results to the present study 

in terms of current density and the cathodic shift of the corrosion potential. 

V. Fabrication of free-standing CNCs/alginate membranes 

 

Fig. 5.6. Schematic representation of preparation for free-standing CNCs/alginate membranes. (a) 

Electrodes in EPD cell, (b,c) macroscopic view of the deposit and detached membrane, (d) SEM 

image of cross-section of membrane. 

Inspired by the growing number of investigations about free-standing polyelectrolyte 

multilayer films and their promising biomedical applications including drug delivery, wound 
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dressings, nanofluidic devices, cell adhesive surfaces, antibacterial coatings and tissue engineering 

[257, 259, 274], we investigated here the EPD technique as a rapid and reproducible method to 

fabricate free-standing CNCs/alginate membranes. The concentrations of CNCs and alginate were 

maintained as 1.05 and 2 mg/ml, respectively. In order to minimize the electrolysis of water and to 

obtain a higher thickness of the films, the pure water solvent was replaced with water-ethanol 

solvent (50:50 vol%) to reduce the conductivity of the diphasic suspension. As schematically 

described in Fig. 5.6, a uniform and detachable CNCs/alginate membrane could be successfully 

produced by a one-step EPD process (deposition voltage: 10 V, deposition time: 6 min, electrode 

distance: 10 mm). Fig. 5.6(a) shows the CNCs/alginate coating produced immediately after the 

EPD process. After evaporation of the solvent at room-temperature for 12 h, the deposited coating 

was readily detached from the bended area of the substrate, as arrowed in Fig. 5.6(b). Then the 

detached membrane was pulled off from the substrate without damage to the film structure. As 

shown in Fig. 5.6(c), the detached CNCs/alginate membrane is highly transparent. The cross-

section was observed by SEM and the obtained free-standing CNCs/alginate membrane showed a 

compact structure and a finely uniform thickness of ~26 µm (Fig. 5.6(d)), which is calculated from 

10 different positions by using the software (Nano Measurer 1.2). A low amount of micro-cracks 

presented in Fig. 5.6(d) are likely induced by slight water electrolysis during EPD. 

EPD production of CNCs/alginate free-standing membranes could present several advantages 

over the conventional LbL technique. Firstly, EPD technique is well known for its simplicity, low-

cost [93] and rapid processing capability to obtain comparable film thickness to LbL deposition, 

which normally requires from tens to hundreds of dipping cycles and much longer processing time. 

Secondly, EPD yields robust and relative compact structures of free-standing membranes, 

exhibiting homogeneous distribution of each component and uniform thickness, while it is rather 

difficult to control formation of structural defects (gaps) between two dipped layers during LbL 

deposition, and thus the uniformity of the thickness may be impaired in LbL deposits. For example 

the thickness of a single free-standing membrane prepared by LbL deposition commonly varies 

from several microns to tens of microns [259]. Moreover, it is possible to modify the roughness and 

topography of the final membranes by altering the surface character of the EPD electrode. CNCs 

are natural and renewable material, which have been used as reinforcing component of composite 

materials in a variety of applications. Therefore, the addition of CNCs to free-standing alginate 

membranes by EPD will be expected to effectively enhance the mechanical properties of the 

alginate films and will enable proper integration of the two components to avoid severe phase 

segregation, which is advantageous to fabricate long-lifetime and structurally robust bio-devices. 

Indeed the ability of EPD for immobilizing biologic and polymer molecules on substrates has been 

intensively investigated [94, 174]. These biologic entities (e.g. antibiotics, proteins, growth factors, 

enzymes and relevant cells) can be dynamically added to the CNCs/alginate composite suspension 
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during the EPD process or separately added to suspensions for different EPD cycles, to fabricate 

functionally graded layers incorporating biological components. The technique opens up 

possibilities for the molecular design of layered structural materials constituted of different 

biopolymers and other nanoscale building blocks offering expanding opportunity in cell technology, 

drug delivery, biosensors and tissue engineering applications. 

5.1.4 Summary 

EPD was successfully developed for the deposition of pure CNCs (single- and multi-layer) 

coatings from aqueous CNCs suspensions. EPD showed the ability to alter the orientation of CNCs 

in the coating. Repetitive EPD was used to produce multilayer CNCs coatings, and robust coating 

structures with specific nanotopography were achieved. Furthermore, with proper adjustments of 

the suspension composition and EPD parameters, free-standing CNCs/alginate membranes with 

uniform thickness (~26 µm) were prepared by a one-step EPD process. All coatings exhibited a 

hydrophilic character and led to significant improvement of corrosion protection of stainless steel. 

Summarizing, the EPD assembly of homogeneous, robust, and biocompatible CNCs coatings 

(single and multilayer) and CNCs/alginate nanocomposite structures, according to the preliminary 

characterizations of their key properties, offers new perspectives for a variety of applications of 

CNCs-based coatings and films. Indeed further investigations will consider the in vitro and in vivo 

characterization of the coatings in relevant conditions for specific applications as bone contacting 

surfaces. 

 

5.2 Antibiotic loaded PHBV microsphere-alginate composite coating 

5.2.1 Introduction 

The research work in this section has been published in Ref. [275] and reproduced with the 

permission from Elsevier. As briefly discussed at the beginning of this chapter about different drug 

delivery methods, it is considered that drug loaded polymeric microspheres is a promising 

candidate employed to deliver medications in a controlled manner. Polymeric drug systems in the 

form of microspheres will improve the immobilization of antibiotics not only by direct physical 

wrapping of the molecules, additionally, high specific areas of microspheres can provide more 

active sites for the electrostatic capture of drug molecules. For instance, Francis et al. [276] 

reported a drug-loaded P(3HB) microsphere coating on 3D Bioglass® scaffold by simple slurry-

dipping method, while the obtained coating exhibited satisfactory adhesion and controlled drug 

release over a period of 30 days. More interestingly, it was reported that even though the drug was 

post-loaded on the surface of polymer spheres, for example vancomycin hydrochloride solution was 

added dropwise onto chitosan nanosphere coated surfaces, the initial burst release and lateral 

release rate were significantly reduced compared with sphere-free coatings [277].  
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Considering the promising drug delivery properties of microsphere-assisted systems, it can be 

expected that the release behavior could be further optimized if the drug loaded microspheres are 

embedded within a polymer matrix. It should be noted that biomolecules need to be incorporated in 

the coating through a “cold coating technique” in order to avoid any damage of their biological 

properties and also the possible thermal degradation of the polymer matrix. The goal of the present 

study is to develop a microsphere-polysaccharide composite coating platform by a single step EPD 

process, where the microspheres are embedded within the polymer matrix for achieving controlled 

local drug release. Levofloxacin applied as a model of water-soluble antibiotic was pre-

incorporated into poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) microspheres by an 

emulsion method. PHBV is a copolymer of polyhydroxybutyrate (PHB) and polyhydroxyvalerate 

(PHV) (see Fig. 5.7) and its properties, including crystallinity and biodegradability, can be flexibly 

tailored by varying the molar percentage of HV units in the structure [141]. On the other hand, 

alginate is known as a natural polysaccharide typically derived from brown seaweed, and has been 

highly investigated for a variety of biomedical applications due to its biocompatibility, low-toxicity, 

low-cost and flexible gelation by various cross-linking methods [256, 278, 279]. The co-deposition 

mechanism of PHBV microspheres with alginate on stainless steel substrates was discussed and the 

key properties of the deposited coatings with different concentration of antibiotics-loaded 

microspheres were characterized to validate the versatility of the EPD method developed. 

5.2.2 Experimental 

I. Preparation of levofloxacin-loaded PHBV microspheres 

This part of experiment was carried out by Mr. Wei Li (Institute of Biomaterials, University of 

Erlangen-Nuremberg). PHBV (PHV content 12 wt%) was supplied by Goodfellow (Huntingdon, 

UK). An oil-in-water (O/W) single emulsion solvent evaporation method, based on the parameters 

of our previous study [280] was used to prepare the levofloxacin loaded PHBV microspheres. 

Briefly, 12 mg levofloxacin was dissolved in 4 mL of 3% w/v PHBV solution (O phase) in which 

PHBV was dissolved in dichloromethane. The obtained drug-polymer solution was added into 100 

mL of 2% w/v aqueous PVA solution and emulsified using a homogenizer (T18, IKA, Germany) at 

7000 rpm for 3 min. The resultant O/W emulsion was then stirred for 2 h on a magnetic stirrer to 

evaporate the DCM. The microspheres were collected by centrifugation (Centrifuge 5416, 

Eppendorf, Germany) at 4850 rpm for 3 min, and then freeze dried (Alpha 1-2 LDplus, Martin 

Christ, Germany). 

II. Preparation of EPD suspension 

Considering the superior water solubility of sodium alginate, a stable alginate aqueous solution 

(2 g/l) was firstly prepared by complete dissolution of the raw powder into de-ionized water under 
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magnetic stirring for 10 min. In order to minimize the electrolysis of water during the EPD process, 

ethanol was added to the alginate solution with continuous magnetic stirring followed by 5 min 

ultrasonication until a final volume ratio of 50% was achieved. Then different amounts of as-

prepared PHBV microspheres (MS) were added to the alginate solution to prepare MS-alginate 

(MA) blend suspensions with different MS concentrations (0.5, 1 and 2 g/l). The MS-alginate 

mixtures were thoroughly dispersed using an ultrasonic probe (Branson Sonifier
®
 S250D, Emerson, 

USA, time: 10s, amplitude: 30%). It should be noted that the pH values of alginate solution as well 

as alginate-PHBV MS complex suspensions are stable of around 6.8±0.5, which is in the range of 

the original pH of the solvent. The composition of the final suspensions for EPD is listed in Table 

5.2. 

Table 5.2. Composition of suspensions for EPD and zeta potential measurements. 

Sample MS 

(g/l) 

Alginate 

(g/l) 

Alginate/MS 

ratio (w/w) 

Solvent 

(VH2O:VEthanol) 

Zeta potential 

(mV) 

MA1 0.5 2 4 1:1 Unreliable 

MA2 1.0 2 2 1:1 −32±16 

MA3 2.0 2 1 1:1 −40±19 

– 0.1 0.05 1/2 1:1 −41±18 

– 0.1 0 0 1:1 −23±13 

III. EPD process 

The EPD cell included two parallel 316L stainless steel (SS, 30×15×0.2 mm
3
) plates as the 

deposition and counter electrodes, respectively. The deposition area was fixed at 15mm × 20mm 

and the distance between the electrodes was 10mm. A trial and error approach was introduced to 

optimize the EPD conditions to produce relative thick, homogeneous and crack-free coatings. 

Anodic deposition was carried out at the optimal voltage and deposition time of 15 V and 1 min, 

respectively. Due to the excellent corrosion resistance of 316L SS and the gentle EPD parameters 

applied in the present experiment, it is considered that the oxidation of the SS substrate during the 

anodic EPD process is negligible, as also reported in literature for similar experiments [166]. Then 

the deposited anode was gently removed from the suspension and held for 20 min in air at room 

temperature followed by 24 h drying procedure at 37 °C in a desiccator. 

5.2.3 Results 

In this study PHBV microspheres and alginate were employed for the fabrication of composite 

coatings by EPD. Alginate as received in the form of sodium salt is negatively charged in water 

solvent due to the ionization of carboxyl groups, as indicated in Fig. 5.7. Therefore, negatively 

charged alginate molecules will migrate and deposit onto the anode substrate under electric field 

[121]. Possible interaction between MS and alginate in terms of zeta potential measurement are 
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presented in Table 5.2. The suspension with Alginate/MS ratio of 1/2 or containing only MS was 

measured as a reference. In the latter case, i.e. in the absence of alginate, the zeta potential value is 

−23±13 mV, and then it drastically increase in absolute value to −41±18 mV after mixing with a 

small amount of alginate (Alginate/MS ratio of 1/2). Higher content of alginate (Alginate/MS ratio 

of 1) did not affect the zeta potential value while for the samples with Alginate/MS ratio of 2, a 

further decrease of the absolute value of zeta potential was observed (−32±16 mV). No reliable zeta 

potential value of MS with Alginate/MS ratio of 4 could be obtained from the prepared suspension 

as a result of the high concentration of alginate. 

 

Fig. 5.7. (a) Normalized FTIR spectra of an alginate coating and samples MA1, MA2 and MA3, (b) 

deposit mass as a function of MS concentration (Error bar represents SD, n=3). The fitted line 

shows the linear regression trend, where ‘R
2
’ is the linear correlation coefficient, ‘y’ is the deposit 

mass per area and ‘c’ is the MS concentration. 

Fig. 5.7 shows the typical FTIR spectra of the deposited coatings MA1, MA2 and MA3, as 

well as a sample of pure alginate coating. The FTIR spectrum of pure alginate coating presents the 

strong peak at 1725 cm
–1

 which could indicate the presence of the protonated carboxylic group, 

whereas the peaks at 1630 cm
–1

 and 1410 cm
–1

 can be assigned to the asymmetric and symmetric 

stretching of unprotonated carboxylic groups [255]. The broad band at 3420 cm
–1

 is attributed to –

OH stretching [281] and the peak at 815 cm
–1

 is assigned to vibration of mannuronic acid residues 

[192, 282]. In the FTIR spectra of samples MA1, MA2 and MA3, the characteristic peaks of 

alginate are also observed. In addition, these samples present the characteristic peaks of PHBV, 

including the vibrations of CH3 (2977, 2879, 1381 cm
–1

), CH2 (2935, 1451, 1278, 1228 cm
–1

) and 

asymmetric stretching of C–O band (1183 cm
–1

) [281, 283].  It should be noted that the relative 

intensity of those characteristic peaks derived from PHBV molecules, as arrowed in Fig. 5.7(a), 

increase gradually with increasing initial MS concentration in EPD suspensions. At the same time, 

the deposit mass per area of the prepared coatings, as plotted in Fig. 5.7(b), increases linearly from 

0.06±0.03 mg/cm
2
 of pure alginate coating, to 0.47±0.06 mg/cm

2
 of MA3 coating. The fitted linear 

equation is also depicted as inset in the figure. 
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SEM images of as-prepared MS as well as surfaces of MS-alginate composite coatings are 

shown in Fig. 5.8. The MS present smooth surface topography, as shown in Fig. 5.8(a). The MS are 

micron-sized with mean particle size of around 2–3 μm, although a small amount of submicron-

sized spheres is also visible. According to our previous investigation on the same MS processing 

technique [280], 50% of the MS had diameter below 3.5 μm and 90 % of them have diameter below 

7 μm. Surface SEM images of MA1, MA2 and MA3 coatings indicate that the MS are 

homogeneously distributed in the alginate matrix. The relative content of MS in the coating is 

significantly increased from MA1 to MA3 coating, and the number of MS agglomerations is seen to 

slightly increase at the same time. All MA coatings seem to be dense and compact, and no 

microstructure defects such as large pores or micro-cracks are observed. 

  

  

Fig. 5.8. SEM images of the surfaces of (a) as-prepared MS and MS-alginate composite coatings 

with different MS concentrations: (b) MA1, (c) MA2, (d) MA3. 
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Fig. 5.9. Sloping surface (a) and cross-section (b) SEM images of MA3 coating. 

In order to better observe the topography and internal microstructure of MA samples, images of 

the sloping surface and cross-section of MA3 coating were taken (Fig. 5.9). It is observed from the 

sloping surface image that some MS are totally wrapped and some of them are only partially 

embedded by the polymer matrix, leading to rough surfaces of MA coatings. The cross-section of 

MA3 coating shows a microstructure where individual MS and clusters are tightly wrapped inside 

the alginate matrix. The compactness and density of the coating is also inferred from the cross-

section image, which also shows a uniform thickness of 10±2 μm for MA3 coating. 

 

Fig. 5.10. Surface roughness (Ra) and water contact angles of MA1, MA2, MA3 (Error bar 

represents SD, n=5). The solid line and the dash line indicate Ra and water contact angle of pure 

alginate coating, respectively. 

As shown in Fig. 5.10, the average roughness (Ra) and water contact angle were measured to 

evaluate the topographic feature and hydrophilicity of the deposited coatings. The Ra of pure 

alginate coating (used as a reference) was found to be 0.15±0.03 µm, as shown by solid horizontal 

line. All MA coatings exhibit higher Ra values compared to pure alginate coating. Significant 

increase of Ra with increasing MS concentration is detected, especially from MA1 to MA3, where 
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an increase of 0.63 µm is observed.  Meanwhile, the homogeneity of the composite coating seems 

to be reduced due to the fact that the standard deviation of Ra value increases with higher MS 

addition. The average contact angle values of 5 tests for each MA coating are also presented in Fig. 

5.10. All coatings show hydrophilic characteristics according to the measurement values. The water 

contact angles of MA coatings are significantly higher than that of pure alginate coating (dash 

horizontal line). Appreciable increase of water contact angle with increasing MS concentration is 

observed, going from 49° to 58° for MA1 and MA3 coating, respectively.  

The antibacterial properties of four different coatings (Fig. 5.11) were evaluated against the 

gram-negative E. coli bacteria by seeding them on the coatings for 1, 2, 3 and 4 hours. There is no 

evident reduction of the bacterial colonies on the samples coated only with alginate even after 4 h. 

On the other hand, all MS containing samples present significantly enhanced bactericidal properties, 

while a small amount of bacterial colonies are still visible after 1 h of incubation on MA1, MA2 

and MA3 coatings. 

 

Fig. 5.11. Results of qualitative antibacterial test of alginate-MS coatings against E. coli for up to 4 

hours with different MS concentrations. 

5.2.4 Discussion 

The present results indicate the versatility of the EPD technique for the fabrication of 

biodegradable antibacterial coatings based on antibiotics-loaded microspheres embedded in alginate 

matrix. Microsphere-assisted systems have been shown to be promising for drug-loading and 

subsequent release in a controlled manner. Extensive investigations have been performed on PHBV 

based microspheres as drug carriers for their flexible tailoring of crystallinity and biodegradability 
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which are crucially important for drug delivery properties [252, 276]. Emulsion solvent evaporation 

was used to prepare the drug loaded PHBV microspheres in this study because of its simplicity, 

high efficiency and mild processing conditions at room temperature [284, 285]. The drug loading in 

the microspheres can be tailored by the initial drug to polymer ratio in solution during fabrication. 

According to the excellent drug release behavior of PHBV microsphere coated bioactive glass 

scaffolds, as reported in our previous studies [276, 280], it is anticipated that the composite coatings 

containing drug-loaded microspheres produced in this study will exhibit improved release behavior 

to address the problem of burst release. 

The electrodeposition mechanisms of alginate and alginate–bioceramic mixtures have been 

previously studied [194] and [121]. According to the results reported in Ref. [121], the deposition 

of alginate is possible due to the electrophoresis of anionic alginate species followed by their 

coagulation in the low pH region around the anode due to protonation. In addition, as the results in 

Ref. [194] indicate, when bioceramic particles are mixed with alginate, the polyelectrolyte 

molecules are adsorbed on the particles surface. When the electric field is applied, the alginate 

molecules will drive the ceramic particles to the working electrode where both entities will deposit 

simultaneously. 

 

Fig. 5.12. Schematic model describing the electrostatic interaction between PHBV MS and alginate 

molecules, and the EPD process. 

In order to understand the interaction between MS and alginate as well as the mechanism of co-

deposition, a possible model concerning their interaction in the EPD suspension, and the co-

deposition process under the electric field, is schematically shown in Fig. 5.12. As confirmed by 

FTIR measurement in Fig. 5.7, it is clear that no chemical reaction (covalent bonding) takes place 

between alginate and PHBV under our experimental condition. According to the zeta potential 
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value of MS (−23±13 mV), these particles exhibit overall negative charge when suspended in the 

water–ethanol mixture. Considering that the alginate molecules are dissociated in the water–ethanol 

solvent and are also negatively charged, one would expect to have electrostatic repulsion between 

the MS and the alginate molecules. However, it should be noted that the PHBV MS possess both 

positive and negative points on the surface, e.g. the carbonyl carbon usually presents slightly 

positive charge due to the shift of electron cloud to oxygen (see chemical formula in Fig. 5.7), and 

the zeta potential indicates only that the relative number of negative units is higher than that of 

positive ones. Therefore, the negatively charged alginate molecules are capable of reaching and 

being adsorbed on the positive MS surfaces. This phenomenon is corroborated by the fact that when 

the MS are mixed with the alginate (MA samples) the absolute zeta potential values increase, since 

the zeta potential is now a consequence of the negatively charged alginate molecules adsorbed on 

the surface of MS. When the Alginate/MS ratios are 0.5 and 1, the zeta potential value changes 

from −23 to around −40 mV but when the Alginate/MS ratio is 2 the absolute value of zeta 

potential decreases to −32 mV. It is reported that an excess of electrolyte will shrink the space of 

diffusion double layer and reduce the stability of colloidal suspensions [286]. The slight decrease of 

zeta potential with higher Alginate/MS ratios can be attributed to the presence of additional alginate 

electrolyte interrupting the electrostatic equilibrium of MS suspensions. Therefore, it can be 

concluded that the MS in all EPD suspensions were fully adsorbed after dispersion in alginate 

solution. Meanwhile, it is found that no deposition of MS coating could be achieved in the absence 

of alginate in the current experimental conditions (DC voltage: 15 V, deposition time: 1 min, 

solvent: water–ethanol mixture). Thus the co-deposition mechanism of MS and alginate can be 

assigned to two separate processes: (i) the alginate adsorbed on the MS will incorporate in the 

deposit accompanying them, and (ii) the non-adsorbed alginate migrates and incorporates in the 

deposit separately. 

FTIR spectra of MA1, MA2 and MA3 coatings, as shown in Fig. 5.7(a), present the 

characteristic peaks of both alginate and PHBV, indicating their presence in the deposited coatings. 

The strong peak of carboxyl acid groups at 1725 cm
−1

 confirms the protonation of anionic alginate 

species under the electric field, which leads to the deposition of individual alginate species and 

alginate wrapped MS. The FTIR spectra were normalized by the strongest peak at 1725 cm
−1

 

assuming that the deposit mass of alginate in all samples is constant as those coatings were 

deposited from EPD suspensions with identical alginate concentration. When increasing MS 

concentration from 0.5 to 2 g/l, the relative intensities of characteristic peaks of PHBV also increase, 

which can be attributed to an increase in the amount of deposited MS in the coating. 

It is rather difficult to directly measure the relative content of alginate and MS due to their 

polymeric character. If it is assumed that the deposit mass of alginate in each composite coating is 

identical, and that the electrophoretically deposited mass, which increases linearly as shown Fig. 
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5.7(b), is mainly contributed by the increased amount of MS in the coating. The EPD kinetics of 

MS in our experiment could be interpreted by a universal mathematical model, namely the 

Hamaker's law [91], as represented through the Equation 2.1. 

According to our experimental results, the deposition mass of MS is proportional to the MS 

concentration in the EPD suspension, and the linear variation of the deposition kinetics has been 

established based on the current EPD conditions (inset in Fig. 5.7(b)). More importantly, the 

knowledge of deposition kinetics will shed light on the fundamental processes involved during EPD 

and will simplify the production of antibacterial coatings with suggested drug-loadings. 

Apart from FTIR and deposit mass measurements, the increased amount of MS in the coating is 

also observed in SEM images in Fig. 5.8. MS are homogeneously distributed on the surface, which 

should provide uniform release of drug molecules from different areas of the coating. The presence 

of firmly embedded MS in the alginate matrix confirms the prediction of co-deposition mechanism 

as discussed previously. In this way, drug molecules preloaded in the MS have to diffuse firstly 

through the PHBV matrix and then through an alginate shell to reach the external medium. It has 

been reported that encapsulation of drug-loaded MS with a polymer surface coating, either by 

individual wrapping [144] or embedding MS into a bulk polymer matrix [145] and [146], will 

significantly retard the drug release from MS. Therefore, it was expected that a controlled drug 

release behavior could be obtained from the proposed PHBV MS-alginate coating system. 

The topographical features of the deposited coatings are shown in SEM images (Fig. 5.8 and 

Fig. 5.9) and quantitatively measured by laser profilometry (Fig. 5.10). The projections of partially 

embedded MS in the alginate matrix give rise to increased roughness values compared with the 

pure alginate coating. With the increase of MS concentration in the suspension, more MS 

projections are presented on the surface and at the same time, a few of MS tend to agglomerate and 

deposit together on the electrode, leading to the significant increase of roughness values. 

Nevertheless, the macroscopic homogeneity of the deposited coatings was not affected because the 

MS clusters were uniformly distributed. Alginate is well-known as a highly hydrophilic 

polysaccharide due to the presence of abundant carboxylic and hydroxyl groups. The contact angle 

of pure alginate coating is 28±3 °, and the MS film showed relative hydrophobic character (100±4 °) 

due to the presence of abundant alkyl groups as investigated previously [280]. Since the formation 

of micropores and cracks was rarely observed in the present coatings, the wettability should be 

mainly determined by the chemistry of the coating components themselves. It is therefore 

reasonable to consider that the alginate-MS composite coating exhibited contact angle values 

between the contact angle of pure alginate and that of MS. Furthermore, the hydrophilicity of the 

composite coating could be flexibly varied for a specific application by adjusting the relative 

content of alginate and PHBV MS. 
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It has been reported that the wettability of metallic implant surfaces plays an important role on 

the quality of the interaction between the tissue and the implant [227]. A moderate water contact 

angle, in the case of a chitosan-coated surface (76±5 °) which is not highly hydrophilic compared to 

control Ti surfaces (32±6 °), exhibits significantly higher adsorption of albumin and fibronectin, 

leading to enhanced osteoblast cell attachment [31]. Apart from the suitability of PHBV and 

alginate for a range of biomedical applications [287], it is interesting to investigate bone-related cell 

interaction to surfaces modified by the combination alginate-PHBV MS with specific wettability 

and surface topography considering the potential application of this coating system for 

functionalization of metallic implants. 

Indeed the main idea of the present study has been to develop novel antibacterial coatings 

based on antibiotic-loaded PHBV microsphere embedded in alginate matrix. The drug considered 

(levofloxacin) is known as a broad-spectrum antibiotic and particularly efficient to inhibit the 

growth of gram-negative bacteria [150]. It has been reported that the minimum inhibitory 

concentration (MIC) of levofloxacin against E. coli is 0.03–0.06 μg/ml [150] and [288]. The 

qualitative antibacterial test of MA coatings with different incubation time indicates that the 

released concentrations of levofloxacin from all coatings are effective (higher than MIC) to inhibit 

the growth of E. coli after a short time of incubation. Although rapid and excellent antibacterial 

properties of MA coatings were confirmed, it should be noted that excessive amount of the released 

antibiotic in a short time will likely induce toxic effects to the surrounding tissue. The drug release 

profile and biological tests of drug-loaded MA coatings have not been carried out to evaluate the 

potential cytotoxic effects. However, as indicated previously, the drug loading can be flexibly 

adjusted by varying the drug/PHBV ratio during the MS fabrication, or by varying the 

concentration of drug-loaded MS in EPD suspensions. The systematic optimization assessing the 

coating degradation behavior, which is highly related to the drug release profile and the 

corresponding cellular response, will be carried out in future steps to validate the coating concept 

proposed in this study. The process and kinetics of drug release are important to understand the 

interactions between drug molecules and polymer carriers with different charges. It is worth noting 

that although this alginate-MS composite coating is initially designed for antibacterial purposes, 

other types of biological entities including proteins, peptides, growth factors as well as nucleotides 

could be flexibly incorporated into the microspheres by varying the microsphere processing 

parameters [289, 290]. 

5.2.5 Summary 

A promising drug delivery coating system consisting of antibiotic loaded PHBV microspheres 

embedded in an alginate matrix was successfully fabricated on stainless steel substrate for the first 

time by a one-step EPD process. The alginate matrix is designed to act not only as the binder 
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adhering the MS to the metallic substrate, but also as a diffusion barrier to control the release rate of 

the antibiotic from MS. The co-deposition mechanism was described by two separate processes: (i) 

deposition of alginate-adsorbed MS and (ii) free alginate molecules migration and incorporation in 

the deposit. The deposited coatings exhibited compact and homogeneous composite structure with 

moderate hydrophilicity and specific surface topography. Furthermore, the deposition kinetics of 

microspheres was experimentally confirmed to be in accordance with Hamaker's law, which is of 

relevance for reproducible production of antibacterial coatings with predetermined drug loading. 

Experimental results from qualitative antibacterial test against E. coli indicated that the initial drug 

release from these coatings was effective to facilitate bactericidal activity in vitro. The versatility of 

the proposed microsphere-biopolymer coating platform, enabling the incorporation of a variety of 

biomolecules and their further release in a controlled manner, is of great interest for multi-

functionalization of metallic implants. 

5.3 Daidzein loaded PHBV microsphere-alginate composite coating 

5.3.1 Introduction 

It is confirmed in Section 5.2 that antibiotics are able to be preloaded into PHBV microspheres, 

and then embedded in alginate matrix for a controlled release. It is expected that this coating 

platform can be used to deliver not only antibiotics but also other molecules such as growth factors 

with hydrophilic or hydrophobic character, in a controlled manner for different applications. In this 

part of the research project, an improved PHBV microsphere-alginate coating system was exploited 

for the delivery of daidzein, a natural isoflavone which has been widely used to treat osteoporosis 

as discussed previously in Section 2.6.3. Polyvinyl alcohol was added into the blend suspension 

and co-deposited into the coating structure for enhanced adhesion strength. The processing 

parameters were optimized with the aim of fabricating a robust coating with maximum thickness. 

Taking advantages of the promising drug release behaviors in microspheres and simplicity of EPD 

technique, microspheres were able to be stabilized into a layer of polymer coating, which enables a 

minimized and prolonged drug release rate. Furthermore, layer by layer deposition was introduced 

to produce a polymer mask, consisting of alginate and chitosan layers, to suppress the degradation 

rate of the deposited coating at the initial stage. The loading efficiency of daidzein in both 

microspheres and coatings was investigated. More importantly, the drug release behaviors, affected 

by degradation rate and coating structure, was comprehensively illustrated for a better 

understanding of drug release mechanisms from drug loaded biomedical coatings.  

5.3.2 Experimental 

I. Preparation of PHBV microspheres 
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An oil-in-water single emulsion method was used to encapsulate the daidzein. This part of 

work was carried out by Mr. Wei Li (Institute of Bioamterials, University of Erlangen-Nuremberg). 

4.5 mg daidzein (VWR, Germany) was added into 3 ml of 3 wt% PHBV solution (O phase) in 

which PHBV was dissolved in dichlormethane (DCM) (Merck, Darmstadt, Germany). The mixture 

solution was immediately added into 75 ml of 2 wt% aqueous PVA solution and emulsified using a 

homogenizer (T18, IKA, Germany) at 10000 rpm for 3 min. The resultant O/W single emulsion 

was then stirred at 600 rpm for 3 h on a magnetic stirrer to evaporate the DCM. The microspheres 

were collected by centrifugation (Centrifuge 5416, Eppendorf, Germany) at 4800 rpm for 4 min, 

rinsed three times in deionized water, and lyophilized in a freeze dryer (Alpha 1-2 LDplus, Martin 

Christ, Germany). The microspheres were stored in a freezer for further use. 

II. Preparation of EPD suspension 

PVA aqueous solution (20 g/l) was firstly prepared by dissolving PVA particles into deionized 

water with vigorous stirring at 80 °C. After cooling down the PVA solution, alginate powders were 

gently added into the PVA solution and the mixture was magnetically stirred for 5 min followed by 

a 10 min sonication step until a transparent solution was obtained (ultrasonic bath, Bandelin 

Sonorex, Germany). Daidzein loaded microspheres were added into the alginate-PVA solution and 

thoroughly dispersed using an ultrasonic probe (Branson Sonifier® S250D, Emerson, USA, time: 

10s, amplitude: 30%). In order to suppress the electrolysis of water, a small amount of ethanol was 

added into the alginate-PVA-PHBV microsphere suspension. The final concentration of alginate 

and PVA were 2 and 20 g/l, respectively. The concentration of daidzein loaded PHBV varied from 

0.5 to 2 g/l. 

III. EPD process 

EPD was carried out in an EPD cell containing two parallel 316L stainless steel (SS) 

electrodes fixed in a distance of 10 mm. The electrodes were immersed  into the prepared EPD 

suspension with a fixed deposition area of 15×20 mm
2
. Due to the fact that alginate is negatively 

charged in aqueous solvent and the addition of PVA does not affect the zeta potential, alginate 

migrates to the positive electrode dragging the PVA chains in the same direction. Therefore the 

PHBV particles in suspension collect at the anode and form a coherent co-deposition, which has 

been confirmed in Section 5.3.  Various applied voltages (5−45 V) and deposition time (0.5−5 min) 

were investigated, and the optimal voltage and deposition time were fixed at 17 V and 1 min, 

respectively. After deposition, the electrodes were slowly withdrawn from the EPD suspension, and 

then the deposited anode was dried in horizontal position at room temperature. 

IV. Layer by layer deposition 
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Layer by layer (LbL) deposition was applied in this study to generate additional polymer 

layers on the top of the EPD produced drug eluting coatings, taking advantages of multilayer 

structure, to address the problem of initial burst release and achieve a controlled release during the 

whole period. It is expected that the drug release profile could be further improved through the 

formation and enlargement of a diffusion barrier around the drug-loaded PHBV microspheres. A 

polyelectrolyte multilayer structure consisting of alternative deposition of chitosan and alginate was 

prepared and the corresponding chitosan (positively charged) and alginate (negatively charged) 

solutions were prepared according to the literature [259]. Briefly, an acetate buffer was prepared at 

pH 3 or 5 using appropriate volumes of 0.1 M acetic acid and 0.1 M sodium acetate. 5 mg/ml of 

alginate was prepared in the low pH buffer (pH=3) and 1 mg/l of chitosan was prepared in the high 

pH buffer (pH=5) with the help of magnetic stirring and ultrasonic bath. Considering the alginate-

rich composition of the as-deposited coating, the coated substrate was firstly dipped in the chitosan 

solution for 15 s. After drying the substrate was dipped into the alginate solution for another 15 s. 

After each dipping process the coated substrate was dried in horizontal position at room 

temperature. The final multilayer layer structure is schematically shown in Fig. 5.13. It is expected 

that the different layers are tightly connected due to the electrostatic attraction of alginate (−) and 

chitosan (+). 

 

Fig. 5.13. Schematic diagram showing the sample code and arrangement of the multilayer structure 

of the deposited coatings, A, B, and C stand for EPD coating, EPD+chitosan coating, and 

EPD+chitosan+alginate coating, respectively.  

V. Drug release study 

Due to the hydrophobic character of daidzein molecules, a solution of 75% PBS and 25% 

ethanol was produced as the releasing medium to ensure the release of daidzein from microspheres. 

4 mg of microspheres with 5 and 10 wt% loading of daidzein, respectively, were soaked into 1ml 

medium in a cellulose dialysis bag. The cellulose bag allows the transport of molecules with the 

molecular weight less than 12-14 kDa. Then the dialysis bag was put into a plastic tube and filled 

with another 4ml of releasing medium to achieve a total medium of 5 ml. The soaked samples were 
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located in an incubator at 37 °C and a stirring speed of 90 rpm. After the predetermined incubation 

time, 1ml of solution was taken out for measurement and 1ml of fresh medium was added for 

continuous drug release. The concentration of daidzein was measured using UV-vis 

spectrophotometer (Specord 40, analytic Jena) at the wavelength of 252 nm. The cumulative release 

of daidzein with the immersion time was obtained by accumulating all the released drugs before the 

time point.  

VI. Cytotoxicity test 

The cytotoxicity of daidzein was evaluated by means of MTT assay operated by Ms. Ruifang 

Liang (Department of Rheumatology and Clinical Immunology, University of Erlangen-

Nuremberg). MC3T3-E1 and RAW264.7 cell lines were selected as two model ostelblast and 

osteoclast, respectively. Cells were cultured in complete Alpha Minimum Essential Medium 

supplemented with 10 vol% FBS, and 100 units/ml of penicillin and 100 µg/mL of streptomycin. 

Cells were incubated at 37 °C under a 5 % CO2 atmosphere and the medium was changed every 2–3 

days. 2000 cells/well in 100 µl culture medium were seeded into 96-well plates and cultivated for 

24 hours. Then the supernatant was refreshed with culture medium containing different 

concentration of daidzein ranging in 25, 5, 1, 0.2, 0.04, 0.008, 0.0016 and 0 µg/ml. After a further 

48 h of culture (37 °C in 5 vol% CO2 and 95 vol% air), 20 µl MTT (5mg/ml in PBS) reagent were 

added to each well and incubated for 4 hours under cultivation conditions. Then the supernatant was 

removed, and 100 µl lysis buffer (99.4 ml DMSO, 0.6 ml HCl and 10g SDS) per each well was 

added with thoroughtly pipetting to dissolve the formazan crystals. Absorbance was measured at 

570 nm using an ELISA reader (Analytik Jena AG, Germany). The final readings were the averages 

of six samples prepared for each concentration of daidzein. 

5.3.3 Results and discussion 

I. Morphology and size distribution of PHBV microsphere 

 

Fig. 5.14. SEM images of PHBV microspheres and statistic particle size distribution. 
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The morphology and particle size distribution of the prepared PHBV microspheres were 

shown in Fig. 5.14. The particle size distribution was analyzed by statistically measuring the 

particle size of all microspheres in the SEM image (Software: Nano Measurer 2.1). All 

microspheres presented quite uniform surface morphology and size distribution, and mainly 

appeared spherical in shape. The particle size distribution showed that 50% of the microspheres had 

a diameter below 1.5 μm and almost all diameters are below 4.5 μm. It is well-known that the 

particle size and size distribution of microspheres have a significant influence on the drug release 

profiles [291]. The relative rough surface topography of PHBV microspheres is closely associated 

with the processing conditions. As already mentioned previously, the manufacturing process of 

microspheres by emulsification solvent evaporation technique is a two-step process. The first step is 

the emulsification of a polymer solution containing the encapsulated drugs. Various process 

parameters in this step are very important factors determining the particle size distribution, which 

has been investigated in many studies [285]. The second step is the solvent evaporation and 

polymer precipitation which leads to particle hardening. During evaporation, the final microspheres 

were formed from the initial emulsion by solvent elimination and polymer precipitation. This 

process controls the particle morphology, which has a significant influence on the encapsulation 

and release behavior of drug. Thus, a number of parameters, such as PVA concentration, stirring 

speed and PHBV concentration could be optimized to produce microspheres with relatively small 

size and homogenous distribution.  

II. Drug release profiles of free daidzein loaded PHBV mirospheres 

 

Fig. 5.15. Daidzein release from free microspheres with 5 and 10 wt% daidzein loadings, 

respectively. 

The drug release profiles of PHBV microspheres loaded with 5 and 10 wt% daidzein were 

plotted in Fig. 5.15. The microspheres loaded with 10 wt% of daidzein was released in a controlled 
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manner over a period over 840 hours (35 days), while the microspheres with 5 wt% daidzein 

exhibited a complete release within 336 hours (14 days). Furthermore, it should also be mentioned 

that the microspheres with 10 wt% of daidzein loading exhibited a significantly lower burst release 

and cumulative release compared to microspheres with 5 wt% of daidzein loading. Previous drug 

delivery studies of P(3HB) microspheres loaded with tetracycline and gentamycin showed faster 

release rates than the obtained results in the present study [276, 292]. The drug release mechanism 

of from microspheres prepared by emulsification solvent evaporation contains two main expulsion 

proceses: (i) an initial burst release of drug located close to microsphere surfaces, (ii) a relative 

constant stage with drug release rate depending on drug diffusion and microsphere degradation 

rates. Parameters affecting drug release profiles from free microspheres include characters of raw 

materials and drugs used, release medium as well as processing parameters. The processing 

parameters are considered the key to determine drug release profiles by varying the morphology 

and size distribution of microspheres and encapsulation of drug molecules. Both gentamycin and 

tetracycline loaded P(3HB) microspheres as reported in the literature [276, 292], were produced 

using a single oil-in-water emulsion solvent extraction/evaporation method, where the drugs were 

added to the water phase. However, it is rather difficult to encapsulate hydrophilic drugs within the 

microsphere matrix from aqueous environment. The relatively higher burst release of those 

antibiotics-loaded microsphers is because that, the loaded drugs are likely to be adsorbed on the 

surface or entrapped in the shallow surface of microspheres. Due to the hydrophobic character of 

daidzein, a small amount of the encapsulated drug will agglomerate toward the microsphere surface 

during the intense solvent evaporation [291]. Although this daidzein-rich outer layer will induce an 

unexpected burst release, it is found from the drug release profile that the initial drug burst release 

is low (~10% after 1h) and a subsequently sustained drug release over 840 hours was obtained. It 

can be also concluded that daidzein molecules were mainly entrapped inside the PHBV 

microsphere matrix supporting the sustained release as detected.  

III. EPD of alginate-PVA-PHBV microsphere composite coatings 

SEM images of the deposited composite coatings with different microsphere concentration 

were shown in Fig. 5.16. The microspheres were homogeneously distributed in the alginate matrix. 

Some microspheres were totally wrapped and some of them were only partially embedded by the 

polymer matrix, leading to rough surfaces of the obtained coatings. The relative content of 

microspheres in the coating is significantly increased when applying higher concentration of 

microspheres in suspension, and the number of agglomerations is seen to slightly increase at the 

same time. All composite coatings seem to be dense and compact, and no microstructure defects 

such as large pores or micro-cracks are observed. Furthermore, the homogeneously distribution of 

drug-loaded microspheres provided a uniform release of drug molecules from different areas of the 
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coating. The presence of firmly embedded microspheres in the polymer matrix confirmed also the 

co-deposition mechanism. In this way, drug molecules preloaded in the MS have to diffuse firstly 

through the PHBV matrix and then through an alginate shell to reach the external medium 

Therefore, it was expected that a controlled drug release behavior could be obtained from the 

proposed drug delivery system. 

 

Fig. 5.16. SEM images and 3D topography (confocal microscopy from CIDETEC, Spain) of A- 

coating with different microsphere concentrations. 

The surface topography of the deposited CNCs-BG coating influenced by the addition of 

microspheres was evaluated by means of confocal microscopy. As shown as well in Fig. 5.16, the 

3D topography of each coating is indicated in the form of height distribution, and the arithmetic 

mean value (Ra) and normal distribution (gray pattern next to the scale bar) of roughness is also 

shown. With the increase of microsphere concentration, the samples presented an increasing 

amount of needle-like tips boarder roughness distribution, which is mainly due to the presence of 

microsphere projections on the coating surface. It has been reported that an increased surface 

roughness can effectively promote initial osteoblastic cell adhesion and proliferation directly via 

enhanced formation of focal contact or indirectly through selective adsorption of serum proteins 
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specific for cell attachment [293]. Therefore, it can be concluded that the simple control of surface 

topography by varying the microsphere/polymer ratio in our study, offers the straightforward 

approach to improve the osteoconductivity of the prepared drug delivery coating, especially for 

those antibacterial coatings which always exhibit a certain extent of cytotoxic effect in vivo [294]. 

IV. Multilayered composite coating 

The final concentration of PHBV microspheres used for the fabrication of multilayer structures 

was fixed as 2 g/l with 10 wt% drug loading in this study. The surface and cross-sectional SEM 

images of the deposited coating at different coating stages were shown in Fig. 5.17. It was observed 

that microspheres were completely wrapped with a layer of polymer in the coating. Moreover, the 

surface roughness, which is also quantitatively measured in the form of Ra values as indicated in 

the corresponding figures, was significantly reduced from 1.07±0.02 µm of the EPD coating to 

0.63±0.04 µm after the layer by layer deposition. In this case, the embedded microspheres could be 

more tightly covered suppressing the diffusion of drug molecules inside. As shown in Fig. 5.17(d), 

the cross-sections are fairly uniform in thickness. Increased thickness of the deposits was observed 

with additional polymer layers after the layer by layer deposition. No visible structural defects such 

as pores or micro-cracks are observed. The coating presents a compact and crack-free 

microstructure with a few microspheres interspersed inside. 

 

Fig. 5.17. Surface and cross-sectional SEM images of different coating configurations in Fig. 5. 17, 

(a, b) A-coating, (c, d) C-coating. 

V. Degradation study 
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Fig. 5.18. Weight loss and water contact angles of the prepared multilayer coatings as a function of 

degradation time in PBS. 

Fig. 5.18 shows the weight loss of the final multilayer coating as a function of incubation time 

in PBS for 1, 4, 7, and 14 days in order to quantitatively evaluate their degradation rate. Significant 

weight losses were observed after incubation for only 1 day, which is mostly attributed to the rapid 

water-swelling and dissolution of superficial chitosan-alginate dipping layer under orbital shaking 

condition, and subsequent detachment of microsphere particles due to the reduced adhesion strength. 

However, the degradation rate became slower and stable after the initial incubation for 1 day, e.g. 

18 wt% of the total weight loss was detected during degradation periods from 1 to 14 days, which is 

highly beneficial for a sustained release of the incorporated drugs. According to the water contact 

angle measurement, also indicated in Fig. 5.18, all samples presented hydrophilic contact angles, 

probably due to the dominant components of hydrophilic polymers (alginate and PVA). The contact 

angle of the as-prepared multilayer coating was measured to be 62±2 ° (not shown in the figure), 

and the slight increase of surface hydrophilicity after 1 day of degradation (58.7±0.1 °) is mainly 

due to the increased surface roughness, which leads to increased spreading of water droplets when 

in contact with the sample surface. The contact angle decreased gradually indicating a more 

hydrophilic surface during the degradation. Considering the relative slow and stable degradation 

rate of the incubated sample, the reduced water contact angle could be assigned to a modification of 

coating components, e.g. the polymer matrix (alginate and PVA) becomes more hydrophilic after 

soaking in aqueous environment for longer time. 
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Fig. 5.19. Surface and cross-sectional SEM images of the samples after (a,b) 1, (c,d) 7, and (e,f) 14 

days of degradation, the arrows in (b,d,f) show the thickness of the degraded coatings. 

Both the surface and cross-section of the prepared multilayer coatings were evaluated by SEM 

(Fig. 5.19) having in mind the evolution of microstructures as a function of degradation time in 

PBS. An increase of surface roughness, in comparison with the surface of the as-prepared coating 

shown in Fig. 5.17(c), was seen to occur after 1 day of degradation. A relative higher amount of 

microspheres was exposed on the surface after 1 day of PBS incubation, which is probably 

attributed to the rapid dissolution of the outer layers. This finding is also in agreement with the fact 

that a significant weight loss was detected after 1 day of degradation. The longer degradation time 

led to slight reduction of surface roughness from 0.97±0.04 µm to 0.85±0.03 µm. All samples 

presented similar surface morphology, which is considered the result of a slow degradation rate. It 

should be noted that the cross-sections were prepared by direct mechanical cutting (by scissors) of 

the coated substrate, nevertheless, the coating was only slightly detached from the substrate 

indicating, qualitatively, a strong adhesion of the degraded coating to the substrate. 

VI. Adhesion strength 
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Fig. 5.20. Typical optical images (a-f) and the corresponding critical loads (g) of the scratch line on 

the coatings at different processing or degradation stages, (a)A-0.5 g/l, (b) A-1 g/l, (c) A-2 g/l, (d) B, 

(e) C, (f) C-7d, and the cross shows the occurrence of the first detachment applied to determine the 

critical load. 

The adhesion strength of the deposited coating at different coating stages was quantitatively 

evaluated by means of a scratch tester. The cross on the fracture line standing for the position of the 

first detachment with linearly increased load was used to determine the critical load in this study. 

Fig. 5.20(a-f) shows the fracture lines of the prepared coatings with different additions of PHBV 

microspheres, number of layers and degradation time. The samples showed distinctly different 
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fracture morphology which is probably due to their different failure mode under the linearly 

increased shear force. Wong et al. [295] investigated the possible surface damage mechanisms that 

occur during the mar–scratch transition of polymer coatings. A mar is a mark caused by a sliding 

body that is too shallow to be perceived by the casual human eyes alone but nevertheless does 

become visible when present in large quantities (arrowed in Fig. 5.20(a)). A scratch is a mark that 

forms visible grooves and/or surface damage; which is the typical damage mode for surfaces that 

suffer heavy moving loads by swivels or ball bearings (arrowed in Fig. 5.20(d)) [295]. The damage 

modes for PHBV microsphere-filled polymer matrix (homogeneous alginate-PVA mixture) with 

different microsphere additions were observed to be distinctly different. A lower addition of 

microsphere fillers to a homogeneous polymer matrix exhibited a plastic drawing mode, which is 

evidenced by a higher amount of sliding mars around the fracture line. In contrast, polymer matrix 

with higher loading of microsphere fillers showed brittle damage mode. This finding suggests that 

the addition of PHBV microspheres will alter the mode of scratch damage. Furthermore, it is clearly 

shown that the additional chitosan/alginate layer by LbL deposition induced a brittle damage mode 

as the coatings were not completely detached at the critical load point. The obvious scratch damage 

mode of sample C-7d (shown in Fig. 5.20(f)) is probably due to a PHBV microsphere dominated 

phase (round dots in the figure) which significantly enhanced the brittleness of the degraded coating.  

Fig. 5.20(g) showed the corresponding critical load of the deposited coting at different 

processing or degradation stages. Appreciable increase of the critical load is observed with the 

increased concentration of PHBV microspheres. A further increase of the critical load was obtained 

after the covering of a chitosan and an alginate layer by LbL deposition. The critical load of the 

multilayer coating exhibited a substantially reduction after 1 day of incubation, which is in 

accordance with the rapid degradation of the upper polymer layers. There is no significant 

difference in critical load among all the incubated samples compared to the original one. This result 

suggests that, the adhesion strength is successfully maintained during the degradation period. 

Therefore, it is considered that the polymer phase, e.g. alginate-PVA matrix in this study, can act as 

both a covering mask retarding the drug release rate and a binder strengthening the connection 

between the drug-loaded microspheres and the substrate. Considering the extreme smooth surface 

of 316L SS substrates applied during the current study, it is expected that the adhesion strength of 

the proposed drug delivery coating could be further enhanced by increasing the substrate roughness 

for a better mechanical interlocking between the coating and the substrate. 

VII. Cytotoxicity of daidzein 

The cytoxicity effects of daidzein to the cell viability of MC3T3-E1 and RAW264.7 cells were 

shown by MTT test in Fig. 5.21. Daidzien exhibited severe cytotoxic effects to both MC3T3-E1 

and RAW264.7 cells with the daidzein concentration higher than 5 µg/ml, while no significant toxic 
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effects to both cell lines were detected with daidzein concentration less than 1 µg/ml. Therefore, it 

is concluded that the daidzein loading in the deposited drug delivery coating should be carefully 

adjusted to ensure the released concentration of daidzein, especially during the busrst release stage, 

will not exceed 1 µg/ml to avoid the unexpected toxic effect. 

 

Fig. 5.21. MTT assay results showing the viability of (a) MC3T3-E1 and (b) RAW264.7 cells after 

cultured with different concentration of daidzein for 48 (***P<0.001) 

5.3.4 Summary and outlook 

EPD was successfully developed for the fabrication of daidzein-loaded PHBV microsphere-

biopolymer composite coatings. A multilayered structure coating, consisting of the EPD-produced 

bottom layer and LbL deposition produced chitosan-alginate upper layers, was exploited in order to 

form and enlarge the diffusional barrier around the microspheres for controlled drug release. The 

drug loading in PHBV microspheres could be flexibly varied during the microsphere fabrication 

process. Additionally, it was found that the free microspheres loaded with 10 wt% of daidzein 

showed a slower and sustained release up to 35 days compared with those loeaded with 5 wt% of 

daidzein. The compact and homogeneous coating structure was confirmed by surface and cross-

sectional SEM observations. The relative content of microspheres in the deposited coating could 

also be adjusted by varying the microsphere concentration in EPD suspensions, which is extremely 

useful for the precise control of drug loadings in the coating. The surface topography was 

significantly influenced by the addition of microspheres. All coatings exhibited hydrophilic 

character with a decreasing contact angle during degradation. The degradation study indicated that 

42 wt% of the coating was still attached on the surface after incubation in PBS for 14 days (37 °C 

and agitation rate of 90 rpm). The adhesion strength of the deposited coating was maintained during 

the degradation process. The cytotoxicity test of as a function of daidzein concentration indicated 

that the critical daidzein concentration inducing toxic effects the viability of MC3T3-E1 and RAW 

264.7 cells was found to be 1 µg/ml. 

Indeed some intensive work is required to further optimize the material structure and to 

comprehensively understand the drug release mechanisms. For example, the surface uniformity of 
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free microspheres, which is always associated with an initial burst release effect, should be further 

optimized to produce smoother microspheres with reduced burst release rate. The degradation rate 

of the prepared multilayer should also be adjusted to avoid the severe weight loss during the initial 

incubation stage. Due to the extremely low content of microspheres in the deposited coating, it is 

rather difficult to detect the drug release profile from the coating. An alginate-PVA-daidzein loaded 

microsphere membrane solvent casted from the EPD suspension, could be subjected to a drug 

release study to mimic the actual drug release from the deposited coatings. Considering the 

potential application of daidzein on preventing osteoporosis, the stimulation effect of daidzein 

molecules and daidzein-incorporated coating systems on the proliferation and differentiation of 

osteoblast cells is under experiment at the moment at the Institute of Biomaterials, Erlangen, 

following the results of the present work. The drug delivery system proposed in this study provides 

a straightforward pathway for delivery of a variety of biological molecules for biomedical 

applications. 
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6. Multilayered bioactive coatings with 

antibacterial capability 

 

6.1 Introduction 

This part of research work has been published in Ref. [296] and reproduced with the 

permission from this article journal. Metallic implants made of bio-inert materials, such as stainless 

steel and titanium, tend to possess a weak connection with the surrounding tissue and impairs the 

complete fixation of the device and may lead to implant failure. Consequently, in the field of 

orthopedic implants, bioactive coatings consisting of bioceramics, biodegradable polymers and 

their combinations, are being intensively investigated in order to improve the implant-tissue 

bonding as well as to incorporate biological entities for accelerated bone regeneration [10, 193, 

297]. On the other hand, infection is still one of the most extended complications related to 

orthopedic surgery [298]. This may affect the healing process and lead to lengthy medication 

treatment, or even complete failure of the implant which is a serious problem and has clinical and 

economic consequences [299]. The most common methods used to treat implantation related 

infections are the pre- and postoperative medication of oral or intravenous injected antibiotics [300]. 

Recently, incorporation of biomaterial coatings containing bactericidal molecules is gaining 

increasing attention [301]. In comparison with traditional anti-infection methods, coated implants 

could serve as a local drug delivery system to treat infections with high local dosage, long-term 

controlled release and lower risk of systemic toxicity [245]. 

EPD is a cost-effective and versatile coating technique being increasingly used to manipulate 

charged particles and molecules in suspension to form a variety of bulk materials and coatings [87, 

89], especially its application in the field of biomaterial coatings has been widely considered in the 

last few years [93]. Several bioceramic- biopolymer composite coatings, such as the combination of 

bioceramics (HA or BG) with biopolymers, have been successfully fabricated by EPD, and 

desirable bioactivity, measured by the rapid HA formation on the surface upon immersion in 

simulated body fluid, was achieved [124, 194]. HA is an important bioactive additive as its 

chemical composition is similar to the composition of the mineral phase of bone [302, 303]. 

Commonly used polymers for biomedical applications include alginate, chitosan, polyvinyl alcohol 

and a variety of natural and synthetic polymers which are biocompatible, biodegradable, low-toxic 

and cost-effective [119, 304]. Since EPD is a room-temperature coating process, it is interesting to 
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consider the incorporation of antibacterial agents which can be directly added into the EPD 

suspension and co-deposited into the coating structure [305]. Even if antibacterial agents including 

antibiotic drugs can be loaded simply within a carrier matrix by either physical embedding or 

covalent linking, the controlled release of antibiotics under physiological conditions with tunable 

dosage remains a challenge [67, 73]. For example, swelling or dissociation of the coating structure 

at the early stage after implantation can severely induce so-called “burst release” of the antibiotic, 

negating the desired sustained and controlled drug release. Indeed it is reported that an essential 

duration of drug release for the treatment of prosthetic-joint infection should be at least a few weeks 

[148]. 

Antibacterial coating systems fabricated by layer-by-layer (LbL) deposition are gaining 

increasing attention due to their simplicity, cost-effectiveness, reproducibility, and high versatility 

to tailor compositions, structures, properties, and functions in the nano-scale [306]. LbL deposition 

is a green coating technique and possesses unique characteristics compared to EPD. For example, 

the water electrolysis which usually happens during the EPD process does not exist with LbL 

deposition and in this case, the compact structure of the deposited coating could be maintained after 

repeated dipping cycles. However, LbL is not as effective as EPD on manipulating and densifying 

inorganic particles due to the lack of electric field. In this study, a combination of EPD and LbL 

deposition is considered, taking advantages of both coating methods (fast processing and strong 

manipulation of micron-sized particles by EPD and bubble-free and no limitation of deposited 

layers in LbL), for the fabrication of a multilayered bioactive coating with drug delivery capability. 

The bioceramic component (HA particles in the present case) embedded in the bottom layer are 

considered to support the bioactive character of the coating for a better bone-to-implant interaction, 

and the antibacterial agent incorporated in the subsequent layers should be released simultaneously 

taking into account postoperative inflammations associated with bacterial infection during the early 

stage after implantation. As a model for a water-soluble biomolecule, lysozyme was introduced in 

this study to evaluate the drug release profile from the designed coating structure. In addition to 

presenting the basic characterization of the compositional and microstructural properties of the 

deposited coatings, the drug release profile as well as the relevant biological tests of the lysozyme-

loaded multilayer coatings, including cell viability and quantitative antibacterial tests, were carried 

out to evaluate the feasibility of the developed coating technique for fabrication of multifunctional 

bioactive coatings. 

6.2 Experimental 

6.2.1 Preparation of suspensions 

Chicken egg white lysozyme powders (14.307 kDa, ≥40000 units/mg protein) were obtained 

from Sigma-Aldrich (Steinheim, Germany). Commercial nano-HA powder was purchased from 
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Merck (Belgium). The proposed multilayer structure is schematically shown in Fig. 6.1. HA 

particles were embedded in alginate matrix in the bottom layer by EPD. With the same principle, 

lysozyme molecules were loaded in both the bottom layer and the 2
nd

 layer. A mixture of water and 

ethanol with a total volume of 50 ml was used as solvent for all EPD suspensions.  

The EPD suspension for the bottom layer consisted of the following ingredients and 

concentrations: 2 mg/ml alginate, 10 mg/ml HA and 2 mg/ml lysozyme. Firstly alginate and 

lysozyme powders were completely dissolved in de-ionized water with magnetic stirring followed 

by 4min of ultrasonic bath treatment (Bandelin Sonorex). Then 40 vol% of ethanol was added 

dropwise with simultaneous magnetic stirring until the blend solution became stable and transparent. 

Finally HA particles were homogeneously dispersed in the solution by applying magnetic stirring 

for 7 min and subsequent 30 s of ultrasonic bath treatment. The EPD solution of the 2
nd

 layer and 

the alginate/chitosan solutions of the polyelectrolyte multilayer were prepared as follows. The 

suspension for the 2
nd

 EPD layer consisted of 2 mg/ml alginate, 20 mg/ml PVA and 2 mg/ml 

lysozyme. A stock solution of 50g/l PVA was prepared initially. Polyvinyl alcohol powder was 

dissolved in de-ionized water by heavily stirring for a few minutes at 80 °C until a clear solution 

was visible. For a 50 ml solution, 0.1 g alginate was mixed in a cold solution of 10ml (60 vol%) de-

ionized water mixed with 20 ml stock PVA solution. 2 mg/ml lysozyme was added after the 

alginate was totally dissolved. Finally 20ml (40 vol%) ethanol was added very slowly to a heavily 

stirred solution. 2 min of ultrasonic bath treatment was applied after each dissolution step to 

achieve a homogeneous dissolution of each component. LbL deposition was used to fabricate 

polyelectrolyte multilayer structure after the 2
nd

 EPD process, and the corresponding chitosan 

(positively charged) and alginate (negatively charged) solutions were prepared according to the 

literature [259]. Briefly, an acetate buffer was prepared at pH 3 or 5 using appropriate volumes of 

0.1 M acetic acid and 0.1 M sodium acetate. 5 mg/ml of alginate was prepared in the low pH buffer 

(pH=3) and 1 mg/l of chitosan was prepared in the high pH buffer (pH=5) with the help of magnetic 

stirring and ultrasonic bath.  

 

Fig. 6.1. Schematic diagram showing the arrangement of the multilayer structure on the deposited 

coatings. 
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6.2.2 EPD process 

For the EPD setup two parallel 316L stainless steel (SS) substrates (30×15×0.2 mm
3
) 

separated a distance of 10 mm were used as electrodes and immersed into the prepared suspension. 

The plates were dipped 20 mm into the suspension yielding a deposition area of 15×20 mm
2
. A 

trial-and-error approach was carried out to optimize EPD parameters for a robust and homogeneous 

two-layer EPD coating with the highest possible thickness. The optimized fabrication parameters 

are shown in Table 6.1. Anodic deposition of the bottom layers was obtained due to the negative 

charge of alginate in water [121]. For the fabrication of polyelectrolyte multilayer structure by LbL 

deposition, the obtained two-layer EPD coatings were dipped alternatively in chitosan and alginate 

solutions for 15 s, respectively. A total of 8 layers were obtained with an alginate-ending layer on 

the top. The coating was completely dried in-between all steps. It was also considered that the 

dipping depth for each EPD and LbL deposition step was always higher than that of the previous 

coating. 

Table 6.1. Fabrication parameters of the multilayer coating 

Coating Bottom layer 2
nd

 EPD layer Polyelectrolyte layer 

Parameters Deposition 

voltage (V) 

Deposition 

time (s) 

Deposition 

voltage (V) 

Deposition 

time (s) 

Chitosan 

dipping 

time (s) 

Alginate 

dipping 

time (s) 

10 30 5 15 15 15 

 

6.3 Results and discussion 

6.3.1 Deposition mechanism 

According to the zeta potential measurement, as-received HA particles show positive surface 

charge (12±10 mV) in a water-ethanol solvent. However, the surface charge was reversed after 

thoroughly mixing with the alginate (−10±10 mV), leading to the anodic deposition of HA as 

observed in the present experiments. The reversal of surface charge is probably due to the 

electrostatic adsorption of oppositely charged polymer chains on the particle surfaces. Therefore, it 

is suggested that, for example in the case of the EPD suspension used here, the negatively charged 

alginate migrates to the positive electrode dragging the wrapped HA particles in the same direction.  

6.3.2 Deposit yield 

Fig. 6.2 shows the deposit yield of the deposited coating after each coating step. The first EPD 

step yields an average weight of 0.67 mg/cm
2
 of alginate-HA composite. Significant increment (~1 

mg/cm
2
) after the 2

nd
 EPD process was obtained and with the increase of deposited layers by LbL 

technique, the deposit yield of the final multilayer coating reached a total deposit yield of 2.25 

mg/cm
2
. In an ideal condition of a continuous EPD process, the deposit yield could be accurately 
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predicted according to Hamaker’s law [91]. However it is difficult to establish a quantitative 

correlation to interpret the overall deposition profiles in the present study as different EPD 

suspensions were applied and different coating techniques were involved at the same time. 

Considering the drug delivery application of the proposed coating system, it is of great importance 

to know the drug-loading in the coating structure. The deposit yield at different coating steps can be 

used to determine the loading amount in the final multilayer coating. 

 

Fig. 6.2. Deposit yield after different coating stages. 

6.3.3 FTIR assessment 

FTIR spectra of the multilayer coating before and after incubation in SBF for 2 and 7 days are 

shown in Fig. 6.3. The presence of alginate could be confirmed with the bands at 1620-1610 cm
–1

 

for the asymmetric stretching of COO
–
 and 1430-1410 cm

–1
 for the symmetric stretching of COO

–
 

The presence of PVA was confirmed by the OH stretching at 3350 cm
–1

 and the CH2 stretching at 

2947 cm
–1

 [194, 307]. The vibrations associated amide II (1629 cm
–1

) and amide I (1552 cm
–1

) 

groups became obvious in the spectrum of day 2 sample, as arrowed in the figure, which indicates 

the presence of chitosan in the coating [281]. It can be observed that all spectra present the vibration 

of double P－O band (561 cm
−1

 and 601 cm
−1

 as indicated in the figure) assigned to crystalline 

apatite [194]. The co-deposition of all coating components is confirmed according to FTIR 

measurement, however, it could not confirm the new HA formation as HA powder is one of the raw 

materials before SBF incubation.  
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Fig. 6.3. FTIR spectra of the multilayer coatings before and after incubation in SBF for 2 and 7 

days. 

6.3.4 SEM observations 

  

 

Fig. 6.4. SEM image of the surface of a two-EPD layer structure (a), and SEM images of the 

surface (b) and cross-section (c) of the final multilayer coating. 

SEM was carried to evaluate the microstructure of the deposited coatings and to observe in 

detail the connections between different layers. The surface image of a two-EPD layer structure is 

presented in Fig. 6.4(a). Homogeneous and crack-free composite coatings were obtained with 2 

separate EPD processes. Although the particles are completely wrapped by polymer components, 

the two-EPD layer coating presents a rough surface due to the presence of HA clusters, which is 

probably the reason for the high deposit yield during LbL process. However, the surface of the final 
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multilayer coating in Fig. 6.4(b) is quite smooth after the LbL deposition. As shown in the cross-

sectional image in Fig. 4(c), the coating is fairly uniform in thickness (~6 µm averaged from 6 

different positions in the figure) and appears rather homogeneous even after 10 separate deposition 

cycles, indicating the reproducibility of the final multilayer structure. In the image of the coating 

cross section, the layered structure is not clearly identified, which can be attributed to the good 

bonding between the deposited layers. 

Surface SEM images of the deposited coating after SBF incubation for 14 days are shown in 

Fig. 6.5. The surface appears to get rougher after SBF incubation due to the initial degradation of 

the superficial polymer layer. Fig. 6.5(b) shows a high magnification image of an open crack in Fig. 

6.5(a) as highlighted in the figure. A typical mineralized apatite structure with very small 

crystallites is observed, which is in agreement with the morphology of HA coatings after SBF 

incubation, as reported in the literature [308]. This evidence of HA formation proves qualitatively 

the bioactivity of the deposited coating. 

 

Fig. 6.5. (a) Surface SEM image of the deposited coating after incubation in SBF for 14 days, and 

(b) high magnification image of a selected area. 

6.3.5 Surface roughness 

It is suggested that the addition of polymer layers, either by EPD or by LbL deposition, will 

modify the surface roughness of the coating, therefore the surface roughness after each coating step 

was quantitative evaluated by laser profilometer measurements, as shown in Table 6.2. The 

Arithmetic mean values of roughness (Ra) of the deposited coating, with or without lysozyme 

addition, decreased gradually with the number of deposited layers, which is in agreement with the 

SEM observation in Fig. 6.4. The roughness of the bottom layer, due to the addition of polymer-

like lysozyme, was significantly decreased compared with the roughness of the lysozyme-free 

bottom layer. After the LbL deposition with the same processing parameters, the EPD layers were 

completely covered leading to similar surface roughness of the final multilayer coatings. 
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Table 6.2. Roughness values (Ra) of the deposited coating with/without lysozyme addition. 

Coating 

structure 

With 

lysozyme 

Without 

lysozyme 

Bottom layer 1.35±0.10 1.03±0.01 

Two-EPD layer 0.99±0.01 1.05±0.04 

Final multilayer 0.71±0.04 0.78±0.03 

6.3.6 Degradation test 

The degradation rate is one of the most important characteristics for a coating system 

especially if it should be capable of a constant and controlled drug release. Fig. 6.6 shows the 

weight loss of deposited coatings, without the addition of lysozyme, as a function of immersion 

time in SBF for 1, 2, 4, 7, and 14 days. The deposited coating showed a ~10 wt% weight loss after 1 

day of incubation. The weight loss was gradually increased to 30 wt% up to 14 days of incubation. 

Therefore, a potential burst release, which could occur due to the swelling and excessive 

dissociation of the coating structure, could be minimized in order to achieve a long-term drug 

release. 

 

Fig. 6.6. Weight loss of the deposited multilayer coating (without lysozyme addition) after 

incubation in PBS for different time periods. 
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6.3.7 Lysozyme release test 

 

Fig. 6.7. Lysozyme release profile of the deposited coatings in PBS with different coating structures, 

the inset shows the release profile within 24h. 

In this study, we exploited the possibility of incorporating lysozyme in the first two EPD 

layers as schematically shown in Fig. 6.1. The percentage of cumulative lysozyme release from the 

multilayer coating was normalized and plotted in Fig. 6.7. The release profiles from a two-EPD 

coating as well as from the multilayer coatings with different number of LbL layers were measured 

for comparison. Significant differences were observed as a result of the number of LbL layers. 

During the first 30min, the initial release of lysozyme from the two-EPD coating was nearly 83%, 

while the extent of release was significantly reduced to 45% and 12% for the multilayer coatings 

with 2 and 8 LbL depositions, respectively. Subsequently, the lysozyme release was found to occur 

in a controlled manner over a period of 168h (7days) and 336h (14 days) for these two coating 

structures, which is more desirable than that of two-EPD coating showing a 97% release over a 

short period of 96h. The overall release of drugs is commonly divided into two stages: the burst 

release (drug released from the proximal surface or weak-connected points of the coatings) and the 

sustained release (drug released from the interior or strong-connected points of the coatings) [277]. 

It can be concluded from our experimental results that the inhibition of the initial burst release is 

key to guarantee a sustained release. Additionally, it is found that the degradation rate of the coating, 

which is highly associated with swelling of the coating, desorption and diffusion of biomolecules 

from the coating matrix, plays an important role on the release behavior. Therefore, future 

investigations will consider the improvement of degradation properties, especially the degradation 

of biopolymer layers, to achieve a longer drug release period. 
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6.3.8 Cell viability test 

Cell viability of the multilayer coatings, fabricated from EPD suspensions with different 

concentration of lysozyme, was analyzed using the CCK8 assay (Fig. 6.8). The pure stainless steel 

substrate was selected as the control. It is found that the cell viability in lysozyme-containing 

coatings was lower than the control (P<0.001) after 1 day of incubation, which may be due to the 

burst release of lysozyme during the first day. However, the cell viability for each group remains 

over 90%. After 2 days of cell culture, an increase of cell viability was found in lysozyme-

containing groups, especially for the lysozyme 0.1 mg/ml sample (P<0.05). The increase in the cell 

viability can be explained by the presence of the bioactive and biocompatible components in the 

bottom layer. It was noted that similar results were also found on day 4. Experimental results 

suggest that there is no obvious toxicity of lysozyme on MG-63 cells.  

 

Fig. 6.8. Cell viability of the deposited multilayer coatings with different lysozyme concentration. 

6.3.9 Antibacterial test 

Two model bacteria, Bacillus subtilis and E. coli from gram-positive and gram-negative 

bacteria families, respectively, were selected to evaluate the antibacterial effect of the lysozyme-

containing multilayer coatings. Firstly the minimal inhibitory concentration (MIC) of lysozyme 

against both bacteria was carried out to quantitatively validate the inhibitory efficiency of lysozyme 

used. A sterilized PBS solution was selected as the reference. As shown in Fig. 6.9, it is clearly 

observed that the MIC of lysozyme against Bacillus subtilis is 0.625 µg/ml. However the MIC 

study of lysozyme against E. coli shows little effectiveness, which is in accordance with reported 

results in the literature [309]. 
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Fig. 6.9. MIC tests of lysozyme against gram-positive Bacillus subtilis and gram-negative E. coli. 

Lysozyme was dissolved in sterilized PBS solution and the dilution starts from 40 μg/ml. 

The quantitative antibacterial test was employed to evaluate the inhibitory efficiency of 

lysozyme-loaded coatings in the early stage of implantation. In order to evaluate whether the 

sustained release of lysozyme from the multilayer coating can exert an antibacterial effect after the 

initial burst release, firstly the lysozyme-loaded multilayer coatings were immersed in PBS in a 

37 °C incubator for 1, 3 and 7 days. After each time point the solutions were replaced with 2 ml of 

fresh PBS and incubated for another 12 h. The lateral extracted solutions were subjected to 

antibacterial test. As shown in Fig. 6.10, the extracted solution can effectively inhibit the growth of 

Bacillus subtilis as the maximum bacterial growth of day 7 sample is only 6 %, in other words the 

minimum inhibitory efficiency is as high as 94 %. The excellent antibacterial effect against gram-

positive bacteria is attributed to the lysozyme concentration which is higher than MIC.  

 

Fig. 6.10. Quantitative antibacterial effect (against Bacillus subtilis) of the deposited multilayer 

coating after incubation in PBS for 1, 3, and 7 days, (b) against E. coli. The concentration of the 

extracted lysozyme solution for 1, 3 and 7 days are 31.7, 12.3, 3.0 μg/ml, respectively. 

The antibacterial test indicated that the proposed multilayer coating could be useful for loading 

and releasing lysozyme in a controlled manner leading to antibacterial effect. Lysozyme is a well-
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known lytic enzyme found in many natural system, however its limited antibacterial efficacy 

against gram-negative bacteria restricts its application in the biomedical field. Many investigations 

have been carried out on the extension of the antimicrobial spectrum of lysozyme to gram-negative 

bacteria including denaturation of lysozyme, attachment of other compounds to lysozyme molecular 

structure, and the use of membrane permeabilizing agents with lysozyme, for example EDTA [310, 

311]. Apart from those strategies, in the case of our multilayer structure, it is possible that 

additional antibacterial agents, e.g. biomolecules or nanoparticles, which are specific for the 

inhibition of gram-negative bacteria, could be incorporated into the coating structure to achieve a 

simultaneous dual release. In this context, previous work has confirmed that gold or silver nano-

particles could be effectively combined with lysozyme for enhanced antibacterial purposes in 

coating structures [59, 312]. 

6.4 Summary 

Multilayered bioactive coatings, constituted by HA and antibacterial lysozyme embedded in 

biopolymer coatings, have been successfully fabricated by a combination of EPD and LbL 

deposition. Increased deposit yield and reduced surface roughness of the deposited coating as a 

function of the number of layers were observed. More importantly, stable degradation rate of the 

multilayer coating was achieved and the initial burst release of the biomolecule was suppressed 

obtaining a sustained release of lysozyme up to 14 days. No obvious cytotoxic effect of lysozyme 

on MG-63 cells was found according to CCK-8 assay. Quantitative antibacterial tests indicated that 

lysozyme released from the multilayer coating incubated in PBS for 7 days was still effective to 

inhibit the growth of gram-positive bacteria (94% of inhibition). Suggestions for future work 

include the improvement of the degradation rate and the incorporation of additional antibacterial 

agents for an extended antimicrobial spectrum for drug delivery purposes for applications in 

orthopedic implants. 
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7. Summary, conclusion and outlook 

 

7.1 Overall summary and conclusion 

In this work, EPD, known as a versatile, cost-effective and attractive coating technique, was 

applied to fabricate composite coatings, multilayer structures, drug delivery platforms, free-

standing membranes and oriented fiber structures.  

In the field of biomedical coatings to enhance bioactive properties, suitable organic-inorganic 

combinations including alginate-BG, alginate-PVA-BG, CNCs-BG, and PAA-PGF composite 

coatings with robust and homogeneous microstructure have been successfully fabricated with 

optimized EPD parameters. Firstly, both porous and dense alginate-BG composite coatings were 

fabricated by DC-EPD and AC-EPD, respectively. The deposit mass was linearly increased with the 

number of EPD cycles. The coatings showed significantly higher packing density due to the 

suppression of water electrolysis under an alternating electric field. In order to address the rapid 

degradation and achieve higher adhesion strength of alginate-BG coatings, the co-deposition of 

PVA reinforced alginate-BG coatings was realized from a three-component suspension by one-step 

EPD. The co-deposition mechanism was as assigned to the co-deposition of alginate-BG and 

alginate-PVA, respectively. The deposited coating was completely densified with the presence of 

PVA, leading to superior adhesion strength. Furthermore, in vitro incubation in SBF indicated that 

addition of PVA gave rise to a retarded degradation rate of the deposited coatings while 

maintaining the high bioactivity, e.g. rapid formation of crystalline HA after 2 days incubation. It 

was found that by introducing a fibrous CNCs phase (sulfuric acid hydrolysis derived), a 

biomimetic coating system consisting of BG individually wrapped and interconnected by CNCs 

phase was fabricated to mimic the biological composite constitution of natural bone. The co-

deposition mechanism of BG with CNCs was assigned to two separate processes: (i) CNCs 

adsorbed on the surface of BG particles and incorporated in the deposit accompanying them, and ii) 

non-adsorbed CNCs migrate and incorporate in the deposit separately. All BG particles in the 

coating were wrapped with a nanoporous CNCs mesh, which acts as the in situ template to tailor 

the nanotopography and moneralization of BG particles, e.g. an extreme rapid formation of platelet 

HA (0.5 day) was observed in comparison with bare BG surfaces (14 days). The results of cell 

culture tests using MC3T3-E1 cell line demonstrated that this CNCs-BG biomimetic coating offers 

a promising platform on which cells exhibit accelerated attachment, proliferation and. Finally a 

PAA-PGF composite coating, with either oriented or disordered distribution of PGF (1-2mm) in 
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PAA matrix was successfully fabricated with proper EPD configuration and processing parameters. 

The obtained coating with specific alignment of PGF is promising on regulating cell proliferation 

and differentiation.  

Considering the unique characters of CNCs (renewable, degradable, light weight, high aspect 

ratio, robustness, tunable molecular structure), EPD was exploited to expand the potential of CNCs 

based coatings as drug delivery platforms. EPD showed the ability to alter the orientation of CNCs, 

fabricate mono- and multilayer CNCs coatings with robust and porous microstructure. Furthermore, 

free-standing CNCs/alginate membranes with uniform thickness (~26 μm), potentially applied as 

wound healing membranes, were prepared by a one-step EPD, which is more 144 ubstrates 

compared to conventional LbL technique. PHBV microspheres ,well-known as drug delivery 

carriers were successfully incorporated into an alginate matrix. Antibiotic was pre-loaded into 

microspheres and then codeposited with alginate onto stainless steel 144ubstrates. The alginate 

matrix is designed to act not only as the binder adhering microspheres to the metallic substrate, but 

also as a diffusion barrier to control the release rate of the antibiotic from microspheres. 

Antibacterial test against E. coli proved the applicability of the prepared coating to facilitate 

bactericidal activity in vitro. Furthermore, the deposition kinetics of the alginate-microsphere 

system was experimentally confirmed to be in accordance with Hamaker’s law, which is beneficial 

for reproducible production of antibacterial coatings with predetermined drug loadings. A 

hydrophobic drug, namely daidzein, which is known as an additive to treat osteoporosis, was also 

incorporated into PHBV microspheres for drug delivery purpose. The daidzein loading could be 

precisely tailored by varying either the daidzein/PHBV ratios during microsphere fabrication or the 

concentration of daidzein-loaded PHBV microsphrere in EPD suspensions. The MTT assay results 

of daidzein powders showed that the critical daidzein concentration inducing cytotoxic effects to 

the viability of MC3T3-E1 and RAW 264.7 cells was found to be 1 µg/ml. 

A multilayered bioactive coating constituted by HA and antibacterial lysozyme embedded in a 

biopolymer matrix was prepared by a combination of EPD and LbL deposition. A slow and stable 

degradation rate of the prepared multilayer coating was achieved, leading to a minimized burst 

release and a following sustained release of lysozyme for up to 14 days. Quantitative antibacterial 

tests indicated that the lysozyme released from a multilayer coating which has bee incubated in PBS 

for 7 days, was still effective to inhibit the growth of gram-positive bacteria (94% of inhibition), 

while no obvious cytotoxic effect of lysozyme-loaded multilayer coatings on MG-63 cells was 

observed (CCK-8 assay). The degradation rate of the prepared multilayer coatings should be further 

improved and antibacterial agents effectively again gram-negative bacteria should be incorporated 

into the coating for an extended antimicrobial spectrum. 

In conclusion, EPD has been exploited to successfully fabricate organic-inorganic bioactive 

coatings and organic-organic drug delivery coatings with mono or multilayer structures. The ability 
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of EPD (DC or AC) on depositing biphasic and triphasic coatings with homogeneous dispersion, 

tailored microstructure and thickness has been confirmed in this study. In addition, EPD shows a 

promising potential to manipulate the orientation of both macroscopic and nanosized fiber materials, 

as well as fabricate drug delivery coating systems with predetermined drug loadings. Finally, the 

versatility of the proposed composite coatings, enabling the incorporation of a variety of 

biomolecules and their further release in a controlled manner, is of great interest for multi-

functionalization of metallic implants. 

7.2 Future outlook 

Ongoing experiments and characterizations for different material systems, which have been 

introduced at the end of each chapter, should be considered at first for a complete and systematic 

understanding of experimental findings. Apart from that, there are still plenty of open questions 

challenging the reality of the proposed coating systems on osseointegration and drug delivery 

applications. 

Suggestions for future work will concern the incorporation of biological entities or antibiotic 

drugs for the bio-functionalization of metallic implant surfaces. The ability of tuning the coating 

composition, surface roughness, wettability, ion release, topography by the EPD technique 

developed here will be advantageous to design advanced coating systems for a given application. 

However, the weak adhesion strength under such room-temperature processes is still the main 

problem restricting their widespread use, especially considering their applications as load-bearing 

devices. Further research to answer these questions will focus on the improvement of mechanical 

bonding mechanical and chemical treatments. 

Implantation associated infection is the most commonly encountered complication leading to a 

long healing process and even implant failure. Antibiotics and antimicrobial agents could be 

covalently immobilized on implant surfaces or physically embedded in an eluting coating system 

for local drug delivery purpose, which is favor of high drug concentration addressed at the infection 

site and minimization of systemic toxic effects. However, a controlled burst release to avoid the 

toxic effect, and a subsequent sustained release with sufficient dose of antimicrobial agents have 

not been achieved for the practical use of current drug delivery coating systems. The amount and 

the distribution of drug molecules in the coating should be optimized for a stable and sustained 

release. More importantly, the mechanical stability of drug-loaded coatings in physiological 

environment should be carefully controlled as the excessive erosion or fragmentation of the bulk 

coating structure will significantly accelerate the drug release in a short time. To improve these 

aspects, the interaction between drug molecules and the coating materials in terms of covalent 

bonding, electrostatic attraction, hydrophobic interaction or physical interlocking, should be 
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strengthened to adjust the drug release rate. The degradation rate of coating matrix is one of the key 

factors affecting drug release and should be taken into account.  

Biomedical coatings that facilitate host cell adhesion, growth and differentiation also favor 

similar processes of bacteria. Moreover, implant surfaces modified to inhibit bacteria colonization 

possess poor integration with host tissue. Therefore, there is an increasing interest in fabricating 

bioactive coatings with the capability of controlled drug release. Intensive work should be 

addressed to the complex system and it is reported that a multifunctional coating should be cost-

effective, easily applied, efficacious, have optimal temporal and continuous dosing, nontoxic 

locally and systemically, and not interfere with (or possibly even facilitate) adjacent bone tissue 

integration. 
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List of abbreviation 

AC Alternating current 

ALP Alkaline phosphatase 

BG Bioactive glass 

BMP-2 Bone morphogenetic protein-2 

CaP Calcium phosphate 

CNCs Cellulose nanocrystals 

DC Direct current 

DD Deacetylation degree 

DCM Dichloromethane 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

EDX Energy-dispersive X-ray spectroscopy 

EPD Electrophoretic deposition 

FTIR Fourier Transform Infrared Spectroscopy 

HDPE High density polyethylene 

ICP-ES Inductively coupled plasma emission spectroscopy 

LbL Layer by layer 

MC3T3-E1 Mouse calvaria preosteoblast cell line 

MG63 Human osteosarcoma cell line 

MIC Minimal inhibitory concentration 

MS Microsphere 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

PAA Polyacrylic acid 

PDLLA Poly(D,L-lactic acid) 

PGF Phosphate glass fibers 

PHB Polyhydroxybutyrate 
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PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

PHV Polyhydroxyvalerate 

PLLA Poly(l-lactic acid) 

PMMA Poly(methyl methacrylate) 

PVA Polyvinyl Alcohol 

Ra Arithmetic mean height 

Ry Maximum peak-to-valley height 

Rz Mean peak-to-valley height 

SBF Simulated body fluid 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscope 

TGA Thermogravimetric analysis 

TCP Tricalcium phosphate 

XRD X-ray diffraction 
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