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Chapter 7  

Summary and outlook 

7.1 Summary 

Nowadays, in orthopedics, many attempts are focused on providing 

multifunctional surfaces that are able to simultaneously improve the bioactivity of 

titanium implants and prevent bacterial infection [1]. Enhanced osseointegration of 

titanium implants can be achieved by applying bioactive ceramic coatings such as 

calcium phosphate compounds [2]. Another issue that can restrict the long-term 

application of the titanium implants is bacterial contamination. To overcome this 

problem, utilizing silver is highly beneficial because of its strong antimicrobial 

activity [3,4]. In order to apply multifunctional coatings on metallic substrates, 

electrochemical deposition has received more attention because of its advantages. 

This method allows highly irregularly shaped objects, including porous implants, to 

be coated uniformly [5,6]. Therefore, depositing silver-containing calcium 

phosphate coatings via electrochemical deposition on titanium is a very promising 

strategy to enhance the biocompatibility of the implants, also induce the 

antimicrobial properties. However, still much is unknown about the influence of 

operating parameters, coating development over time and the mechanical and 

biological properties of the coatings. 

The main aim of this thesis was developing bioactive and antimicrobial silver-

containing calcium phosphate coatings via electrochemical deposition. The project 

focused on the interplay between the effect of different deposition parameters and 

the chemical and physical properties of the coatings along with fundamental insight 

into the crystal growth mechanism of electrodeposited calcium phosphate coatings 

and its influence on mechanical and biological properties of the coatings. In addition, 

the antimicrobial mechanism and biocompatibility of the silver-containing calcium 

phosphate coatings were systematically investigated. The main findings obtained 

from the various research projects that led to the final coating are that the deposition 

parameters significantly influence the morphology of the coatings, which in turn 
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affects the cellular behavior and the mechanical properties of the coatings. In 

addition, the chemical state of the silver in the silver-containing calcium phosphate 

coatings plays a remarkable role in the antimicrobial activity and the 

biocompatibility of the coatings. 

In chapter 3, the influence of deposition parameters (i.e., applied voltage and 

current density, H2O2 concentration in the electrolyte solution, deposition 

temperature and time) on the chemical composition and the morphology of the 

deposited Ca-P coatings was investigated. It was found that the type of the applied 

voltage and current density highly affect the structure of the coatings. Ca-P coatings 

deposited at pulsed mode are homogeneous with excellent adhesion to the substrate. 

However, the surface of the coatings deposited at constant voltage is inhomogeneous 

with delamination, due to the hydrogen evolution and the concentration gradient. 

Nevertheless, for both pulsed and constant modes, the deposited coatings consist of 

hydroxyapatite and octa-calcium phosphate, and the mode of the applied voltage 

does not change the chemical composition of the Ca-P coating. However, considering 

the quality and homogeneity of the coating structure, the pulsed mode is preferred 

for depositing Ca-P coatings. At low pulsed voltage (-1.1 V) and with low 

concentration of H2O2 (0.1 wt.%) coatings consist of brushite, octa-calcium 

phosphate and hydroxyapatite. By increasing the applied voltage and the 

concentration of H2O2, brushite formation is restricted and the coatings consist of 

only hydroxyapatite and octa-calcium phosphate phases. At fixed H2O2 

concentration, altering the applied voltage does not affect the phase composition of 

coatings, but at higher applied voltages, coatings are non-uniform with defects due 

to hydrogen evolution; and this effect is exacerbated at higher H2O2 concentrations. 

Therefore, the applied voltage and H2O2 concentration are dependent parameters. 

Considering the quality, morphology, and chemical composition of the coatings, the 

best condition for Ca-P deposition is -1.4 V and 1.5 wt.% H2O2. The chemical 

composition of the Ca-P coatings is not affected by neither the deposition 

temperature nor deposition time. However, at high deposition temperatures (75 and 

85 °C), the coatings have a more porous structure with very thin needles. 

Furthermore, by increasing the deposition time (from 1 to 30 min), the surface 

morphology of the Ca-P coatings is significantly influenced going from smooth to 

plate-like and ribbon-like structures.  

The nucleation and growth mechanism of electrodeposited Ca-P coatings was 

the main objective of chapter 4. According to our findings, crystal growth of the Ca-

P coatings is a time-dependent process. During the course of deposition, the 

nucleation and growth mechanism of the Ca-P coatings changes and leads to 

different morphologies at different stages of the deposition. At the first stage of the 

deposition (t = 1 min), the electrolyte is highly supersaturated, which results in a high 
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nucleation rate. In this stage, the deposited Ca-P coatings are composed randomly 

oriented and highly branched nanoplates of polycrystalline hydroxyapatite. In the 

second stage of the deposition (t = 3 min), the deposited Ca-P crystals grow along 

the b and c axes and form micro-sized plates. In the third stage of the deposition (3 

min < t < 30 min), due to the increase in the distance between the front of depositing 

layer and the cathode surface, the degree of the supersaturation decreases. As a result, 

the deposited Ca-P crystals propagate along the c-axis and become ribbon-like single 

crystals.  

Chapter 5 reported the influence of the morphological changes on the 

mechanical and biological properties of electrodeposited Ca-P coatings. Micro-

scratch tests revealed that the coating with smooth morphology has a strong bonding 

with the substrate, and also acts as a solid lubricant. It was found that the 

morphology and thickness of the coatings do not have an influence on the adherence 

of the Ca-P to the Ti substrate, and the failure mode in all of the coatings is cohesive 

failure. However, the thicker coating delays plastic deformation of the underlying 

titanium substrate. Regarding the cellular activities, the differences in surface 

morphology of Ca-P coatings greatly affect the osteosarcoma cells’ behavior. The 

relatively smooth Ca-P surfaces are beneficial for cellular activities and induce better 

cell adhesion, viability, and proliferation than the ribbon-like, spiky rough surfaces. 

The improved cell activity on smooth surfaces can be attributed to the larger contact 

area. On the other hand, the presence of sharp needles and ribbons on the rough 

surfaces inflict physical damage onto the cells and restrict proper cell adhesion, 

which in turn inhibits cell proliferation and viability. Differences in the surface 

morphology do not induce remarkable changes in the level of osteoblast-relevant 

gene expression, namely Alkaline phosphatase, Type I collagen, and Osteopontin. In 

conclusion, osteosarcoma cells are found to be more viable on the smooth Ca-P 

coatings and therefore, the better cell/tissue compatibility along with desirable 

mechanical properties make these coatings an optimal candidate for biomedical 

applications. 

The antimicrobial activity and cytotoxicity of the silver-containing calcium 

phosphate coatings were investigated in chapter 6. Two different deposition 

approaches were explored: one labelled as Ag/Ca-P(1) coating, where micro-sized 

silver phosphate particles were embedded inside the Ca-P matrix, consequently 

silver is presented in the form of ions. In the second approach (Ag/Ca-P(2)), silver is 

presented as metallic nanoparticles on the Ca-P coating. The antimicrobial 

mechanism of the Ag/Ca-P(1) coating is leaching killing due to the high release rate 

of silver ions, that causes the bacteria reduction of 76.1  8.3%. The antimicrobial 

mechanism of the Ag/Ca-P(2) coating is mainly contact killing, and results in a 
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bacteria reduction of 83.7  4.5%. Moreover, a PBS treatment can improve the 

bacteria reduction of Ag/Ca-P(1) and Ag/Ca-P(2) coating to 97.6  2.7% and 99.7  

0.4%, respectively. The improvement of antimicrobial activity after PBS treatment 

can be attributed to the formation of AgClx
(x-1)- species, which are very soluble. The 

formation of the AgClx
(x-1)- species on the silver phosphate and the silver 

nanoparticles results in high silver release rate and leaching killing. The 

biocompatibility assay reveals that the Ag/Ca-P(1) coating is cytotoxic towards the 

osteosarcoma cells. In contrast, the Ag/Ca-P(2) coating shows excellent 

biocompatibility. Finally, it can be concluded that the electrochemically deposited 

silver-containing calcium phosphate coatings containing silver nanoparticles have 

excellent antimicrobial activity as well as good biocompatibility, which can be 

applied on titanium medical implants.  

7.2 Outlook 

The outcome of this study about electrochemically deposited bioactive and 

antimicrobial coatings for biomedical application is positive and exciting. We 

successfully synthesized the coatings on titanium and investigated the effect of 

different deposition parameters on the properties of the coatings. We identified the 

optimum deposition parameters according to the structure, morphology, chemical 

composition, mechanical and biological properties of the coatings. In addition, the 

role of the chemical state of silver for antimicrobial activity and biocompatibility of 

the coatings was comprehensively investigated and the antimicrobial mechanism of 

the coatings was also evaluated. Nevertheless, further research may be considered 

along some potential lines as follows. 

 According to the classical nucleation theories, the nucleation rate is a 

function of nucleation barrier, which is in turn a function of temperature and 

supersaturation (Eq. 4-1 and 4-2) [7]. In this thesis, the nucleation and 

growth mechanism of Ca-P crystals during the electrochemical deposition as 

a function of electrolyte supersaturation was studied in detail. However, 

studying the influence of the temperature on the nucleation and growth 

mechanism of Ca-P crystals is also important for providing a comprehensive 

guideline for the growth mechanism of Ca-P crystals during the 

electrochemical deposition. 

 From chapter 5, it can be concluded that the Ca-P coatings have a strong 

adhesion strength to the Ti substrates and after scratch test the failure mode 

is cohesive failure. One of the most suitable solutions to improve the 

cohesive adhesion of the coatings is reinforcement of a second phase 

material such as hard ceramics, polymers and bio-glasses. Carbon nanotubes 
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are an attractive reinforcement for Ca-P compounds because of their high 

stiffness and mechanical strength. In recent years a number of studies have 

explored the efficiency of CNT reinforcement in strengthening HA. The 

composites of HA/CNT are mainly synthesized via plasma spraying, 

electrophoretic deposition and spark plasma sintering [8]. Depositing Ca-

P/CNT composite coatings via electrochemical deposition to enhance the 

cohesive adhesion of the coatings is still a challenge that needs more 

investigation. 

 The structure of the bone is composed of natural anisotropic composites that 

consist of apatite embedded in collagen matrix [9]. Apatite belongs to the 

family of calcium phosphate compounds, which, indeed, is the main 

motivation to coat the metallic implants with calcium phosphate compounds. 

However, in order to mimic the exact structure of the bone, composite 

coatings of calcium phosphate with collagen are interesting candidates. The 

deposition of calcium phosphate with collagen can be done simultaneously 

or a layer of collagen can be deposited on the top of the calcium phosphate 

coating. These combinations can be highly beneficial to improve the 

biocompatibility and bioactivity of the coatings. Although, some initial 

attempts have been made to investigate this possibility [10,11], further 

analyses and method development are needed to assess the validity of this 

hypothesis. 

 In chapter 6, we evaluated the antimicrobial mechanism and 

biocompatibility of silver-containing calcium phosphate coatings. There are 

still some issues that require further analysis. For example, we still do not 

have a clear idea what main interactions there are between the bacteria and 

silver ions or silver nanoparticles. Bacteria may be killed through the 

attachment of the silver nanoparticle to the cell wall, which can penetrate the 

cytoplasm and eventually cause cell death [12]. It is also possible that silver 

ions bind and react with electron-donating groups such as amino, carboxyl 

and thiol groups and weaken the stability of the outer membrane and 

thereby cause cell death [4,13]. Still another mechanism could be the 

generation of reactive oxygen-containing species, such as superoxide 

radicals. A very high level of reactive oxygen species (ROS) cause very high 

oxidative stress that results in the cellular inactivation [12]. In addition, it 

would also be interesting to investigate the antimicrobial properties of the of 

silver-containing calcium phosphate coatings against Gram-negative 

bacteria such as E. coli.  



Chapter 7
 

132 

 Antimicrobial biomaterials need to be customized according to the specific 

clinical application. Although the clinical application of coated titanium 

implants is growing, the clinical failure has attracted significant attention. 

The translation of silver-containing calcium phosphate coatings to clinical 

applications needs not only the development of safe, cost-effective, simple, 

and eco-friendly synthesis method, but also a comprehensive understanding 

of interactions between biomaterial and cellular behavior. In other words, 

because of the complex nature of natural cellular microenvironment, it is 

necessary to understand and explore the combined effects of biomaterial and 

the bioenvironment to successfully translate the silver-containing calcium 

phosphate coatings towards clinical applications such as dental and 

orthopedic implants. 
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