
Antibacterial activity of a porous silver doped TiO2 coating on titanium 

substrates synthesized by plasma electrolytic oxidation  

Monica Thukkaram1, Pieter Cools1, Anton Nikiforov1, Petra Rigole2, Tom Coenye2,Pascal Van Der 

Voort3, Gijs Du Laing4, Chris Vercruysse5, Heidi Declercq5, Rino Morent1, Lieven De Wilde6, De Baets 

Patrick7, Kim Verbeken8, Nathalie De Geyter1 

1Research Unit Plasma Technology (RUPT), Department of Applied Physics, Faculty of Engineering and 

Architecture, Ghent University, Belgium 

2Laboratory of Pharmaceutical Microbiology, Faculty of Pharmaceutical Sciences, Ghent University, 

Belgium 

3Centre for Ordered Materials, Organometallics and Catalysis (COMOC), Department of Chemistry, 

Faculty of Sciences, Ghent University, Belgium 

4Department of Applied and Analytical Chemistry, Faculty of Bioscience Engineering, Ghent 

University, Belgium 

5Tissue Engineering Group, Department of Human Structure and Repair, Faculty of Medicine and 

Health Sciences, Ghent University, Ghent, Belgium 

6Orthopedic Surgery and Traumatology, Department of Human Structure and Repair, Faculty of 

Medicine and Health Sciences, Ghent University, Ghent, Belgium 

7Department of Electrical Energy, Metals, Mechanical Constructions and Systems, Soete Lab, Ghent 

University, Belgium 

8Department of Materials, Textiles and Chemical Engineering, Faculty of Engineering and 

Architecture, Ghent University, Belgium 

 

Abstract  

The objective of this study was the development of Ag-rich antibacterial coatings on titanium (Ti) to 

prevent post-operative infections. A series of Ag-doped TiO2 coatings were synthesized on Ti discs by 

plasma electrolytic oxidation (PEO) in an electrolyte containing Ag nanoparticles (AgNPs). The 

incorporation, distribution and chemical composition of the AgNPs on Ti were determined using 

scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS). The crystalline structure and 

wettability of the coating was characterized by X-ray diffraction (XRD) and water contact angle (WCA) 

analysis respectively. Surface roughness and hardness of the coating were examined using atomic force 

microscopy (AFM) and Knoop indentation test respectively, while silver ion release was quantified 

using inductively coupled plasma-mass spectroscopy (ICP-MS).  



Following PEO, the surface of the Ti substrate was converted to TiO2 composed of anatase and rutile 

phases. The SEM micrographs showed that the AgNPs were distributed throughout the oxide layer, 

without changing the morphology of the coating. The coatings also revealed an increased surface 

roughness, enhanced surface microhardness and improved surface wettability relative to untreated Ti 

substrates. Furthermore, the incorporation of Ag into the coating did not alter the phase component, 

surface roughness, microhardness and wettability. A series of in-vitro antibacterial assays indicated 

that increasing the number of AgNPs in the electrolyte led to excellent antibacterial activities, resulting 

in a complete reduction of Escherichia coli and a 6-log reduction of Staphylococcus aureus after 24 

hours of incubation. 
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Highlights 

• Ag-free and Ag-doped TiO2 were fabricated on commercially pure titanium by PEO. 

• The silver wt% on the coating increases with increasing concentration of AgNPs in the 

electrolyte. 

• PEO coatings exhibited increased surface micro hardness, roughness and wettability in relative 

to untreated Ti. 

• Dose-dependent effect of Ag-doped TiO2 on antibacterial activity was observed 

 

1. Introduction 

Every year more than 1000 tons of titanium (Ti)-based devices of every description and function are 

implanted in patients. Ti and its alloys are most commonly used for orthopedic implants including bone 

and joint replacements, fracture fixation devices and dental implants due to their favorable mechanical 

properties, stability and biocompatibility [1]. Even though Ti implants are expected to last for at least 



a decade or more, they often fail prematurely, resulting in revision surgery that is usually characterized 

by a higher level of complexity and that forms a heavy burden on the current healthcare systems [2,3]. 

The reasons for implant failure are varying in nature, with bacterial infections on the implant surface 

being one of the prime reasons. Risk of bacterial infection is high, especially for fracture fixation devices 

where open fractured bones are involved [4,5]. Once an infection settles, it is a challenging task to 

treat it and, more often than not, it leads to premature implant removal. In more severe cases, the 

infection expands to the surrounding tissues or blood stream, which could lead to amputation or 

mortality. Implant associated infections are the result of bacterial adhesion to an implant surface and 

subsequent biofilm formation at the implantation site. The biofilm formation takes place in several 

stages, starting with rapid surface attachment, followed by multi-layered bacterial proliferation and 

intracellular adhesion in an extracellular polysaccharide matrix. Due to the presence of biofilms, a 

chronic inflammatory response may develop at the infection site, as treatment with antibiotics is often 

unsuccessful in removing the biofilm-associated bacteria [6–8]. 

Therefore, inhibiting initial bacterial adhesion is essential to prevent implant-associated infections. 

Several strategies of loading antibacterial agents onto implant surfaces have been studied. Compared 

to the organic antibacterial agents such as chlorhexidine, collagen, chloroxylenol and poly 

(hexamethylenebiguanide) [9–12], inorganic antibacterial metallic nanoparticles like Ag [13–15], Cu 

[16–18] and Zn [19–21] have attracted more attention due to their larger surface area to volume ratio, 

wide therapeutic window, good stability, low risk of producing resistant strains and comparatively low 

toxicity to human cells [22,23]. Among the inorganic antibacterial metallic nanoparticles, silver 

nanoparticles (AgNPs) are by far the most widely examined due to the non-toxicity of the active Ag+ to 

human cells and their excellent antibacterial activity [24]. It has been demonstrated that Ag+ can 

interact with bacterial cells, leading to an increase in membrane permeability, degradation of 

lipopolysaccharide molecules, causing damage to the bacterial outer membrane [25]. In vitro studies 

have demonstrated good biocompatibility of silver ion implanted stainless steel coatings without any 

cytotoxic effect [26] while in vivo studies have indicated that Ag+ containing cobalt chromium coatings 

have no local or systemic side effect [27].  

Surface engineering technologies that can successfully deposit nanoparticle-containing coatings 

include plasma-assisted physical or chemical vapour deposition [28], ion implantation surface 

oxidation [19,29], ion beam-assisted deposition [30], magnetron sputtering [31,32] and plasma 

electrolytic oxidation (PEO) [2,33–35]. Among these techniques, plasma electrolytic oxidation is one of 

the most versatile and cost-effective ways to modify the surface of metallic implants with complex 

geometries. PEO is primarily used for aluminium and its alloys, while more recently it has also been 



found suitable for the oxidation of magnesium and its alloys [36], titanium and its alloys [2,34], 

niobium, zirconium and tantalum [37,38]. The coatings fabricated on aluminium alloys have been 

found to exhibit superior anti-corrosion and mechanical properties, making it suitable for industrial 

applications [39,40]. 

PEO-based coatings of Ti and Ti alloys have been of particular interest for the improvement of their 

tribological properties and biocompatibility and a large variety of PEO-based coatings on Ti substrates 

has already been investigated [33,41]. During PEO, Ti acts as an anode and is exposed to an electrolyte 

at an applied high voltage. When the applied voltage is less than the breakdown voltage, an amorphous 

oxide layer is deposited, whereas when the voltage is higher than the breakdown voltage, the process 

tends to produce plasma spark discharges leading to the formation of an irregular porous oxide layer, 

which thickens a native passivating titanium dioxide (TiO2) layer. The porosity of the anodized film is 

known to enhance the anchorage of implants and to stimulate the release of antibacterial agents from 

the titanium implants into its surrounding [42,43]. As such, the bioactivity and antibacterial properties 

of the coating can be tuned by controlling the applied voltage, electrolyte composition, treatment 

time, and current density. Recent studies have shown the feasibility of the PEO process for the 

synthesis of antibacterial coatings on Ti alloys using electrolytes bearing Ag/Cu NPs [44,45]. 

Furthermore, in-vitro antibacterial activity of the coatings against gram-positive bacteria was also 

demonstrated via direct contact assays. However, the influence of electrolyte composition on the 

properties of the coatings and a comprehensive scanning electron microscopical study of the PEO 

coatings in the presence of AgNPs have not been addressed sufficiently so far. 

The aims of this particular study are therefore: (i) the synthesis of porous TiO2 coatings on Ti substrates 

with and without bearing AgNPs by plasma electrolytic oxidation; (ii) the assessment of the physical 

and chemical characteristics of the deposited coatings using different characterization techniques such 

as scanning electron microscopy-energy dispersive spectroscopy (SEM/EDS), X-ray diffraction (XRD), 

water contact angle (WCA) analysis, atomic force microscopy (AFM) and hardness tests and (iii) 

evaluation of the silver ion release kinetics and the in-vitro antibacterial activity of the coatings against 

E. coli (Gram-negative bacterium) and S. aureus (Gram-positive bacterium). 

2. Materials and Methods  

2.1 Preparation of Ti specimens 

Commercially used pure titanium discs (diameter: 12 mm and thickness: 3 mm) purchased from L&D 

Techniek NV were used as substrates. AgNPs with an average diameter of 50 nm were purchased from 

Sigma-Aldrich and used as such. Prior to the PEO treatment, Ti samples were ground with SiC paper up 



to 1200 and mirror-like polished after which they were ultrasonically cleaned with acetone, ethanol 

and distilled water.  

2.2 Preparation of PEO coatings  

The experimental set-up used to perform the PEO process is schematically represented in fig. 1. The 

PEO process was performed at a fixed DC voltage of 400 V for 5 min in an electrolyte cell containing 

150 ml of the electrolyte. The working electrolyte was 0.4 g/L NaOH and 4.0 g/L NaH2PO4 with and 

without the addition of AgNPs (concentrations of 0.1 g/L, 0.5 g/L and 1.0 g/L) in 1L of distilled water. 

The temperature of the electrolyte was kept at 25 ± 5o C by using a water-cooling system during the 

treatment process to prevent chemical dissolution of the coating. After the treatment, samples were 

washed with distilled water and air dried. Samples oxidized in the Ag-free electrolyte and the Ag-doped 

electrolyte containing 0.1 g/L, 0.5 g/L and 1 g/L will be referred to as the TiO2, Ag1, Ag2 and Ag3 

samples, respectively.  

 

Fig. 1. Schematic diagram of the PEO experimental device. 

2.2 SEM-EDS analysis 

The surface morphology of the oxidized films was analyzed using a JEOL JSM-6010 PLUS/LV SEM device 

operated at an accelerating voltage of 7 kV and a working distance of 11 mm. The cross sectional 

morphology of the oxidized films was analyzed using a JEOL JSM-7600F field emission gun (FEG)-SEM 

device operating at an accelerating voltage of 15 kV and a working distance of 8 mm. In addition, the 

elemental composition and elemental mapping of the coatings (surface and cross-sections) were also 

investigated with an energy dispersive spectrometer (EDS) present on the JSM-7600F FEG-SEM device. 

2 samples were analyzed for each condition using both microscopes.  

2.3 WCA evaluation 



After performing the PEO processes, WCA values of the coated Ti substrates were obtained at room 

temperature using a commercial Krüss Easy Drop optical system. Distilled water drops of 1 μl were 

used as test liquid and the WCA values were obtained using Laplace-Young curve fitting. An average 

WCA value was calculated based on WCA analysis of 3 different samples (2 water drops per sample).  

2.4 AFM analysis 

Changes in Ti surface topography were quantified using an XE-70 AFM system (Park Systems). 

Micrographs measuring a surface area of 15 × 15 µm² were recorded in non-contact mode using a 

silicon-based cantilever (Nanosensors™ PPP-NCHR). The obtained micrographs were analyzed using 

the included XEP processing software (V1.8.0) and were subjected to an X-Y plane autofit procedure 

prior to roughness determination. The roughness was characterized by the average roughness (Ra) 

value, which is defined as the mean of the deviations of the surface height from the median line. In 

this study, for each sample, measurements were done on five random locations and the sample 

roughness given is the average of the five obtained values.  

2.5 Hardness test  

The surface microhardness was evaluated by means of a Shimadzu HMV-2000 microhardness tester 

equipped with a Knoop indenter at a load of 25 g to 100 g using a fixed loading duration of 10 s. For 

each sample, the test was performed at ten different locations randomly distributed over the surface 

from which an average HK value per sample was determined.  

 2.6 XRD analysis 

The crystalline structure of the TiO2 layers deposited on Ti substrates was studied using a powder X-

ray diffraction ARL X’TRA diffractometer (Thermo Scientific) equipped with a Cu Kα (λ = 1.5405 Å) 

source and operating at angles in the range of 20-80o. The integration time and scan rate were fixed at 

1.2 s and 1° min-1 respectively. Analysis of the obtained XRD spectra was performed using the American 

mineralogist crystal structure database. 

2.7 Examination of the silver ion release by inductively coupled plasma-mass spectroscopy (ICP-MS) 

The silver ion release kinetics of the coatings were monitored by means of a NexION 350 ICP-MS 

(PerkinElmer) device. Prior to ICP-MS analysis, the Ag-doped TiO2 coated discs were immersed into  

20 ml of distilled water in small glass bottles at room temperature for different time points (3 h, 1 day, 

3 days, 5 days and 7 days). In a next step, the concentration of released Ag+ in the distilled water was 

determined using ICP-MS. Each reported Ag+ concentration value is the average of 2 independent 

measurements.  

https://pubs.geoscienceworld.org/msa/ammin/article-abstract/88/1/247/43886
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/88/1/247/43886


2.8 In vitro antibacterial assay 

E. coli ATCC 25922 and S. aureus ATCC 6538 were grown on Luria-Bertani (LB) agar or in LB broth at 

37°C. An overnight culture was standardized to an optical density (at 590 nm) of 0.05 and subsequently 

diluted 1:1000 in 2% LB broth. 2 ml of the resulting suspension was added to the wells of a 12-well 

microtiter plate, each well containing one coated Ti sample. Microtiter plates were subsequently 

incubated at 37°C for 24 h, with shaking (100 rpm). After 24 h, samples were removed from the 

microtiter plates and placed in 10 ml physiological saline (0.9% NaCl) after which they were vortexed 

and sonicated in order to remove all surface-attached bacteria from the samples. Serial dilutions of 

the resulting suspension were used to determine the number of colony forming units (CFU) by plating 

on LB agar. 100 µl of the undiluted suspension was at the same time mixed with 10 µl resazurin 

(CellTiter Blue, Promega), incubated at 37°C for 30 min and the resulting fluorescence (λex 535 

nm/λem 590 nm) was measured using a multilabel microtiter plate reader (Envision; PerkinElmer). 

Experiments were performed on 4 independent samples (n=4) and the obtained data are represented 

as a mean with standard deviation. For statistical analysis, ANOVA was performed followed by a 

Tukey’s HSD post hoc test and a p-value <0.05 was considered to be significant. 

 

3. Results and discussion 

3.1 Coating morphology and distribution of AgNPs 

The top surface morphologies of Ag-free (TiO2) and Ag-doped (Ag1, Ag2 and Ag3) coatings at 1000x 

and 10000x magnification and their corresponding EDS spectra can be seen in fig. 2(a), (b) and (c) 

respectively. It was observed that the surfaces of all coatings under investigation exhibited a 

microporous morphology and that the pores were homogenously distributed over the entire coating 

surface. Additionally, no obvious differences could be seen in the top surface morphology between 

the Ag-free sample on the one hand and all Ag-doped samples (Ag1, Ag2 and Ag3) on the other hand. 

This indicated that the incorporation of AgNPs had no significant effect on the top surface morphology 

of the coating and that in fact AgNP incorporation did not alter the main structural characteristics 

including porous morphology and distribution of pores. Similar findings were also observed when using 

different electrolyte concentrations [46,47]. EDS spot analysis also confirmed that no Ag was found on 

the Ag-free coating while it was present in all three Ag-doped coatings along with Ti and O from the 

metallic TiO2 coating, P from the electrolyte and some small amount of C due to surface contamination 

(Fig. 2(c)). EDS analysis also showed that the incorporation of Ag in the coating increased from 0.6 wt% 

to 3.1 wt% as the concentration of AgNPs in the electrolyte increased from 0.1 g/L to 1 g/L (see Table 

1). It could also be noted that with increasing concentrations of AgNPs in the alkaline phosphate 



electrolyte, the amount of Ti in the surface layer decreased, whereas an increase in phosphorus 

content and a constant content of oxygen was observed. 

To further investigate the distribution of AgNPs on the coating surface, high resolution SEM images in 

back scattered electron (BSE) mode were also taken for the Ag-doped samples (Ag1, Ag2 and Ag3) at 

1000x and 30000x magnification and the results are presented in fig. 3(a) and (b). High atomic number 

elements (such as Ag) backscatter electrons more strongly than low atomic number elements such as 

Ti, O, and P and thus appear brighter in BSE micrographs. At low magnification (fig. 3(a)), it can be 

observed that for all Ag-doped samples AgNPs were mainly distributed as clusters of nanoparticles 

while some stand-alone nanoparticles within the TiO2 matrix could also be observed. Fig. 3(a) also 

reveals that the clustering of the AgNPs increased with increasing concentration of AgNPs in the 

electrolyte. SEM-BSE images at high magnification (fig. 3(b)) also showed that AgNPs were found to be 

not only fused on the top surface of the TiO2 coatings, but also inside the pores of the coating (indicated 

with the arrow marks).  Again, also in fig. 3(b), more AgNPs can be seen when adding higher amounts 

of AgNPs to the electrolyte.  

NPs are incorporated into the growing oxide layer when they are added in the PEO electrolyte. Studies 

have reported the mechanism of incorporation of NPs within the porous TiO2 matrix during the PEO 

process [2,48–50]. These authors stated that different stages are involved in the incorporation of Ag 

nanoparticles within the porous oxide layer such as the delivery of particles to the sites of oxide matrix, 

accumulation of particles at the sites of the oxide matrix and preservation of the already embedded 

particles during coating growth. Many studies have also investigated the incorporation of 

nanoparticles like Ag, Cu and Zn within a TiO2 matrix [21]. These authors have reported that the 

nanoparticles are delivered into the oxide coating via transport pathways such as pores, cracks and 

short-circuit channels. Then, these particles are embedded at the sites of coating growth which are 

preserved during the growth of the oxide layer [2,51]. 

Fig. 4 shows the cross-sectional SEM-BSE micrographs of the Ag-free (TiO2) and the Ag-doped 

coatings (Ag1, Ag2 and Ag3) and their corresponding elemental mapping of Ti, O, P and Ag. Based on 

these cross-sectional images, the thicknesses of the oxide layers were measured as 4.7 ± 0.5 µm, 5.5 ± 

1.1 µm, 5.1 ± 0.6 µm and 5.9 ± 1.9 µm for the TiO2, Ag1, Ag2 and Ag3 samples respectively. 

Consequently, adding different amounts of AgNPs to the electrolyte did not affect the final thickness 

of the created oxide layer. From the EDS elemental mapping, it can also be observed that Ti, O and P 

were uniformly distributed along the coating surface and coating thickness. From the Ag mapping 

results it also became apparent that the AgNPs preferably aggregated at the O and P layer in case of 

the Ag2 and Ag3 samples.  



 

Fig. 2. Surface SEM micrographs of Ag-free (TiO2) and Ag-doped (Ag1, Ag2, Ag3) TiO2 coatings at 

1000x magnification (a) and 10,000x magnification (b) and their corresponding EDS spectra (c). 

 

Table 1. Elemental composition of Ag-free and Ag-doped TiO2 coatings obtained from EDS analysis. 

Coated Surface Ti (wt%) O(wt%) P (wt%) Ag (wt%) 

TiO2 53.7 ± 2.1 41.1 ± 1.3 5.2 ± 2.4 0 

Ag1 49.5 ± 2.5 42.5 ± 2.7 6.4 ± 0.1 0.6 ± 0.4 

Ag2 48.4 ± 1.9 43.2 ± 1.8 6.9 ± 0.2 1.2 ± 0.2 

Ag3 47.1 ± 1.6 42.3 ± 0.9 6.8 ± 0.2 3.1 ± 0.2 

 

 

(b) 



 

Fig. 3. SEM-BSE images of the surface of antibacterial coatings (Ag1, Ag2, Ag3) at 1000x magnification 

(a) and 30000x magnification (b) clearly showing the presence of AgNPs (scale bar: 10 µm (a) and  

100 nm (b)). The arrows indicate the incorporation of AgNPs inside the coating pores. 

 

Fig. 4. Cross-sectional SEM-BSE images and EDS mapping corresponding to the framed area in the 

upper SEM-BSE images of the TiO2, Ag1, Ag2 and Ag3 coatings (Scale bar: 5 μm). 

 

3.2 Surface crystallinity  



Fig. 5 shows the X-ray diffraction patterns of untreated Ti, the Ag-free and different Ag-doped TiO2 

coated Ti substrates. The untreated Ti sample consisted of both the pure Ti phase as well as very small 

amounts of oxidized titanium phases, which were identified as anatase and rutile TiO2. As can be seen 

in fig. 5, after performing the PEO processes, the peak intensities of these anatase and rutile TiO2 

phases strongly increased compared to the untreated Ti sample while the intensity of the Ti peaks 

decreased. Nevertheless, Ti peaks were still present on the XRD spectra of the PEO treated samples 

due to the penetration of the X-ray beam beyond the TiO2 coating. In addition, there were no obvious 

differences in crystalline phases between the Ag-free TiO2 coatings and the TiO2 coatings doped with 

different amounts of AgNPs. This observation is in contrast with the results reported in another study, 

where the presence of Ag diffraction peaks was observed for Ag-doped coatings [44]. This difference 

could be attributed to the different method of incorporating silver into the coating or due to the low 

amount of AgNPs incorporated in the coatings fabricated in this work resulting in a total silver content 

below the detection limit of the XRD system.  

It should be noted that TiO2 exists in three different crystal lattices: anatase, rutile and brookite. After 

PEO treatment, the thickness of the oxide layer increased to approximately 5 μm and the crystallinity 

of the layer drastically changed exhibiting increased peak intensities of  anatase and rutile crystal 

phases in comparison to untreated Ti (Fig. 5). In this context, studies have reported that a TiO2 film 

composed of an anatase crystal phase can attract calcium and phosphate ions from the physiological 

environment to form a hydroxyapatite-like coating. It was already reported that such a coating can 

improve the osteogenic properties due to lattice match and superposition of hydrogen bonding 

grounds in anatase crystal phases. Similarly, a rutile TiO2 film on titanium was already associated with 

acidic and basic hydroxyl groups (OH-) which are conductive to cell adhesion and growth [52–54]. It is 

therefore believed that the mixture of anatase and rutile crystal phases in the coated Ti samples 

prepared in this work may positively influence the bioactivity of Ti by enhancing the osteogenic 

properties of Ti.  



 

Fig. 5. XRD spectra of untreated Ti, Ag-free and Ag-doped TiO2 coatings. 

3.3 Surface wettability  

Besides the surface crystallinity, surface wettability was also found to be another important aspect in 

improving the bioactivity of titanium surfaces. Consequently, the surface wettability of the coated Ti 

samples was also investigated in this work and Fig. 6(a) shows the results of this WCA analysis. The 

WCA value of the untreated polished Ti sample was found to be approximately 65°, while after PEO 

treatment, both Ag-free and Ag-doped TiO2 samples showed a significant reduction in WCA values. In 

case of the Ag-free TiO2 coating, the WCA value decreased to approximately 20o, indicating a change 

from a moderate to a strong hydrophilic surface. Fig. 6(a) also reveals that the presence of AgNPs on/in 

the porous TiO2 coating did not result in a significant change in wettability compared to the Ag-free 

TiO2 samples. The increase in wettability of the PEO treated Ti samples may therefore be primarily 

attributed to the transition from Ti metal to Ti oxide structures, surface crystallinity changes and 

surface topography variations. The latter parameter could be related to the increased porosity of the 

oxidized surface allowing the water droplet to better penetrate inside the pores [55].  

3.4 Surface roughness  

The average roughness values Ra for the untreated polished Ti, Ag-free and Ag-doped TiO2 samples are 

presented in Fig.6(b). As mentioned earlier, PEO is a process that is known to increase the surface 

roughness of the substrate due to the in-depth growth of a porous oxide coating. The results obtained 



in this work confirm this observation: the surface roughness increased from 0.11 ± 0.05 µm for the 

untreated polished Ti sample to 0.78 ± 0.10 µm for the Ag-free PEO treated Ti sample. Similar as in 

case of the surface wettability, no significant differences in surface roughness were observed between 

the Ag-free and Ag-doped coatings.  

 

Fig. 6. WCA (a), roughness (b), microhardness (c) of untreated Ti, TiO2, Ag1, Ag2 and Ag3  

 

3.5 Surface microhardness 

Fig. 6(c) shows the microhardness of all samples under investigation in this work using a loading force 

of 100 g. The microhardness of the untreated Ti substrate was found to be approximately 269 HK and 

after PEO treatment, the coating microhardness increased to approximately 380 HK. Again, no 

significant difference in surface microhardness was observed between the Ag-free and Ag-doped 

coatings. The increased microhardness may be caused by the presence of higher amounts of anatase 

and rutile phases in the PEO treated samples as microhardness is mainly depending on the structure 

and the phase composition. Additionally, the larger standard deviations on the PEO treated samples 

may also be attributed to their higher surface porosity. For clinical applications, an increase in Ti 

surface microhardness could be beneficial, because it increases the resistance to wear of the material, 

thereby positively contributing to the longevity of a Ti implant [56]. 

3.6 Silver ion release characteristics of the coatings 



The antibacterial nature of Ag-based coatings depends on their ability to release silver ions. Studies 

have shown that AgNPs can provide a sustained release of sufficient Ag ions due to their high active 

surface area, which is not the case for Ag salts and bulk metallic forms [57]. It has already been 

demonstrated that AgNPs oxidize to Ag ions while interacting with an aqueous medium [58]. Hence, it 

is essential to quantify the amount of silver ions released from the Ag-doped TiO2 coatings into a 

surrounding aqueous medium. Fig. 7(a) presents the cumulative Ag+ release profiles of Ag-doped TiO2 

samples in distilled water for up to 7 days. This cumulative Ag+ release is observed to parabolically 

increase with immersion time with different release rates, depending on the initial Ag loading. Samples 

with higher Ag concentration present in the coating exhibited a higher Ag+ release at any given point 

during the 7 days measurement. As shown in fig. 7(b), the release of Ag+ per day (ppb/day) was 20 

ppb/day for the Ag1 sample, 78 ppb/day for the Ag2 sample and approximately 97 ppb/day for the 

Ag3 sample after the first immersion; this Ag+ release eventually decreased to 9, 35 and 29 ppb/day 

after an immersion time of 7 days for the Ag1, Ag2 and Ag3 samples, respectively. Silver ion release 

profiles of the silver-doped coatings thus show a fast initial release followed by a low level of 

continuous release (Fig. 7(b)). While the rapid release of Ag+ ions at the initial periods could be 

beneficial in preventing implant related infections after the surgical procedure, a slow release rate may 

contribute to a long-term antibacterial activity. In this respect, Ag+ rates from the examined samples 

are higher than the reported minimum Ag+ concentration of 0.1 ppb required to exhibit an antibacterial 

activity [58]. In addition, studies have also reported that Ag+ concentrations of more than 300 ppb in 

human blood could cause side effects in the form of liver and kidney damage [27]. In contrast, Tweden 

et al. [59] reported that an Ag+ concentration up to 1200 ppb had no cytotoxic effect on in-vitro 

fibroblast cells. Although a higher Ag content can provide an excellent antibacterial activity, it is equally 

important for the coating to exhibit biocompatibility. The highest cumulative silver release after 7 days 

in this study was 240 ppb (Ag3 sample) meaning that the Ag+ release is well maintained below 300 ppb, 

which is considered the normal Ag+ concentration in human blood [59,60].  

 



 

Fig. 7. Cumulative Ag+ release (ppb) (a) and Ag+ release rate (ppb/day) when immersed in water up to 

7 days for Ag1, Ag2 and Ag3 samples. 

 

3.7 Evaluation of the in vitro antibacterial activity of the coatings 

The final step of this study was testing the antibacterial potential of the prepared coatings. The 

antibacterial activity of the coatings was investigated against S. aureus (Gram-positive bacterium) and 

E. coli (Gram-negative bacterium). From untreated Ti samples, approximately 108 CFU are recovered, 

both for E. coli and S. aureus. This is also reflected in the high fluorescence after staining with resazurin 

(Fig. 8). No reduction in E. coli and S. aureus were observed in silver-free TiO2 coatings. In contrast, the 

silver-doped coatings showed a significant reduction (p<0.05) in cell numbers and metabolic activity. 

This was most pronounced for E. coli and for samples Ag2 and Ag3 (Fig. 8). Studies have reported that 

the antibacterial effect was found to be strongly dependent on the amount of AgNPs in the coatings 

[61], which is also observed in this work. In the case of Ag1, a 4-log reduction of E. coli bacteria and a 

2-log reduction of S. aureus bacteria were observed. Samples with high silver content (Ag2, Ag3) 

exhibited a complete reduction of E. coli and a 6-log reduction of S. aureus. The antibacterial activity 

of AgNPs could be due to several mechanisms. The main mechanism suggested is the close contact of 

bacteria with the nanoparticles and/or release of silver ions in contact with aqueous environment [61]. 

Secondly, the generation of reactive oxygen species such as superoxide radicals, hydroxyl radicals, 

hydrogen peroxide and singlet oxygen may cause chemical damage to proteins and DNA in bacteria. 

Other studies demonstrated that the size and shape of the nanoparticles could also contribute to their 

antibacterial effects [62]. Considering the distribution of AgNPs within the TiO2 coating, it is crucial to 

note that only two locations are important in exhibiting the antibacterial activity on the material, i.e 

Ag fused in the walls of open pores and those adherent on the surface of the oxide coating. However, 



further research is needed to understand the mechanism of antibacterial activity of silver-doped TiO2 

coatings and on their in vitro cytotoxicity evaluation. 

 

    

Fig. 8. Number of CFU  (a) and metabolic activity (b) after 24 hours of incubation with different samples. 

The data are expressed as mean ± SD of 4 independent experiments (n=4). Asterisk (*) denotes 

significant difference at p<0.05 compared to the control sample (untreated Ti).  

  

4. Conclusions 

In the present study, commercially available pure titanium samples were subjected to PEO in sodium 

dihydrogen phosphate and sodium hydroxide containing base electrolyte with and without the 

addition of AgNPs (0.1 g/L, 0.5 g/L and 1g/L) at a DC voltage of 400 V for 5 min. In summary, porous 

TiO2 coatings and antibacterial silver-containing TiO2 coatings were prepared on the surface of titanium 

by plasma electrolytic oxidation without and with the presence of AgNPs respectively. In the latter 

case, AgNPs were successfully incorporated into the coating and distributed on the coating surface and 

inside the pores of the coating. Increasing the concentration of AgNPs in the electrolyte increased the 

amount of Ag in the oxidized coatings from 0.6 wt% to 3.1 wt%. In contrast, the microstructure and 

phase composition, surface roughness and surface wettability of the TiO2 coatings were not affected 

by the incorporation of AgNPs. The silver ion release kinetics of the Ag-doped TiO2 samples were also 

examined and showed a fast initial Ag+ release followed by a slow continuous release over a period of 

7 days. Additionally, the coatings synthesized in alkaline base electrolyte with added AgNPs exhibited 

excellent antibacterial activity against E. coli and S. aureus in comparison to the coating formed in Ag-

free base electrolyte. Moreover, the antibacterial activity of the coating was found to increase with an 

increase in AgNPs amount in the electrolyte. The efficient bactericidal effect of the Ag-loaded coatings 



can be attributed to the release of Ag+ ions into the bacterial solution alone or in combination with 

contact killing.  
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