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ABSTRACT

The success of an orthopedic implant therapy depends on successful bone integration and the 

prevention of microbial infections. In this work, plasma electrolytic oxidation (PEO) was 

performed to deposit TiO2 coatings enriched with Ca, P and Ag on titanium to improve its surface 

properties and antibacterial efficacy while maintaining normal biological functions and thus to 

enhance the performance of orthopedic implants. After PEO treatment, the surface of Ti was 

converted to anatase and rutile TiO2, hydroxyapatite and calcium titanate phases. The presence of 

these crystalline phases was further increased with an increased Ag content in the coatings. The 

developed coatings also exhibited a more porous morphology with an improved surface 

wettability, roughness, microhardness and frictional coefficient. In vitro antibacterial assays 

indicated that the Ag doped coatings can significantly prevent the growth of both Staphylococcus 

aureus and Escherichia coli by releasing Ag+ ions and the ability to prevent these bacteria was 

enhanced by increasing the Ag content in the coatings resulting in a maximal 6-log reduction of 

E. coli and a maximal 5-log reduction of S. aureus after 24 hours of incubation. Moreover, the in 

vitro cytocompatibility evaluation of the coatings exhibited that the osteoblast (MC3T3) cell 

integration on the PEO-based coatings were greatly improved compared to untreated Ti and no 

notable impact on their cytocompatibility was observed on increasing the amount of Ag in the 

coating. In conclusion, the coating with favorable physico-chemical and mechanical properties 

along with controlled silver ion release can offer an excellent antibacterial performance and 

osteocompatibility and can thus become a prospective coating strategy to face current challenges 

in orthopedics. 

Keywords: Antibacterial, Ag-containing coatings, TiO2, Hydroxyapatite, Osteoblast cells, Ti 

implants
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1. INTRODUCTION 

Titanium (Ti) and its alloys have been commonly used in osteosynthesis applications such as joint 

prostheses, bone fixation devices, bone plates and screws for many years owing to their excellent 

corrosion resistance1. However, Ti implants cannot adhere and integrate directly to bone due to 

their insufficient osseointegration and osteoconductive properties2. Furthermore, Ti implants are 

prone to bacterial adhesion and subsequent biofilm formation, leading to implant associated 

infections. Once the infection occurs, bacteria tend to accumulate in a self-produced polymeric 

matrix to form a biofilm on the implant surface, and cells in this biofilm are protected against the 

action of administered antibacterial agents. Consequently, such infections can lead to premature 

implant failure resulting in the need for revision surgery leading to high healthcare costs3. It has 

been reported that the annual rate of implant-associated infections in orthopedic implants is 

between 2% and 5% in recent years4. Thus, the two main areas of concern in implant therapy are 

implant associated infections and successful bone tissue integration. Hence, there is a compelling 

need to enhance the surface properties of Ti-based implants to prevent biofilm formation and to 

improve bone tissue integration. 

To improve the antibacterial properties of Ti-based implants, several surface modification 

techniques have been developed ranging from incorporating antibiotics over incorporating organic 

antimicrobial agents such as chitosan, collagen, chlorhexidine to the incorporation of inorganic 

antibacterial nanoparticles such as silver, copper and gold and iron-oxide5,6. Among these 

antibacterial agents, silver nanoparticles (AgNPs) are widely known to exhibit antibacterial 

activity due to their strong and broad antibacterial spectrum7. The antibacterial activity of AgNPs 

is due to their ability to produce large amount of reactive oxygen species (ROS), free radical 

species which inhibit the respiration and growth of bacteria leading to bacterial death. Besides, the 

Ag+ ions released from AgNPs are also considered to be an important factor towards their 

antibacterial activity8. Although the exact mechanism of the antibacterial activity of AgNPs is still 
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not clear and under debate, it is believed that it is caused by synergistic effects of both AgNPs and 

released Ag+ ions9. Because of their excellent antibacterial activity, AgNPs have been incorporated 

into various implant surfaces such as fracture fixation devices, heart valve prostheses, catheters as 

well as orthopedic and dental implants10. However, studies have also reported that AgNPs cause 

cytotoxicity on various mammalian cells in a dose-dependent manner7. In addition to this, AgNPs 

have a tendency to aggregate and due to this bacterial resistance towards silver was already 

observed11. For these reasons, in recent years, the Federal Drug Administration (FDA) and other 

agencies have expressed their concerns on antibacterial approaches incorporating AgNPs12,13. 

Therefore, it is important to harness the excellent antibacterial properties of Ag+ without actually 

using AgNPs by for example delivering Ag+ from silver acetate or silver nitrate present with a 

suitable matrix. 

As stated earlier, another problem associated with Ti-based implants is their insufficient 

osteoconductivity . Osteoconductivity can, however, be improved if successful tissue integration 

occurs before bacterial adhesion takes place during the race for colonization of the implant surface. 

Thus, an ideal implant surface should be bi-functional as it should possess both antibacterial and 

osteoconductive properties. The osteoconductive performance of Ti-based implants can be 

improved by coating bioactive compounds on Ti to accelerate bone formation or by creating a 

micro-rough surface on the implant which enhances the implant anchorage by supporting bone 

ingrowth14,15. Hydroxyapatite (HA) with chemical formula (Ca10(PO4)6(OH)2) has been widely 

used for many years as an active bioactive implant coating due to its outstanding bioactivity. 

Furthermore, HA improves osseointegration, osteoblast proliferation, bone formation and reduces 

bone loss due to its chemical and structural resemblance to bone minerals16. Surface modification 

techniques that can successfully deposit HA coatings on Ti surfaces include plasma spraying, the 

sol-gel method, electrophoresis and sputtering17,18. Unfortunately, all these methods have 

difficulties to deposit a coating on complex-shaped surfaces. In addition, these methods also have 
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the disadvantage of poor bonding between the substrate and the coating which typically results in 

delamination of the HA coatings from Ti. These issues can be overcome by synthesizing a titanium 

dioxide (TiO2) coating in a Ca- and P-containing electrolyte by means of plasma electrolytic 

oxidation (PEO) in which HA is formed simultaneously with TiO2 during the coating process. PEO 

provides a plasma based electrochemical conversion of metal substrates  into oxide ceramic layers 

in the presence of an electrolyte19. These ceramic coatings containing both elements of the metal 

substrate and elements of the electrolyte are typically produced when the applied voltage is above 

the dielectric breakdown voltage of the growing oxide film20. The ceramic oxide coatings produced 

on metal surfaces are microporous and rough which enables better performance of bone implants 

as they can improve the growth of bone tissue. In addition, the deposited oxide layers can provide 

a wide variety of mechanical, tribological, and antibacterial properties via the incorporation of 

several ions and particles present in the electrolyte21. 

Most of the past study on plasma electrolytic oxidation has focused, however, on investigating the 

influence of operational parameters on the surface properties of the coating22. In addition, most 

researchers have investigated either the antibacterial performance or the bioactivity of PEO 

coatings fabricated in silver-containing or HA particle-containing electrolytes, respectively23–25. 

To the best of the authors’ knowledge, no study has ever been reported on the bi-functional 

character of PEO coatings by incorporating antibacterial Ag+ ions together with osteconductive Ca 

and P ions on Ti implant surfaces. Therefore, the aim of this particular study is to synthesize porous 

bi-functional oxide coatings on Ti discs by means of PEO in a base electrolyte containing calcium 

acetate monohydrate, sodium dihydrogen phosphate dihydrate with and without the addition of 

different amounts of silver acetate as supplier of Ag+ ions. A detailed physico-chemical analysis 

and mechanical properties of the deposited coatings are examined. In addition, the dose-dependent 

effect of silver on the in vitro antibacterial performance, protein interactions and osteoconductivity 

of the prepared coatings is also investigated. 
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2. MATERIALS AND METHODS 

2.1 Titanium discs preparation

Commercially pure titanium discs (Grade 1, purity>99.8 wt%) with a diameter of 12 mm and a 

thickness of 3 mm purchased from L&D Techniek NV were used as substrates. Prior to the 

treatment, titanium discs were ground with grinding paper up to 1200 and polished after which 

they were ultrasonically cleaned with acetone, ethanol and distilled water. 

Figure 1. Schematic representation of the experimental device

2.2 PEO coatings deposition  

A laboratory-scale in-house set up was customized for the PEO process as is schematically 

represented in Figure 1. The main components of the system are a DC power supply (DSC 
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electronics, DP15H-1D), a double-walled cylindrical stainless steel tank with two electrodes 

(stainless steel acts as a counter electrode and the Ti specimen as an anode) and a water cooling 

system (Julabo, F250) to maintain the temperature during the process. The electrolyte was prepared 

by dissolving 2.0 g of sodium dihydrogen phosphate dihydrate (NaH2PO4.2H20) and 5.0 g of 

calcium acetate monohydrate (Ca(OOCCH3)2-H2O) in 1L of distilled water with and without the 

addition of silver acetate (AgOOCCH3) (concentrations of 0.1 g/L, 0.5 g/L and 0.8 g/L). These 

parameters were chosen to attain the ratio characteristic for stoichiometric HA (Ca/P = 1.6) which 

mimics the bone apatite properties26. 150 ml of the electrolyte was added to the double-walled 

stainless-steel electrolytic cell for the synthesis of the coatings. The temperature of the electrolyte 

was kept at 25 ± 5o C during the treatment to prevent chemical dissolution of the coating. The PEO 

synthesis was performed at a voltage of 500 V for 5 min. The variation in current density during the 

treatment with respect to the processing time is presented in Figure S2 of the supplementary 

document showing that the current density after a treatment time of 5 minutes remained for all 

samples between 550 and 560 A/m2. After the treatment, the coated Ti samples were washed with 

ethanol, distilled water and air-dried. Samples prepared in the Ag-free electrolyte and the Ag-doped 

electrolyte containing 0.1 g/L, 0.5 g/L and 0.8 g/L of AgOOCCH3 will be referred to as the 0Ag, 

0.1Ag, 0.5Ag and 0.8Ag samples, respectively.

2.3 Evaluation of the physico-chemical properties of the developed coatings

The surface and cross-sectional morphology of the PEO treated Ti discs were obtained using a 

JEOL JSM-6010 PLUS/LV SEM device (accelerating voltage - 7 kV, working distance - 11 mm) 

and a JEOL JSM-7600F field emission gun SEM device (accelerating voltage - 15 kV, working 

distance - 8 mm) respectively. In addition, cross-sectional elemental mapping of the coatings was 

also investigated with EDS present on the FEG-SEM device. Two independent samples were 

obtained for each condition using both microscopes. 
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XPS surface chemical analysis was performed using a PHI 5000 Versaprobe II spectrometer with 

a monochromatic Al Kα X-ray source (hν=1486.6 eV) operated at 25 W. Survey scans and 

individual high-resolution spectra of titanium (Ti2p), silver (Ag3d), oxygen (O1s), phosphorous 

(P2p) and calcium (Ca2p) were measured with a pass energy of 187.85 eV and 23.5 eV, 

respectively. For each sample, four spots were selected for measurements. The elements present 

on the coating were identified and quantified from the XPS survey scans using Multipak software 

(version 9.6.2). The high-resolution Ti2p, Ag3d, O1s, P2p and Ca2p peaks were also curve fitted 

using the Multipak software. The spectra were deconvoluted using Gaussian-Lorentzian peak 

shapes, keeping the FWHM (full width at half maximum) below 2 eV and the chi-square (χ2) value 

below 2.

A powder X-ray diffraction ARL X’TRA diffractometer (Thermo Scientific) with a Cu Kα (λ = 

1.5405 Å) source was used to study the crystalline structure of the developed coatings. The device 

was operated using a 2θ value in the range of 20-80o, an integration time of 1.2 s and a scan rate 

of 1° min-1, respectively. The obtained XRD spectra were analyzed using the American 

mineralogist crystal structure database. XRD analysis was performed on 2 different samples per 

sample condition. 

The surface wettability of the untreated and treated Ti discs was analyzed by WCA using a 

commercial contact angle goniometer (Krüss DSA25). Water droplets of 1 μL were placed on the 

Ti disc after which the WCA values were obtained by Laplace-Young curve fitting. For each 

condition, three different samples were analyzed (2 water drops/sample) and the mentioned WCA 

is the average of six obtained values.

2D roughness measurement of the Ti discs under study was performed using a Hommel somicronic 

surfacescan profilometer, using a tip radius of 2 µm and an opening angle of 90o. The roughness 

parameter Ra was calculated according to DIN4776 standards. For each condition, four random 

locations were measured, and the mentioned Ra is the average of four obtained values 
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2.4 Evaluation of the coating mechanical properties 

The surface hardness of the (un)coated Ti samples was measured using a Vickers hardness tester 

(Shimadzu HMV) with an applied load of 5 N on 10 random locations distributed over the entire 

sample surface and an average Vickers hardness number (VHN) per sample was calculated. 

The frictional characteristics of untreated and PEO treated Ti discs were evaluated by performing 

single asperity microscale scratch test as shown in Figure S1 of the supplementary information. 

Diamond indenter corresponding to Rockwell C scale with a tip radius of 200 µm and an included 

angle of 120° is used to experimentally simulate the scratches on the prepared specimen. A 

constant load ranging between 1 to 7 N was applied with a sliding velocity at 3 mm/s for 7 mm 

sliding distance at room temperature. Three replicate tests were performed for each sample and the 

average friction coefficient is reported in this work. 

2.5 Silver ion release of the coatings

An inductively coupled plasma-mass spectrometer (ICP-MS, NexION 350) was used to analyze 

the Ag+ release characteristics of the coatings. Prior to the analysis, the Ag-incorporated Ti discs 

were incubated into 20 mL of distilled water for different moments (3 h, 1 day, 3 days, 5 days and 

7 days). After these moments, the released Ag+ in the distilled water was analyzed using ICP-MS. 

Two independent tests were performed and the average Ag+ value is reported in this work. 

2.6 In vitro antibacterial assay

The antibacterial performance of the coatings under study was evaluated using Escherichia coli 

ATCC 25922, Staphylococcus aureus ATCC 6538 (methicillin susceptible, MSSA), and S. aureus 

Mu50 (methicillin resistant, MRSA). The colony forming units (CFU) was determined by the serial 

dilution method and the data were expressed as mean ± standard deviation based on 3 independent 

experiments (n=3). Additionally, the morphology of S. aureus Mu50 was also visualized using 
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SEM by fixing the bacterial cells after 24 h of incubation. A detailed description of the in vitro 

bacterial assay protocol can be found in section 1.2 of the supplementary information. 

2.7 Protein adsorption assay by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

In this study, bovine serum albumin (BSA) and fetal bovine serum (FBS) were used as model 

proteins to investigate in vitro protein interactions on (un)treated Ti discs by means of SDS-PAGE. 

In a first step, Ti discs were immersed in either a 10% FBS or a 2 mg/mL BSA solution in distilled 

H2O for 2 hours at 37oC. Afterwards, the samples were washed three times with distilled water 

and air dried to remove non-adherent proteins. Subsequently, all strongly adhered proteins were 

removed from the samples by incubating them in 1 mL of Laemmli buffer (62.5 x 10 -3 M Tris – 

HCl, 2% SDS, 0.04 M β-mercapto-ethanol) supplemented with 0.01 % bromophenol blue at 100oC 

for 4 min after which the supernatants were collected. Next, 10 μL of the supernatants was loaded 

onto a 10% SDS polyacrylamide gel (Bio-rad, Mini-Protean electrophoresis system, 100 V) to 

visualize the protein bands. The gels were collected once the bromophenol blue reached the end 

of the gel. Afterwards, a standard coomassie blue staining was performed followed by de-staining 

until the protein bands were clearly seen. The photographs of the gels were then taken, and the 

protein band intensities were measured using ImageJ software. Three replicate tests were 

performed for each sample and the average band intensities are reported relative to the control 

group of the corresponding protein (FBS, BSA). As an alternative, the samples under study were 

also immersed into a 0.5 mg/mL fluorescein isothiocynate (FITC)-labelled albumin solution in 

distilled H2O for 1 h after which protein adsorption was visualized using an Olympus IX 81 

fluorescence microscope with appropriate filters. 

Page 10 of 48

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

2.8 In vitro cell culture experiments

In addition to in vitro antibacterial and protein adsorption studies, the osteocompatibility of the 

coatings including cell adhesion and proliferation was also investigated as the cellular behavior of 

the coatings plays a important role in the final success of any implant material. Therefore, in this 

study, cell-material interactions on the fabricated coatings were examined 1 day and 7 days after 

seeding osteoblasts (MC3T3) using live/dead staining and MTT assays. Additionally, the 

morphology of fixed, dehydrated cells was also visualized using SEM. The detailed protocols used 

for the cell culture experiments are explained in detail in section 1.3 of the supplementary 

information. 

2.9 Statistics

All in vitro experiments were performed on 3 independent samples (n=3) per sample condition 

and the data are represented as a mean with standard deviation. For statistical analysis, a one-way 

ANOVA combined with a Tukey post hoc test was utilized to determine the level of significance 

and a 𝑃 value <0.05 was considered to be significant.

3. RESULTS AND DISCUSSIONS

3.1 Morphologies, chemical states and crystalline phases of the coatings

As a first step, the morphology of the coatings produced in this work was visualized by SEM. 

Figure 2A and B shows the surface morphologies of silver free (0Ag) and silver incorporated TiO2 

coatings (0.1Ag, 0.5Ag, 0.8Ag) at different magnification. It can be seen that irrespective of the 

silver content all coatings were porous, a typical characteristic of coatings prepared by PEO. 

Similar results were also seen when using other electrolytes5,27. It can also be seen that the obtained 

pores were uniformly formed over the entire oxide layer and these porosities are due to the 
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electrical discharges that are formed on the surface of the samples. Figure 3 shows the SEM-BSE 

cross-sectional (backscattered electrons) images of the Ag-free (0Ag) and Ag-incorporated 

coatings (0.1Ag, 0.5Ag and 0.8Ag). Based on these images, the deposited oxide layer’s thicknesses 

were determined to be (5.0 ± 0.2) µm, (5.1 ± 0.3) µm, (5.2 ± 0.5) µm and (4.5 ± 1.8) µm for the 

0Ag, 0.1Ag, 0.5Ag and 0.8Ag samples, respectively. Consequently, the final thickness of the 

deposited oxide layer was not affected by doping different amounts of silver acetate. From the 

EDS mapping (Figure 4), it can be seen that O, P and Ca were homogeneously distributed along 

the entire oxide coating surface. It can thus be observed that the deposited oxide coatings were 

enriched with both Ca and P, suggesting the possible presence of calcium titanates and/or titanium 

phosphates24. From the Ag mapping, it also becomes apparent that Ag did not form any aggregates 

in the oxide layer which is commonly observed when incorporating other forms of Ag in the 

electrolyte5,24. This finding is very positive as a uniform deposition of Ag in the oxide layer is 

essential to have a constant release of Ag+ which can in turn provide a better antibacterial 

performance as aggregates of silver are known to lead to bacterial resistance11.

Figure 2. Surface SEM images of the coatings at scale bar: 10 μm (A) and scale bar: 5 μm (B).
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Figure 3. Cross-sectional SEM-BSE images of the coatings (Scale bar: 5 μm).

Figure 4. Cross-sectional SEM-BSE images and EDS elemental mapping corresponding to the 

marked area in the upper SEM-BSE images of the coatings (Scale bar: 5 μm).
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To explore the surface chemical composition of the coatings, the coatings were examined by XPS. 

Figure 5 shows the XPS survey spectra of 0Ag, 0.1Ag, 0.5Ag and 0.8Ag coatings. The surface of 

all studied coatings consisted out of Ti, O, Ca, P and C, which is in agreement with the previously 

shown EDS mapping results. For the Ag-doped coatings (0.1Ag, 0.5Ag, 0.8Ag), a peak attributed 

to the element Ag was also detected in the XPS survey spectra and the intensity of these Ag peaks 

increased with increasing silver acetate content in the electrolyte. The surface elemental 

composition of the coatings was determined from these survey spectra and the obtained results are 

shown in Table 1. The data clearly show that the surface elemental composition of all studied 

coatings was similar, with the exception of the silver content. As expected, silver was not observed 

at the surface of the 0Ag sample, in contrast to the samples 0.1Ag, 0.5Ag and 0.8Ag. A small 

(though not significantly different) increase in Ag content with increasing silver acetate content in 

the electrolyte was also observable. This relatively small Ag concentration was the result of the 

limited penetration depth of XPS as in the case of AlKα radiation, the sampling depth of XPS is 

typically in the range 3-10 nm while the thickness of the coating is in the order of µm’s. 

Consequently, only the Ag that was present in the close proximity of the surface of the oxide films 

contributed to the XPS signal and Ag that was buried deeper inside the porous layer was thus not 

detected. Figure 5(B-F) shows the high-resolution XPS spectra of the elements titanium (Ti2p), 

silver (Ag3d), oxygen (O1s), phosphorous (P2p) and calcium (Ca2p) of the coating surface of the 

sample 0.8Ag. As there was no significant difference in the obtained high-resolution spectra 

among all Ag-doped samples under study, only the high-resolution XPS peaks of the sample 0.8Ag 

are presented in this work. As it can be seen in Figure 5B, the Ti2p spectrum contained two well-

separated peaks at 464.5 eV for Ti2p1/2 and 458.8 eV for Ti2p3/2, a doublet which is known to 

correspond to titanium dioxide28. The Ag3d high-resolution spectrum (Figure 5C) also consisted 

out of 2 well-defined peaks centered at 368.2 eV for Ag3d5/2 and 374.2 eV for Ag3d3/2 with a 

binding energy difference of 6 eV between both peaks indicating the presence of metallic silver29. 

Page 14 of 48

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

The broad O1s spectrum (Figure 5D) could be deconvoluted into three Gaussian components30. 

The peak located at 530.1 eV was assigned to oxygen in TiO2
31 and O atoms bound to other atoms 

such as Ca and Ag. The second peak at 531 eV corresponded to oxygen present in titanium 

phosphates while the third peak at 532.2 eV was associated to oxygen present in the chemical 

groups Ti-OH and P-OH. The broad P2p spectrum (Figure 5E) of the 0.8Ag coating could be 

deconvoluted into 2 separate peaks: one at 132.8 eV and one at 133.5 eV which could be attributed 

to P-O bonds in PO4
3- and HPO4

2-, respectively32. Finally, the high-resolution Ca2p spectrum 

(Figure 5F) was deconvoluted into two separated peaks located at 347.1 eV and 350.7 

eV, which could be attributed to calcium present in Ca3(PO4)2
33. From the deconvoluted spectra, 

it can thus be observed that the developed coating surface was consisted of TiO2 containing a small 

amount of calcium and phosphate groups. The Ca and P elements in the coatings mainly existed 

as Ca3(PO4)2, regardless of the amount of Ag incorporation. However, as already stated, the XPS 

results can only provide chemical information of the top few nm’s of the coating, therefore, XRD 

analysis was also performed to additionally investigate the crystallinity of the developed coatings.
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Table 1. Elemental composition of the coatings obtained from XPS analysis

Figure 5. XPS survey spectra of the coatings (A), deconvoluted high-resolution Ti2p (B), Ag3d 

(C), O1s (D), P2p (E) and Ca2p (F) peaks of the 0.8Ag coating. 

Sample Ti (at%) O (at%) Ca (at%) P (at%) C (at%) Ag (at%)

0Ag 5.7 ± 1.1 54.6 ± 2.3 9.7 ± 1.6 6.2 ± 2.1 23.9 ± 3.5 0

0.1Ag 4.7 ± 1.3 55.2 ± 1.6 10.3 ± 0.6 7.1 ± 1.1 21.9 ± 1.6 0.8 ± 0.5

0.5Ag 4.2 ± 1.2 54.2 ± 1.8 10.7 ± 1.5 6.5 ± 0.8 22.9 ± 1.9 1.5 ± 0.8

0.8Ag 4.3 ± 1.6 53.1 ± 1.8 9.6 ± 1.1 6.6 ± 0.9 24.3 ± 1.7 2.2 ± 1.5
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XRD patterns of PEO-treated Ti discs were obtained and the gathered results are shown in Figure 

6. The coatings primarly composed of the rutile and anatase forms of titanium dioxide (TiO2), 

hydroxyapatite and calcium titanate (CaTiO3). The peaks intensities changed depending on the 

silver acetate concentration of the electrolyte used during the PEO process. As can be seen in 

Figure 6, with an increased silver concentration in the electrolyte, the peak intensities of the rutile 

phase (2θ = 28.1, 35.06, 36.2) were increased in comparison to anatase phases (2θ = 25.2) along 

with an increase in peak intensities of the hydroxyapatite (2θ = 27.46, 31.66, 39.7, 44.6) and 

CaTiO3 (2θ = 47.04, 49.48) phases. This effect was more noticeable for the 0.5Ag and 0.8Ag 

samples. Therefore, it can be stated that the 0.5Ag and 0.8Ag samples contained more rutile TiO2 

and Ca- and P-containing phases (hydroxyapatite and CaTiO3) compared to the 0Ag and 0.1Ag 

samples. Similar to our findings, Muhaffel et al.24 also reported more intense hydroxyapatite and 

rutile phase formation in the coatings when using an increased concentration of AgNO3 in the 

electrolyte. Similarly, Song et al. 34 reported the formation of Ca- and P-containing phases such as 

hydroxyapatite and tricalcium phosphate and observed that the appearance of the hydroxyapatite 

phases was dependent on the AgNO3 or CH3COOAg concentration used in the electrolyte. The 

observed differences in crystallinity are due to the fact that increasing the silver content in the 

electrolyte leads to a PEO process proceeding at higher current density thereby enhancing the 

crystallinity of the deposited TiO2 layer (see Figure S2 of the supplementary information).

Thus, during PEO, different crystalline phases can be obtained by varying the composition of the 

electrolyte. At the first step of the PEO process, Ti and hydroxyl ions react with one another to 

form anatase and rutile phases in the microdischarge channels. The anatase phase is formed earlier 

when the temperature is low in the microdischarge channels hence it is thermodynamically less 

stable than rutile. Both anatase and rutile phases can form bioactive hydroxyl apatite layers and 

have good biocompatibility towards different cell types35. At the next step of the PEO process, 
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calcium and phosphate ions occurring at a higher temperature in the microdischarge channels react 

with each other to form hydroxyapatite phases in the coating while calcium titanate phases are 

formed by the reaction of calcium, titanium and hydroxyl ions36. Studies have demonstrated that 

calcium titanate layers can contribute to an increased adhesion strength between Ti and 

hydroxyapatite and can decrease the progression of hydroxyapatite dissolution in an acidic 

environment which is produced by osteoclastic resorption in the body36,37. It is therefore presumed 

that the presence of these crystalline phases on the coating surface may positively influence the 

bioactivity and biocompatibility of Ti by improving its osteogenic properties. 

Figure 6. XRD spectra of 0Ag, 0.1Ag, 0.5Ag and 0.8Ag coatings.

3.2 Surface roughness, wettability and microhardness

The average roughness values (Ra) of the pristine polished titanium surface and the 0Ag, 0.1Ag, 

0.5Ag and 0.8Ag coatings are shown in Figure 7A. The originally very low surface roughness of 
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the polished Ti disc strongly increased after all conducted PEO processes. The observed increase 

in surface roughness could be attributed to the formation of porous coatings on top of the smooth 

Ti substrate during the PEO process. Meanwhile, after the PEO processes, the WCA of the samples 

significantly decreased from 60o for the untreated Ti disc to approximately 22o for all coated 

samples (Figure 7B). The Ra and WCA of the silver-doped coatings (0.1Ag, 0.5Ag and 0.8Ag) 

were comparable to those of the silver-free coating (0Ag), indicating that the Ag incorporation in 

the coatings did not change their surface microstructure nor wettability. Similar findings were 

observed by Zhang et al.38. The microhardness of the untreated Ti and PEO-treated Ti samples is 

shown in Figure 7C. While the microhardness of the untreated Ti was approximately 200 VHN, 

the microhardness of the PEO-treated samples was much higher (400-500 VHN). The difference 

in microhardness between the untreated and coated Ti substrates could be attributed to the porous 

morphology (hard ceramic oxide layers) and the crystallinity (rutile phases) of the deposited 

coatings39. Although there was no significant difference in microhardness between the different 

PEO coatings, a slight increase in microhardness was observed for the samples 0.5Ag and 0.8Ag 

in comparison to the samples 0Ag and 0.1Ag. This increase may be due to the higher amount of 

rutile phases (as observable in Figure 6) in the former samples. The observed increase in sample 

surface hardness is very beneficial for clinical applications, as it decreases the occurrence of wear 

of an implant and thus contributes to its longevity40.
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Figure 7. Roughness (A), WCA (B) and microhardness (C) of uncoated and coated Ti samples

3.3 Frictional coefficient of the coatings

To evaluate the frictional coefficient of the untreated and PEO-treated Ti discs, the scratch test 

using a diamond indenter at various loads is used and the results are illustrated in Figure 8. As 

shown, all PEO-treated coatings exhibited a lower frictional coefficient compared to the untreated 

Ti at all examined loads. This decrease could be explained by the increased hardness of the 

deposited ceramic-like coatings (see Figure 7C). However, the frictional coefficient was also 

reduced when the Ag concentration in the electrolyte was increased (0.5Ag, 0.8Ag) and the 

decrease was more pronounced at higher loads (5 N and 7 N). A similar trend was also observed 

for coatings containing alumina and silica particles prepared by PEO41 and for silver tantalate 

coatings42. This frictional coefficient decrease may be either due to the increased crystallinity43 of 

the 0.5Ag and 0.8Ag coatings or due to lowest contact resistance offered by Ag containing 

surface44. Besides, the silver content in the coating may act as a lubricant between the indenter and 
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Ti substrate, thus reducing the frictional coefficient 41,42,45. Although coatings with high frictional 

coefficient are considered to be an advantage in providing primary fixation for implants, the 

prominent factors causing implant loosening are considered to be particle accumulation and failure 

in osseointegration46. Moreover, coatings with a high frictional coefficient can also generate wear 

debris, leading to inflammation which is in turn destructive to the bone supporting the implant. 

The observed decrease in the frictional coefficients of the PEO-treated samples might thus be 

favorable for implant applications, as the coatings might increase the resistance to wear and 

consequently decrease the occurrence of implant loosening47,48. 

Figure 8. Coefficient of friction of untreated and PEO-treated Ti discs evaluated by a scratch 

tester at varying loads. 

3.4 Ag+ ions release kinetics 

The Ag+ release kinetics of the silver doped samples (0.1Ag, 0.5Ag, 0.8Ag) were investigated 

using ICP-MS by incubating the samples in water for up to 7 days. The result of this test is 

summarized in Figures 9A and B where the Ag+ cumulative release profiles and the Ag+ release 
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per day of 0.1Ag, 0.5Ag and 0.8Ag samples are plotted as a function of incubation time in water. 

As can be seen in Figure 9A, the cumulative Ag+ release was observed to increase with incubation 

time for all Ag-doped samples. However, the increase was much less pronounced for the 0.1Ag 

sample compared to the coatings containing higher amounts of silver (0.5Ag and 0.8Ag). Samples 

with a higher Ag concentration present in the coating (0.5Ag, 0.8Ag) exhibited a higher Ag+ release 

at any given point throughout the total incubation time of 7 days. The maximum amount of Ag+ 

released from the 0.1Ag, 0.5Ag and 0.8Ag samples in cumulative measurements over 7 days was 

approximately 264 ppb, 813 ppb and 1110 ppb, respectively. As expected, the actual amount of 

released Ag+ was thus strongly affected by the initial silver loading, and also strongly depended 

on the incubation time. This observation was in agreement with previously reported release results 

for other oxide coatings23,24. As shown in Figure 9B, the release of Ag+ per day (ppb/day) after 

the first immersion day was 30 ppb/day, 84 ppb/day and 112 ppb/day for the 0.1Ag, 0.5Ag and 

0.8Ag coatings, respectively. The Ag+ release per day of the 0.1Ag sample was observed to 

increase during the first day of immersion after which a constant level of release was observed 

followed by a decrease in the Ag+ release after 7 days of immersion. On the other hand, for the 

0.5Ag and 0.8Ag samples, the Ag+ release was found to decrease after 3 days of immersion. Thus, 

these samples showed an initially increasing Ag+ release reaching a peak release after 3 days 

immersion, followed by a lower Ag+ release. Additionally, it can also be observed that the Ag+ 

release for the 0.1Ag and 0.8Ag samples was lower at day 7 than at day 5, whereas a slight increase 

in Ag+ release was observed for the 0.5Ag sample on day 7 compared to day 5. This opposite trend 

may be due to the slightly different arrangement of silver within the oxide layer in case of sample 

0.5Ag as the release kinetics of the prepared coatings are known to mainly depend on the diffusion 

pathway of silver present in the porous coatings. Silver present closer to the surface releases Ag+ 

more quickly due to its shorter diffusion path (initial Ag+ release) while silver present deeper in 

the porous oxide coating is released at later time points as this release is diffusion limited. 
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Consequently, the slight increase in Ag+ release for the sample 0.5Ag on day 7 might be due to the 

particular arrangement of silver within this porous oxide layer, which is unfortunately an 

uncontrollable factor in the case of PEO. 

Concerning the optimal amount of Ag+ desired to achieve excellent biocompatibility and 

antibacterial ability, Shi et al. reported that an Ag+ concentration between 270 ppb and 2200 ppb 

exhibited 90% antibacterial efficiency against E. coli and S. aureus and 80% cell viability of 

fibroblast cells. However, increasing the Ag+ concentration above 2200 ppb showed an increase 

in bacterial reduction combined with a decrease in cell viability49. Similarly, no cytotoxic reaction 

of human mesenchymal stem cells was observed with a Ag+ concentration below or equal to 1000 

ppb50. On the other hand, the minimum inhibitory Ag+ concentrations for E. coli and S. aureus are 

0.3 ppb and 3.5 ppb. In this respect, Ag+ rates from the coated samples prepared in this work are 

sufficient for killing bacteria without negatively affecting cells. However, additional studies have 

to be performed to evaluate the long-term release characteristics of Ag+ from the prepared coatings.

 

Fig. 9. Cumulative Ag+ release (ppb) (a) and Ag+ release rate (ppb/day) when incubated in water 

up to 7 days for 0.1Ag, 0.5Ag and 0.8Ag samples.
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3.5 Antibacterial efficiency of the coatings

The antibacterial assays against E. coli (ATCC 25922), MSSA ATCC 6538) and MRSA (Mu50) 

were performed on the studied samples and the untreated Ti disc served as control. These bacterial 

species were selected as representatives of Gram-negative and Gram-positive bacteria and because 

they are commonly found in implant associated infections. As can be seen in Figure 10, no 

reduction in E. coli, MSSA and MRSA was observed when untreated Ti and Ag- free coatings 

(0Ag) were tested. In both cases, approximately 108 CFU were recovered for all three bacterial 

strains after 24 hours of incubation. In contrast, the Ag-doped (0.1Ag, 0.5Ag, 0.8Ag) coatings 

showed a significant reduction (𝑃 < 0.05) in bacterial cell numbers. The antibacterial efficiency of 

the coatings was strongly dependent on the concentration of silver acetate in the electrolyte during 

the PEO treatment process. In the case of samples with low Ag content (0.1Ag), a 4-log reduction 

of E. coli, a 3-log reduction of MSSA and a 2-log reduction of MRSA were observed. Samples 

with high Ag content (0.5Ag, 0.8Ag) exhibited an even superior antibacterial activity showing 

approx. a 6-log reduction of E. coli and a 5-log reduction of MSSA and MRSA after 24 hours of 

incubation. These findings, i.e. the decrease in bacterial numbers with increasing concentration of 

silver acetate in the electrolyte corresponded well with the measured Ag+ release (Figure 9) and 

suggested that the Ag+ released from the coatings into the neighboring aqueous medium were the 

main antibacterial compounds51. In fact, studies have reported that the mechanism of antibacterial 

action of Ag+ is jointly associated with its interface with thiol groups in enzymes and proteins52. 

Sondi et al. observed cells of S. aureus and E. coli exposed to Ag+ by means of transmission 

electron microscopy and observed that after exposure the cellular content of the bacteria was 

released from the cell wall and consequently the cell wall was degraded53. Although the exact 

mechanisms underlying the antibacterial mechanism of Ag+ are still not fully understood, many 

previous studies reported that the interaction between Ag+ and bacterial membranes can cause 

structural damage to the membranes and the cell metabolic activity resulting into cell death52,54. 
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In addition to the antibacterial assays, SEM examination of MRSA was also performed to 

investigate the effect of Ag incorporation in the coatings on the bacterial adhesion and morphology 

of MSRA colonies. From Figure 11, it can be seen that the adherent S. aureus started to form a 

biofilm as they clustered on the untreated Ti surface and the 0Ag coating, but these bacterial 

clusters were decreased with increased dose of Ag+. MRSA cells displayed a round-shaped 

morphology and undamaged binary fission (indicated by the blue arrows in the inset SEM images 

of samples Ti, 0Ag and 0.1Ag) when cultured on the untreated Ti surface (Ti), the Ag-free coating 

(0Ag) and the coating with the lowest Ag content (0.1Ag). While the cells look intact and display 

smooth surfaces on the untreated Ti surface and the 0Ag sample, distinct cell debris and lysed cells 

(red arrows in the inset SEM images of samples 0.1Ag, 0.5Ag and 0.8Ag) were also observed on 

the silver-incorporated 0.1Ag, 0.5Ag and 0.8Ag coatings. In addition, no undamaged binary fission 

was observed on the 0.5Ag and 0.8Ag samples. Combined, these results indicated that the Ag-

doped coatings exhibited a greater ability to inhibit both Gram-positive and Gram-negative 

bacteria and the coatings with increased Ag content had superior antibacterial efficacy against all 

investigated bacteria. 

Figure 10. Number of CFU after 24 hours of incubation for different samples. Asterisk (*) 

denotes a significance difference at 𝑃 < 0.05 compared to the control sample (untreated Ti). 
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Figure 11. SEM images of MRSA strain cultured on uncoated and coated Ti samples (scale bar: 

5 µm, insert : 1 µm).

3.6 Protein adsorption to the coatings

When a foreign material is placed in the body, the first mechanism that takes place within the first 

few hours of implantation is the deposition of a protein layer from the blood and the body fluids 

onto the implant surface55. The presence of this film influences the interactions between the 

material and the cell/bacteria together with the activation of inflammatory reactions56. Therefore, 

it is important to investigate the protein adsorption on the implant material and for this purpose, 

FBS and BSA were used as model proteins. Figures 12A and B show the images of the obtained 

SDS-PAGE gels and the percentage of the band intensities (relative to the control samples FBS 

and BSA, respectively). As can be seen, in case of FBS, no protein band was present for the 

untreated Ti whereas a very light band was observed for the samples 0Ag, 0.1Ag and 0.5Ag and a 

strong band for the 0.8Ag sample. This finding thus suggests that FBS adsorption was the most 

pronounced on the 0.8Ag sample. A similar trend was seen for samples exposed to BSA, while in 
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this particular case the intensity of the BSA band strongly increased on the samples 0.5Ag and 

0.8Ag. Thus, a preferential adsorption of albumin (molecular weight – 64 kDa) was observed on 

all PEO-treated samples with the most pronounced adsorption on the 0.5Ag and 0.8Ag samples at 

the early phase of the formation of a protein layer (after 2h immersion). A similar effect was seen 

on the fluorescence images of samples incubated in FITC-labelled albumin (see Figure S3 of the 

supplementary information). These results are in agreement with Chen at al., who reported that an 

Ag+ release up to 1.7 ppm did not have any deleterious effect on protein structure or protein 

adsorption57. 

Albumin adsorption on the surface was observed to be beneficial for biomaterials, as pre-

adsorption of albumin inhibits platelet adhesion and hence inhibits inflammatory reactions56,58. 

Between the PEO-treated and the untreated Ti, an increased albumin adsorption observed in the 

former was mainly related to the surface physico-chemical properties such as changed chemical 

composition as well as improved wettability, roughness and crystallinity which was in agreement 

with previously published results56. However, among the PEO-treated coatings (0Ag, 0.1Ag, 

0.5Ag and 0.8Ag), the observed difference in albumin adsorption was mainly due to the increased 

amount of Ag on the coating surface and the increased crystallinity as all coatings exhibited a 

similar wettability (WCA – 20o) and surface roughness (  ̴1 μm). Thus, the observed increase in 

albumin adsorption on the coatings containing high amounts of silver was due to the fact that these 

coatings possess more binding sites as disulfide bonds present in the albumin can form strong 

sulfur-silver complexes59. Moreover, the presence of Ca2+and PO4
3- ions in the coatings under 

study are also believed to be albumin binding sites and thus provide a major driving force for its 

adsorption60,61. 
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Figure 12. SDS-PAGE analysis of FBS and BSA proteins for different Ti samples under study: 

(A) gel image of one of the triplicate measurements showing the protein bands (A) and 

percentage of the intensity of the FBS/BSA bands calculated from the gel images using ImageJ 

(B).

3.7 Osteoblast cell response

Besides examining the surface characteristics, the in vitro antibacterial properties and protein 

adsorption of the produced coatings, the cellular behavior was also investigated to understand the 

relationship between the coating’s surface properties, the Ag content of the coatings and their 

cellular response. In the first step, the morphology and viability of MC3T3 cells cultured on both 

untreated and PEO-treated Ti samples were examined by SEM and fluorescence microscopy after 

live/dead staining of the cells. Figure 13 and Figure 14 show the SEM and live/dead images that 

were obtained on day 1 and day 7 after cell seeding, respectively. These images clearly exhibited 

differences between the untreated Ti sample, the Ag-free (0Ag) and the Ag-incorporated (0.1Ag, 

0.5Ag, 0.8Ag) coatings. As it is shown in Figure 13 (1st and 2nd column), one day after cell seeding, 
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the MC3T3 cells adhering to the untreated Ti sample exhibited a rather round morphology 

implying limited cell adhesion. In contrast, the amount of adhered cells was significantly higher 

on all PEO-treated samples compared to the untreated Ti. Moreover, on these samples, the MC3T3 

cells were more elongated and spindle shaped suggesting excellent cell adhesion. From the 

fluorescence images (3rd column), it can be observed that one day after cell seeding, nearly no dead 

cells were noticed on the surface of all samples implying that the coatings deposited on the Ti 

substrate had no detectable cytotoxicity to osteoblast cells. In fact, the Ag-free and Ag-doped 

coatings exhibited a higher cell density with more living cells independently of the Ag content in 

the coating as compared to the untreated Ti surface. 
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Figure 13. Fluorescence and SEM images of MC3T3 cells cultured on uncoated and coated Ti 

samples 1 day after cell seeding (scale bar: 100 µm (1st column), 10 µm (2nd column) and 500 

µm (3rd column)).

Figure 14 shows the SEM and live/dead staining images obtained on untreated and PEO-treated 

Ti substrates seven days after cell seeding. The SEM images exhibited similar results as were 

observed one day after cell seeding: a significantly higher number of MC3T3 cells with a spread 

out morphology was observed on all PEO-treated samples in contrast to the untreated Ti sample 

which mainly showed the adherence of more round cells. However, the fluorescence images of 
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PEO-treated samples revealed that the viability of the osteoblast cells reduced when using the 

highest silver concentration in the coatings (sample 0.8Ag). Although there were no discernible 

dead cells found on the 0Ag, 0.1Ag and 0.5Ag coatings, a marked number of dead cells was present 

on the 0.8Ag coating suggesting possible cytotoxic effects of this particular coating.

The cellular response of the investigated samples are quantified using an MTT and the results are 

presented in Figure 15. This figure shows the viability of MC3T3 cells relative to TCPS one day 

and seven days after cell seeding for all investigated samples. It can be clearly seen that cell 

viability was higher on all PEO-treated samples than on untreated Ti. One day after cell seeding, 

there was no significant difference in cell viability between the 0Ag and 0.1Ag samples, both 

exhibiting approximately 80% cell viability. However, in the case of the 0.5Ag and 0.8Ag samples, 

the cell viability was slightly higher (around 93%). The obtained MTT results were thus in good 

agreement with the previously shown fluorescence images. Seven days after cell seeding, the cell 

viability increased further on all investigated samples with the exception of the 0.8Ag sample, on 

which cell viability reduced. 

The observed differences in cellular response between the PEO treated and untreated Ti can be 

correlated to the surface wettability, roughness and chemical composition of the samples. The 

untreated Ti sample was less wettable and very smooth and thus showed poor protein adsorption 

and consequently a reduced osseointegration62 compared to the PEO-treated samples. In fact, a 

very recent study suggested that a moderately hydrophilic (WCA in the range 20-40o) and a 

roughened Ti surface exhibited the highest level of cell attachment63,64. Similar findings were also 

reported in several in vivo studies where rough surfaces were found to produce better bone fixation 

than smooth machined surfaces62,65. Consequently, the rough and more hydrophilic nature of the 

deposited coatings can thus explain the observed enhanced cell adhesion and growth. Moreover, 

the incorporation of Ca and P ions into the coatings also further enhanced the bioactivity of the 

coating. In fact, studies have reported that stoichiometric HA has a Ca/P ratio of 1.6 and that a 

Page 31 of 48

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



32

lower bioactivity was observed on HA coatings possessing Ca/P ratios below 1.5. From the XPS 

elemental composition (Table 1), it can be seen that the Ca/P ratio of the 0Ag, 0.1Ag, 0.5Ag and 

0.8Ag coatings were 1.55, 1.45, 1.64 and 1.62, respectively, values which are close to the target 

ratio (Ca/P =1.6). Consequently, an increased bioactivity was seen on all PEO-treated samples 

irrespective of the silver content in the coating. However, among the PEO-treated coatings (0Ag, 

0.1Ag, 0.5Ag and 0.8Ag), the observed difference in cell viability and proliferation was mainly 

related to the amount of Ag present on the coating surface and the increased crystalline phases 

since all coatings exhibited a similar wettability and surface roughness (see Figure 7). For 

example, the significant difference in cell viability 1 day after cell seeding between the 0Ag/0.1Ag 

samples and the 0.5Ag/0.8Ag samples and 7 days after cell seeding between the 0Ag and the 0.5Ag 

samples could be mainly attributed due to increased crystalline phases (rutile, hydroxyapatite, 

CaTiO3) observed in the coatings with high Ag content (0.5Ag and/or 0.8Ag). Similar findings 

were reported by other researchers where an enhanced osseointegration was observed on a 

crystallized hydroxyapatite phase in comparison to an amorphous phase or a rutile TiO2 coated 

material66–68. At this point, it is also important to note that the cumulative Ag+ released from all 

the Ag-doped coatings under study during the first day was less than 400 ppb which is very 

significantly below the toxicity level for cells. However, 7 days after cell seeding, the 0.5Ag 

samples showed superior cell viability performance (Ag+ release approximately 800 ppb), while 

the 0.8Ag samples showed lower cell viability. This may be due to the high Ag+ release from this 

particular coating (> 1000 ppb) which potentially reduced the cell viability. However, based on 

our results, it can be seen that even on the 0.8Ag samples the cell viability was still above 70%, 

thereby meeting the ISO standards for an implant material to be biocompatible69. Hence, it can be 

stated that the PEO coatings developed in this study can provide an implant surface with a bi-

functional character (antibacterial activity and tissue integration). On the other hand, there is an 

important trade-off between achieving the best antibacterial performance and the best cell viability 
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results. Indeed, the coatings with low amount of silver (0.1Ag) showed the best osteoblast cell 

response while exhibiting a lower 2 to 4 log reduction of bacteria (Figure 10). On the other hand, 

the osteoblast cell response was found to be lower when increasing the amount of silver (0.5Ag 

and 0.8Ag), but simultaneously the antibacterial performance also increased. Thus, finding an 

optimal balance between antibacterial efficacy and biocompatibility of the coatings is a crucial 

aspect when developing antibacterial PEO coatings. Only by maintaining the Ag+ release 

sufficiently high to attain antibacterial efficacy, but still favorable for tissue integration over a long 

period of time, these coatings can be used for long term implantation. In a future study, more 

attention will therefore be paid to the Ag+ release kinetics and osteoblast cell response over longer 

periods of time.
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Figure 14. Fluorescent and SEM images of MC3T3 cells cultured on uncoated and coated Ti 

samples 7 days after cell seeding (scale bar: 100 µm (1st column), 10 µm (2nd column) and 500 

µm (3rd column)).

Page 34 of 48

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



35

Figure 15. Cell viability results 1 day and 7 days after cell seeding on different titanium samples. 

Asterisk (*) denotes a significant difference at 𝑃 < 0.05.

4. CONCLUSION 

In the present study, the successful synthesis of bi-functional Ti surfaces by PEO has been 

demonstrated using an electrolyte enriched with calcium, phosphorus and silver acetate. For the 

first time, it was shown that crystalline phases such as rutile TiO2 and Ca- and P-containing phases 

(hydroxyapatite, CaTiO3) on the coating can be increased with increasing the silver acetate 

concentration in the electrolyte. This increased crystallinity was found to be a crucial factor in 

promoting successful protein adsorption and tissue integration. Increasing the silver acetate 

concentration in the electrolyte increased the silver content in the coatings from 0.8 at% to 2.2 

at%. On the other hand, the porous microstructure of the coatings, their moderate surface 

roughness (0.8-1 µm) and high wettability (approximately 20°) were not altered by the 

incorporation of Ag. In addition, all PEO-treated coatings exhibited superior mechanical properties 

Page 35 of 48

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



36

i.e. improved microhardness and reduced frictional coefficient. The Ag+ release characteristics of 

the Ag incorporated coatings in an aqueous environment were also examined and showed that the 

amount of Ag+ released was dependent on the initial silver loading and the total incubation time. 

Due to this Ag+ release, the Ag-doped coatings demonstrated excellent antibacterial efficiency 

against E. coli, MRSA and MSSA in comparison to the 0Ag coatings. Moreover, the antibacterial 

efficiency of the coating was observed to increase with an increase in silver acetate content in the 

electrolyte. Besides the very good antibacterial performance of the Ag-doped coatings, all prepared 

coatings were also able to facilitate tissue integration in comparison to the untreated Ti surface. 

Due to their superior mechanical properties, antibacterial efficacy and excellent biocompatibility, 

the produced coatings may be of significant interest for orthopedic implants. Therefore, future 

studies should assess interactions of different cells as well as bone formation on PEO-treated Ti 

surfaces and should focus on a tribocorrosion study to understand the degradation mechanisms of 

these coatings during implant applications. In addition, clinical trials will be needed to assess the 

longevity of the PEO-treated implant surfaces. 
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