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Abstract 

Growing demand for orthopedic and dental implants has spurred researchers 

to develop multifunctional coatings, combining tissue integration with antibacterial 

features. A possible strategy to endow titanium (Ti) with antibacterial properties is by 

incorporating silver (Ag), but designing a structure with adequate Ag+ release while 

maintaining biocompatibility has been shown difficult. To further explore the 

composition-structure-property relationships between Ag and Ti, and its effects 

against bacteria, this study utilized a combinatorial approach to manufacture and test a 

single sample containing a binary Ag-Ti oxide gradient. The sample, sputter deposited 

in a reactive (O2) environment using a custom built combinatorial physical vapor 

deposition (PVD) system, was shown to be effective against Staphylococcus aureus 

with viability reductions ranging from 17 to above 99 %, depending on amount of 

Ag+ released from its different parts. The Ag content along the gradient ranged from 

35 to 62 wt%, but it was found that structural properties such as varied porosity and 

degree of crystallinity, rather than amount of incorporated Ag governed the Ag+ 

release and resulting antibacterial activity. The coating also demonstrated in vitro 

apatite forming abilities, where structural variety along the sample was shown to alter 

the hydrophilic behavior, with degree of hydroxyapatite (HA) deposition varying 

accordingly. By means of combinatorial synthesis, a single gradient sample was able 

to display intricate compositional and structural features affecting its biological 

response, which would otherwise require a series of coatings. The current findings 

suggest that future implant coatings incorporating Ag as an antibacterial agent could 

be structurally enhanced to better suit clinical requirements.  
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1. Introduction 

The conventional, one sample at a time, trial-and-error synthesis of new 

materials or coatings can be a tedious process. By applying a combinatorial approach 

instead, multiple compositions and structures can be deposited onto a single substrate 

simultaneously, which facilitates rapid screening of composition-structure-property 

relationships for specific functions, and helps to build new materials libraries. The 

aim of the combinatorial approach is thus to accelerate the discovery of new 

materials, as well as speed up optimization of known ones, by combining 

sophisticated synthesis methods with high-throughput property screening. This 

concept was adopted by electronic materials researchers in the 1960s [1,2] and further 

developed by the pharmaceutical industry through the 1990s for fast-tracked drug 

discovery [3,4]. In biomaterials research, the technique has been increasingly applied 

through automated fabrication of polymeric microarrays for specific cell response 

evaluation, as well as screening of synthetic substrates for stem cell culture [5,6]. For 

combinatorial thin films with inorganic composition-gradients, however, most 

research and development has been focused on materials for electronic, optical, 

magnetic and energy-related applications [7,8], and corresponding investigations for 

biomaterials applications are scarce. Although thin film coatings for biomedical 

implants and devices are all the while being widely researched to improve 

functionality and safety, no simple solution exists to, for instance, combat or prevent 

implant-associated infection [9-11]. This work presents a combinatorial approach to 

synthesizing an inorganic composition-gradient between silver and titanium, using a 

custom built physical vapor deposition (PVD) system, and aims to correlate the 

resulting composition and structure with antibacterial properties.  



Titanium is a widely used implant material with good mechanical properties 

and a long track record of biocompatibility [12], largely due to a passivation layer of 

TiO2 that forms naturally on its surface. Silver on the other hand is intrinsically 

antibacterial, as silver ions (Ag+) have been shown to harm bacteria by causing DNA 

alterations, leading to lost replication ability, and by inactivating bacterial proteins by 

binding to essential thiol groups [13]. In controlled amounts however, it presents little 

or no cytotoxic effects [14-16]. Incorporating silver in coatings with well-known 

biocompatibility and bioactivity, such as hydroxyapatite (HA) [17,18] or TiO2 

[16,19,20], has thus been presented as a viable option to reduce surgical site infection 

related to orthopedic and dental implants, while still maintaining good 

osseointegration properties. As a non-antibiotic agent with low propensity to develop 

bacterial resistance, silver can also be used to reduce the spread of methicillin-

resistant strains [1,2,19,21].  

The amount of silver that should be incorporated into such structures, and in 

what form it is most effective is, however, still an open question. To control the ion 

release, focus has shifted from bulk silver to nanoscale coatings and doped solids or 

hydrogels, with impregnated catheters and wound dressings already in clinical use 

[3,4,22,23]. With the use of silver nanoparticles (Ag NPs) for example, a higher 

surface area will increase the Ag+ release. Ag NPs can also disrupt the bacterial 

membrane and become internalized, inducing further DNA damage [5,6,22,24]. These 

bactericidal mechanisms are, however, still not completely understood, nor are the 

potential adverse effects or the fate of the Ag NPs. This study therefore aims at 

determining an appropriate structure and balance between silver and titanium in a 

solid coating by creating a continuous compositional gradient between the two, and 

evaluating the different parts of the coating for biomedical purposes. To the authors’ 



best knowledge, this general approach to designing an antibacterial coating by 

combinatorial means has not been attempted before.  

  



2. Materials and Methods 

2.1. Combinatorial deposition 

The gradient Ag-Ti oxide thin film analyzed in this work was sputter 

deposited on a 3-inch (100) p-type silicon wafer using 3-inch diameter, pure (99.99%) 

Ag and Ti targets (Testbourne Ltd., Basingstoke, UK). The two targets were placed 

opposing each other in a custom built, off-axis PVD system (equipped with four 

equally spaced sputter sources), mounted at a 45° angle against the manipulator 

holding the substrate, as depicted in Fig. 1. This binary system of opposing targets 

allows for the creation of thin film coatings with a continuous compositional gradient 

across the substrate, containing Ag- and Ti-rich ends close to each respective target. 

Prior to deposition, the substrate was degassed for 20 min at 650°C and then 

allowed to cool to room temperature, at which the deposition was made. After 

reaching a base pressure below 10-8 Torr, working (Ar) and reactive (O2) gases were 

back-filled into the chamber with flow rates adjusted to 10 and 1 sccm, respectively, 

using separate mass flow controllers. The working pressure for deposition was 

adjusted to 2 mTorr using a throttle valve regulator between the chamber and turbo 

pump. Direct current (DC) power supplies connected to water-cooled magnetrons 

were adjusted to 120 W for the Ti target and 10 W for the Ag target. After pre-

sputtering the targets for 10 min to remove oxides and contaminants, both target 

shutters were opened for concurrent, combinatorial deposition during 60 min.  

 

2.2. Surface characterization 

Structural information about the thin film was obtained by grazing incidence 

X-ray diffraction (GI-XRD) using a X’Pert PRO MRD system (Philips/PANalytical, 

Almelo, Netherlands) in continuous mode, scanning 2θ from 10° to 90° with a step 



size of 0.04° and the incident beam set to 1°. Surface imaging, cross-sectional 

analysis and elemental analysis were made using scanning electron microscopy 

(SEM), focused ion beam (FIB) and energy dispersive x-ray spectroscopy (EDS) in a 

crossbeam Neon 40 workstation (Zeiss, Oberkochen, Germany). Complementary 

SEM and EDS was also done in a LEO 1550 (Zeiss). Wettability along the 

compositional gradient was determined by the sessile drop method in a video-based 

optical contact angle measuring system (OCA 15+, DataPhysics, Filderstadt, 

Germany), using Milli-Q water as the probe liquid and taking measurements at 6 mm 

intervals along the sample. Prior to contact angle measurements, the surface was 

sonicated in ethanol and distilled water for 1 min each to remove adhered 

contaminants. Potential superhydrophilic properties related to TiO2 photocatalysis 

were investigated by illuminating the surface with UV light (λ=365±10 nm) for 15 

min, followed by repeating the contact angle measurements. The UV light source was 

calibrated using a light meter (UV-340, Lutron, Taiwan) and set to deliver an intensity 

of 2 mW/cm2 at the surface. Surface roughness of the coating was evaluated in three 

areas along the gradient using a WYKO NT1100 optical profiler (Veeco Instruments 

Inc., CA, USA) in vertical shift interferometry mode. 

 

 

2.3. In vitro antibacterial properties 

Antibacterial activity along the gradient thin film was tested against 

Staphylococcus aureus (CCUG 15915) in a bacterial adhesion test, quantified by 

counting colony-forming units (CFUs). S. aureus cells were inoculated in brain heart 

infusion (BHI) broth (Scharlau, Barcelona, Spain) and overnight cultured at 37°C. 

The culture was then diluted in sterile BHI to obtain an OD600 value of 0.2 using a 



UV-Vis spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan), which 

corresponds to approximately 108 CFU/mL. To better distinguish antibacterial effects 

along the compositional gradient, 1x1 cm2 samples were cut in duplicates from Ag-

rich, center and Ti-rich parts of the coated wafer. Samples cut in the same dimensions 

from an uncoated silicon wafer were tested in parallel to serve as negative control. A 

repeated test was performed using a pure Ti coating as negative control. Confined in a 

laminar flow hood, samples were sterilized for 10 min in ethanol and washed twice 

for 10 min in Milli-Q water in individual wells of a 24-well plate. After allowing any 

remaining liquid to evaporate, 10 µL of the S. aureus suspension was pipetted and 

dispersed evenly across each surface, and the entity was incubated under lid at 37 °C 

for 2 h. Neighboring wells were filled with Milli-Q water to control humidity and 

vapor pressure, ensuring that evaporation of the suspension liquid was kept to a 

minimum. Adding a small amount of bacteria to the active surface, rather than 

submerging the entire sample in culture, allows for a closer control of bacterial 

adhesion and aids in evaluating the bactericidal action [25]. After incubation, 1 mL 

phosphate buffered saline (PBS) was added and extracted to remove non-adherent 

bacteria, and 1 mL fresh PBS was added to each well. The plate containing the 

samples was then sonicated for 30 s to detach and suspend the adhered bacteria, 

which has previously been shown an effective method [26,27]. Ten-fold, serial 

dilutions were then plated in duplicates on BHI agar plates and incubated overnight at 

37 °C before counting viable colonies. Results from the tests were pooled, and the 

count was expressed as survival rate (%) compared to the negative control. 

Statistically significant differences (p < 0.05) in CFU count were identified by one-

way ANOVA followed by a post-hoc Sheffe’s multiple comparisons test using IBM 

SPSS v19.0 statistics software.  



 

2.4. Silver ion release and in vitro apatite formation 

A combined test was conducted to analyze Ag+ release from the gradient 

coating, and the coatings in vitro apatite forming abilities. Samples of 1 cm2 were cut 

from Ag-rich and Ti-rich ends of the coated wafer and immersed in 35 mL 

Dulbecco’s phosphate buffered saline with MgCl2 and CaCl2 (D-PBS, Sigma-Aldrich, 

St. Louis, MO, USA), having an ion concentration similar to that of human blood 

plasma (Table 1), thus serving as a simulated body fluid (SBF). This method has been 

shown to function well as a biomimetic HA deposition technique on bioactive 

substrates, but can also serve as an in vitro bioactivity indicator in evaluating the 

degree of apatite formation [28-30]. The D-PBS solutions and samples were held at 

37 °C and kept on a gently rocking platform, and the D-PBS was replenished after 1, 

2, and 3 days to continually provide ions for apatite deposition. The solutions 

retrieved after 1, 2, 3 and 7 days were subsequently analyzed by inductively coupled 

plasma – atomic emission spectroscopy (ICP-AES, Spectro Ciros CCD, Kleve, 

Germany) to obtain silver ion release profiles from opposite ends of the compositional 

gradient, and the in vitro apatite formation was evaluated by imaging with SEM (LEO 

1550, Zeiss) and GI-XRD analysis (Siemens D5000). The GI-XRD analysis was 

performed on precipitated species, which were gently removed from the surfaces and 

fixated on an amorphous substrate. Analysis of in vitro apatite formation was 

conducted on samples extracted from the D-PBS solutions after 3 and 7 days.  

  



3. Results 

3.1. Gradient thin film characteristics  

GI-XRD patterns obtained from opposite ends of the gradient film are shown 

in Fig. 2, and peaks representing metallic silver were dominant at both ends. Broad 

peaks attributable to TiO2 (rutile) were visible at the Ti-side.  

In Fig. 3, SEM images of the Ag-side show the morphology and cross-section 

structure of the coating, which was approximately 600 nm thick. Irregular clusters of 

particles and grains, ranging in size from 20 nm to 1 µm made up the surface. Voids 

in the structure were apparent from the cross-section analysis (Fig. 3c-d), where also 

electron dense regions (appearing brighter) indicated enrichment in silver. At the 

center of the gradient, imaged in Fig. 4a, silver crystals (as verified by EDS) were 

seen to emerge from protruding clusters. On the Ti-side, shown in Fig. 4b, silver was 

mainly present as Ag NPs, ranging in size from 20 to 200 nm. Cross-sectional images 

of the areas are shown in Fig. 4c-d, taken by sectioning of the wafer. A porous 

structure filled with silver crystals and silver rich grains was found at the center, 

whereas a thinner and denser columnar structure containing Ag NPs was found on the 

Ti-side. EDS data obtained from the Ag-side, center and Ti-side are shown in Fig. 5, 

which revealed that the compositional gradient on the sample ranged from nearly 

62wt% Ag and 21wt% Ti on the Ag-side, to an even 35wt% Ag and 35wt% Ti on the 

Ti-side, with the remaining main constituent being oxygen. In atomic terms, this 

translates to a gradient range of 27-11 at% Ag, and a corresponding 20-27 at% Ti.  

Contact angle measurements, seen in Fig. 6, showed that wettability of the 

surface varied along the gradient. The contact angle increased from 9° at the Ag-side 

to 49° at the Ti-side. Illuminating the sample with UV light caused a general decrease 

in contact angle across the surface. Parameters Ra (average roughness) and Rq (root 



mean square roughness) are shown in Fig. 7, which demonstrated that the surface 

roughness decreased significantly towards the denser Ti-side.  

 

3.2. In vitro antibacterial properties 

The antibacterial activity of the coating was tested against S. aureus at three 

positions along the Ag-Ti oxide gradient, and compared to a negative control surface. 

Analysis of the number of viable bacteria after 2 h contact with the samples showed a 

clear reduction in CFUs along the gradient with increasing Ag content (Fig. 8). 

Compared to the control, an almost complete reduction (99.6%) was noted at the Ag-

side, while 58% and 17% reductions were seen at the center and Ti-side, respectively. 

Statistically significant differences (p < 0.05) were identified between all groups.  

 

3.3. Silver ion release and in vitro apatite formation 

Fig. 9 shows the cumulative release of silver from 1 cm2 pieces cut from the 

Ag- and Ti-sides of the gradient coating. After 7 days in D-PBS, a total concentration 

of 337 ppb was detected in the resulting Ag-side solutions, and 47 ppb in the Ti-side 

solutions. An initial burst followed by slower release characterized the Ag-side, 

whereas the Ti-side demonstrated a more linear, slow release throughout. Upon 

examining the surfaces extracted from the D-PBS solutions in SEM, an approximately 

10 µm thick covering layer of HA was noted on the Ag side (Fig. 10a). More 

scattered HA particles were seen on the Ti-side, as shown in Fig. 10b. After 

examining the precipitated HA in SEM, the layer was removed and fixated to an 

amorphous substrate for GI-XRD analysis. The presence of HA was confirmed, but 

also demonstrated a presence of silver (Fig. 11). Similar patterns were obtained at 

both ends, although with slightly higher silver intensity at the Ag-side. When re-



analyzing the underlying coating morphology and composition, results shown in Fig. 

12, the silver content on the Ag-side was found to be around 43wt%. The 

corresponding silver content on the Ti-side was approximately 35wt%.  

  



4. Discussion 

Modern biomedical implants and devices are engineered to attract and 

promote a positive response from host tissue cells, e.g. osseointegration or tissue 

regeneration. In cases where such a “friendly” surface is instead colonized by 

bacteria, however, the tissue cells quickly become outnumbered and the immune 

system is faced with a very challenging task. This “race for the surface”, first 

conceptualized by Gristina [7,8,31], often determines the fate of an implant. There is 

consequently a need for functional biomaterial surfaces that can mediate tissue cell 

response but also impede bacterial colonization and biofilm formation. In designing 

such a surface that is capable of both positive tissue response and the ability to 

obstruct infection, the need to administrate antibiotic drugs would also be reduced. 

The over use of antibiotics and increased antibiotic resistance from pathogens is 

considered one of the most concerning health threats of the 21st century, and new 

technologies addressing the issue are desperately needed [9-11,32-34].  

To develop new materials according to specific property requirements, in this 

case a simultaneously bioactive and antibacterial surface, an iterative trial-and-error 

process is often initiated to manufacture and test samples with discrete structures or 

compositions. This can be done by tailoring topography on the nanoscale [12,35,36], 

by incorporating varied amounts of Ag in similar structures [13,16,37,38], or by 

pursuing alternative strategies for antibacterial surfaces, thoroughly surveyed in 

recent reviews [10,14-16,22]. Although history has proven that with persistence and 

some chance, great discoveries can be made, the possibility of this occurring will 

undoubtedly be greater if more parameters can be screened in a faster and cheaper 

way [17,18,39-42]. This is, in essence, what the combinatorial approach aspires to 

achieve. With this in mind, the current study presents a conceptual example on how to 



manufacture and test a compositional and structural gradient between two materials 

with complementary biological functions on a single substrate, thereby applying the 

combinatorial approach to the field of biomedical implant coatings.  

The gradient coating examined in this study was sputter deposited using a 

custom built combinatorial PVD system, with pure silver and titanium targets 

mounted across from each other while facing the substrate, and yielded a coating with 

distinctive physical, chemical and biological properties at opposing ends. By 

sputtering in a reactive environment (O2), the intention was to enhance both bioactive 

and antibacterial properties of the coating, as formation of TiO2 facilitates 

osseointegration by providing chemical stability and increased wettability 

[16,19,20,43], and incorporation of oxygen in silver is known to affect its dissolution 

rate [44]. The concurrent, reactive sputtering in this instance made for a 

compositional Ag-Ti oxide gradient with a dominant crystalline contribution from Ag. 

According to the GI-XRD data in Fig. 1, Ti was present as poorly crystalline rutile, 

amorphous oxide or possibly in tetragonal AgTi intermetallic phases, which has 

similar lattice features as cubic Ag. The absence of metallic Ti was likely due to its 

high oxygen affinity, causing it to oxidize immediately during deposition. Further, 

sputtering at room temperature and avoiding any subsequent crystallization heat 

treatment conserved the amorphous structure and any meta-stable phases. Heat 

treatment of the sample would likely induce crystallization and anatase or further 

rutile formation of available TiO2, with potential enhancement of photocatalytic 

properties along the gradient as a result [45]. However, raising the temperature above 

75°C has been reported to result in considerable densification, crystallite growth and 

decomposition of Ag2O in nanocrystalline silver films, impeding antibacterial 

properties [46]. The comparably soft nature of Ag also gives it a considerably higher 



sputtering rate than Ti, which caused Ag to dominate the composition of the gradient 

although power supplied to the Ti target was more than tenfold. 

The SEM images presented in Fig. 3 and Fig. 4 demonstrated that distinct 

phase separation and growth of pure Ag crystals was first noted at the center of the 

gradient, and that the Ag contribution gradually changed from an integral part of the 

structure on the rather homogeneous Ag-side, to scattered nanoparticles on the Ti-

side. Along with a densification of the coating with decreased Ag content, this 

indicates an accommodation of Ti in the Ag oxide during deposition, whereas the 

reverse was obstructed. Immiscibility of the present phases gradually drove the 

nucleation and growth of Ag particles along the gradient towards the Ti-side. The 

compositional increase in Ti along the gradient was also coupled with increased 

oxygen content, resulting from its higher oxygen affinity than the noble Ag. The 

atomic Ti:O ratio, however, decreased from 1:2.65 on the Ag-side, to 1:2.3 on the Ti-

side, implying further that more oxygen was bound to Ag on the Ag-side than on the 

Ti-side. This shows that the gradient was both compositional and structural, and that 

the Ag contribution shifted from oxide to metallic form.  

This shift was also manifested in the contact angle measurements, which 

showed a more hydrophilic behavior on the porous Ag-side. Formation of metallic Ag 

NPs along with coating densification and a smoother surface towards the Ti-side 

caused a net decrease in surface energy, resulting in increased contact angles. On 

photocatalytic TiO2 surfaces, UV light generates free radicals available to mineralize 

adhered contaminants (such as bacteria), but also creates a superhydrophilic surface 

due to increased hydroxylation [47]. This makes for an efficient, on-demand self 

cleaning surface, but it has also been shown that pretreatments with UV light can 

enhance protein adsorption, cell attachment and osteoconductivity on Ti implants, 



largely due to removal of adhered hydrocarbons [48,49]. Moreover, Ag-doped TiO2 

has displayed higher photocatalytic activity and stronger antibacterial effect than 

regular TiO2, due to improved charge separation, making it an interesting option as a 

multifunctional biomedical coating [50]. Photocatalysis on TiO2 requires a crystalline 

structure, however, which was only detected as poorly crystalline rutile on the present 

coating. Hence, the photoactivity, as examined via UV-induced hydrophilicity, was 

limited and could not be correlated to coating composition across the sample. 

Nevertheless, UV illumination lowered the contact angle by as much as 11° in certain 

areas, indicating a certain degree of photoactivity. 

The structural and compositional change had a significant impact on the 

antibacterial properties of the coating, which was evaluated against the clinically 

relevant strain S. aureus (Fig. 8). This could be correlated to the Ag+ release profiles 

displayed in Fig. 9, where the amount of Ag+ released from the Ag-side, compared to 

the Ti-side, greatly exceeded the difference in composition. This, in turn, indicated a 

significant change in Ag solubility along the gradient. Properties known to affect the 

dissolution rate of Ag are surface area, oxidation state, crystallinity and crystallite size 

[44]. A higher roughness and porosity results in significantly higher surface area, and 

as demonstrated by the SEM and EDS analysis of the samples after Ag+ release 

studies (Fig. 12), both morphology and composition changed more drastically on the 

Ag-side. On a more hydrated surface, such as the porous and hydrophilic Ag-side, 

release of Ag+ is generally enhanced due to greater interaction with water molecules 

[51]. A visibly corroded surface and considerable loss in Ag was noted on the Ag-

side, whereas the Ti-side showed less structural and compositional change, but with 

most of the Ag NPs on the surface no longer present, indicating that the formed 

nanoparticles were loosely bound to the surface. With a respective 43 and 35 wt% Ag 



remaining on the Ag-side and Ti-side after 7 days in D-PBS, a longer-term release is 

also expected. But as indicated by the Ag+ release data and SEM images after release, 

the easily dissolved Ag was gone and the release rate declined. 

As an indication of bioactivity, the in vitro apatite forming ability was tested 

along the gradient by submersing samples in D-PBS, which is a simple, biomimetic 

method used to deposit HA on bioactive substrates [28,52]. The test revealed a clear 

precipitation of HA on both Ag- and Ti-sides, although with greater coverage on the 

Ag-side (Fig. 10). This is hypothesized to stem from its higher surface energy, which 

correlates well with the contact angle measurements. It is, however, interesting to note 

such high degree of apatite formation on substrates with high Ag content and poor 

TiO2 crystallinity, which would generally result in less surface hydroxyl groups and 

less active sites available for apatite nucleation [53]. The presence of Ag peaks in the 

GI-XRD spectra of precipitated HA (Fig. 11), which were analyzed after being gently 

removed from the substrates, indicates that a fair amount of Ag remained in the HA 

rather than being released into the solution. Whether this was due to poor adhesion of 

surface bound Ag NPs or a dissolution-precipitation mechanism remains unclear.  

Excessive doses of Ag have been reported to result in both local cytotoxic 

effects and systemic disease, such as agyria [54]. Therefore, a prudent approach 

should be applied before adding any Ag+ releasing function to a biomaterial. In a 

study by Hardes et al. [15], however, no local or systemic side-effects were reported 

after placement of Ag coated megaprostheses in 20 patients, although Ag blood levels 

exceeded 55 ppb, and 1600 ppb was detected in nearby tissue. As antibiotic resistance 

is spreading among pathogens, alternatives are sorely needed and a growing body of 

work is now dedicated to studying metal-based antimicrobials to treat infections [55]. 

The outlook is promising, but some specific mechanisms remain unclear and aspects 



of human toxicity and environmental impact require further investigations. As well, 

comparing Ag+ release data and corresponding in vitro or in vivo response in the 

literature should be done cautiously, as quantification methods tend to vary among 

studies. The cytotoxicity and tissue cell response of novel Ag-TiO2 nanotube coatings 

have been evaluated in recent studies, and demonstrated that a controlled release of 

Ag+ can have sufficient antibacterial effect while maintaining, or in some instances 

even improving the biocompatibility [36,38,56]. The biological evaluation of the 

gradient coating presented in this work was limited to the effect against S. aureus 

bacteria, precluding the authors from drawing any conclusions regarding the 

mammalian cell response to the amount of Ag+ released. Nevertheless, the study 

displays the potential of the combinatorial approach for discovery and initial 

screening of materials candidates for further development and biological evaluation. 

The difference in Ag release and antibacterial effect along the single sample 

examined in this study, which still had somewhat similar composition along the 

gradient, displays the strong structure-property relationship in Ag-based antibacterial 

coatings. The findings also demonstrate the possibility of tailoring the antibacterial 

effect of such coatings for specific therapeutic needs, simply by altering or mixing the 

structure of contributing Ag species.   



5. Conclusions 

By applying a combinatorial approach, a continuous silver-titanium gradient 

coating was sputter deposited in a reactive (O2) environment on a silicon wafer. The 

resulting sample was characterized and screened for antibacterial and potential 

bioactive properties related to structure and composition. While the sample was 

admittedly dominated by silver, several interesting findings related to structural 

properties were revealed that would be unlikely or more cumbersome to discover by 

manufacturing discrete samples. It was found that the silver-rich side reduced the 

viable count of S. aureus by 99,6 % after 2 h exposure, whereas the count reduced on 

the titanium side was 17 %, compared to a negative control. This was correlated to 

Ag+ release profiles, which showed a considerable burst release from the Ag-side 

compared to the much lower, linear release from the Ti-side. With the as-deposited 

compositional gradient ranging from 35 to 62 wt% Ag, i.e. a far smaller range than 

would constitute an approximate 10-fold difference in release, the resulting difference 

in antibacterial properties were contributed to structural variety of the Ag content. 

Clear in vitro apatite formation on both Ag- and Ti-sides also suggested that the 

coating had bioactive properties. With insight on the impact of structural variety, 

created by the combinatorial synthesis approach, future biomaterial coatings utilizing 

silver as an antibacterial agent may be tailored to better suit clinical needs.  
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Table 1. Ion concentrations (mM) in blood plasma and Dulbeccos’s PBS. 
 
Ion Na

+
 K

+
 Mg

2+ 
Ca

2+ 
Cl

- 
HPO4

2-
 

Blood plasma 142.0 5.0 1.5 2.5 103.0 1.0 
PBS 145.0 4.2 0.49 0.91 143.0 9.6 
 

 

Figures 

 

Fig. 1. Illustration showing arrangement of Ag and Ti deposition sources, and manipulator 
holding sample for binary, combinatorial sputtering.  
 

 

Fig. 2. GI-XRD spectrum from opposite ends of the deposited Ag-Ti oxide thin film. 
Reference patterns shown are: PDF 00-004-0783 (Ag), PDF 00-001-1197 (Ti) and PDF 00-
001-1292 (Rutile TiO2) 
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Fig. 3. SEM images of the Ag-side surface structure in (a) and (b). Images (c) and (d) 

showing FIB cut cross section of the Ag-side coating. In image (d), the depicted layers 
represent (from the bottom): Si wafer, Ag-Ti oxide coating (600 nm thick), and two layers of 
protective Pt film, deposited at different currents.  
 

 

Fig. 4. SEM images of the center (a) and the Ti-side surface structure (b). Ag particles 
observed as brighter, crystalline objects in both images. EDS data from points 1 and 2 in (a) 

indicated Ag content of 99.9 and 47.8 wt%, respectively. Cross-section of the coating at the 
center is shown in (c), and of the Ti-side in (d). 



 

Fig. 5. EDS data obtained from Ag- and Ti-sides showing change in composition along the 
gradient (wt%).  
 
 

 

Fig. 6. Contact angle measurements along the Ag-Ti oxide gradient, taken at 6 mm intervals. 
Trendlines are included for both series.  
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Fig. 7. Surface average roughness (Ra) and surface root mean square roughness (Rq) along the 
gradient coating.  
 

 

Fig. 8. Number of viable S. aureus colonies remaining after 2 h direct contact with Ag-side, 
center and Ti-side of the sample. 
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Fig. 9. Cumulative silver ion release profiles from Ag- and Ti-side samples in PBS.  
 

 

Fig. 10. SEM images of Ag-side (a) and Ti-side (b) samples after being submersed in PBS for 
7 days, showing precipitated HA.  
 

 

Fig. 11. GI-XRD of surface layer formed on samples after submersing them in PBS for 7 
days. Reference patterns shown are: PDF 00-001-1008 (HA) and PDF 00-004-0783 (Ag). 
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Fig. 12. SEM images of (a) Ag-side, (b) Ti-side, and (c) coating composition (EDS). Images 
and data taken after Ag-release study in PBS, with precipitated HA removed. 
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