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Abstract 

The development of antibacterial implant surfaces is a challenging task in biomaterial 

research. We fabricated a highly antibacterial bimetallic platinum (Pt)/silver(Ag) nanopatch 

surface by short time sputtering of Pt and Ag on titanium. The sputter process led to a patch-

like distribution with crystalline areas in the nanometer-size range (1.3 - 3.9 nm thickness, 3-

60 nm extension). Structural analyses of Pt/Ag samples showed Ag- and Pt-rich areas 

containing nanoparticle-like Pt deposits of 1-2 nm. The adhesion and proliferation properties 

of S.aureus on the nanopatch samples were analyzed. Consecutively sputtered Ag/Pt 

nanopatches (Pt followed by Ag) induced enhanced antimicrobial activity compared to co-

sputtered Pt/Ag samples or pure Ag patches of similar Ag amounts. The underlying sacrificial 

anode mechanism was proved by linear sweep voltammetry. The advantages of this nanopatch 

coating are the enhanced antimicrobial activity despite a reduced total amount of Ag/Pt and a 

self-limited effect due the rapid Ag dissolution. 

 

Background 

The development of biomaterials with antibacterial surfaces which hinder or prevent bacterial 

adhesion and colonization of an implant surface is a challenging task in biomaterial research. 

Due to the increasing emergence of antibiotic resistant pathogens and accompanying serious 

clinical consequences several strategies apart from antibiotics have been developed which 

should inhibit initial bacterial colonization, either by surface topography or by special 

coatings.
1-3

 

Among various coatings, silver (Ag) regained a standing due to its broad antibacterial activity 

(both gram-negative and positive bacteria) and a low incidence to induce bacterial resistance.
 

3, 4
  The antibacterial activity of Ag is initiated by an oxidative dissolution which leads to the 

release of Ag ions (Ag+).
5, 6

 This release of Ag+ represents the onset of the antibacterial 

effects, however, further Ag species such as AgCl or Ag-organic complexes are subsequently 

formed by metabolism.
7, 8

 It is likely that these compounds are involved in biological effects 

of Ag but their antibacterial activities are less understood.
9-11 

Nevertheless, any increase in 



Ag+ release from an Ag surface will consequently lead to an increase in antibacterial activity 

Due to the large surface to volume ratio Ag nanoparticles (nanosilver) have gained attraction 

during the last decades and led to numerous reports (cf. recent reviews).
6, 12

 However, the 

applications of nanosilver are still controversial and exposure to nanosilver may induce 

additional risks for medical application such as unwanted tissue reactions.
13, 14

  In addition, 

the nanoscale particles have to be embedded into a coating on an implant surface or otherwise 

fixed onto the implant.  

Recently, we presented an alternative mechanism to enhance Ag+ release by the use of the 

sacrificial anode principle.
15, 16

 In contrast to technical applications (e.g.  corrosion 

prevention) the sacrificial anode principle is hardly utilized for medical applications up to 

now. The sacrificial anode effect is based on an electrochemical mechanism. If two 

electrochemically different metals (or alloys) exist in an electrolytic environment, the less 

noble part.
17

  To develop a setup where Ag serves as the sacrificial anode it has to be 

combined with a more noble metal.  In the past we demonstrated the feasibility of Ag 

sacrificial anode systems using microscale Ag dot arrays which were deposited on Au, Pd, Pt, 

or Ir thin films.
15, 16

  These sacrificial anode dot arrays exerted a much higher antibacterial 

efficiency compared to same Ag dots on Ti (non-sacrificial anode for Ag) or to dense Ag thin 

films.
15, 16, 18

   

There are good reasons to downsize the microscale sacrificial anode design to the nanoscale. 

Unlike the antibacterial mechanism of conventional antibiotics Ag toxicity is not selective for 

microorganisms. We have shown that the antibacterial effects of Ag nanoparticles occurred in 

the same concentration range as tissue cell toxicity.
19

 Thus, any Ag release from an implant 

should be effective but a time-limited Ag ion release might be desirable to avoid 

accumulation of Ag within the adjacent tissue. A sacrificial anode system for Ag offers a 

downsizing approach by an enhanced Ag+ release at a low amount of needed Ag and may be 



highly effective for a limited time period. The reason is an electrochemically driven Ag+ 

release which can be significantly higher compared to Ag+ dissolution from a same size pure 

Ag surface.
15, 20

 

Thus, it was the purpose of this study to generate nanosized Ag deposits (nanopatches) on a Ti 

surface which are in contact to similar Pt nanopatches to obtain a sacrificial anode system and 

to analyze structure and antibacterial efficiency of these nanopatches using material science, 

electrochemical, and microbiological methods. 

 

Methods 

 

Magnetron sputtering  

The Ag-Pt nanopatches were fabricated via magnetron sputtering on Ti thin films or TEM 

grids using an AJA ATC-2200V sputter system.  Three kinds of nanopatches were deposited 

for 20 s and 60 s: nanopatches which consists of pure Ag or pure Pt (reference samples), 

nanopatches with Pt first and then Ag on top, and  nanopatches with both elements sputtered 

simultaneously (more details in supplementary materials).  

 

Structural analysis 

Structural analysis of nanopatches on TEM grids was performed by transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM). Compositional 

maps of nanopatches were obtained with energy-dispersive X-ray spectroscopy (EDX) (more 

details in supplementary materials).  

 

Antibacterial activity  

Bacterial tests were performed with Staphylococcus aureus. Bacteria were grown in BHI 

broth (brain-heart infusion broth. The adhesion and proliferation of the bacteria on the 



nanopatch samples were analyzed using a drop-based experimental setup (more details in 

supplementary materials).  

 

Immersion in biological fluid 

Partly samples were immersed in biological fluid. Therefore, nanopatch samples or 

nanopatches sputtered on TEM grids were deposited in 3 ml RPMI cell culture medium 

containing 10% fetal calf serum (FCS) and left in a cell culture incubator for 6 h or 3 days. 

Subsequently the samples were washed with A.dest., cultured with MSC or directly analyzed 

by TEM.  

 

Linear sweep voltammetry  

Electrochemical experiments were performed by linear sweep voltammetry in 1.0 M HCl 

(more details in supplementary materials).  

 

Biocompatibility 

Biocompatibility was analyzed using human mesenchymal stem cells (MSC). The adhesion 

and viability of the cells on the nanopatch samples were analyzed using a drop-based 

experimental setup (more details in supplementary materials).  

 

Statistics 

Quantification of antibacterial effects was performed by one-way ANOVA with Bonferroni 

post hoc test. p-Values < 0.05 were considered as statistically significant. 

 

 

 

Results 

 



The TEM images in Figure 1(A-C) show the shape and distribution of the sputter deposits 

(exemplarily for Ag) in dependence of growth time.  The areas of the Ag islands, given as 

percentage of the total image area, were calculated as 15% (10 s), 19 % (20 s), and 33% (60 

s). We assume, that the formation of those nanopatches is caused by the Volmer-Weber 

growth mechanism which predicts the formation of patches in the nanometer range instead of 

a continuous thin film. 

The TEM characterization is shown for the nanopatches on the TEM grids whereas the 

Si/SiO2 samples with the Ti thin film and nanopatches on top were used for the antibacterial 

tests. It was not possible to characterize the nanopatches on the Ti thin film with AFM or 

SEM due to the small size of the nanopatches and the roughness of the Ti thin film. Thus, the 

thickness of the nanopatches was calculated  using the sputter rate which resulted in a nominal 

thin film thickness of 2.8 nm for 60 s. 

Microstructural investigation of the Pt/Ag nanopatches (Pt20sAg20s consecutively sputtered 

sample) was performed using high angle annular dark field (HAADF) scanning transmission 

electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX) mapping. The 

HAADF-STEM image shows an irregular patch-like distribution with crystalline areas in the 

nanometer-size range (Figure 1 D). EDX investigation yields a local composition of Pt: 43 

at% and Ag: 57 at% and demonstrates an irregular distribution of Ag- and Pt-rich areas  







The antibacterial activity of nanoscale sacrificial anode samples (20 s and 60 s, both 

consecutively sputtered or co-sputtered) was analyzed toward S.aureus using a drop-based 

assay which allows the measurement of adherent and planktonic bacteria.
15, 16

 Drops of 

bacteria within bacterial growth medium were placed onto the sample surfaces and were 

cultivated overnight. Subsequently, adherent bacteria were visualized by fluorescence 

microscopy. The planktonic bacteria within the drop fluid were quantified by conventional 

plating on blood agar after serial dilution of the aspirated drops.  As is exemplarily shown in 

Figure 2 both 20 s (A) and 60 s (B) Pt/Ag nanopatches (consecutively sputtered and co-

sputtered) exerted a higher antimicrobial activity compared to the Ag nanopatches of same Ag 

amount. This clearly demonstrated the sacrificial anode effect. Samples of pure Pt patches did 

not show any antibacterial effect (data not shown), correlating to our previous results on pure 

Pt thin films.
16 

Among the Pt/Ag nanopatches the consecutively sputtered samples significantly exerted the 

most efficient antibacterial activity (i.e. reduction in bacterial colonies) compared to same Ag 

patches alone (Ag patches) and co-sputtered (Pt-Ag patches).  The statistical quantification of 

the obtained results is given in Figure 3.  As is clearly shown, the consecutively sputtered 

Pt/Ag samples are significantly superior in the reduction of bacterial cell number compared to 

the Ag patches which carry identical Ag deposits. Among the samples of different sputter 

time (A, 20 s or B, 60 s) the 60 s samples are more effective due to the higher amounts of 

deposited Ag.  Although the co-sputtered Pt/Ag samples seem to exert a higher antimicrobial 

activity compared to Ag patches alone this effect is not statistically significant.  

 











(20s and 60s sputter time) for 24 h under cells culture conditions. Open boxes represent 

pristine samples; grey boxes represent  samples which have been pre-incubated in pure cell 

culture medium and cell culture conditions for 6 h prior to cell loading. Controls represent Ti 

samples without sputtered nanopatches. Data are expressed as box-whiskers-plots. Boxes 

represent 25th - 75th percentile of the data distribution. Median of each group is given as a 

horizontal line within the boxes, whiskers represent min. and max. values. *, p< 0.05 **; p< 

0.01, n=4. 

. 

Discussion 

Although there are  many studies on Ag for antibacterial biomedical applications, our 

sacrificial anode approach which leads to enhanced Ag ion release concomitantly to less total 

Ag amount is unique.
4, 12, 25

 In spite of best clinical practice and peri-operative antibiotic 

treatment remaining prosthetic infections usually originate from contamination during 

surgery.
26

 Once a microbial biofilm has been formed also Ag treatment reaches its limits later 

on.
27

 Therefore, it is of utmost importance to prevent the early adherence and colonization of 

bacteria to implant surfaces to avoid biofilm formation. For this a high Ag ion releasing 

capacity of the sacrificial-anode system might be favorable. Significantly, we previously 

demonstrated that a pure Ag coating did not release sufficient Ag ions to keep an implant 

surface within an infected tissue-like environment sterile. In contrast to the pure Ag surface, a 

sacrificial anode sample (Ir/Ag) was able to prevent bacterial growth on the surface under 

same conditions.
20

 The major reason is that the electrochemically induced high release of Ag 

ions provides sufficient antibacterial activity within the post implantation microenvironment 

in face of high protein content, limited diffusion or rapid metabolism.
20 

 Such necessary high 

silver ion concentrations will always affect also eukaryotic tissue cells in the near vicinity as 

we have shown previously
. 9, 19

 However, the self-limited silver ion release within a short 

period will allow tissue cells to adhere and to proliferate on the surfaces after silver patch 

dissolution.  

In general, ultra-thin films are increasingly used in nanotechnology for instance for a number 

of metal-dielectric devices as transmission-induced filters or conductive transparent 





anode system for enhanced Ag release may be further optimized by variations in respective 

Ag/Pt areas.   

 

 

In conclusion, we demonstrated the feasibility of a new ultrathin coating using Ag in 

combination of Pt as nanopatch sputter deposits which benefit in improved antibacterial 

performance by a sacrificial anode mechanism. These coatings offer some favorable 

properties such as very low total Ag and Pt amounts, triggered high Ag+ ion release, and the 

extraordinary thin deposits which topographically follow the primary implant surface. Such 

implant surfaces may hinder bacterial adhesion at early phases after implantation and allow 

tissue cell adherence after the phase of silver dissolution.    
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