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Abstract 1 

 2 

A strategy to reduce implant-related infections is the inhibition of the initial bacterial 3 

implant colonization by biomaterials containing silver (Ag). The antimicrobial efficacy 4 

of such biomaterials can be increased by surface enhancement (nanosilver) or by 5 

creating a sacrificial anode system for Ag. Such a system will lead to an 6 

electrochemically driven enhanced Ag ion release due to the presence of a more 7 

noble metal. Here we combined the enlarged surface of nanoparticles (NP) with a 8 

possible sacrificial anode effect for Ag induced by the presence of the 9 

electrochemically more noble platinum (Pt) in physical mixtures of Ag NP and Pt NP 10 

dispersions. 11 

These Ag NP / Pt NP mixtures were compared to same amounts of pure Ag NP in 12 

terms of cell biological responses, i.e. the antimicrobial activity against 13 

Staphylococcus aureus and Escherichia coli as well as the viability of human 14 

mesenchymal stem cells (hMSC). In addition, Ag NP was analyzed by ultraviolet–15 

visible (UV-Vis) spectroscopy, cyclic voltammetry (CV), and atomic absorption 16 

spectroscopy (AAS).  17 

It was found that the dissolution rate of Ag NP was enhanced in the presence of Pt 18 

NP within the physical mixture compared to a dispersion of pure Ag NP. Dissolution 19 

experiments revealed a fourfold increased Ag ion release from physical mixtures due 20 

to enhanced electrochemical activity, which resulted in a significantly increased 21 

toxicity towards both bacteria and hMSC. Thus, our results provide evidence for an 22 

underlying sacrificial anode mechanism induced by the presence of Pt NP within 23 

physical mixtures with Ag NP. Such physical mixtures have a high potential for 24 

various applications, for example as antimicrobial implant coatings in the biomedicine 25 

or as bactericidal systems for water and surface purification in the technical area. 26 

 27 

Keywords: sacrificial anode, antimicrobial activity, silver nanoparticles, platinum 28 

nanoparticles, physical mixture 29 

  30 
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1. Introduction 1 

 2 

Despite best clinical practice, implant-related infections remain a serious clinical 3 

problem [1]. Antimicrobially active biomaterials or coatings containing silver (Ag) 4 

which could prevent or hinder the initial bacterial adhesion, colonization and biofilm 5 

formation are promising approaches to reduce implant-related infections. 6 

Numerous studies demonstrated the capability of Ag to reduce infections and 7 

bacterial colonization of burn dressings, catheters, dental implants and other medical 8 

devices [2–6]. It is now generally accepted that the biological action of Ag is based 9 

on the oxidative release of silver ions (Ag+) which interact with various biomolecules 10 

such as enzymes, nucleic acids and cell wall components [7–10]. Thus, the 11 

antibacterial activity of Ag is governed by the amount of released Ag+. In general, the 12 

increased surface area of Ag nanoparticles (NP) compared to macroscale Ag leads 13 

to a more efficient Ag+ release [11].  14 

In previous studies we investigated an alternative approach to enhance the Ag+ 15 

release by the combination of Ag with an electrochemically more noble metal, i.e. a 16 

platinum group element, based on the sacrificial anode principle [12–14]. Generally, 17 

when two electrochemically different metals are present in an electrolytic 18 

environment, an anodic polarization is induced, and the less noble metal is dissolved 19 

("sacrificed") in favor of the more noble one by corrosion [15]. Sacrificial anodes are 20 

widespread in the technical area [15–17], but have not received much attention in 21 

biomedical applications so far.  22 

There are only few studies that have addressed the biological effects of Ag-related 23 

sacrificial anode-like systems. Zhang et al. found that bimetallic nanosheets of Ag 24 

(7 nm) and platinum (Pt; 1 – 3 nm) on porous reduced graphene oxide showed 25 

increased antimicrobial activity against Escherichia coli due to an enhanced Ag+ 26 

release compared to pure Ag sheets [18]. Dowling et al. demonstrated an improved 27 

antibacterial efficiency of alloyed bimetallic AgPt coatings on polymeric surfaces 28 

compared to pure Ag coatings [19]. Our group showed the efficiency of sacrificial 29 

anode systems consisting of Ag dots deposited on thin metal films of gold, platinum, 30 

palladium or iridium [12–14]. 31 

Recently, we investigated whether an enhanced Ag+ release based on the sacrificial 32 

anode principle could be achieved by combination of Ag with the electrochemically 33 

more noble Pt in the form of NP. We found that no sacrificial anode effect was 34 
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induced in bimetallic alloyed AgPt NP [20,21]. Therefore, we investigated mixtures of 1 

non-alloyed Ag NP and Pt NP (physical mixture in aqueous dispersion) in comparison 2 

to pure Ag NP. To identify a possible sacrificial anode effect (enhanced Ag+ release) 3 

induced by the physical mixture, we analyzed the antimicrobial activity towards gram-4 

positive Staphylococcus aureus (S. aureus) and gram-negative Escherichia coli 5 

(E. coli) as well as the viability of human mesenchymal stem cells (hMSC). In 6 

addition, ultraviolet–visible (UV-Vis) spectroscopy, cyclic voltammetry (CV), and 7 

atomic absorption spectroscopy (AAS) were performed to assess the Ag NP 8 

dissolution. 9 

 10 

 11 

2. Materials and Methods 12 

 13 

2.1 Nanoparticles 14 

Pure Ag NP and pure Pt NP were synthesized as reported earlier [22] by reducing 15 

silver nitrate (AgNO3; >99.9%, Carl Roth, Karlsruhe, Germany) or hexachloroplatinic 16 

acid (H2PtCl6; >99.9%, Carl Roth) with sodium borohydride (NaBH4; ≥96%, Sigma-17 

Aldrich, Taufkirchen, Germany) or citrate/tannic acid (anhydrous 98%, Acros 18 

Organics™, Nidderau, Germany / Fluka, Munich, Germany). The NP were coated 19 

with poly(N-vinylpyrrolidone) (PVP, Povidon 30, M = 40,000 g mol-1, Fluka), and the 20 

average NP diameter was about 7 nm for both NP species, as was analyzed by 21 

differential centrifugal sedimentation (DCS) and high resolution transmission electron 22 

microscopy (HR-TEM) [22]. For full characterization data of Ag NP and Pt NP see 23 

Rostek et al., 2018 [22].  24 

The synthesized NP were stored in degassed ultrapure water under argon until 25 

further analysis or application. Stock solutions of NP were prepared in sterile 26 

ultrapure water (1.0, 0.7, 0.5, 0.2, 0.1 mg mL−1). To achieve the final metal 27 

concentrations of 50, 35, 25, 10 and 5 µg mL−1 of each dispersion 50 µL were added 28 

per 1 mL of sample. Physical mixtures of Ag NP and Pt NP were prepared by simply 29 

mixing of the two monometallic NP dispersions. 30 

Solutions of silver acetate (AgAc; ReagentPlus 99%, Sigma-Aldrich) used as Ag+ 31 

control were prepared in sterile ultrapure water and normalized to the total content 32 

of Ag.  33 

 34 
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2.2 Microbiology 1 

Escherichia coli DH5a (E. coli; German Collection of Microorganisms and Cell 2 

Cultures (DSMZ) 6897) and Staphylococcus aureus (S. aureus; DSMZ 1104) were 3 

cultured overnight in RPMI1640 (RPMI; GIBCO, Invitrogen, Karlsruhe, Germany) 4 

containing 10% (v/v) fetal calf serum (FCS; GIBCO, Invitrogen) and L-glutamine 5 

(0.3 g L−1; GIBCO, Invitrogen) at 37 °C using a shaking water bath. Bacterial cell 6 

number was measured using a Densichek® turbidity photometer (bioMerieux, Lyon, 7 

France), based on turbidity standard solutions (McFarland scale). 8 

The antimicrobial activity of NP was analyzed by determination of the minimum 9 

inhibitory concentration (MIC, lowest NP concentration able to inhibit bacterial 10 

growth) and the minimum bactericidal concentration (MBC, lowest NP concentration 11 

that kills 99.9% of the bacteria). Bacterial cell cultures were prepared by dilution of 12 

overnight cultures in RPMI/FCS. After addition of the different NP (35, 25, 10, 13 

5 µg mL−1), bacterial suspensions (105, 104, 103 colony forming units (CFU) mL-1) 14 

were incubated for 24 h under cell culture conditions. Subsequently, the MIC was 15 

determined by visual assessment of the sample turbidity. The MBC was determined 16 

by plating of 50 µL of the samples without visible turbidity on Columbia agar plates 17 

(bioMerieux) and examination of the formed bacterial colonies after 24 h incubation at 18 

37 °C in a microbial incubator. 19 

 20 

2.3 Cell culture 21 

Human mesenchymal stem cells (hMSC; 5th to 10th passage, Lonza, Basel, 22 

Switzerland) were cultivated in cell culture medium RPMI/FCS using 75 cm2 culture 23 

flasks (BD Falcon, Becton Dickinson GmbH, Heidelberg, Germany). Cells were 24 

grown at 37 °C in a humidified 5% CO2 atmosphere and sub-cultivated every 7 d to 25 

14 d depending on cell proliferation.  26 

Adherent subconfluently growing hMSC were detached from the culture flasks after 27 

washing with phosphate-buffered saline solution (PBS; GIBCO, Invitrogen) by 28 

addition of 0.2 mL cm−2 0.25% trypsin/0.05% ethylenediaminetetraacetic acid (v/v) 29 

(EDTA, Sigma-Aldrich) for 5 min at 37 °C. Subsequently, cells were harvested, 30 

washed twice with RPMI/FCS and seeded at a density of 1.5 x 104 cells per well in 31 

24-well cell culture plates (BD Falcon). 32 

 33 

2.4 Cell viability  34 
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Adherent hMSC were treated either with dispersions of pure Ag NP, pure Pt NP or a 1 

physical mixture of Ag NP and Pt NP for 24 h in RPMI/FCS under cell culture 2 

conditions.  3 

After NP exposure, cells were stained with 1 μM calcein-acetoxymethylester (calcein-4 

AM; Calbiochem, Schwalbach, Germany) for 30 min at 37 °C and 50 µg mL-1 5 

propidium iodide (PI; Sigma-Aldrich) for 10 min at RT (Live-Dead staining). 6 

Subsequently, the stained cells were analyzed by fluorescence microscopy (Olympus 7 

MVX10, Olympus, Hamburg, Germany). Cell viability was quantified by phase 8 

analysis (CellSens Dimensions, Olympus) calculating the calcein-fluorescent area. 9 

The data of NP treated hMSC was given as percentage of the non-treated control 10 

area, which was set as 100%. 11 

Time-lapse microscopy was performed using the CytoSMART system (Lonza). 12 

Adherent hMSC were exposed to pure Ag NP (35 µg mL-1), a physical mixture of Ag 13 

NP with Pt NP (35 µg mL−1 of each NP) or an AgAc solution (3.5 µg mL-1 Ag; Sigma-14 

Aldrich) in RPMI/FCS under cell culture conditions and images of the cell culture 15 

were taken every 30 min. 16 

 17 

2.5 Spectroscopic analysis 18 

UV-Vis absorption spectra were recorded at room temperature using the UV-Vis 19 

spectrophotometer UVmini-1240 (Shimadzu, Kyōto, Japan) with semi-micro UV-20 

cuvettes (Brandt GmbH, Wertheim, Germany). 21 

Pure Ag NP (50 µg mL-1) or a physical mixture of Ag NP with Pt NP (50 µg mL-1 of 22 

each NP) were dispersed in 1 mL cell culture medium RPMI. Absorption spectra 23 

between 300 nm and 500 nm were recorded directly after mixing of the NP (0 min) as 24 

well as after 5 min and 15 min incubation of the mixture at room temperature.  25 

 26 

2.6 Cyclic voltammetry  27 

For cyclic voltammetry (CV) measurements, a custom-made glassy carbon (GC) 28 

electrode (4 mm diameter) was used as the working electrode (WE). An Ag/AgCl, 29 

(3 M KCl (aq)) electrode was used as the reference electrode (RE; E = 207 mV vs. 30 

standard hydrogen electrode (SHE); SI analytics GmbH, Mainz, Germany). All 31 

potentials are given against this reference potential. A graphite rod (6 mm diameter) 32 

was used as counter electrode (CE). Before each experiment, the WE was polished 33 

to a mirror finish with 1 µm, 0.3 µm and 0.05 µm Al2O3 particle suspensions (LECO 34 
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Instruments GmbH). Afterwards, the GC electrode was cleaned by ultra-sonication 1 

for 3 min (Elmasonic S 100H, Singen, Germany).  2 

NP dispersions of 1 mg mL-1 were then drop-cast onto the WE and dried in an argon 3 

flow. Pure Ag NP were applied as a single 2 µL drop. To achieve a physical mixture, 4 

Ag NP and Pt NP were simultaneously co-dropped (2 µL of each NP) on the WE. CV 5 

measurements were performed in a 0.1 M HCl (aq) solution with a scan rate of 6 

100 mV s-1 between -0.2 V and 1.25 V. All measurements were carried out with an 7 

AutoLab PGStat-12 potentiostat (Metrohm, Herisan, Switzerland). 8 

 9 

2.7 Dissolution experiments 10 

Pure Ag NP (50 µg mL-1) or a physical mixture of Ag NP with Pt NP (50 µg mL-1 of 11 

each NP) were incubated in 5 mL RPMI in the upper part of an Amicon Ultra-15 12 

centrifugal filter (MWCO = 3,000 Da; Merck Chemicals GmbH, Darmstadt, Germany). 13 

After 60 min, 120 min and 180 min of incubation, the NP were separated from the 14 

released ions by centrifugation at 4,000 rpm for 60 min.  15 

The remaining filtrate (500 µL) was subsequently mixed with 100 µL of concentrated 16 

nitric acid for Ag oxidation, and the Ag content was determined by atomic absorption 17 

spectrometry (AAS). AAS was carried out with a Thermo Electron M-Series 18 

instrument (Thermo Fisher Scientific, Waltham, USA) according to DIN EN ISO/IEC 19 

17025:2005.  20 

 21 

2.8 Statistical analysis 22 

Data are expressed as mean ± standard deviation (SD) of at least three independent 23 

experiments. Statistical evaluation was performed by one-way analysis of variance 24 

(ANOVA) with Holm-Sidak-Test using SigmaPlot Software (Systat Software, Inc., CA, 25 

USA). p-Values less than 0.05 were considered as statistically significant. 26 

 27 

 28 

3. Results 29 

 30 

The postulated sacrificial anode effect and the resulting faster Ag+ release from Ag 31 

NP induced by the presence of Pt NP was investigated by analysis of antimicrobial 32 

activity and cell viability as well as by UV-Vis, CV and AAS measurements of the 33 

physical mixture in comparison to a dispersion of pure Ag NP.  34 
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Three different physical mixtures were prepared containing 30 wt% Ag NP / 70 wt% 1 

Pt NP (Ag30/Pt70), 50 wt% Ag NP / 50 wt% Pt NP (Ag50/Pt50) and 70 wt% Ag NP / 2 

30 wt% Pt NP (Ag70/Pt30). For comparison of the effects of pure Ag NP and the 3 

individual physical mixtures, the respective Ag NP concentration was kept constant, 4 

while the Pt NP concentration was varied. 5 

 6 

3.1 Antimicrobial activity 7 

Antimicrobial effects of physical mixtures containing Ag NP and Pt NP towards 8 

S. aureus and E. coli were analyzed in comparison to pure Ag NP and pure Pt NP. 9 

The Tables 1 and 2 summarize the resulting MBC values for S. aureus and E. coli, 10 

respectively.  11 

Pure Pt NP showed no antimicrobial activity against S. aureus and E. coli even at the 12 

highest tested NP concentration of 35 µg mL-1. In contrast, pure Ag NP exhibited 13 

significant antimicrobial effects on both strains. The antimicrobial activity of the 14 

physical mixtures Ag30/Pt70 and Ag50/Pt50 against S. aureus and E. coli was 15 

increased considerably compared to pure Ag NP, which is reflected by a decrease of 16 

the MBC values. However, the toxicity of the Ag70/Pt30 mixture was comparable to 17 

that of the pure Ag NP.  18 

An inoculum effect (IE), which describes the decline of efficacy of antimicrobial 19 

agents at increasing bacterial cell number [23,24], was observed for pure Ag NP as 20 

well as for all physical mixtures and resulted in an increase of the MBC values for 21 

both strains (Tables 1 and 2). However, the overall toxicity ranking was not affected. 22 

 23 

  24 
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Table 1: MBC of pure Pt NP, pure Ag NP and the respective physical mixtures 1 

towards S. aureus, expressed in µg mL-1 of NP. For physical mixtures, the NP 2 

concentration refers to the Ag NP concentration. (>) indicates no bactericidal effect 3 

up to the given concentration, and (≥) indicates a bactericidal (MBC) effect at the 4 

given concentration and above.  5 

S. aureus 105 CFU mL-1 104 CFU mL-1 103 CFU mL-1 

Pt NP 
MBC / µg mL-1 > 35 > 35 > 35 

Ag NP 
MBC / µg mL-1 > 35 ≥ 10 - 25 ≥ 10 

Ag30/Pt70  
MBC / µg mL-1 Ag NP ≥ 10 - 25 ≥ 10 ≥ 5 

Ag50/Pt50 
MBC / µg mL-1 Ag NP ≥ 10 - 25 ≥ 10 ≥ 5 

Ag70/Pt30 
MBC / µg mL-1 Ag NP ≥ 25 - 35 ≥ 10 ≥ 10 

 6 

Table 2: MBC of pure Pt NP, pure Ag NP and the respective physical mixtures 7 

towards E. coli, expressed in µg mL-1 of NP. For physical mixtures, the NP 8 

concentration refers to the Ag NP concentration. (>) indicates no bactericidal effect 9 

up to the given concentration and (≥) indicates a bactericidal (MBC) effect at the 10 

given concentration and above.  11 

E. coli 105 CFU mL-1 104 CFU mL-1 103 CFU mL-1 

Pt NP 
MBC / µg mL-1 > 35 > 35 > 35 

Ag NP 
MBC / µg mL-1 ≥ 35 ≥ 10 - 25 ≥ 5 

Ag30/Pt70  
MBC / µg mL-1 Ag NP ≥ 10 - 25 ≥ 5 - 10 ≥ 5 

Ag50/Pt50 
MBC / µg mL-1 Ag NP ≥ 25 - 35 ≥ 10 ≥ 5 

Ag70/Pt30 
MBC / µg mL-1 Ag NP ≥ 35 ≥ 10 - 25 ≥ 5 

 12 
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3.2 Cell viability  1 

As was previously reported, released Ag+ exert cytotoxic effects on prokaryotic and 2 

eukaryotic cells at comparable concentrations [25]. Therefore, the influence of pure 3 

Ag NP, pure Pt NP and the respective physical mixtures on the viability of hMSC was 4 

analyzed by live-dead staining (Figure 1). 5 

Pure Ag NP exhibited significant cell-toxic effects at a concentration of 25 µg mL-1 in 6 

comparison to the control (untreated hMSC) (Figure 1A - B), whereas Ag NP 7 

concentrations below 25 µg mL-1 had no adverse effect on cell viability 8 

(Figure 1C - D). By contrast, for the physical mixture Ag50/Pt50 cell toxicity was 9 

observed already at 10 µg mL-1 of Ag NP (Figure 1E - G).  10 

The quantification of cell viability is summarized in Figure 2. Pure Ag NP led to a 11 

significant cell toxicity at Ag concentrations of 35 µg mL-1 and 25 µg mL-1, while at 12 

10 µg mL-1 no detectable cell toxicity occurred. Compared to pure Ag NP, the 13 

physical mixtures Ag30/Pt70 and Ag50/Pt50 led to significant cell toxic effects 14 

already at 10 µg mL-1 of Ag NP. In agreement with the antimicrobial activity results 15 

(section 3.1) a Pt NP content of 30 wt% in the physical mixture did not lead to higher 16 

toxicity in comparison to pure Ag NP. After 24 h of exposure no cell toxicity was 17 

observed for pure Pt NP up to an NP concentration of 35 µg mL-1. 18 

 19 

 20 
Figure 1: Cell viability of hMSC after NP exposure. Representative fluorescence 21 

images of hMSC incubated for 24 h with different NP in RMPI/FCS. Cells were 22 

stained with calcein-AM (green fluorescence) and PI (red fluorescence) to visualize 23 

the morphology of live and dead cells, respectively. A: hMSC control (no NP 24 

exposure). hMSC treated with pure Ag NP (B: 25 µg mL-1, C: 10 µg mL-1, D: 25 
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5 µg mL-1) or the Ag50/Pt50 physical NP mixture (E: 25 µg mL-1 each, F: 10 µg mL-1, 1 

G: 5 µg mL-1 of each NP). Scale bar = 2000 µm. 2 

 3 

 4 
Figure 2: Quantification of cell viability of hMSC after NP exposure. hMSC were 5 

incubated for 24 h with different NP in RMPI/FCS. Cell viability was determined by 6 

phase analysis of the calcein-AM staining. For physical mixtures, the NP 7 

concentration refers to the Ag NP concentration. Data are expressed as mean ± SD 8 

of at least three independent experiments and given as the percentage of control (no 9 

NP exposure). Asterisks indicate significant differences (** p ≤ 0.01, *** p ≤ 0.001) in 10 

comparison to the control (black) or between pure Ag NP and the physical 11 

mixtures (red). 12 

 13 

Time-lapse microscopy was used to elucidate whether the cell-toxic effects occurred 14 

faster with the physical mixtures than with pure Ag NP. Therefore, adherent hMSC 15 

were exposed to pure Ag NP, the physical mixture Ag50/Pt50 or an AgAc solution 16 

(Ag+ control) in RPMI/FCS and images of the cell culture morphology were taken 17 

every 30 min. 18 

As is shown in Figure 3 (row A), cells incubated with 35 µg mL-1 of pure Ag NP for 2 h 19 

were plastic-adherent and showed a typical fibroblast-like morphology similar to 20 

untreated hMSC. Hence, pure Ag NP induced no visible cell toxicity after 2 h of 21 

incubation. For the physical mixture Ag50/Pt50 containing the same concentration of 22 

Ag NP, toxic effects were observed already after 60 min of incubation, which was 23 
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visible by morphological changes of the cells (cells became spherical and detached 1 

from cell culture bottom; Figure 3, row B). After 90 min of incubation in the presence 2 

of the physical mixture, all cells had detached. Thus, the presence of Pt NP in the 3 

physical mixture with Ag NP caused a very fast cell death, comparable to the effect of 4 

the AgAc solution (solution of Ag+) which led to complete cell detachment within 5 

60 min of incubation (Figure 3, row C).  6 

 7 

 8 
Figure 3: Time-lapse microscopy of hMSC during NP exposure. Representative 9 

time-lapse images of hMSC incubated with pure Ag NP (35 µg mL-1, row A), the 10 

Ag50/Pt50 physical mixture (35 µg mL-1 of each NP, row B), and an AgAc solution 11 

(3.5 µg mL-1 Ag, row C). Living cells are plastic-adherent with a typical fibroblast-like 12 

morphology. Dead cells can be recognized by changed morphology (spherical, 13 

detaching cells). Scale bar = 200 µm. 14 

 15 

3.3 Spectroscopic analysis 16 

Dispersions of Ag NP exhibit a characteristic optical absorption spectrum due to 17 

surface plasmon resonance (SPR) which correlates with the particle morphology [26–18 
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29]. Spherical and approximately spherical Ag NP display a single absorption 1 

maximum between 390 nm and 460 nm, depending on the particle size [26,30,31]. 2 

Therefore, changes in peak height, area and position can be used to monitor an 3 

altered particle size, shape or surface, e.g. by NP dissolution.  4 

To track the time-dependent change of the Ag NP absorption spectra, pure Ag NP or 5 

the physical mixture Ag50/Pt50 were dispersed in RPMI and the spectra were 6 

measured between 300 nm and 500 nm. As is shown in Figure 4A, the Ag NP used 7 

in this study (spherical, diameter about 7 nm) displayed one single absorption 8 

maximum at 400 nm. Pure Pt NP does not have an absorption maximum in this 9 

wavelength range [32]. The height of the absorption peak of pure Ag NP decreased 10 

slightly during 15 min of incubation in RPMI, indicating a minor NP transformation 11 

(Figure 4A). In contrast, in the case of the physical mixture the plasmon Ag peak 12 

declined rapidly after 5 min of incubation in RPMI and disappeared completely 13 

already after 15 min of incubation in RPMI (Figure 4B). The fast and strong decline of 14 

the Ag NP absorption peak in the physical mixture suggests that a substantial Ag NP 15 

alteration has taken place. 16 

 17 

 18 
Figure 4: Time-resolved UV-Vis absorption spectra of A: pure Ag NP (50 µg mL-1) 19 

in RPMI and B: the Ag50/Pt50 physical mixture (50 µg mL-1 of each NP) in RPMI. 20 

The peak at 400 nm corresponds to the surface plasmon resonance of Ag NP. 21 

 22 

3.4 Cyclic voltammetry  23 

The Ag+ release within the Ag50/Pt50 physical mixture was investigated by CV 24 

analysis in comparison to pure Ag NP. The resulting cyclic voltammograms are 25 

shown in Figure 5.  26 
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Pure Ag NP displayed a large characteristic peak at about 0.2 V corresponding to the 1 

release of Ag+ due to Ag oxidation and associated to the formation of silver chloride 2 

in chloride-containing solvents (here 0.1 M HCl (aq)). The reduction of Ag+ to Ag 3 

occurred between 0.0 V and -0.2 V, which can be attributed to the reduction of the 4 

sparingly soluble silver chloride and is in accordance with published data [33,34]. For 5 

the physical NP mixture Ag50/Pt50 almost no signal for Ag oxidation and no Ag 6 

reduction signals were observed, which indicates an already completed Ag NP 7 

dissolution. Also no peak broadening and shifting to higher oxidation potentials (alloy 8 

signal) was observable, as reported for alloyed particles due to an electrochemical 9 

Ag stabilization [34,35].  10 

 11 

 12 
Figure 5: Cyclic voltammograms of pure Ag NP and the physical mixture 13 

Ag50/Pt50. NP dispersions (1 mg mL-1) were drop-cast onto the WE (2 µL pure Ag 14 

NP or 2 µL Ag NP and 2 µL Pt NP) and dried in an argon flow. CV measurements 15 

were performed in a 0.1 M HCl (aq) solution with a scan rate of 100 mV s-1. 16 

 17 

3.5 Dissolution experiments 18 

To prove whether the Ag+ release from Ag NP was enhanced in the presence of Pt 19 

NP in the physical mixture compared to pure Ag NP, dissolution experiments in cell 20 

culture medium RPMI were performed and the Ag+ release was analyzed by AAS. 21 
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As is shown in Figure 6, the amount of Ag+ released from pure Ag NP after 180 min 1 

of incubation was about 1 wt% of the total Ag NP mass. For the physical Ag50/Pt50 2 

mixture (containing same total Ag NP mass) 1 wt% Ag+ was released already after 3 

60 min of incubation and increased to 4 wt% Ag+ after 180 min of incubation 4 

(Figure 6). Hence, the quantity of released Ag+ from Ag NP was four times enhanced 5 

when Pt NP were present. 6 

 7 

 8 
Figure 6: Release of Ag+ as a function of time. Pure Ag NP (50 µg mL-1) or a 9 

physical Ag50/Pt50 mixture (50 µg mL-1 of each NP) were incubated for 60 min, 10 

120 min and 180 min in RPMI. The released Ag+ was determined by AAS and is 11 

given as wt% of the total Ag NP mass applied.  12 

 13 

 14 

4. Discussion 15 

 16 

Here we have demonstrated that a higher Ag+ release due to a faster Ag NP 17 

dissolution occurred when Pt NP were mixed with Ag NP (physical mixture) 18 

compared to same amounts of pure Ag NP. This effect was obviously 19 

electrochemically driven by a sacrificial anode reaction, considering the applied cell 20 

biological and analytical examination (toxic effects on bacteria and hMSC, UV-Vis, 21 

CV, AAS). 22 



16 
 

The enhanced Ag+ release within the physical mixture was dependent on the ratio of 1 

Ag NP and Pt NP. A significant increase in cytotoxic reactions of the physical 2 

mixtures was observed with 50 wt% as well as 70 wt% Pt NP, while a Pt NP content 3 

of 30 wt% was insufficient to provoke enhanced toxicity. To the best of our 4 

knowledge, such a Pt-dependent enhancement of Ag dissolution has not yet been 5 

described for NP mixtures. There are only few studies that have addressed biological 6 

effects of sacrificial anode-like systems consisting of Ag and Pt. Dowling et al. and 7 

Zhang et al. demonstrated increased antimicrobial activity of bimetallic AgPt coatings 8 

compared to pure Ag due to an enhanced Ag+ release [18,19]. The utilization of Ag 9 

dot arrays on Pt thin films as a sacrificial anode system was previously reported by 10 

our group and its efficiency to combat adherent and planctonic bacteria was 11 

confirmed [13].  12 

Time-lapse microscopy and dissolution experiments demonstrated a fast Ag+ release 13 

within the physical mixture. This is probably the reason for the electrochemical results 14 

obtained by cyclic voltammetry. The cyclovoltammogram recorded for the physical 15 

mixture showed an already completed Ag+ release (no Ag oxidation and no Ag 16 

reduction signals) in contrast to the behavior of pure Ag NP, obviously due to the 17 

experimental setup, which required a droplet-drying phase before measurement.  18 

Recently, we reported that bimetallic AgPt NP with an alloy-like structure (diameter 19 

about 10 nm) did not show any sacrificial anode effect for Ag [20,21], which is 20 

apparently a consequence of an increase in the redox potential of Ag in a Pt alloy. 21 

Such an electrochemical stabilization of Ag was also described for bimetallic alloyed 22 

AgAu NP [34–36]. The absence of a sacrificial anode effect in alloyed systems 23 

suggests that a sufficient physical separation of the metals is necessary to induce 24 

sacrificial anode effects. For most practical applications of sacrificial anode systems 25 

(e.g corrosion protection), there is such a physical separation of the bulk material, but 26 

the materials are in electrical contact [15]. A physical NP mixture is different in terms 27 

of the contact between the metals. A NP within a physical mixture interacts with 28 

others by collision due to random motion of the NP in suspension (convection and 29 

Brownian motion). The fact that the plasmon resonance of the Ag NP rapidly 30 

decreased in the presence of Pt NP suggests that the interaction of both particle 31 

types led to a morphological alteration of the Ag NP [26,30,31,37].  32 

As was reported by Toshima et al. and Hirakawa et al., physical mixtures of Ag NP 33 

(diameter about 10 nm) and more noble metal NP (platinum, palladium, rhodium; 34 



17 
 

diameter 2 - 3 nm) led to a spontaneous formation of bimetallic core/shell structured 1 

NP, consisting of an Ag core with a shell of the more noble metal [32,38–42]. They 2 

also observed a fast decline of the Ag plasmon peak in the respective physical 3 

mixtures, which was related to the coverage of the Ag NP surface with the more 4 

noble NP. Although the authors did not consider the electrochemical dissolution of Ag 5 

NP, they reported that the emerging bimetallic NP were smaller than the original Ag 6 

NP, which suggests that at least a partial dissolution of Ag NP occurred. 7 

Currently, we cannot exclude that such a clustering of Ag NP and Pt NP occurred in 8 

our experimental physical mixtures, therefore the detailed mechanism of Ag+ release 9 

enhancement within the studied physical mixtures still needs to be investigated in 10 

detail. Nevertheless, we suggest an underlying sacrificial anode mechanism which 11 

results in an enhanced Ag+ release.  12 

Very recently we reported that small Pt NP (as used in this study) exhibit an osteo-13 

promotive activity on hMSC [21]. Therefore, physical mixtures of Ag NP and Pt NP 14 

could be useful for the development of novel biomaterials with enhanced 15 

antimicrobial activity and osteo-supportive properties at a reduced silver content, 16 

thereby reducing the inherent toxicity to the surrounding tissue.  17 

 18 

  19 
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