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Nanosilver induces a non-culturable but metabolically active state in Pseudomonas aeruginosa
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The antimicrobial properties of silver nanoparticles (AgNPs) have raised expectations for the protection of medical devices and consumer products against biofilms. The effect of silver on bacteria is commonly determined by culture-dependent methods. It is as yet unknown if silver-exposed bacteria can enter a metabolically active but non-culturable state. In this study, the efficacy of chemically synthesized AgNPs and silver as silver nitrate (AgNO3) against planktonic cells and biofilms of Pseudomonas aeruginosa AdS was investigated in microtiter plate assays, using cultural as well as culture-independent methods. In liquid medium, AgNPs and AgNO3 inhibited both planktonic growth and biofilm formation. The efficacy of AgNPs and AgNO3 against established, 24 h-old biofilms and planktonic stationary-phase cells was compared by exposure to silver in deionized water. Loss of culturability of planktonic cells was always higher than that of the attached biofilms. However, resuspended biofilm cells became more susceptible to AgNPs and AgNO3 than attached biofilms. Thus, the physical state of bacteria within biofilms rendered them more tolerant to silver compared with the planktonic state. Silver-exposed cells that had become unculturable still displayed signs of viability: they contained rRNA, determined by fluorescent in situ hybridization, as an indicator for potential protein synthesis, maintained their membrane integrity as monitored by differential live/dead staining, and displayed significant levels of adenosine triphosphate. It was concluded that AgNPs and AgNO3 in concentrations at which culturability was inhibited, both planktonic and biofilm cells of P. aeruginosa were still intact and metabolically active, reminiscent of the viable but non-culturable state known to be induced in pathogenic bacteria in response to stress conditions. This observation is important for a realistic assessment of the antimicrobial properties of AgNPs.
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Introduction

The rise of antibiotic resistance in pathogenic bacteria is considered to be an emerging threat to human health and therefore of great concern (Fischbach and Walsh, 2009). Against this backdrop, there is ongoing intense search for alternatives, and the antimicrobial effect of silver has received increasing attention (Chernousova and Epple, 2013; Lemire et al., 2013). A recent application of silver as an antimicrobial agent is its use in the form of silver nanoparticles (AgNPs; Rai et al., 2009). Silver both as ions and as nanoparticles has found application in many consumer products, for example, in textiles or sprays and it is also increasingly used in cosmetics. In medical contexts, it has been proposed as a coating material for medical implants, catheters, wound dressings, instruments, and other applications for the prevention of infection (Chernousova and Epple, 2013). Multiple mechanisms have been assumed to underlie the antibacterial activity of AgNPs. Generally, the antimicrobial action of AgNPs is explained by the release of silver ions and their subsequent interaction with sulfhydryl groups of intracellular and membrane proteins as well as with DNA (Russell and Hugo, 1994; Sotiriou and Pratsinis, 2010). In addition, the generation of reactive oxygen species (ROS) has been reported in some studies to be involved in the antibacterial action of AgNPs. (Schierholz et al., 1998; Percival et al., 2005; Park et al., 2009; Cavalieri et al., 2014). Both effects may lead to alteration of protein structure and function with consequences such as disturbance of membrane permeability and respiration, and may result in inhibition of replication and transcription (Cabiscol et al., 2000; Holt and Bard, 2005). But there is also evidence that the direct interaction of nanoparticles with the bacterial cell contributes to the antimicrobial activity of AgNPs, with the nanoparticulate form and size itself playing an important role (Morones et al., 2005; Fabrega et al., 2009). Nanoparticles may attach to the cell surface, penetrate the cell membranes and thus initiate damage to the cell.

Bacterial biofilms are of particular concern in the clinical setting, because they can develop on medical devices and are involved in chronic human infections with painful and life-threatening consequences for the patients (Donlan and Costerton, 2002; Hall-Stoodley et al., 2004). Biofilms are accumulations of microorganisms that adhere to each other and/or to surfaces, and are typically surrounded by a matrix of self-produced extracellular polymeric substances (EPS; Hall-Stoodley et al., 2004). EPS mainly consist of polysaccharides, proteins, DNA and lipids; they determine the structural and functional integrity of microbial biofilms (Flemming and Wingender, 2010). In general, biofilm organisms display an increased tolerance to antimicrobials, including disinfectants, antibiotics, and toxic metal ions (Davies, 2003; Harrison et al., 2007). Anti-biofilm approaches employing AgNPs have been discussed (Markowska et al., 2013). AgNPs have been shown to be effective against biofilms of Gram-negative and Gram-positive pathogenic bacteria (Choi et al., 2010; Mohanty et al., 2012; Radzig et al., 2013; Gurunathan et al., 2014). Among the studies on AgNPs and biofilms, inactivation of established biofilms of Escherichia coli have been found to be four times (Choi et al., 2010) or 25 times (Radzig et al., 2013) more resistant to AgNPs than planktonic cells The production of EPS seems to be one of the factors conferring enhanced tolerance on biofilms against AgNPs (Kalishwaralal et al., 2010; Joshi et al., 2012).

Considering the antimicrobial action of silver, it has to be taken into account that the assessment of antimicrobial efficacy in the vast majority of publications is based on culture-dependent viable count methods. Microorganisms which do not grow on or in culture media are usually considered as dead or at least as finally inactivated. However, it has long been known that non-growing microorganisms do not necessarily have to be dead, but can still be metabolically active. Specifically, the phenomenon of bacteria that are alive, but fail to grow on standard laboratory media, on which they would normally grow, has been referred to as the viable but non-culturable (VBNC) state (Oliver, 2005, 2010; Li et al., 2014). The entry into this state is regarded as a survival strategy of bacteria in response to adverse environmental conditions such as unfavorable temperature, pH or nutrient conditions, or exposure to antimicrobial substances, irradiation, or desiccation (Oliver, 2010). The VBNC state is regarded as temporary and reversible, because resuscitation to the culturable state is possible under appropriate conditions (Oliver, 2010; Ramamurthy et al., 2014). At least some pathogenic bacteria retain their infectious potential in the VBNC state or can regain infectivity after resuscitation (Dwidjosiswojo et al., 2011; Li et al., 2014). In a recent review, Li et al. (2014) listed 85 bacterial species capable of entering the VBNC state, including 51 human pathogenic species including Pseudomonas aeruginosa. Of these pathogens, resuscitation has been reported in only 26 species.

Indicators of bacterial viability are respiratory activity, integrity of cytoplasmic membrane, maintenance of membrane potential, and the presence of mRNA or rRNA. Viability of non-culturable cells can be verified by a range of culture-independent methods, which allow the detection of cell integrity, physiological activity or the presence of nucleic acids, and include the determination of enzyme activities, respiratory activity, levels of adenosine triphosphate (ATP), membrane integrity as well as techniques based on fluorescence in situ hybridization (FISH), and polymerase chain reaction (PCR; Keer and Birch, 2003; Hammes et al., 2011; Rochelle et al., 2011; Li et al., 2014).

Among metals with an antimicrobial activity, copper ions have been shown to induce the VBNC state of the potential human pathogen P. aeruginosa (Dwidjosiswojo et al., 2011). When exposed to copper sulfate, the culturability of P. aeruginosa was completely inhibited, while total cell counts, the concentration of cells with an intact cytoplasmic membrane, and the number of cells with intact 16S rRNA, remained unchanged; P. aeruginosa was not cytotoxic in that state. When the copper stress was abolished by addition of the chelator diethyldithiocarbamate, complete restoration of culturability and cytotoxicity was observed within 14 days. The effect of AgNPs as well as silver ions from silver salts against planktonic cells and biofilms has usually been determined essentially by methods that are based on the detection of bacterial growth such as determination of plate counts, optical density measurements of planktonic cultures, or crystal violet staining of biofilm biomass (Kora and Arunachalam, 2011; Radzig et al., 2013; Gurunathan et al., 2014). Thus, it remained unknown if exposure to silver could also lead to a state of viable bacteria, in which they are not able to grow and are non-culturable, in analogy to the effect of copper.

In this study, the induction of a metabolically active but non-culturable state by exposure to silver from AgNPs and silver nitrate (AgNO3) was studied on planktonic cells and biofilms of P. aeruginosa. This organism is an opportunistic pathogen and a common cause of local and systemic as well as acute and chronic infections (Goodman et al., 2004; Mena and Gerba, 2009; Morita et al., 2014). This organism inherits an intrinsic resistance to a broad variety of antimicrobial substances (Poole, 2011). P. aeruginosa is one of the best studied biofilm organisms and is often involved in biofilm-associated infections which may become persistent and hard to treat such as chronic wound infections or lung infections of cystic fibrosis patients (Bjarnsholt et al., 2013). Microtiter plate assays were used to study the inhibitory activity of AgNPs in comparison to the silver salt AgNO3 (i) on the formation of P. aeruginosa biofilms, and (ii) on established biofilms. Both a culture method and culture-independent assays based on molecular techniques were employed in parallel to assess bacterial viability. Throughout this investigation, strain P. aeruginosa AdS was employed, because the phenomenon of the induction of a non-culturable but metabolically active state upon exposure to metal ions, specifically copper ions, had originally been discovered in this strain (Dwidjosiswojo et al., 2011).

Materials and Methods

Reagents

An aqueous dispersion of AgNPs (AgPURETM W 10) with a silver content of 10% (w/w) was provided by ras materials GmbH (Germany). The dispersion contained stabilizing agents, consisting of 4% (w/v) each of polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan monolaurate (Tween 20). The hydrodynamic diameter, the polydispersity index, and the zeta potential of AgNPs diluted in deionized water to final concentrations of 20 μg/ml Ag were determined by dynamic light scattering with a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, UK). Transmission electron microscopy (TEM) was conducted with a CM 200 FEG instrument (Philips, The Netherlands). Particle diameter was measured manually, using the software Image J (Image Processing and Analysis in Java). Ultraviolet-visible (UV-VIS) absorbance spectra of silver nanoparticle dispersions diluted to a final concentration of 20 μg/ml Ag in deionized water or growth media were determined in the range between 350 and 750 nm, using a microplate reader (Tecan Infinite® 200 PRO, Tecan Group, Switzerland). AgNO3 was purchased from Sigma–Aldrich (Germany).

Bacteria and Growth Conditions

For all experiments, P. aeruginosa AdS was used; this strain was originally isolated from water of a plumbing system (Moritz et al., 2010). The strain was cultivated on LB agar (Lennox; Carl Roth GmbH, Germany) at 36°C for 24 h. A few colonies were inoculated in 5 ml LB broth (Lennox, Carl Roth GmbH, Germany) and the culture was incubated in a shaking water bath (GFL 1092, Gesellschaft für Labortechnik) at 180 rpm at 36°C for 18 h.

Growth Curves

Silver nitrate solutions, AgNPs dispersions, and deionized water as a negative control (50 μl) were added to the wells of a 96-well microtiter plate with flat bottom (Brand, pureGradeTM S) in triplicate. Concentrations of 0–10 μg/ml Ag for AgNO3 and 0–50 μg/ml Ag for AgNPs were employed. An overnight (18 h) culture of P. aeruginosa prepared as described above was diluted 50-fold in double concentrated LB broth and 50 μl were added to the wells. The plate was statically incubated at 36°C for 24 h in a microplate reader (Tecan Infinite® 200 PRO) and the optical density at 570 nm was recorded every hour for 24 h to monitor the growth of the bacteria. Uninoculated LB broth was used as a sterility control. Due to the coloration of AgNPs, each AgNPs concentration was measured in LB medium without bacteria as a blank.

Influence of Silver on Biofilm Formation

Silver nitrate solutions, AgNPs dispersions, and deionized water as a negative control (50 μl) were added to the wells of a 96-well microtiter plate with flat bottom (Brand, pureGradeTM S) in octuplicate. Concentrations of 0–10 μg/ml Ag for AgNO3 solutions and 50 μg/ml Ag for AgNPs were employed. An overnight culture (18 h) of P. aeruginosa prepared as described above was diluted 50-fold in fresh LB broth and 50 μl of the suspension were added to the wells of the microtiter plate. The plate was statically incubated at 36°C for 24 h. As a negative control, deionized water was used and as a sterile control LB broth was used.

To stain the biofilms, planktonic bacteria were removed after 24 h by pipetting and discarding 90 μL with a multichannel pipette (Eppendorf Research). The biofilms attached to the walls of the well were washed twice with 200 μl of deionized water. The biofilm was stained by adding 125 μl of crystal violet solution (0.1%) to the wells. After incubation for 30 min at room temperature the crystal violet solution was removed and the wells were washed twice with 200 μl of deionized water. Subsequently, the plates were air-dried for at least 24 h. To solubilize the crystal violet from the biofilms, 200 μl of acetic acid (30%, v/v) were added to each well. The absorbance of the crystal violet solution was measured at 570 nm with a Tecan Infinite® 200 PRO. This method was adapted from Stepanović et al. (2000).

In parallel the total cell counts and colony counts of silver-exposed planktonic and biofilm cells were determined. Ninety microliter of the planktonic bacteria were removed from the wells and an aliquot of 65 μl was transferred to a microcentrifuge tube (Sarstedt, 1.5 ml) containing 585 μl of deionized water in order to achieve a 10-fold dilution. The attached biofilms were washed twice with deionized water. Resuspension was performed by adding 100 μl of deionized water and scraping the biofilm off the well surfaces with a pipette tip. Sixty-five microliter of the suspension was transferred to a microcentrifuge tube (Sarstedt, 1.5 ml) containing 585 μl of deionized water. Silver was neutralized by adding 50 μl sodium thioglycolate (0.1%) and sodium thiosulfate (0.14%).

Influence of Silver on Established Biofilms

An overnight (18 h) culture of P. aeruginosa prepared as described above was diluted 1:100 in fresh LB broth and 100 μl of the dilution was added to each well of a 96-well polystyrene microtiter plate with a flat bottom (pureGradeTM S, Brand, Germany). Uninoculated LB broth was used as a sterile control.

After 24 h, the planktonic bacteria (90 μl) were removed by pipetting and were transferred to a microcentrifuge tube (Sarstedt, 1.5 ml). An aliquot of 65 μl was removed and transferred to a new microcentrifuge tube. Planktonic bacteria were harvested by centrifugation (10 min, 10477 × g, 18°C), washed twice in 200 μL deionized water, and finally resuspended in the equivalent test substance. In parallel the biofilms attached to the walls of the well were washed twice with 200 μl of deionized water. From a second microtiter plate the washed biofilms were suspended by scraping the biofilm off the well surface using the equivalent test substance. Planktonic bacteria, attached biofilms, and suspended biofilms were exposed to AgNO3 (100 μg/ml Ag), AgNPs (500 μg/ml), and deionized water as a control. The microtiter plates were statically incubated at 36°C for 24 h. Silver was neutralized using sodium thioglycolate (0.1%) and sodium thiosulfate (0.14%).

Microscopic Determination of Total and Viable Cell Counts

The total cell count determination was carried out by staining the cells with 4′, 6-diamidino-2-phenylindole (DAPI). One milliliter DAPI solution [25 μg/ml in 2% (v/v) formaldehyde] was added to 4 ml of bacterial suspensions. After incubation in the dark at room temperature for 20 min, the solution was filtered through a black polycarbonate membrane filter (Millipore, 0.2 nm pore size). For determination of viable cells the LIVE/DEAD® BacLight bacterial viability kit (Molecular Probes) was used. 1.5 μl SYTO 9 and 1.5 μl propidium iodide, both dissolved in dimethyl sulfoxide (DMSO), were mixed. Propidium iodide was pre-diluted 1:200 in DMSO. Three microliter of the mixed stains was added to 1 ml of bacterial suspension. After incubation of the mixture in the dark at room temperature for 20 min, 4 ml sterile deionized water were added and the suspension was filtered through a black polycarbonate filter (Millipore, pore size 0.2 μm). Cells on membrane filters were enumerated under an epifluorescence microscope (Leitz, Laborlux S) at 1000-fold magnification with immersion oil (type N, Leica). Twenty randomly selected fields of view were examined for each filter with the help of a counting grid (100 μm × 100 μm).

Determination of Colony Counts

Colony counts were determined by plating samples in duplicate on LB agar and incubation of the plates at 36°C for 24 h.

FISH Analysis

Fluorescence in situ hybridization of P. aeruginosa cells was performed as described by Moritz et al. (2010), using probe Psae16S-182 labeled with Cy3 (Wellinghausen et al., 2005).

Measurement of Adenosine Triphosphate (ATP) Concentrations

Adenosine triphosphate levels in bacterial suspensions were measured using the BacTiter-GloTM Microbial Cell Viability Assay (Promega) in combination with a GloMax® 20/20 Luminometer (Promega) according to the manufacturer’s instructions.

Statistical Analysis

Statistical significances were analyzed using analysis of variance (ANOVA) followed by a Dunnett’s test with a significance level of 5%. Statistical analysis was performed using the software R (http://www.r-project.org).

Results

Characterization of Nanoparticles

For all experiments, commercially available AgNPs were used. The hydrodynamic diameter of the AgNPs in deionized water was 35.6 nm, the polydispersity index was 0.5 and the zeta potential was – 3.7 mV. The average particle size measured by TEM was 6.7 ± 4.8 nm The UV-visible absorbance spectrum of the AgNPs (20 μg/ml) in deionized water revealed a distinct single peak with a maximum at 412 nm that corresponds to the surface plasmon resonance characteristic of AgNPs (for further information see Supplementary Material, Figures S1 and S2).

Inhibitory Effect of Silver on Planktonic Growth and Biofilm Formation of P. aeruginosa

The time-dependent growth inhibition in the presence of AgNPs and AgNO3 was determined in microtiter plates over 24 h. In control cultures without silver, the bacteria reached the stationary growth phase after 8 h of incubation (Figure 1). Addition of AgNPs to the bacterial cultures resulted in a concentration-dependent inhibition of bacterial growth (Figure 1A). At an AgNP concentration of 10 μg/ml Ag, delayed growth was observed, but after 18 h of incubation the optical density had reached that of the controls. Complete growth inhibition was reached at a concentration of 50 μg/ml Ag. In the presence of AgNO3, delayed growth of the bacteria was found at a concentration of 5 μg/ml Ag, and almost complete growth inhibition occurred at 10 μg/ml Ag (Figure 1B). It was verified that the AgNP matrix (composition of AgNP dispersion without silver) had no effect on the growth of P. aeruginosa at concentrations applied in the growth experiments (data not shown).
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FIGURE 1. Growth curves of Pseudomonas aeruginosa AdS in LB broth in the presence of different concentrations of AgNPs (A) and AgNO3 (B). The initial bacterial concentration was approximately 2 × 106 cells/ml. n = 3.



The effect of AgNPs and AgNO3 on biofilm formation was determined after 24 h growth in the wells of a microtiter plate (Figure 2). In this experiment, total cell growth was quantified by optical density (A570 nm), while biofilm biomass was quantified after removal of planktonic bacteria and staining the biofilm with crystal violet (A570 nm). Biofilm formation and planktonic growth were statistically significant (p < 0.05 and p < 0.001, respectively) inhibited by 16 μg/ml Ag for AgNPs (Figure 2A). Thirty-one microgram per milliliter Ag for AgNPs led to a complete inhibition of both planktonic growth and biofilm formation. Five microgram per milliliter Ag for AgNO3 inhibited the planktonic growth (p < 0.01), whereas inhibition of biofilm formation was statistically not significant (Figure 2B). A complete inhibition of both biofilm formation and planktonic growth was achieved at 10 μg/ml Ag. A tendency was observed that biofilm mass increased upon exposure to sub-inhibitory concentrations of AgNO3 and AgNPs, while no increase in cell density was observed. However, only the increase in biofilm mass at 4 μg/ml Ag for AgNPs was statistically significant (p < 0.05).


[image: image]

FIGURE 2. Growth and biofilm formation of P. aeruginosa AdS in LB broth in the presence of different concentrations of AgNPs (A) and AgNO3 (B). Statistical analysis: ANOVA followed by Dunett’s test. Statistically significant (∗p < 0.05), very statistically significant (∗∗p < 0.01), highly statistically significant (∗∗∗p < 0.001), n = 3.



In order to quantify the effect of AgNPs and AgNO3 on planktonic bacteria and biofilm cells in more detail, planktonic bacteria and biofilm cells from the bacterial cultures were separated after silver exposure and the culturability and the total cell counts were determined. The results are expressed as logarithmic quotient of NAg (culturability or total cell counts of silver exposed cells) over N0 (culturability or total cell counts of the control without silver; Figure 3). Total cell number of the planktonic bacteria was inhibited with statistical significance at 20 μg/ml Ag for AgNPs (p < 0.01) and 2.5 μg/ml Ag for AgNO3 (p < 0.01). In contrast, the total cell number of biofilm cells was inhibited only at 50 μg/ml Ag for AgNPs (p < 0.01) and 5 μg/ml Ag for AgNO3 (p < 0.01). The percentage of culturable cells as a proportion of total cells of biofilm bacteria was significantly higher than that of planktonic cells (Table 1).
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FIGURE 3. Total cell counts (tcc) and colony counts (cfu) of planktonic cells and biofilms of P. aeruginosa AdS in the presence of AgNPs (A) and AgNO3 (B) in LB broth after 24 h at 36°C. N0 (planktonic cells): 2 × 109 cells per well (tcc) and 1 × 108 cfu per well, N0 (biofilm cells): 7 × 107 cells per well (tcc) and 2 × 107 cells/well. Statistical analysis: ANOVA followed by Dunett’s test. n = 3.



TABLE 1. Effect of silver nanoparticles (AgNPs) and silver nitrate (AgNO3) on the proportion of cfu to total cell counts of planktonic cells and biofilm cells of P. aeruginosa after growth for 24 h at 36°C in LB medium.
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Effect of Silver on Established Biofilms

The influence of AgNPs and AgNO3 on established biofilms was compared with planktonic cells in the stationary growth phase, employing 24 h-old attached biofilms, suspended biofilms, and planktonic bacteria which were separately exposed to AgNPs or AgNO3 in deionized water. The results are expressed as logarithmic quotient of NAg (culturability or total cell counts of silver exposed cells) over N0 (culturability or total cell counts of the control without silver; Figure 4). For all tested silver concentrations (AgNPs and AgNO3) no statistically significant decrease of total cell counts was observed for planktonic bacteria, attached as well as suspended biofilms. Two hundred and fifty microgram per milliliter Ag for AgNPs caused a statistically significant effect on the concentration of culturable bacteria of both, planktonic bacteria (p < 0.05) and biofilms (p < 0.01; Figure 4A). Thousand microgram per milliliter Ag for AgNPs caused a maximal decline of the concentration of culturable biofilm bacteria by approximately 2.5 log units, while planktonic bacteria lost culturability completely at 500 μg/ml Ag (decrease by seven log units). In parallel, biofilm bacteria were resuspended during the addition of silver. AgNPs with 100 μg/ml Ag statistically significant (p < 0.05) reduced the culturability of P. aeruginosa by about 5 log units. In the case of AgNO3, a statistically significant effect on the culturability was observed at 25 μg/ml Ag (Figure 4B) for both planktonic bacteria (p < 0.001) and biofilm cells (p < 0.01). At this concentration, planktonic cells already revealed maximal loss of culturability by 6 log units, whereas a maximal decrease of culturability of biofilm bacteria by 3 log units (p < 0.01) was observed at 200 μg/ml Ag (Figure 4B). Twenty-five microgram per milliliter Ag from AgNO3 led to almost complete inhibition of (p < 0.05) the culturability of suspended biofilm cells (decrease by 5 log units).
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FIGURE 4. Total cell counts (tcc) and colony counts (cfu) of established biofilms, suspended biofilms and planktonic bacteria of P. aeruginosa AdS in the presence of AgNPs (A) and AgNO3 (B) in deionized water after 24 h at 36°C. NAg: tcc or cfu per well in the presence of silver, N0: tcc or cfu in the absence of silver. N0 (planktonic cells): 3.7 × 108 cells per well (tcc) and 6.6 × 106 cfu per well, N0 (biofilms): 1.5 × 108 cells per well (tcc) and 1.2 × 106 cfu per well, N0 (suspended biofilms): 3.9 × 107 cells per well (tcc) and 5.3 × 106 cfu per well. Statistical analysis: ANOVA followed by Dunett’s test. n = 2–7.



In summary, silver from AgNO3 was considerably more effective against P. aeruginosa than silver from nanoparticles. Planktonic bacteria were more susceptible toward silver, independent of its source (AgNPs or AgNO3), than attached biofilms. Biofilm cells became more susceptible toward silver, after they were suspended.

Viability of Silver-Exposed P. aeruginosa

In order to offer a better overview on the viability data, they were standardized on the basis of the corresponding control as log NAg (viability parameter of silver exposed cells) divided by log N0 (viability parameter of control without silver; Figure 5) and presented as spiderweb diagrams. This was considered a way to combine data from various experiments for comparison. Original data from Figures 6 and 7 are provided in the Supplementary Material (Tables S1 and S2). Five-hundred microgram per milliliter Ag for AgNPs and 100 μg/ml led to a statistically significant decrease of the concentration of culturable planktonic cells by six oders of magnitude (p < 0.001, Figures 5A,B) and of biofilm cells by one order of magnitude (p < 0.01, Figures 5C,D), whereas the total cell counts did not show a statistically significant change.
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FIGURE 5. Viability pattern of planktonic cells (A,B) and biofilms (C,D) of P. aeruginosa AdS, exposure to 500 μg/ml AgNPs (A,C), exposure to 100 μg/ml AgNO3 (B,D). Axis: log NAg/N0. NAg: viability parameter in the presence of silver, N0: viability parameter in the absence of silver. N0: 1.67 × 107 cfu per well, 7.6 × 108 cells per well (total cell count), 1.4 × 107 membrane intact cells (LIVE/DEAD), 4.0 × 108 cells per well (FISH), 0.018 ATP (amol/cell), for details see: Supplementary Material Table S1. Statistical analysis: ANOVA followed by Dunett’s test. n = 3.



To distinguish between viable and dead cells, the LIVE/DEAD BacLight Bacterial Viability Kit was employed. Using a mixture of SYTO 9 and propidium iodide, bacteria with intact membranes display green fluorescence, whereas bacteria with damaged membranes cannot reject propidium iodide which then binds to nucleic acids and causes red fluorescence. Membrane damage is interpreted as a sign of cell death. Thus, using a combination of SYTO 9 and propidium iodide allows distinction between live and injured or dead bacterial cells. It was found that exposure of P. aeruginosa (both planktonic bacteria and biofilms) to AgNPs and AgNO3 revealed no statistically significant change in the level of green fluorescent cells, indicating that AgNPs and AgNO3 did not impair membrane integrity of the bacteria (Figure 5). In parallel, the FISH method was used to quantify the concentration of bacteria with intact rRNA as an indicator of metabolic activity. Using P. aeruginosa-specific oligonucleotide probe Psae16S-182 targeted at 16S rRNA, no statistically significant decrease of the concentration of FISH-positive cells occurred upon exposure to AgNPs and AgNO3 (Figure 5). As an additional potential indicator of cell viability, ATP was determined in the bacterial suspensions exposed to AgNPs and AgNO3 and was present at all silver concentrations. Five hundred microgram per milliliter Ag for AgNPs led to a statistically significant (p < 0.05) decrease of the ATP concentration in planktonic bacteria (about 75%), while the ATP level in the biofilm cells remained stable upon AgNP exposure. AgNO3 exposure did not show any statistically significant decrease of the ATP levels of P. aeruginosa (Figure 5).

After silver exposure, microscopy demonstrated that the cells remained intact (not shown), which indicated that no lysis had occurred. Membrane integrity was maintained, as demonstrated by exclusion of propidium iodide. rRNA also was still present to the same extent as in the control. The ATP levels remained stable, except for planktonic bacteria exposed to AgNPs (500 μg/ml) Ag.

Discussion

The goal of this study was to determine if AgNPs or AgNO3 actually kill bacteria or only inhibit their growth, and if the bacteria are protected when they live in biofilms. P. aeruginosa AdS, grown in complex growth medium (LB), was employed to investigate the effect of chemically synthesized AgNPs in comparison to Ag of AgNO3. The experiments were carried out in 96-well microtiter plates. A concentration-dependent growth inhibition was observed in liquid media. This confirms previous studies reporting growth inhibition of P. aeruginosa in complex liquid media or on agar media by other types of AgNPs. To some extent, comparison is hampered by the fact that the AgNPs differed in their properties such as mode of synthesis (chemically produced and biogenic), size and shape as well as in the presence of stabilizing agents (Kora and Arunachalam, 2011; Sintubin et al., 2011; Mohanty et al., 2012; Radzig et al., 2013). This may partially explain why literature data of minimal inhibitory concentrations (MIC) of AgNPs and silver ions for different P. aeruginosa strains vary over quite a large range. For example, Martinez-Gutierrez et al. (2010) determined a MIC of 0.4 μg/ml for AgNPs (chemically synthesized, 20–25 nm) whereas Sintubin et al. (2011) observed a MIC of 500 μg/ml for AgNPs (chemically synthesized 20–25 nm).

One of the mechanisms proposed to be involved in the antibacterial effect of AgNPs considers silver ions, released from the nanoparticles, as the effective agents (Morones et al., 2005; Sintubin et al., 2011). Priester et al. (2014) showed that toxicity of silver was associated to ROS and cell membrane damage; in their study, toxicity of AgNPs was due to Ag+ ions, not AgNps. In our study, calculated on the basis of the concentration of elemental silver, Ag from AgNO3 exhibited considerably higher growth inhibition of P. aeruginosa than silver from AgNPs (Figure 1). Retarded release of silver ions in combination with their interaction with components in the medium may have resulted in lower concentrations of free silver ions, available for antibacterial activity than in the presence of AgNO3 (Grade et al., 2012; Loza et al., 2014). In contrast, some other studies found lower values of minimum inhibitory concentrations for AgNO3 compared to AgNPs, pointing to a higher antibacterial effect of AgNO3 on growth of P. aeruginosa (Sintubin et al., 2011; Radzig et al., 2013). Mohanty et al. (2012) reported that starch-stabilized AgNPs were more effective in the growth inhibition of P. aeruginosa than AgNO3. This could not be confirmed for the AgNPs used in our study.

In order to identify a possible protective effect of the biofilm mode of growth, the tests included both planktonic and biofilm cells. AgNPs used in the current study as well as AgNO3 were also shown to inhibit biofilm formation of strain P. aeruginosa AdS. This finding confirms results of studies in which inhibition of biofilm formation by AgNPs and AgNO3 was also found for other strains of P. aeruginosa. Kalishwaralal et al. (2010) reported inhibition of P. aeruginosa biofilm formation by biologically synthesized AgNPs in 96-well polystyrene tissue culture plates during incubation of the bacteria in brain heart infusion broth at 37°C for 24 h, with complete inhibition in the presence of 100 nM (10.8 ng/ml) AgNPs. Mohanty et al. (2012) described inhibition of P. aeruginosa biofilm formation by starch-stabilized AgNPs. At concentrations of 1 and 2 μM AgNPs, biofilm formation was decreased by 50 and 85%, respectively, during incubation of the bacteria in Luria-Bertani broth in polystyrene microtiter plates at 37°C for 24 h. Radzig et al. (2009) showed inhibition of the biofilm formation of P. aeruginosa by AgNO3 (0.6 μgmL-1 Ag).

With regard to already established biofilms, there are only very few studies in which the effect of AgNPs and silver salts was investigated. In our study, silver was able to inhibit growth of established biofilms and planktonic bacteria in the stationary growth phase. Two-four hours-old biofilms and planktonic bacteria were separately exposed to AgNPs or AgNO3 in deionized water for 24 h. Silver (AgNPs and AgNO3) led to a decrease of culturability of established biofilms and planktonic bacteria. The concentrations to achieve this were higher than needed for the inhibition of biofilm formation, although the exposure was carried out in deionized water without possible quenching effects of medium components. Planktonic bacteria were more susceptible toward both AgNPs and AgNO3 than biofilm cells. This clearly indicates the protective effect of the biofilm mode of life. Choi et al. (2010) showed that for the inactivation of established biofilms of E. coli, a fourfold higher concentration was required than for planktonic bacteria. In contrast, Radzig et al. (2013) observed an almost complete reduction of the number of membrane-intact cells of E. coli AB1157 biofilms grown on glass as determined by live/dead staining. However, it is well known that biofilms are considerably more tolerant to antimicrobial agents than planktonic cells (Stewart and Costerton, 2001; Davies, 2003). This also applies to toxic metals (Booth et al., 2011). Biofilms can bind ions (Leis and Flemming, 2002) either to EPS or cell walls, and can thus attenuate the toxic effects. Joshi et al. (2012) showed that EPS protected E. coli from AgNPs and plausibly supposed that the protective effect may be attributed to aggregation of the nanoparticles in the biofilm matrix; Choi et al. (2010) used the same explanation when they found lower efficacy of AgNPs toward biofilms. Another protective effect may occur in anaerobic areas of biofilms. Xiu et al. (2012) report that AgNPs do not release silver ions under anaerobic conditions. It is well known that such conditions can commonly occur within biofilms. The existence of anaerobic microdomains in biofilms is well known (Lawrence et al., 2007). The protective effect of the biofilm as a whole could be clearly demonstrated with resuspended biofilm cells in this study. After resuspension, these cells were equally susceptible to AgNPs and AgNO3 as planktonic cells (see dotted lines in Figures 4 and 5). Obviously, the protective effect of biofilms is connected to the situation of the biofilm cells, embedded in the EPS matrix. A similar effect of the biofilm has been reported by Said et al. (2014) when the biofilm was disrupted by ethylenediaminetetraacetic acid (EDTA) and benzethonium chloride (BC): after disintegration of the biofilm matrix, the biofilm cells became much more susceptible to AgNPs, as determined by microcalorimetry. Control experiments showed that neither EDTA nor BC alone had a bactericidal effect. The authors conclude that it was the synergistic action of EDTA and BC disrupting the biofilm with silver being bactericidal that leads to efficacy of AgNPs. However, other viability parameters such as membrane integrity were not determined.

Interestingly, at subinhibitory concentrations (4 μg/ml AgNPs), biofilm mass increased, as determined by staining with crystal violet, while the overall cell density did not. As crystal violet stains not only cells but also EPS, the increase in biofilm mass is likely due to an increase of EPS and might be interpreted as a stress response to sub-lethal silver concentrations. With the same type of assay, a similar trend of enhanced formation of biofilm mass was shown for P. aeruginosa and other Gram-negative and Gram-positive bacteria in the presence of AgNO3 (Radzig et al., 2009) and AgNPs (Shahrokh and Emtiazi, 2009). Thus, it has to be taken into account that sub-lethal concentrations of silver can induce or enhance biofilm formation probably by EPS production. This might lead to further insusceptibility of the bacteria toward biocides, because they are protected within the biofilm (Stewart and Costerton, 2001; Davies, 2003) which was clearly confirmed by our study.

What is also of interest is that exposure to silver led only to a decrease of the number of culturable cells but not of total cell numbers, indicating that no cell lysis has occurred (Figures 4A,B). This observation led to the question if the non-growing moiety might not have been actually killed or has rather entered a metabolically non-culturable state, a characteristic aspect of the VBNC phenomenon (Oliver, 2005; Li et al., 2014). In order to address this question, culture-independent methods were applied. A range of such methods is available (Hammes et al., 2011). In our study, we included (i) testing for the existence of intact cell membranes, which is commonly interpreted as a viability sign, detected by the LIVE/DEAD system, (ii) application of FISH, providing information about the presence of rRNA as an indicator of possible active protein production, and (iii) determining the ATP concentration as indicator of the energy status of cells. These data were compared to the total cell numbers and the numbers of colony forming cells. If the cells are really dead upon silver exposure, they should not only stop growing. Above that, they should not contain significant amounts of rRNA, the membranes should be damaged, and the energy status should be low to zero. In order to arrange the results more clearly in comparison to the culturability data, they were presented in Figure 5 as spiderweb diagrams on the basis of N/N0. They clearly reveal the drastic decrease of the numbers of colony-forming units of planktonic cells, both upon AgNP and AgNO3 exposure. However, spiderweb pattern clearly reveals that no lysis has occurred (total cell counts remained constant), the membranes remained intact, the signal for rRNA is the same as that of the control; only the ATP content decreased by up to 75% with a significant amount of cellular energy still remaining. These parameters indicate that the cells have not been killed by silver ions or nanoparticles but rather have entered a metabolically active but non-culturable state which might be interpreted as VBNC. There is still a debate if the return to the culturable state is necessary to meet the definition of the VBNC state. In their excellent review, Li et al. (2014) did not include reversal to culturability into the definition. They reported a VBNC state of 51 human pathogens with only 26 of them resuscitated. The resuscitation conditions vary considerably. It has to be expected that the number of resuscitated species from this list will increase with further research on the VBNC state. In the case of P. aeruginosa, resuscitation remains a realistic option, although in this study, the conditions for resuscitation could not yet be elaborated. This option should be considered in the assessment of the antibacterial efficacy of AgNPs and as a possible reason if failures in the antimicrobial efficacy of AgNPs occur.
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