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Abstract Bacterial biofilms are most likely confronted with
silver nanoparticles (Ag NPs) as a pollutant stressor in aquatic
systems. In this study, biofilms of Aquabacterium
citratiphilum were exposed for 20 h to 30 and 70 nm citrate
stabilized Ag NPs in low-dose concentrations ranging from
600 to 2400 μg l−1, and the Ag NP-mediated effects on de-
scriptive, structural, and functional biofilm characteristics, in-
cluding viability, protein content, architecture, andmechanical
stability, were investigated. Viability, based on the bacterial
cell membrane integrity of A. citratiphilum, as determined
by epifluorescence microscopy, remained unaffected after
Ag NP exposure. Moreover, in contrast to information in the
current literature, protein contents of cells and extracellular
polymeric substances (EPS) and biofilm architecture, includ-
ing dry mass, thickness, and density, were not significantly
impacted by exposure to Ag NPs. However, the biofilms
themselves served as effective sinks for Ag NPs, exhibiting
enrichment factors from 5 to 8. Biofilms showed a greater
capacity to accumulate 30 nm sized Ag NPs than 70 nm Ag
NPs. Furthermore, Ag NPs significantly threatened the

mechanical stability of biofilms, as determined by a newly
developed assay. For 30 nm Ag NPs, the mechanical stability
of biofilms decreased as the Ag NP concentrations applied to
them increased. In contrast, 70 nm Ag NPs produced a similar
decrease in mechanical stability for each applied concentra-
tion. Overall, this finding demonstrates that exposure to Ag
NPs triggers remarkable changes in biofilm adhesion and/or
cohesiveness. Because of biofilm-mediated ecological ser-
vices, this response raises environmental concerns regarding
Ag NP release into freshwater systems, even in sublethal
concentrations.
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Introduction

Nanoparticles are typically specified as particles ranging from
1 to 100 nm in size (Lemire et al. 2013). In the case of silver
nanoparticles (Ag NPs), their highly advertised antimicrobial
properties have led to broad applications in consumer prod-
ucts (e.g., textiles, food packaging, surface treatment of med-
ical devices, and household cleaning appliances). Today, Ag
NPs hold a market share of 30 % of all currently registered
nano-products (Reidy et al. 2013). Due to the large scale of
use, increasing releases of Ag NPs into aquatic and terrestrial
environments will result. Ag NPs will enter the aquatic envi-
ronment mainly via sewage systems. Because sulfidization
processes in sewage systems can be incomplete in wastewater
treatment plants, Ag NPs are expected to be discharged into
rivers at least partly in the metallic form (Kaegi et al. 2013).
For natural aquatic systems, predicted environmental concen-
trations of AgNPs range from 10 pg l−1 to 1μg l−1 in the water
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column and from 4 μg kg−1 to 14 mg kg−1 in sediments
(Blaser et al. 2008; Gottschalk et al. 2013), but because these
predicted concentrations are based on general assumptions
without considering local conditions, actual accumulations
will likely be highly variable. Furthermore, flood events may
lead to a short-term release of Ag NPs into the water column
resulting from sediment resuspension, as has been shown for a
wide range of chemical compounds (Wölz et al. 2009).Within
the riverine systems, Ag NPs are supposed to affect microbial
biofilms (Kroll et al. 2015). Most microorganisms live in
biofilms, i.e., embedded in a self-produced complex adhesive
organic matrix located on almost every kind of native and
man-made interface in aqueous systems. The biofilm matrix
is formed of a hydrogel consisting mainly of water (97–99 %)
(Christensen and Characklis 1990) and extracellular polymer-
ic substances (EPS). In addition to extracellular DNA and
polysaccharides, the bacterial EPS consist of considerable
amounts of proteins (Flemming and Wingender 2010).
These proteins are involved in controlling several characteris-
tics of the biofilms, including structural integrity (Chaw et al.
2005), architecture, sorption of organic substances, and inor-
ganic ions (Flemming and Wingender 2010) as well as me-
chanical stability (Mayer et al. 1999). Themechanical stability
of the biofilms, which is characterized by both cohesiveness
and adhesion, depends on intermolecular physicochemical in-
teractions between biopolymers, including polysaccharides as
well as proteins and cations, for instance, Ca2+ (Flemming and
Wingender 2010; Mayer et al. 1999). In contrast, other metal
cations (Chen and Stewart 2002), including silver (Ag+) ions,
have been reported to impair the mechanical stability of a
biofilm (Chaw et al. 2005). This has been attributed to their
ability to bind to functional groups of proteins and polysac-
charides leading to a decrease in the number of possible inter-
molecular interactions and impairing cohesiveness (Chaw
et al. 2005). Because Ag NPs are known to release Ag+ ions
and may even serve as a continuous source for ions (Navarro
et al. 2008; Kroll et al. 2014, 2016; Gil-Allué et al. 2015; Li
and Lenhart 2012; Metreveli et al. 2016), exposure to Ag NPs
might lead to adverse effects on the mechanical stability of
biofilms. Mechanical stability is strongly connected to sedi-
ment stabilization, namely, biostabilization in riverine systems
(Gerbersdorf and Wieprecht 2015). Biostabilization results in
cohesion of sediments against hydrodynamic forces, and con-
tinually increasing concentrations of Ag NPs in the aquatic
environment might impair this substantial ecosystem function.
Moreover, because it has been reported that Ag NPs accumu-
late within biofilms (Ikuma et al. 2015), and the accumulation
of Ag NPs can result in enhanced local concentrations of
released Ag+, it is crucial to assess the consequences of this
pollutant for mechanical stability.

Although there are many studies reporting adverse effects
of Ag NPs on the biomass and structure of biofilms
(Schaumann et al. 2015; González et al. 2015), investigating

the mechanical stability of bacterial biofilms in response to Ag
NP has been neglected.

In the present study, we tested the hypothesis that Ag
NPs in low-dose concentrations affect the functional
properties of biofilms, especially the mechanical stability.
In view of the difficulty of measuring the mechanical
stability of biofilms (Mayer et al. 1999) and because
the application of rotational viscosimeters is often limited
for in situ measurements of biofilms, we developed a
new approach to address this issue. This effective but
simple test allowed us to investigate the cohesiveness
and adhesion of biofilms in situ, i.e., without removing
the biofilm from its substratum.

Furthermore, we describe changes in the descriptive (vi-
ability and biomass) and structural (EPS protein content
and biofilm architecture) biofilm parameters in response
to exposure to Ag NPs. For this approach, descriptive bio-
film parameters were quantified with respect to protein con-
tent as well as bacterial cell membrane integrity. In addi-
tion, structural parameters were assessed by obtaining
quantitative data for biofilm thickness, density, and dry
mass as well as of EPS protein content. Because sodium
citrate is the most commonly used stabilizing agent for Ag
NPs (Tolaymat et al. 2010), biofilms formed by the autoch-
thonous freshwater bacterium Aquabacterium citratiphilum
(Kalmbach et al. 1997) were incubated with citrate-
stabilized Ag NPs. Due to the high negative charge induced
by deprotonated carboxyl groups of citrate coating, these
nanoparticles are highly stable in demineralized water with
the zeta potential of approximately −60 mV (Metreveli
et al. 2015; Metreveli et al. 2016; Klitzke et al. 2015). The
relatively low isoelectric point of pH = 2 (Klitzke et al.
2015) shows that the citrate-stabilized Ag NPs remain neg-
atively charged in a wide pH range. A. citratiphilum was
chosen as the representative of the Comamonadaceae of the
Betaproteobacteria, a numerically dominant group of bac-
teria in various freshwater habitats (Newton et al. 2011).
Because smaller Ag NPs are known to cause more pro-
nounced effects on bacteria (Morones et al. 2005; Choi
and Hu 2008), which is attributed to a higher surface area
to volume ratio (Tolaymat et al. 2010), biofilms were treat-
ed with two different sizes of Ag NPs, namely, 30 and
70 nm. We intended to approximate environmentally rele-
vant concentrations of Ag NPs and applied concentrations
in the range of 600–2400 μg l−1. This would be still at the
higher end of the concentration range estimated for natural
environments and would mimic a worst case scenario, such
as the resuspension by flooding events.

By analyzing descriptive, structural, and functional biofilm
characteristics, as exemplified by the chosen model organism,
we increased the available knowledge regarding the conse-
quences of Ag NP contamination for major biofilm ecological
services.
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Materials and methods

Nanoparticles and their characterization

The citrate-stabilized Ag NPs used for this study rep-
resent two different size classes, 30 and 70 nm (des-
ignated as NP30 and NP70). The NP30 dispersion
was synthesized by the citrate reduction method using
the same protocol as in Metreveli et al. (2015). The
NP70 dispersion was purchased from particular GmbH
(Hannover, Germany) at a concentration of 107 mg l−1.
Both nanoparticle stock dispersions were kept at
+4 °C in the dark until further use.

The mean particle diameter and particle size distribution in
the Ag NP dispersions were verified using dynamic light scat-
tering (DLS). For DLS measurements, a Delsa Nano C
Particle Analyzer (Beckman Coulter, Fullerton, California,
USA) was used. Particle size was measured in undiluted and
diluted (1:3) nanoparticle stock dispersions. Particle size is
given as the z-average hydrodynamic particle diameter (the
mean value ± standard deviation determined from six
replicates).

Furthermore, the formation of Ag NP aggregates in mod-
i f i e d R2A med i um (Le i bn i z I n s t i t u t e DSMZ ,
Braunschwe ig , Ge rmany ) u sed fo r cu l t i v a t i ng
A. citratiphilum biofilms was investigated. Aggregation
analysis by DLS was performed in modified R2A medium
at an Ag NP concentration of 2400 μg l−1 over a time period
of 20 h as described in Metreveli et al. (2016) for two rep-
licate samples. Due to the limited sensitivity of DLS, at the
Ag NP concentrations of 600 and 1200 μg l−1, accurate
measurements were not possible.

The release of Ag+ from Ag NPs was investigated in
modified R2A medium at Ag NP concentrations of 600,
1200, and 2400 μg l−1. The Ag NP dispersions were shak-
en at 28 °C for 20 h in an incubator (KB 400, Binder,
Tuttlingen, Germany) using a laboratory shaker (rotation
velocity: 20 rpm, rotation angle: 180°, INTELLI-MIXER,
NeoLab, Heidelberg, Germany). After shaking, the sam-
ples were centrifuged at 396,000×g for 2 h using an ul-
tracentrifuge (SORVALL WX 90 Ultra, Thermo Electron
Corporation, Osterode, Germany). The ultracentrifugation
method used allows the separation of Ag NPs (cutoff:
2 nm) from the supernatant, which contains Ag+ and
ultra-small (<2 nm) Ag NPs (if present). The supernatants
were analyzed by an inductively coupled plasma optical
emiss ion spect rometer ( ICP-OES, 720, Agi lent
Technologies, Santa Clara, California, USA). More de-
tailed information about Ag+ release experiments are giv-
en in Metreveli et al. (2016). The concentration of silver
was also measured in modified R2A medium without the
addition of Ag NPs. All experiments were performed in
three replicates.

Cultivation of Aquabacterium citratiphilum biofilms

Aquabacterium citratiphilum type strain DSM 11900 was ob-
tained from the German Collection of Microorganisms and
Cell Cultures (Leibniz Institute DSMZ, Braunschweig,
Germany) and cultivated in modified R2A medium.
A. citratiphilum biofilms were cultivated on glass microscope
slides at 28 °C. For that purpose, sterile Petri dishes containing
one slide each and 15-ml medium were inoculated with 5 ml
of bacterial overnight suspensions (grown for 18–20 h) culti-
vated in R2A medium to an optical density ranging from 0.1
to 0.2 (λ = 600 nm). NP30 and NP70 were applied in three
different concentrations (600, 1200, 2400 μg l−1) immediately
prior to inoculation. To ensure a homogenous dispersal, the
dishes were shaken horizontally for 5 s after the addition of Ag
NPs and the bacterial suspension. The biofilms were grown
and concurrently exposed for 20 h. All experiments and mea-
surements were conducted in triplicate.

Silver content of biofilms and media

The total silver content of biofilms treated with Ag NPs as
well as the surrounding medium was determined by atomic
absorbance spectroscopy (AAS, Analyst 400, Perkin Elmer,
Waltham, Massachusetts, USA) following a slightly modified
version of the method given by Fabrega et al. (2009b). In
short, after pooling biofilm samples from two glass slides, 2-
ml 65%HNO3was added followed by incubation at 60 °C for
7 h to digest the organic biofilm material. After the biofilm
slides had been slowly and carefully removed, the surround-
ing medium was freeze-dried and mixed with 1 ml Milli-Q
water. For digestion, 4-ml 65 % HNO3 was added, and the
sample was incubated at 60 °C for 7 h.

Biofilm stability

To measure the mechanical stability of the biofilms in situ, the
biofilm slides were transferred carefully into 50-ml tubes to
avoid destruction of the biofilm material. The biofilm slides
were gently fixed in the tubes in a vertical position and ex-
posed to controlled, elevated hydrodynamic forces for 30 s
using a constant water jet (flow rate 14 ml min−1, sterile
Milli-Q-water) generated by a high precision peristaltic pump
(IPC 24, Ismatec, Wertheim, Germany). A narrow compact
water jet was ensured by a sterile cannula (0.8 mm inner
diameter). The cannula was located right above the biofilms
(at a distance of 2–3 mm) and was moved over the sample in a
randomized pattern. A flow rate of 14ml min−1 was employed
to achieve a flow velocity of 0.4 m s−1 (within the cannula)
which is in the range of flow velocities reported for natural
riverine systems (0.1–6 m s−1). After the treatment, the slides
were carefully removed from the tubes, and the dry mass of
the remaining biofilm material was determined. The dry mass
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of biofilms grown simultaneously under identical conditions,
which had not been subjected to the mechanical stress, was
used as the reference to calculate %biomass loss.

Descriptive and structural biofilm parameters

Bacterial membrane integrity

The potential cytotoxic effects of Ag NPs were assessed by
testing bacterial cell membrane integrity using a
LIVE/DEAD® BacLight™ Bacterial Viability Kit
(Molecular Probes, Eugene, USA). Stained bacteria were mi-
croscopically investigated with a Carl Zeiss Axio Imager M2
microscope (Carl Zeiss AG, Oberkochen, Germany) equipped
with an EC Plan-Neofluar 100×/1.30 Oil Ph3 M27 objective
and standard longpass and dual emission filter sets for green
fluorescence (excitation 470/40 nm and emission 525/50 nm)
and red fluorescence (excitation 550/25 nm and emission 605/
70 nm). For each of the triplicate samples, 18 microscopic
images were captured and used for subsequent enumeration
of green fluorescent (intact cell membrane, i.e., viable cells)
and red fluorescent cells (damaged cell membrane, i.e., dead
cells).

Cellular and EPS protein content

Biofilms were scraped off five glass slides and pooled. The
cellular and EPS protein contents were determined after sep-
arating the EPS from the cells following a slightly modified
protocol given by Pan et al. (2010). In brief, biofilm samples
were incubated with 0.02 M KCl and 2 % EDTA solution for
1 h and subsequent centrifugation at 3500×g for 30 min
(Mikro 220R, Hettich, Tuttlingen, Germany). To obtain solu-
ble cellular protein, cells were enzymatically disrupted by ly-
sozyme (100 mg ml−1) and 10 % SDS (w/v) followed by
sonication (Brünig 2004, Diploma Thesis, University of
Bonn, Germany, unpublished). The EPS and cellular proteins
were measured photometrically using the BC-Assay Protein
Quantification Kit (Uptima, Montluçon, France).

Biofilm architecture

Quantitative structural biofilm parameters were determined by
gravimetry according to the method described by Arvin
(1991) and Staudt et al. (2004). Biofilms from three glass
slides were pooled for each measurement. For this method,
the slides were drained in a vertical position for 5 min, and the
biofilm wet weight was determined. After this, the samples
were dried at 65 °C for 24 h, and the biofilm dry weight was
determined. For calculation of wet (mWF) and dry mass
(mDF), the tare weight of the slides after cleaning was deter-
mined. Biofilm thickness (LF) was calculated from the wet

mass (mWF), slide surface area (AF), and density of the wet
biofilm (ρWF). It was assumed that ρWF is 1 g cm−3 because
biofilms consist of 98–99 % of water (Christensen and
Characklis 1990). Assuming a homogeneous distribution of
the biofilm on the glass slide, (LF) was calculated using the
following equation:

ρF ¼ mDF
mWF
ρWF

ð1Þ

The mean biofilm density (without water) (ρF) was calcu-
lated from:

LF ¼ mWF
ρWF⋅AF

ð2Þ

Data analysis

All the experimental data were checked for normal distribu-
tion by the Shapiro-Wilk test (Gardener 2012) using the open
source software package BR^ (R Core Team 2013).
Differences between the control and Ag NP treatments were
analyzed by one-way ANOVA followed by a Tukey’s post
hoc test. A correlation test to examine links between concen-
trations of Ag NPs (NP30) and biomass loss from the biofilms
were analyzed by Spearman’s rank correlation.

Ag content as well as cellular and EPS protein contents in
biofilms grown and treated in parallel under identical condi-
tions were qualitatively normalized per biofilm dry mass.
Thus, we normalized μg Ag mass per mg biofilm dry mass
and μg cellular or EPS protein mass per mg biofilm dry mass.

Results

Colloidal stability and dissolution of Ag NPs

The particle sizes in the NP30 and NP70 initial dispersions
determined by DLS were 32 ± 3 and 97 ± 3 nm, respectively,
which is given in the Electronic SupportingMaterial (ESM 1).
While the mean particle size measured in NP30 initial disper-
sion was comparable to the target size of 30 nm, the NP70
initial dispersion showed higher than the nominal size (70 nm)
given by the manufacturer. Most likely, particles in the NP70
dispersion were slightly aggregated. If aggregates are present
in the dispersion, DLS can lead to an overestimation of the
particle size because the light scattering intensity is propor-
tional to the sixth power of the particle diameter (Finsy 1994).
Furthermore, the polydispersity index determined for NP30
(0.40 ± 0.02) was higher than for NP70 (0.20 ± 0.01) indicat-
ing broader particle size distribution for NP30 than for NP70.
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The time-resolved DLS measurements performed in the
R2A medium during the 20-h exposure showed an increasing
particle diameter (from 32 ± 3 to 61 ± 6 nm for NP30 and from
97 ± 3 to 217 ± 72 nm for NP70) (ESM 2). This increase
suggests only a moderate aggregation of Ag NPs in the medi-
um for the experimental conditions used in this study, which
may be due to the partial steric stabilization of the nanoparti-
cles by the medium component polysorbate 80, a nonionic
surfactant (Li and Lenhart 2012). These results are in agree-
ment with our other study showing much less aggregation of
Ag NPs in R2A than in media used for (eco-)toxicological
studies with aquatic invertebrates (Metreveli et al. 2016). In
contrast to the results reported by Zhang et al. (2011), no
significant effect of the initial particle size on the aggregation
rate could be observed although the particle number concen-
tration in NP30 dispersion was higher than in NP70 dispersion
at the same mass concentration. In summary, the moderate
aggregation status for both particle sizes suggests marginal
sedimentation of the Ag NPs, which therefore allows a dose-
related interpretation of our data.

The experiments for Ag NP dissolution showed a small
release of Ag+ (<2 nm) in R2A medium (Table 1). For
NP30, the concentration of released Ag+ was below the limit
of quantification of ICP-OES. The release of silver could be
determined only for NP70 dispersions. However, the Ag+ con-
centrations for NP70 were close to the LOQ, and only 0.27 to
0.55 % of the initially spiked total silver was released into the
R2A medium. The marginal dissolution of Ag NPs in R2A
medium is in a good agreement with our previous study show-
ing that the release of silver was lower in R2Amedium than in
other media used for (eco-)toxicological studies with aquatic
invertebrates (Metreveli et al. 2016). The low level of silver
released into R2Amedium is most likely a result of adsorption
by proteins or protein fragments in the medium.

Enrichment of Ag NPs in biofilms

Figure 1 illustrates the concentration of Ag in biofilms for
both Ag NP size classes depending on the initial Ag NP con-
centration. Uptake of Ag NPs by biofilms comprises Ag at-
tached to the biofilm cells, Ag in the biofilm EPS, and

sedimented on top of the biofilms. The digestion method used
for the sample preparation prior to the Ag measurement does
not allow the differentiation between Ag+ and Ag NPs and
enables only the determination of the total Ag content in the
biofilms. The precise speciation of the Ag in the biofilms
should be clarified in further studies. It is apparent that the
increase in Ag concentration in the biofilms was well corre-
lated with the initial NP30 concentration (Fig. 1). The concen-
tration of incorporated silver increased from 4600 ± 330 to
9400 ± 517 to 18,000 ± 1051 μg l−1, which is a large (~8-fold)
increase in the Ag concentration in the biofilms compared to
the initial Ag NP concentration applied. This corresponds to
an increase of Ag content in biofilm from 0.65 ± 0.05
(600 μg l−1 NP30) to 1.19 ± 0.07 (1200 μg l−1 NP30) to
2.41 ± 0.14 (2400 μg l−1 NP30) μg per mg biofilm dry mass.
These results indicate that the absorption capacity of 20-h-old
biofilms has not yet reached a maximum saturation level for
this particle size. The Ag contents for NP70, ranging from
4400 ± 727 to 12,000 ± 1007 μg l−1, exhibited declining
enrichments of silver with increasing initial NP70 concentra-
tions, i.e., the enrichment decreased from 7-fold to 5-fold
(Fig. 1). This enrichment corresponds to 0.59 ± 0.10
(600 μg l−1 NP70), 1.28 ± 0.10 (1200 μg l−1 NP70), and
1.78 ± 0.15 (2400 μg l−1 NP70) μg Ag mass per mg biofilm
dry mass. The Ag content for NP70 was significantly lower
(p < 0.05) compared with that for NP30 at an initially applied
concentration of 2400 μg l−1 Ag NP. Thus, the biofilms may
have a slightly reduced capacity to concentrate silver from
NP70 as the initial applied concentrations increased compared
with NP30. Nevertheless, it is evident from the results that
biofilms of A. citratiphilum exhibit a large capacity to accu-
mulate and concentrate Ag from both AgNP size classes. This
finding was confirmed by measuring the Ag content in the
medium surrounding the biofilm, where the Ag concentrations
became depleted to approximately one sixth of the initial con-
centration (ESM 3).

Biofilm stability

The treatment with hydrodynamic forces generated by a de-
fined water jet led to a partial detachment of the biofilm

Table 1 Concentration (μg l−1)
of Ag+ (<2 nm) in R2A medium
in the absence and presence of Ag
NPs (mean value ± standard
deviation from three replicate
experiments)

Ag NP concentration (μg l−1)

0 600 1200 2400

R2Awithout Ag NP < LOD - - -

R2Awith NP30 - < LOD a < LOD a < LOQ b

R2Awith NP70 - 3.3 ± 2.5 (0.55) 5.8 ± 3.3 (0.48) 6.4 ± 0.4 (0.27)

a LOD: limit of detection (1.2 μg l−1 )
b LOQ: limit of quantification (2.1 μg l−1 )

The values in parentheses are the amounts (%) of released silver related to the initially spiked total silver
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material linked to the cohesive and adhesive strength of the
biofilms. Control biofilms (0 μg l−1 Ag NPs) lost on average
as little as 38 ± 12 % of the biomass (Fig. 2a, b). As a conse-
quence of exposure to NP30, the mechanical biofilm stability
was even more affected, with losses in the mean biomass of
44 ± 17 to 55 ± 12 to 65 ± 14 % associated with increasing
concentrations of NP30 from 600 to 2400μg l−1 (Fig. 2a). The
biomass losses were not statistically significantly different to
those of the control (0 μg l−1 Ag NP), but Spearman’s rank
correlation test revealed that this upward trend in biomass loss
was positively correlated (p < 0.05) with increased concentra-
tions of NP30 from 0 to 2400 μg l−1 (Fig. 2c). Concentrations
of 600, 1200, and 2400 μg l−1 of NP70 produced statistically
significant (p < 0.05) biomass losses of 57 ± 4, 60 ± 4, and
58 ± 5 %, respectively (Fig. 2b). Interestingly, the biomass
loss induced by NP70 was similar for each concentration ap-
plied. In general, these data indicate that Ag NPs affect the
mechanical stability, the adhesion, and cohesiveness, of the
biofilms of A. citratiphilum.

Descriptive and structural biofilm parameters

Bacterial membrane integrity

No statistically significant (p > 0.05) differences in bactericid-
al activity was detectable after exposure to NP30 (Fig. 3a) or
NP70 (Fig. 3b). The relative abundance of green biofilm cells
(intact cell membrane, i.e., viable cells) remained stable at an
average of 63 ± 7–12% regardless of the AgNP concentration
and size (Fig. 3a, b).

Cellular and EPS protein content

The cellular protein contents decreased slightly after treatment
with 600 to 2400 μg l−1 of NP30 or NP70 (Fig. 4a, b).

Nevertheless, this trend was not statistically significant
(p > 0.05). The cellular protein contents of biofilms fell from
506 ± 78 to 475 ± 44 to 420 ± 30 μg ml−1 in the presence of
NP30 compared with the content of cells of untreated biofilms
(0 μg l−1 Ag NP), which contained 532 ± 88 μg ml−1 protein
(Fig. 4a). Cellular proteins were reduced from 489 ± 36 to
474 ± 17 to 466 ± 42 μg ml−1 with rising concentrations of
NP70 (Fig. 2b). This corresponds to 64.34 ± 12.01,
64.84 ± 6.85, 56.12 ± 17.07, and 52.48 ± 3.31 μg cellular
protein per mg biofilm dry mass for concentrations from 0 to
2400 μg l−1 NP30. In the presence of 0–2400 μg l−1 NP70,
cellular protein content accounts for 64.34 ± 12.01,
58.08 ± 9.47, 74.10 ± 26.25, and 57.89 ± 11.19 μg per mg
biofilm dry mass.

The EPS protein contents were not significantly different
(p > 0.05) when the biofilms were exposed to NP30 at con-
centrations of 600–2400 μg l−1 or to 0 μg l−1 Ag NPs (un-
treated control biofilms) (Fig. 4c). The control biofilms and
treated biofilms produced comparable EPS protein contents,
which varied from 1700 ± 370 to 2500 ± 739 μg ml−1 in the
presence of NP30 at concentrations of 600–2400 μg l−1

(Fig. 4c). Similar to the NP30 results, no significant
(p > 0.05) alterations in the EPS protein contents were ob-
served in the presence of 600–2400 μg l−1 NP70 compared
with the control (0 μg l−1 Ag NPs) (Fig. 4d). The mean EPS
protein content ranged between 1800 ± 123 and
2200 ± 188 μg ml−1 for all the treatments. The corresponding
EPS protein content for control and for all treatments with
NP30 or NP70 var ies f rom 200.96 ± 12.68 and
350.91 ± 124.29 μg per mg biofilm dry mass .

In general, comparing Figs. 4a with b and 4c with d shows
that the EPS protein contents clearly exceeded the cellular
protein contents. Though a marginal contamination of cellular
components with the EPS due to the extraction method cannot
be fully excluded, taking the total biofilm protein, composed
of cellular and EPS protein, into account, the EPS protein

Fig. 1 The Ag contents of
biofilms in the presence of initial
concentrations of NP30 (light
gray) or NP70 (dark gray) after
20-h incubation. The Ag contents
are given as μg Ag per l biofilm
volume. Bars represent the mean
value, and error bars represent
the standard deviation of three
replicates. Different letters denote
statistically significant differences
(p < 0.05) between Ag contents of
NP30 and NP70 for each initially
applied concentration
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represents 79–83 % of the total protein in the biofilms. These
data are in accordance with the fact that in most biofilms, the
dry mass of the EPS matrix is significantly higher than the dry
mass of the microorganisms and can account for up to 90% of
the total dry mass (Flemming and Wingender 2010).

Biofilm architecture

The biofilms contained between 0.04 and 0.12 mg cm−2 dry
mass (Fig. 5a) and were 102–147μm thick (Fig. 5b); they thus
had a biofilm density ranging from 0.003 to 0.01 g cm−3

(Fig. 5c). It is evident from the results that the presence of

NP30 or NP70 did not produce any statistically significant
(p > 0.05) alterations in the biofilm architecture for the param-
eters determined in this study.

Discussion

Speciation of Ag NPs and enrichment in the biofilm

Because Ag NPs showed only slight aggregation for both
particle sizes and negligible Ag+ contents in the Ag NP sus-
pensions and in the R2Amedium, marginal sedimentation and

Fig. 2 Loss of biofilm biomass in
the control and after 20-h
incubation with NP30 (a) or
NP70 (b) at initial concentrations
of 600, 1200, and 2400 μg l−1.
Bars represent the mean value,
and error bars represent the
standard deviation of three
replicates. Different letters denote
statistically significant differences
(p < 0.05). The values with the
same letters are not statistically
different. Scatter plot to show the
significant positive correlation as
calculated with Spearman’s rank
correlation test (p < 0.05) between
applied concentrations of NP30
(μg l−1) and biomass loss (%) (c).
The solid line represents the linear
fit of the mean of three replicates
for each measurement

Fig. 3 A. citratiphilum viability as measured with the LIVE/DEAD®

BacLight™ Bacterial Viability Kit after exposure to Ag NPs. Viability
in the control and after 20-h exposure to the three initial concentrations of
NP30 (a) or NP70 (b). Bars represent the mean value, and error bars

represent the standard deviation from three replicates. No statistically
significant differences between treatments (0–2400 μg l−1) were
observed (p > 0.05)
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negligible dissolution of the Ag NPs were assumed, which
allowed the dose-related interpretation of our data.

It is widely accepted that the toxicity and antimicrobial
effects of Ag NPs are caused by bioavailable Ag+ ions re-
leased from nanoparticles by oxidative dissolution (Boenigk
et al. 2014; Sotiriou and Pratsinis 2010). Consequently, the
total absence of toxic and antimicrobial effects on the

descriptive and structural biofilm parameters observed in this
study is most probably associated with the very low Ag+ ion
release determined in our experiment. The Ag+ ions released
from the rather low doses of Ag NPs could not be detected for
NP30 (<LOQ) and was very low for initially spiked NP70.
Furthermore, reducing sugars within the EPS (Kang et al.
2014), Ag+ chelating compounds, either dissolved in the

Fig. 5 Structural parameters of biofilms obtained by gravimetric
measurements in the control and after 20-h exposure to the three initial
concentrations of NP30 or NP70: dry mass (mg cm−2) (a), biofilm
thickness (μm) (b), and biofilm density (g cm−3) (c). Stripes show the

medians, boxes show the inter quartiles, the dots show the outliers, and
the whiskers extend to the extremes. No statistically significant
differences between treatments (0–2400 μg l−1) were observed (p > 0.05)

Fig. 4 Biofilm protein content
(μg ml−1 biofilm) in the control
and after 20-h exposure to the
three initial concentrations of
NP30 (a, b) or NP70 (c, d). Bars
represent the mean value, and
error bars represent the standard
deviation from three replicates.
No statistically significant
differences between treatments
(0–2400 μg l−1) identified by
identical letters were observed
(p > 0.05)
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aqueous phase or as functional groups of EPS (Wirth et al.
2012), and the coating of Ag NPs with sodium citrate antag-
onized the antibacterial activity of the Ag+ ions and Ag NP
(Pillai and Kamat 2004). In addition, the expected formation
of Ag NP protein coronae due to proteins and/or protein frag-
ments in our medium (Metreveli et al. 2016) can also influ-
ence the antibacterial activity of Ag NPs (Duran et al. 2015).
Proteins sorbed onto AgNP surfaces can form protein coronae
(Kakinen et al. 2013; Chen et al. 2012) and hinder the diffu-
sion and adsorption of oxidants onto Ag NPs (Ostermeyer
et al. 2013; Kakinen et al. 2013). Hence, we assume that the
chemical environment in the medium strongly influences tox-
icity as proposed elsewhere (Tejamaya et al. 2012; Metreveli
et al. 2016). Notwithstanding the negligible toxic effect of Ag
NPs, one should keep in mind that Ag NPs (i) may serve as a
continual source of Ag+ ions (Navarro et al. 2008) and (ii)
produce reactive oxygen species in the oxidation process,
which also have been reported to cause negative effects on
microorganisms (Pillai et al. 2014).

Because the biofilms in this study revealed a high uptake
capacity for Ag NPs, which indicates cumulative enrichment,
continuously released Ag+ ions as well as the production of
reactive oxygen species might be relevant.

Unaffected descriptive and structural biofilm parameters

Despite the significant enrichment of Ag NPs in the biofilms,
the concentrations applied in this study did not result in clear
adverse effects on the viability of cells, cell protein content,
architecture, and EPS protein content. This is in contrast to
previous studies reporting that Ag NPs affect bacterial plank-
tonic cells (Choi et al. 2008; Dror-Ehre et al. 2009; Hwang
et al. 2008; Lok et al. 2006; Morones et al. 2005; Sondi and
Salopek-Sondi 2004; Silver et al. 2006; Reinsch et al. 2012;
Choi et al. 2010) as well as bacterial biofilms (Choi et al.
2010; Dror-Ehre et al. 2010; Fabrega et al. 2009b, 2011).
Generally, Ag NPs are claimed to inhibit enzyme activity
and essential cellular processes, including DNA transcription
and bacterial respiration (Choi et al. 2008; Hwang et al. 2008;
Silver et al. 2006; Dror-Ehre et al. 2010). Impacts of Ag NPs
on descriptive and structural biofilm parameters have also
been described (Choi et al. 2010; Dror-Ehre et al. 2010;
Fabrega et al. 2009b, 2011; Sheng and Liu 2011). Because
methodologies to assess Ag NP’s toxicity differ among the
literature, there is a certain discrepancy in results reporting
effects of Ag NPs (Moreno-Garrido et al. 2015). However,
in most of these studies, the concentration of Ag NPs applied
to evoke these effects was ~10–80-fold higher (ranging from
38 mg l−1 (Choi et al. 2010) to 45 mg l−1 (Dror-Ehre et al.
2010) to 200 mg l−1 (Sheng and Liu 2011)) than in this study,
in which low-dose concentrations of Ag NPs from 600 to
2400 μg l−1 were chosen. Although in the work of Fabrega
et al. (2009b), thinning effects on biofilms of Pseudomonas

putida treated with Ag NPs of concentrations comparable to
those used in our study were observed, the levels of released
dissolved Ag+ ions were higher than in our medium. Released
dissolved Ag+ ions from Ag NPs accounted for 1–2 % de-
pending on the pH value of the total applied Ag in the culture
medium (Fabrega et al. 2009a), which is 2–7-fold higher than
the released Ag+ ions (0.27–0.55 %) in our medium. In the
study of Fabrega et al. (2009b), minimal Davis medium
(MDM) was used, which does not contain proteins or their
fragments or surfactants. Furthermore, MDM exhibits much
higher ionic strength (55 mmol l−1) than the R2A medium
(8.75 mmol l−1) used in our work, what is in the range of ionic
strength of natural river water (5–10 mmol l−1) (Metreveli
et al. 2015). Hence, the chemical composition of R2A medi-
um seems to hamper the (bio)availability of Ag+ ions. In sum-
mary, this emphasizes that not only the concentration of the
applied Ag NPs but rather the concentration of bioavailable
Ag+ ions, which depends on the chemical composition of the
environment, is relevant to the antimicrobial effects.

The marginal reduction in cellular protein content suggests
that the bacterial cells might have been slightly reduced in
their total abundance or their sizes. Thus, subtle adverse ef-
fects on the biofilms cells caused by Ag NPs, which includes
released Ag+ ions and/or reactive oxygen species produced in
the oxidation process, cannot be entirely excluded. This ob-
servation might be associated with a slow growth rate, which
has been interpreted as a resistance mechanism occurring un-
der antibiotic stress in bacterial biofilms (Mah and O’Toole
2001). A similar relationship has been reported for reduced
colony sizes after exposure to metal nanoparticles (Baek and
An 2011). Furthermore, EPS is capable to bind heavy metal
cations (such as Cu2+, Pb2+, and Zn2+) because of the abun-
dance of chelating groups (e.g., amino, carboxyl, and phenol)
(Teitzel and Parsek 2003). Thus, EPS may act as a permeabil-
ity barrier hindering also the diffusion and adsorption of Ag
NPs and Ag+ ions onto the cells, which are embedded in the
EPS matrix (Kang et al. 2014). Hence, the toxicity of Ag NPs
and Ag+ ions might have been attenuated by EPS. In summa-
ry, these results show that at the concentration range investi-
gated in this study, a subtle stress-induced response to expo-
sure to Ag NPs cannot be excluded but is expected in a rela-
tively limited range.

Ag NPs affect the stability of biofilms

Although the low silver concentrations exhibited no antimi-
crobial activity, sublethal effects on the mechanical stability of
the biofilms were observed. Generally, cohesiveness within
the biofilm and adhesion of the biofilm to surfaces are medi-
ated by complex physicochemical interactions, including ion-
ic attractive forces, hydrogen bonds, van der Waals interac-
tions, and repulsive and/or attractive forces between macro-
molecules, including proteins and polysaccharides and ions
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(Chaw et al. 2005; Flemming and Wingender 2010).
Consequently, it has been reported that Ag+ ions, because of
their high reactivity, bind to biological molecules, including
proteins and polysaccharides within the EPS (Chaw et al.
2005). Thus, Ag NPs or released free Ag+ ions may be in-
volved in physicochemical interactions between the different
functional groups of the EPS, altering cohesive forces within
the biofilm matrix. As observed in silver release experiments,
in contrast to NP30, the dispersion of NP70 showed a low but
measurable release of Ag+ ions. This is in a good agreement
with the greater effects on the mechanical stability in the case
of NP70 compared with NP30.

Furthermore, fimbria and/or flagella of the biofilm bacteria
ensure attachment to a surface on the bottom of the biofilms
(Gerbersdorf and Wieprecht 2015). The slightly reduced cell
protein content associated with increased concentrations of
NP30 and NP70, interpreted as a reduced abundance of bio-
film cells and/or smaller cells, might be accompanied by a
decrease in the total amount of fimbria and flagella.
Consequently, this might also have contributed to the de-
creased adhesion observed.

In addition, the medium ingredient polysorbate 80, which
serves as both carbon and energy source for A. citratiphilum,
is known for its interaction with macromolecules including
proteins (Wang et al. 2008). Because polysorbate 80 might
have been interacting with proteins in the EPS, its contribution
to the observed weakened biofilm stability cannot be fully
excluded.

Nevertheless, our results provide a compelling evidence for
a negative impact of Ag NPs on the mechanical stability of
biofilms. This might raise concern for a possible impairment
of biostabilization in riverine systems (Gerbersdorf and
Wieprecht 2015), because the mechanical stability of biofilms
is strongly connected to sediment stabilization. Future work
focusing on biostabilization impairment by Ag NPs should be
addressed through methods such as MagPI (Larson et al.
2009) that targets precisely at biostabilization.

Putative particle size-dependent effects

In contrast to other studies (Radniecki et al. 2011; Pal et al.
2007; Sadeghi et al. 2012), our results did not confirm that
smaller Ag NPs trigger greater effects than larger Ag NPs at
the lowAgNP concentrations applied in this study. It has been
suggested that smaller sized particles, due to their higher sur-
face area to volume ratio (Tolaymat et al. 2010), show higher
toxicity potential than larger particles (Morones et al. 2005;
Tolaymat et al. 2010; Choi and Hu 2008). Because the initial
size of NP30 almost doubled by increasing from 32 to 61 nm
during exposure time of 20 h, the surface area to volume ratio
might become less relevant, what might be accompanied by a
decrease in toxicity potential.

Regarding the enrichment of Ag NPs in biofilms, a (par-
tially significant) higher uptake capacity was observed for
NP30 compared with NP70. The uptake of Ag by biofilms
suggested an attachment of Ag NPs to biofilm cells and bio-
film EPS. Consequently, this difference is most likely explain-
able by the lower particle number concentration for NP70
compared to NP30 and thus a lower collision probability with
bacterial cells and EPS constituents for NP70.

Furthermore, the mechanical stability of the biofilms de-
creased with increased concentrations of NP30, whereas the
NP70 effect on the mechanical stability was relatively inde-
pendent of the initial concentration used. Because our silver
release experiments indicated that medium composition
strongly influenced the release of Ag+ ions (Metreveli et al.
2016), it is most likely that the chemical composition of R2A
medium partly inhibits the activity of the Ag NPs as well as
their size-dependent effects. Hence, to what extent the chem-
ical effects, i.e., the availability of Ag+ ions, and to what extent
the physical effects, i.e., the nanoparticle size and shape, are
more relevant to the impact of Ag NPs on the mechanical
stability of biofilms, needs to be clarified in further studies.

Conclusions

The experimental approach used in this study allowed us to
characterize the descriptive, structural, and functional charac-
teristics of A. citratiphilum biofilms exposed to Ag NPs. Our
experimental results indicate that Ag NPs of 30 and 70 nm did
not have significant impacts on the descriptive and structural
parameters of the biofilms after 20-h exposure within the con-
centration range of 600–2400 μg l−1. Nevertheless, we ob-
served a cumulative enrichment of Ag NPs in biofilms.
Because A. citratiphilum as a representative member of a
widespread bacterial freshwater clade was chosen to be
confronted with concentrations of Ag NPs close to environ-
mentally relevant conditions, our approach may reflect nearly
normal responses of natural freshwater biofilms to Ag NPs.
The cumulative enrichment of Ag NPs in biofilms may be a
general response and therefore expected for more complex,
native multispecies biofilms, which might lead to Bpoisoned^
nutrients for grazers inside the food web. This enrichment
clearly underlines the importance of biofilms and organic mat-
ter in general for the retention of metals (or nanoparticles) in
the environment (Harrison et al. 2007). In this context, it is an
important issue that future studies define the speciation of the
Ag in the biofilms and distinguish between the effects on
biofilms mediated by Ag NPs and those mediated by Ag+

ions.
In the first study, to investigate the impact of AgNPs on the

mechanical stability of bacterial biofilms, we successfully
demonstrated a qualitative approach to assess the conse-
quences of hydrodynamic forces on biofilms in their natural
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condition. Thus, conclusions might be drawn about the nega-
tive impact of Ag NPs on the mechanical stability of natural
biofilms in the aquatic environment. Aquatic biofilms are af-
fected by strong currents in rivers and tidal systems and must
resist strong shear forces and detachment. The cohesiveness of
sediments depends on EPS production and biofilm formation.
Consequently, the observed Ag NP-mediated decrease in bio-
film stability might indicate that not only the ability of
biofilms to withstand potentially harsh hydrodynamic condi-
tions in flowing waters is diminished, but also detrimental
effects on sediments in river beds may occur.

In order to support this assumption, further work applying
rheological measurements to unravel the impact of Ag NPs on
cohesiveness and viscoelastic biofilm properties and applying
MagPI to address biostabilization in response to Ag NP expo-
sure is in progress.
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