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Abstract

A sediment mesocosm was used for the cultivation of complex lotic biofilms
under controlled natural-like conditions. The matured biofiims were exposed
to environmentally relevant concentrations of Silver Nanoparticles (AgNPs)
characterized by a variety of state of the art technologies. The aim of this study
was to address the ecotoxicological damage potential of this exposure for the
benthic biofilm system and associated ecosystem functions. Microbial biomass
(bacteria and algae) as well as colloidal EPS protein and carbohydrate contents
were assessed for a period of 18 days after the treatment. None of these
parameters displayed a significant development or differences between exposed
and control biofilms. However, the assessment of biofilm adhesiveness using
the Mag-PI system showed highly significant effects of the exposure and was a
reliable proxy for the non-lethal impact of AGQNPs on the biofilm functionality. This
complex sum parameter constitutes a result of various in parts still unraveled
interactions within the biofilm matrix. It is precisely for this reason why The
Measurement of Biofilm Adhesiveness using MagPI has to be integrated in the
ecotoxicological tool box as a direct in situ method for the assessment of effects
on biofilm structure and stability to influence the functionality of the overall
benthic ecosystem.
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Introduction

Freshwater biofilms have great ecological relevance and are
essential for aquatic habitats. The biofilm microbes not only constitute
the base of the aquatic food web, the benthic pelagic feedback loop
and the microbial loop make different nutrient available for other
larger organisms such as makrophytes. Moreover, benthic biofilms
play a significant role in the process of auto purification and can
function as a trap for persistent contaminations and pollutants. Even
more, during the process of biostabilization [1], benthic biofilms can
significantly increase the stability of fine sediments and thus prevent
a re-suspension of legacies [2-4].

Due to this variety of important ecosystem functions and an
even greater number potential stressors which can impact these
biofilm services, research into the reaction of benthic systems and
biofilms after disturbance is increasingly expedited. As examples,
the development of biofilms after an exposure to stressors such as
desiccation [5,6] or antibiotics [7,8] was investigated. Furthermore,
different survival strategies of biofilm microbes were studied in more
detail such as morphological changes in bacteria due to stress [9] or
different stages of dormancy in case of nutrient deficiency in bacteria
that do not form spores [10]. There are also first insights into the
resilience of the microbial community of a drinking water system and
how stress can induce changes in the community composition [11].
However, reliable and measurable markers for the functionality of

the biofilm system and its ecosystem services were hardly addressed.
The investigation of Weaver et al. [12] assessing the resilience of
the enzyme activity of ground water biofilms constitutes a suitable
example of this required new comprehensive perspective as microbial
enzyme activity can be essential for ground water quality and the total
habitat. The adhesiveness of the biofilm constitutes another example
of an essential ecosystem function: it significantly influences the
development of the biofilm matrix and shapes the rate of attachment
and detachment of particles and flocs [13], and thus the mass balance
in the system of biofilm and fine sediment. Furthermore, the process
of biostabilization is depending on biofilm stability and adhesiveness
which is directly measurable using the MagPI-IP (Magnetic Particle
Induction - Image Processing) [14].

First insights into the impact of different boundary conditions
e.g. light intensity, flow velocity or seasonality upon microbial
limnicbiostabilization could be gathered [15,16]. Furthermore,
anthropogenic pollution was demonstrated to impact the ecosystem
service biostabilization [2]. However, there is still a great lack of
knowledge regarding the actual ecotoxicological potential of newly
emerging substances. Engineered nanoparticles constitute an example
for these substances emitted without profound knowledge about their
fate in the environment. Generally, these industrial nanoparticles are
used in the manufacturing process of a variety of different products
such as textiles, cosmetics and pharmaceutics. The main reason for the
addition of these nanoparticles e.g. containing titaniumdioxid, gold,
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Figure 1: Schematic draw of the experimental setup. Left: side view; right:
top view on straight flume. a) reservoir tank; b) pump; c) inlet pipeline; d)
straight flume; e) partition; f) outlet pipeline; g) sediment cartridge; h)
fluorescent tube. Arrows indicate flow direction.
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Figure 2: Results of the biofilm adhesiveness assessment prior to the
different treatments.

copper or silver is their antimicrobial effect which should increase the
shelf life and usability of the products which may result in a potential
adverse effect upon limnic biofilms. Thus, research of the ecological
effects of nanoparticles was focused in the DFG project “Internano”
in order to assess the associated damage potential and resulting
ecological thread. In this context, recent studies [17,18]. focused on
Silver Nanoparticles (AgNPs) as they have a major fraction of all
manufactured and used nanoparticles: it could be demonstrated that
even an exposure to a sub-lethal concentration of AgNPs significantly
impacted the structure and stability of model freshwater biofilms.

This study aimed to broaden the gathered knowledge about
the effects of AgNPs upon the functionality of freshwater biofilms.
In contrast to the aforementioned investigations, natural complex
biofilms were analyzed in order to increase the ecological validity
of the results. Furthermore, the short term as well as the long
term development of the biofilms after an exposure to different
concentrations of AgNPs was assessed. In doing so, a central question
was how the adhesiveness of the biofilm isaffected by the exposure
to AgNPs. There are two reasons why this parameter was assessed
in an extensive measurement campaign to evaluate its suitability
as an indicator for ecological stress: firstly, the reliability of biofilm
adhesiveness as a marker for biofilm stability and biostabilization
could be shown recently [15]. Secondly, its sensitivity to other
adverse effects such as Triclosan [19], was previously demonstrated.
Furthermore, if there is a measurable reaction in the microbial
biostabilization capacity of the analyzed biofilms, the determination

of biofilm adhesiveness could constitute new and essential straight
forward tool for future risk assessment as well as monitoring and
sediment management strategies.

Material and Methods

Experimental setup

Natural biofilms were cultivated in a setup consisting of two
independent mesocosms (length x width x height: 0,70x0,25x 0,16 m
each; (Figure 1) with individual water reservoir and water circulation.
50Liters of fluvial water and suspended sediment gathered from the
river Enz (Roffwag, Baden-Wiirttemberg, Germany) were transferred
into each flume/ reservoir tank. A pump (380 Bilge Pump 380 GPH,
PENTAIR, Herentals, Belgium) with a flow rate of 1438 1 h''ensured
a constant water circulation through the flume of each mesocosm.
Thus, the floating microbial community developed as biofilm on the
provided substrate (inert glass beads, diameter 150-200 ym) which
was filled in 32 rectangular cartridges (length x width x height:
0.08 m x 0.06 m x 0.02 m). The illumination was set using daylight
fluorescence tubes (OsramBiolux; 480 - 665 nm) in a day-night
rhythm of 10/14 h illumination/darkness.

Experimental Proceeding

Initial preparation

Four sets of 8 cartridges each were formed with the aim
of guaranteeing comparable initial biofilm adhesiveness of
approximately 455 to 495 mA over all different sets (see section
microbial biostabilization below). In order to achieve this aim, the
adhesiveness of all biofilms was measured using MagPI (Figure
2) hereafter referred to day one of the experiment after aninitial
cultivation period of six weeks (18.1. -29.2.2016) under stable
boundary conditions. The determined biofilm adhesiveness was
categorized in four different stability levels and two biofilms of each
level were summarized to one set of 8 cartridges (Figure 3) with very
similar mean biofilm adhesiveness.

Treatment and Sampling

Each of the 32 biofilm covered sediment cartridges was transferred
to a separate container (length x width x height: 0,14 x 0,10 x 0,04
m) filled with river water, aired, and illuminated in the same way as
the flumes (day/night: 10/ 14 h). After 20 h, biofilm adhesiveness was
determined prior to the different treatments. The concentrations of
AgNPs and AgNO3were chosen as previous experiments [18, 20]
showed their impact on the structure and stability of mono species
biofilms: one set of 8 cartridges was exposed to 600 ugT'AgNP (T1),
another set was treated with 2.4 mg1" (T2), and 2.4 mgT' AgNO,
(T3) was added to the last set, while one set of 8 biofilms constituted
the untreated control (C) - (Figure 3). Further information about
the characteristics of the used silver nanoparticles can be found in
Metreveli, Philippe & Schaumann [21] and Metreveliet al. [22].
Sampling and determination of biofilm adhesiveness was performed
24h after the treatments as well as 3, 5, 8 and 18 days after the
treatment. After biofilm adhesiveness was measured, biofilm samples
for the determination of microbial biomass and the EPS components
were taken of the same biofilm spots to correlate the different
parameters. A sterile disposable syringe with a cut-off head was used
to stamp round samples of 0.01 m diameter and 0.005 m depth out
of the biofilm resulting in a single biofilm/ sediment sample of 0.5
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Figure 3: Arrangement of the four different sets of eight cartridges each prior

to the different treatments. C: control; T1: 600 pg’l" AgNPs; T2: 2.4 mg*l-1
AgNPs; T3: 2.4 mg'l" AgNO,.
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Figure 4: Temporal development of the microbial biomass of the biofilms
(mean values with corresponding STDev): triangles: control (C); diamonds:
600 pg*l-1 AgNPs (T1); squares: 2.4 mg'l' AgNPs (T2); circles: 2.4 mg'"
AgNO, (T3); left: Bacterial cell counts (n=3); right: algal biomass determined
via Chlorophyll a (n=3).

ml. Six of these single samples were pooled, thoroughly mixed with
a sterile spatula and0.5 ml or 1 ml each were transferred into new
reaction tubes for further analyses and the Dry Weight (DW) of the
samples was recorded.

EPS and microbial biomass

The colloidal fraction of the Extracellular Polymeric Substances
(EPS) was extracted from the biofilm samples according to
Gerbersdorfetal. [23]. Subsequently, the content of EPS carbohydrates
was determined by phenol assays after Dubois et al. [24]. while the
content of extracellular proteins was measured using a modified
Lowry method [25,26]. Algal biomass, chlorophyll a/ pheophytin
contents were analyzed according to the DIN 38 412/16 protocol by
measured triplicates of ethanol extracts before and after acidification.
The bacterial biomass was determined as follows: samples fixed with
4 % paraformaldehyde (final concentration) were shaken horizontally
for 1 min and treated (2 pulses for 3 s at 10 % intensity) with a
Sonopuls UW 3100 ultrasonic probe (Bandelin electronic, Berlin,
Germany). After sedimentation of the sediment grains for 1 min,
subsamples of 198 yL were taken from the supernatant and stained
with 2 yL SYTO 13 (500 uM) (Life Technologies, Carlsbad, CA, USA)
for 15 min. Triplicates of the bacterial cell samples were counted
at 488 nm excitation using a flow cytometer (FACScalibur, BD Bio
Science, New Jersey, USA. Calibration was performed using a pure
culture of Acidovoraxavenaestained as given above and calibration
with an undyed biofilm subsample of 200 ul of each sample.

Microbial biostabilization

Assessment of stabilization capacity of the biofilms was performed
using a MagPI (Magnetic Particle Induction) system [27] that was
modified according to Schmidt et al. [18], by spreading ferromagnetic
particles (diameter 200-350 ym; Partrac, UK) on the biofilm surface.
These particles were subsequently attracted by an electromagnetic
inductor that was set in a definite distance of 4 mm from the biofilm
surface. Adhesion forces of the biofilm surface were regarded as
equivalent to the amperage required to retrieve the particles. As the
function defining the relation between the measured adhesion force
and the overall erosion resistance of the biofilm covered sediment is
still unknown, the term “biofilm adhesiveness” is used as a reliable
proxy for the overall biofilm stability.

Statistical analyses

For statistical evaluation of the results, normal distribution of the
data sets was checked with Shapiro-Wilks tests (confidence interval
95%) using the software package Analyze-it225 (1.0.5.0.). In order
to compare the different groups, a one-way ANOVA (confidence
interval 95%; chi -square approximation; Tukey error protection) was
performed if data were normally distributed. Otherwise, a Kruskal-
Wallis test (KWT) (chi -square approximation; Bonferroni correction
for ties) was conducted.

Results and Discussion

Microbial biomass

Overall, the total Bacterial Cell Counts (BCC) of the biofilms
showed few fluctuations over time. The only exception could be
found in biofilms of T1 which displayed a decrease in bacterial cells
comparing the state before the treatment with AgNPs and the first
sampling point, followed by an increase to the original level on the
third day. Here, the mean BCC decreased from 1.22 + 0.06 to 0.84
+0.217107 cells g DW and increased again to a mean value of 1.20
+ 0.05°107 cells g DW™.. During the same period - and until day 8,
the mean bacterial cell counts of the other biofilms remained stable
at a level of approximately 1.12 + 0.27°107 cells g DW™. On day 18
of the experiment, biofilms originated from C and T1 displayed
slightly lower mean bacterial cell counts than those from T2 and T3
(Figure 4). However, at no point during the experiment, a significant
difference in BCC could be detected between the different treatments
and/ or the control.

In contrast to that, the temporal development of the algal
biomass appeared to be more complex: in the control biofilms,
mean chlorophyll a contents increased from the first to the third day
reaching a maximal mean value of 11.94 + 2.97 ug g DW -1, followed
by a decrease and a final increase to 10.50 + 2.44 ug g DW' on day
18. The mean chlorophyll a contents of biofilms of T1 fluctuated until
day 8 (with a maximum on day two with 11.94 + 1.44 yg g DW™') and
finally dropped until day 18 to 6.67 + 2.21 yg g DW -1. Biofilms of T2
and T3 reached maximal mean chlorophyll a contents on day 8 (T2:
11,76 £ 1.08 ug g DW -1; T3: 12,29 + 0.33 ug g DW -1) followed by a
decrease to a similar level as detected in T1. Although no significant
differences in chlorophyll a contents could be found comparing the
different treatments with the control, a strong trend was detected on
day 8 as well as on day 18 (KWT: p=0.5210 for day 8; p=0,5045 for
day 18; for both n=3).
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Figure 5: Temporal development of the colloidal EPS compounds of the
biofilms (mean values with corresponding STDev): triangles: control (C);
diamonds: 600 pg’l' AgNPs (T1); squares: 2.4 mg'l" AgNPs (T2); circles: 2.4
mg’l" AgNO, (T3); left: EPS protein contents (n=3); right: EPS carbohydrate
contents (n=3).
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Figure 6: Temporal development of the biofilm adhesiveness (mean values
with corresponding STDev): triangles: control (C); diamonds: 600 ug’l’
AgNPs (T1); squares: 2.4 mg*l-1 AgNPs (T2); circles: 2.4 mg'l"" AgNO, (T3).

EPS composition

The analyzed EPS carbohydrates and EPS proteins displayed clear
differences in their temporal development. The mean contents of the
EPS carbohydrates fluctuated between day 1 and 5 with the highest
mean value of 3.8 + 1.4 yg g DW™ detected on day 3 in T2 and the
lowest value of 15.0 + 6.2 g DW™ on day 5 in T3. From day 8 on, the
mean values remained at a constant level. Notably, from day 5 on, T2
and T3 tended to display the lowest mean values while higher mean
EPS carbohydrate contents were determined in C and T1. However,
this difference in the long-term development (day 5 -18) between
the different treatments/ control was not significant, although a
trend was visible between C and T3 (KWT: p=0.56; n=9) (Figure 5).
On day 1, the mean EPS protein contents ranged from 4.5 + 0.4 g
DW (C) t0 9.6 + 1.2 ug g DW -1(T3). Until day 8, the mean protein
contents significantly increased in C, T1 and T2 (KWT: p=0.1243;
n=12), while it decreased to a minimum of 2.9 + 2.5 yg g DW in
T3 after approximately staying at the same level until day 5. At the

last sampling on day 18, all samples (C, T1, T2 and T3) displayed
comparably low mean EPS protein contents ranging from 3.1 + 1.4
pg g DW'in T2 t0 6.7 + 3.4 ug g DW 'in T3. For C, T1 and T2, these
mean values were significantly lower than the values measured on day
8 (KWT: p=0.1243; n=9).

Biofilm adhesiveness

At the first and second day of the experiment, the biofilms of
the three different treatments (T1; T2; T3) displayed very similar
levels of biofilm adhesiveness as the mean value in the control (C)
of 465.7 + 104.8 mA (KWT: p=0.2901; n=36). However, while the
adhesiveness of pristine biofilms significantly increased until day 8
(KWT: p<0.0001; n=24) and stayed at this high level until day 18,
the adhesiveness of biofilms treated with AgNPs orAgNO3 stagnated
on a lower level (KWT: T1: p=0.3283; T3: p=0.4691; for both n=24).
Biofilm adhesiveness of T2 even displayed a clear decrease and a
significant minimum of 368.4 + 56.9 mA on day 6 (KWT: p=0.0159;
n=24) (Figure 6). Subsequently, biofilm stability increased until day
21 up to 634.5 £ 311.6 mA which was comparable to the level of the
other treatments. Thus, although all biofilms showed very comparable
levels of initial adhesiveness, a significant difference between the
control and the treatments could be detected (KWT: p<0.0001; n=96).

The impact of AgNPs on biofilms

Although Xiu et al. [28], suggested a release of ionic silver
which can damage the cell membranes as the main reason for the
antimicrobial effect of AgNPs, the exact mode of operation of
AgNPs is still unclear and recent studies indicated the high stability
of AgNPs [21,22]. Besides the open question concerning the AgNP
mediated effects, there is also a great lack of knowledge regarding
the ecotoxicological impact of an exposure to AgNPs on complex
multi-species and —taxa microbial test systems. In particular, the
possible impairment of ecosystem services and functions associated
with complex natural microbial assemblages is of high ecological and
economic importance. In this context, several studies investigated
the effect of an exposure to relatively high concentrations of AgNPs
on activated sludge [29,30] or soil involving nitrifying microbes
[31]. These studies presented an ambivalent picture, indicating no
direct lethal effect on matured biofilm communities, but shifts in the
microbial community composition which were suggested to possibly
cause a loss of biofilm functionality. Similar results were shown in
our recent studies [18,20] confirming no lethal effects on microbial
viability after AgNP exposure, but significant impact on the overall
structure and the stability of the complex biofilm network. The study
presented here is the first attempt to address the effects of AgNPs
on more complex, natural-like benthic biofilm communities under
controlled natural-like boundary conditions. Thus, the ecological
significance of this mescocosm study is comparable higher than the
previous studies dealing with mono-species biofilm assays.

The comprehensive approach comprises the ecotoxicological
effect assessment of silver nanoparticles on different biofilm
compartments: the microbial biomass, the produced EPS and the
biofilm adhesiveness as a proxy for the overall functionality of the
biofilm system. Concerning the microbial biomass, no significant
effect of silver exposure could be detected. No clear impact on
bacterial cell counts was visible - although the used method
determined total bacterial cells without differentiation between
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live and dead cells. However, recent experiments into the viability
of mono-species biofilms after exposure to AgNPs support this
assumption (Schmidt et al., unpublished). The results of this study
indicate a putative long-term effect 18 days after AgNP exposure on
the microalgae community independent from the silver species used.
This might be caused by the higher metabolic turnover and longer
life span of microalgae resulting in a higher accumulation potential
compared to bacteria. A further reason for the lower susceptibility of
biofilms to AgNPs compared to planktonic cells [32] is given by the
EPS matrix that can constitute a protective barrier against exterior
harmful impacts [33]. Choi et al. [34] reported a four times higher
resistance of biofilms against AgNPs than planktonic bacteria of the
same species which supports this assumption. Silvestry-Rodriguez et
al. [35] could show that biofilms can take up great amounts of ionic
silver without significant impact on the bacterial population. In our
study, there was no statistically significant effect on the EPS protein
content after the exposure to AgNP, and for the EPS carbohydrates
only a weak reaction was indicated after exposure to 2.4 mg/l AgNO,
and 2.4 mg/l AgNPs, respectively. These effects were less clear than the
recent observations reported by Schmidt et al. [18] which is probably
due to the multitude of functional redundancies in the natural-like
biofilm system compared to a mono-species biofilm. In the past,
different investigations could show that the production of EPS in
biofilms can be increased in the presence of environmental stress
[19,36,37], but this was reported to be correlated with an decrease in
the abundance of bacteria and microalgae.

The role of the EPS matrix

The EPS matrix is known as a major driving factor for the
development of the diffusion limited biofilm system that also
influences the transport of nanoparticles [38]. In this context, various
parameters may influence the transport of nanoparticles within the
EPS matrix including the density and porosity of the biofilm [39],
the charge of the EPS matrix [38,40] as well as the size, charge and
shape of the nanoparticles [41,42]. As an example, Neal [40] reported
the repulsion of negatively charged nanoparticles from a negatively
charged EPS matrix. Peulen & Wilkinson [38]. Showed that sizes of
50nm and greater could limit the penetration of nanoparticles into
the biofilm. As AgNPs of a size of 50nm were used in this study, a
potential accumulation of nanoparticles at the biofilm surface may
have hampered the further penetration into deeper biofilm layers.
This assumption is supported by the enhanced agglomeration of
silver nanoparticles in the presence of an EPS matrix reported by
Choi et al. [34]. Due to the absorbance and subsequent agglomeration
at the biofilm surface [43], followed by a limited diffusion of the
AgNPs, deeper layers of the biofilm could be largely unaffected by
the exposure to the nanoparticles. This also explains the described
development of the microbial biomass displaying no significant
decrease in the exposed samples, while the surface adhesiveness of
the biofilms was significantly impacted.

Biofilm adhesiveness as marker for biofilm functionality

The adhesiveness of the biofilm constitutes a marker for the
capability to stabilize the underlying fine sediment and was impacted
independently from the silver species the biofilms were exposed to.
This suggests a variety of downstream effects on different driving
factors for the benthic system including the erosion resistance of the
fine sediment, the characteristics of suspended flocs or the absorption

of suspended particles. Furthermore, the associated ecosystem
functions such as the nutrient cycling and the integrity of the benthic
food web may be affected. It is important to note, that the microbial
biostabilization of fine sediments is known as a highly complex
process depending on a broad variety of environmental parameters
[4]. In particular, the exact correlation of biofilm adhesiveness to the
hydraulic parameters and driving factors is not fully understood yet.
As an example, Yallopet al. [1] reported a strong correlation of the
microbial biostabilization to the algal biomass and the content of
EPS carbohydrates in highly productive mudflat biofilms. However,
in riverine biofilms, EPS proteins were suggested to play an even
more decisive role than the EPS carbohydrates [16]. Furthermore,
the complex interactions between the bacteria and microalgae
defined the structure and adhesiveness of the biofilm matrix [44]
which in turn influenced the stabilizing capacity of the biofilms.
Moreover, functional key players within the community of bacteria
and microalgae are relevant factors for the adhesiveness of the
biofilm [16]. The numerical abundance of these taxa shifts depending
to the different environmental conditions (Schmidt et al. accepted).
The complexity of the microbial biostabilization emphasizes one
of the main advantages of the MagPI system: it facilitates direct in
situ measurements of the overall surface adhesiveness as a resulting
sum parameter of various interplays. The reliability of this proxy
for the biofilm stability - especially in young biofilms - could be
demonstrated in previous experiments [14]. There is still ongoing
research revealing the exact correlation between biofilm adhesiveness
and biofilm stability. However, the high sensitivity and both temporal
and spatial resolution power of the MagPI system offers a useful tool
to assess the functionality of different benthic habitats under the
impact of various anthropogenic stressors.

Conclusion

The aim of this study was to assess the damage potential of
AgNPs for benthic ecosystems and associated ecosystem functions.
In contrast to previous investigations, natural complex biofilms
were cultivated in a sediment mesocosm setup under natural-like
conditions. Analyses could demonstrate that parameters established
in the analytic routine (microbial biomass and EPS) are unable to
describe the full impact of AgNPs on biofilm functionality. Bacteria
as well as microalgae did not display a significant decrease in viability
after the exposure to AgNPs. One reason for this observation may
be found in the protective function of the EPS layer covering the
microbes in the biofilm causing agglomeration and limited diffusion
of the AgNPs. However, clear effects on biofilm adhesiveness after
the exposure to AgNPs as well as AgNO, could be detected. This
suggests the enrichment and main impact of silver at the surface of
the biofilm. Moreover, no clear relationship between EPS quantity
- which is commonly supposed to be a driving factor during the
process of microbial biostabilization - and biofilm adhesiveness could
be found. This observation emphasizes the high complexity of this
ecosystem function and the need of further research. In this context,
the MagPI system constitutes a straight forward tool for future
analytic approaches to address the ecosystem services associated with
the stability of the biofilm/ fine sediment habitat.
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