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Scarce information is available regarding the fate and toxicology of engineered silver nanoparticles
(AgNPs) in the marine environment, especially when compared to other environmental compartments.
Hence, the antibacterial activity of the NM-300 AgNPs (OECD programme) and a household product
containing colloidal AgNPs (Mesosilver) was investigated using marine bacteria, pure cultures and
natural mixed populations (microcosm approach). Bacterial susceptibility to AgNPs was species-specific,
with Gram negative bacteria being more resistant than the Gram positive species (NM-300 concentration
used ranged between 0.062 and 1.5 mg L�1), and the Mesosilver product was more toxic than the NM-
300. Bacterial viability and the physiological status (O2 uptake measured by respirometry) of the mi-
crobial community in the microcosm was negatively affected at an initial concentration of 1 mg L�1 NM-
300. The high chloride concentrations in the media/seawater led to the formation of silver-chloro
complexes thus enhancing AgNP toxicity. We recommend the use of natural marine bacteria as
models when assessing the environmental relevant antibacterial properties of products containing
nanosilver.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The usefulness of silver as an antimicrobial agent, especially
silver nitrate salt (AgNO3), has been known for centuries (Klasen,
2000). Increasingly, the use of silver nitrate is being replaced by
nanosilver as the antimicrobial agent in a wide range of applica-
tions (e.g. wound dressings and antimicrobial surface coatings). As
a result, the incorporation of nanosilver has increased during the
last decade (Grand View Research, 2015) not only in medical and
industrial products, but also in items of domestic use such as
clothing, cosmetics and cleaning agents. In the Europeanmarket for
instance up to 379 products incorporating nanosilver have been
, University of Edinburgh, The

Ltd. This is an open access article
identified2 (The Nanodatabase, accessed 29/07/2017) (Foss Hansen
et al., 2016).

The antibacterial activity of AgNPs depends on their physico-
chemical properties which are largely determined by the respective
environmental conditions. Aerobic conditions enhance AgNPs
dissolution due to nanoparticle oxidation (Liu and Hurt, 2010;
Molleman and Hiemstra, 2015). The dissolution phenomena in-
creases the antibacterial activity of AgNPs due to the release of ionic
silver (Xiu et al., 2012) and the formation of reactive oxygen species
(ROS) (Joshi et al., 2015). Other nanoparticle-effects that can
enhance the antibacterial properties of AgNPs have been proposed,
such as membrane disruption due to nanoparticle-membrane
interaction (Taglietti et al., 2012), a process that may also enhance
the uptake of silver ions (Bondarenko et al., 2013). AgNPs contained
in products marketed as cleaners and antimicrobials cannot be
disposed of safely, because they are directly released into the
sewage system (Brar et al., 2010). As a result, silver could reach the
natural aquatic environment, including estuarine and coastal
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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waters, if it is not efficiently removed during water treatment
(McGillicuddy et al., 2017; Sun et al., 2016).

Previous work has shown that marine organisms in different
trophic levels were susceptible to AgNPs in a dose dependent
manner (Gambardella et al., 2015) and negatively affected the
bacterial community function, crucial for nutrient cycling and
bioremediation, in estuarine sediments (Echavarri-Bravo et al.,
2015). In the marine environment the high concentration of chlo-
ride favours AgNPs dissolution, and the formation of bioavailable
silver-chloro complexes (which can be accumulated in aquatic in-
vertebrates (Kalman et al., 2010)) are also toxic for bacteria (Gupta
et al., 1998). As the antibacterial activity of AgNPs is species-specific
(Morones et al., 2005; Tamboli and Lee, 2013) the present work
investigates the effect of a well characterised AgNP type, the NM-
300 (OECD programme) on the growth of Gram positive and
Gram negative benthic marine bacterial species. The effect of the
NM-300 AgNPs on planktonic marine bacteria was also analysed
with a microcosm approach to study the response of mixed pop-
ulations of natural bacteria under more environmentally relevant
conditions. In addition, the physicochemical properties of the
AgNPs contained in a household product (Mesosilver Hot tub ™)
were characterised as well as its antibacterial properties. Our hy-
pothesis was that growth inhibitory concentrations (IC) of AgNPs
would be lower for marine bacterial species than for non-marine
bacteria due to the chemical conditions in the marine environ-
ment. For instance the high concentration of chloride in the marine
environment is known to enhance the antibacterial activity of silver
due to the formation of bioavailable silver chloro complexes (Gupta
et al., 1998; Levard et al., 2013; Luoma et al., 1995). This hypothesis
was tested by comparing the IC of the NM-300 AgNPs for marine
bacteria reported in the present work with previous ICs and/or ECs
(effective concentrations) of the NM-300/NM-300K series reported
by other authors who used different bacterial strains or mixed
bacterial populations from very different environments, such as
intestines and waste water treatment plants (WWTPs).

2. Materials and methods

2.1. Isolation and identification of marine bacteria

Surface water (31‰ salinity) and intertidal sandy sediment
samples (depth < 1 cm) were collected from the Firth of Forth es-
tuary (Scotland, United Kingdom). Bacterial isolates were subse-
quently obtained from low nutrient agar medium consisting of ZM/
10 agar (Green et al., 2004) (75% sand-filtered natural seawater,
0.05% Bacteriological Peptone (Oxoid), 0.01% yeast extract (Oxoid),
1.4% Bacteriological Agar (Oxoid)). Isolates were selected based on
their colony morphology followed by other phenotypic analyses
(Gram stain, motility) and enzyme production (catalase, oxidase
and agarase activity). Bacterial isolates were identified to species
level based on a partial sequence of the 16S rRNA gene. Two genus-
specific sets of primers (set 1: 27F/685R; set 2: 341F/A976R) were
used. The sequences of each primer are provided in the supple-
mentary information (SI). DNA sequences were edited with the
BioEdit Sequence Alignment Editor (v7.0.9) followed by the
sequence analysis with Basic Local Alignment Search Tool (BLAST).

2.2. Toxicity tests

2.2.1. Preparation and characterization of AgNPs working
suspensions

The NM-300 AgNPs, purchased as a suspension from LGC
standard (composition: AgNPs 10% (w/w), polyoxyethylene glycerol
trioleate and Tween 20 as stabilizing agents (all at 4% w/w) and 7%
NH4NO3), were prepared and characterised in Milli-Q water as
described by us in previous work (Echavarri-Bravo et al., 2015). The
Mesosilver Hot tub™ cleaner was supplied in an aqueous suspen-
sion at a concentration of 200 mg L�1 colloidal silver (value pro-
vided by the supplier). However, using Atomic Absorption
Spectroscopy (AAS) and a selective ion electrode (ISE, Nico, 2000
Ltd), in the present study the concentration of total silver in the
Mesosilver suspension was found to be only 116 mg L�1, 42% lower
than the nominal concentration reported by the supplier.
2.2.2. Effects of AgNPs on marine bacteria

2.2.2.1. Effects of NM-300 and Mesosilver on single bacterial strains.
Bacterial strains (Pseudoalteromonas aliena, Cellulophaga fucicola,
Arthrobacter agilis and Streptomyces koyangensis) were chosen to
develop toxicity tests with the well characterised NM-300 AgNPs
based on the different characteristics of their respective bacterial
envelopes (Gram positive/Gram negative), sizes and cell morphol-
ogies (information depicted in Table S1). The antibacterial activity
of the Mesosilver suspension was assessed with three strains
(P. aliena, C. fucicola, A. agilis) as these species represent potential
model organisms to assess AgNPs toxicity due to their cell growth
can be monitored in a cost-efficient way by measuring the absor-
bance of the cell culture. The growth of S. koyangensis could not be
monitored by measuring the OD600 as this species formed clumps.
The exposure of pure bacterial cultures to AgNPs was carried out in
low nutrient liquid ZM/10 medium with the aim to minimise the
concentration of compounds that exhibit high affinity by ionic sil-
ver such as thiol groups (-SH). Preliminary experiments were car-
ried out in small glass test tubes (75 mm� 12mm, 3 ml of broth) to
screen rapidly for bacterial inhibitory concentration values of NM-
300 AgNPs and AgNO3 (AgNO3 as a source of ionic silver). There-
after the exposures were developed in 50 ml conical flasks con-
taining 40 ml of ZM/10 (n ¼ 3) and a range of concentrations of the
NM-300 based on the inhibitory concentrations observed in our
preliminary experiments. The concentrations tested ranged be-
tween 0.062 mg L�1 and 1.5 mg L�1 depending on the bacterial
species. The antibacterial activity of Mesosilver was examined at a
single concentration to compare it with the same concentration of
the NM-300. The concentrationwas chosen based on the IC50 value
observed for the NM-300 during our preliminary experiments.
More detailed information about how the concentration of the
Mesosilver was calculated is provided in section 3.1 of the SI
(Table S2). Flasks were inoculated with pure cell cultures in sta-
tionary phase (dilution 1:100, in the order of 106 colony forming
units (CFU) per ml), incubated at 25 �C in the dark and shaken
continuously at 125 rpm on an orbital shaker. Growth inhibition
was monitored by measuring OD600 with a Shimadzu 1650 UV-VIS
Spectrophotometer. The IC50 (mg L�1) values were calculated based
on the OD600 measurements registered during the exponential
growth phase using a graphical interpolation approach. The
endpoint of the exposures was established when the bacterial
growth in the control treatments (without AgNPs) reached the
stationary phase. The growth of S. koyangensis was quantified by
the production of nitrogen (N) analysed using the Kjeldahl method
(Youmans, 1946) as an indicator of protein production. The
endpoint for the exposures with S. koyangensis was established
after 48 h of incubation.

The bacterial cell viability of the Gram positive strain A. agilis
and the Gram negative strains C. fucicola and P. alienawas assessed
by counting the CFU developed after exposure to NM-300. In short,
bacterial aliquots collected from the experimental flasks at
different time points were plated in solid medium (75% sand-
filtered natural seawater, 0.5% Tryptone, 0.25% yeast extract, 1.4%
Bacteriological Agar, free of AgNPs), and incubated at 20 �C for 3e4
days.
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2.2.2.2. Microcosm experiments with the NM-300 AgNPs. The
experimental design of the microcosm, including sample collection
and preservation, chemical analysis and the study of the fate of the
NM-300 in the water column has been described previously by us
(Echavarri-Bravo et al., 2015). Briefly, the microcosm was estab-
lishedwith seawater and sediment samples collected from the Firth
of Forth estuary (Scotland). Each tank contained 3 L of water
(salinity 31‰, temperature 10 �C, pH 7.9, dissolved oxygen
7.8 mg L�1, initial chemical oxygen demand (COD) 26. 55 mg L�1).
The initial concentration of NM-300 added to the water column
was 1mg L�1 (total silver concentrationmeasured by AAS) based on
previous studies (Bradford et al., 2009; Colman et al., 2014). The
concentration of total silver decreased to 0.08 mg L�1 within 24 h
and remained below the detection limit (0.03 mg L�1) for the final
next three days of the 5 day experiment (Echavarri-Bravo et al.,
2015).

Three conditions were established: the NM-300 treatment
containing dispersant (T1), the carrier control (T2) containing
dispersant only (polyoxyethylene glycerol trioleate and Tween 20
(all at 4% w/w) and 7% NH4NO3), and the negative control (TC).
Further details can be found in our previous work (Echavarri-Bravo
et al., 2015).

Total microbial abundance in the water column was quantified
at different time points (0, 24, 72 and 120 h) for all treatments by
direct counts using epifluorescence microscopy and DAPI (40, 6-
diamidino-2-phenylindole) staining as described previously
(Pernthaler et al., 2001). The viability of heterotrophic bacteria was
monitoredwith the plate countmethod in slightly modifiedMarine
Agar (MA, Difco, Detroit, MI, USA) from Lebaron (Lebaron et al.,
2000). In short, the media composition of the MA was 0.25%
peptone, 0.05%, yeast extract 17.5% sand-filtered natural seawater,
1.4% Bacteriological Agar. Plates were incubated at 15 �C and CFU
counted after 8 days of incubation.
2.2.2.3. Respirometry assay. This assay was applied to study the
physiological status (by means of O2 uptake) of single bacterial
species and also mixed populations present in the water samples
collected from the microcosm. One of the advantages of the
respirometry assay performed in the present study was that it
provided information about the bacterial immediate response to
AgNPs exposure as measurable differences in O2 were observed
within 0.5e1 h. The instrument used was the Strathtox™ respi-
rometer (Strathkelvin Instruments, North Lanarkshire, UK) equip-
ped with six microcathode oxygen electrodes to measure dissolved
O2 (mg L�1 � h) and continuously monitor respiration in individual
glass tubes (Aspray et al., 2007).
2.2.2.4. Exposures with single bacterial strains. The bacterial cul-
tures were prepared in the same way as the flasks (section 2.2.2.1)
to analyse the effects of the NM-300 on bacterial growth, but in a
final volume of 20 ml (according to the capacity of the vessel). The
O2 consumption in the pure bacterial cultures was measured over
1 h following a 1 h incubation period.
2.2.2.5. Microcosm exposures. A respirometry assay was applied to
measure the O2 uptake of the whole microbial community inhab-
iting the water column, providing an insight into the overall
physiological status of the community, including non-culturable
aerobic bacterial groups. Water samples (20 ml) were collected
from the microcosm tanks at different time points during the
course of themicrocosm exposures and the O2 consumption in each
sample was registered for 0.5e1 h.
2.3. Nanoparticle characterization and persistence in relevant
media

Nanoparticle size in bacterial brothmedia (ZM/10) was analysed
at two different time points (0 and 24 h) by Transmission Electron
Microscopy (TEM, Jeol 1200 Microscope) and Atomic Force Micro-
scopy (XE-100 Microscope) at the Facility for Environmental
Nanoscience Analysis and Characterization (FENAC, University of
Birmingham). The hydrodynamic diameter and the surface charge
or zeta potential were monitored for up to 48 h in ZM/10 (pH
ranged between 7.5 and 8) and 0 and 20 g L�1 NaCl (equivalent
concentration of chloride in the ZM/10 containing 75% seawater, pH
7.5, 20 mMHEPES) using Zetasizer Nano-ZS (Malvern Instruments).
The effects of NaCl alone, (0, 10 and 20 g L�1) to investigate the
effects of chloride on the fate and persistence of NM-300 in the
microcosm, have been covered in previous work (Echavarri-Bravo
et al., 2015).

The chemical speciation of AgNPs in ZM/10 medium and in the
microcosm water samples was calculated with Visual MINTEQ
(version 3.1).

2.4. Statistical analysis

The statistical analysis was performed with SigmaPlot® 13.0
(Systat Software). Normality of the data was assessed using a
Kolmogorov-Smirnov test. The differences in nanoparticle size be-
tween samples were analysed with a Mann-Whitney test for in-
dependent samples when data did not follow a normal distribution.
Data relating to bacterial abundance obtained with the bacterial
plate counts and epifluorescence microscopy counts were log10-
transformed prior to ANOVA analysis followed by a Bonferroni
Post-Hoc test. The differences between treatments relating to the
O2 uptake rate were analysed with an independent t-test.

3. Results

3.1. Physicochemical properties of NM-300 and Mesosilver AgNPs

3.1.1. Characterization of AgNPs in Milli- Q water and bacterial
broth medium (ZM/10)

The set of techniques developed in the present study confirmed
the presence of AgNPs in the Mesosilver product. NM-300 and
Mesosilver AgNPs were characterised in Milli-Q water and a sum-
mary of their physicochemical characteristics is provided in Table 1.

Both AgNP types were negatively charged (negative zeta po-
tential) and showed a similar hydrodynamic diameter (Z-average).
The Mesosilver nanoparticle size distribution in Milli-Q water,
analysed by AFM and TEM, is available in the supplementary ma-
terial, Fig. S1 A-B. NM-300 size distribution, analysed by AFM, is
depicted in Fig. S1 C (TEM nanoparticle distribution for NM-300 is
provided in our previous work (Echavarri-Bravo et al., 2015)). TEM
images of NM-300 and Mesosilver AgNPs and their absorbance
spectrum in the UV-vis range are depicted in Figs. S2 and S3,
respectively. The concentration of ionic silver measured using an
ISE was greater in Mesosilver (11.63%) than NM-300 (4.93%). The
total concentration of silver in the Mesosilver product measured by
AAS was 116 mg L�1, 42% lower than the concentration reported by
the manufacturer.

The NM-300 and Mesosilver AgNPs particle size in bacterial
media (ZM/10) was characterised by AFM at two time points, 0 and
24 h (Table 2).

The nanoparticle size analysed by AFM was not statistically
significantly different (Mann-Whitney U test, p > 0.05) between
both time points (0 and 24 h) (size distribution available in the
supplementary information, Figs. S4 and S5). AFM images show



Table 1
Physicochemical properties of the NM-300 and Mesosilver AgNPs in Milli-Q.

AgNP type Z-average
(nm)*

zeta potential
(mV)*

Size (TEM)
(nm)

Size (AFM)
(nm)

%
ionic silver

UV-vis peak absorbance
(nm)

NM-300 58.2 ± 2.7 �22.3 ± 3.3 18.2 ± 7.3a 8.9 ± 8.6 4.93 ~ 412
Mesosilver Hot tub 51.0 ± 18.8 �28.9 ± 4.8 14.0 ± 6.9 10.5 ± 8.9 11.63 ~ 394

*Values expressed as Mean ± SD (n ¼ 3).
a (Echavarri-Bravo et al., 2015).

Table 2
Size and surface charge of NM-300 and Mesosilver AgNPs in ZM/10 media.

NP type Time (h) Z-average (nm)* PDI Zeta potential (mV)* TEM(nm) AFM (nm)

NM-300 0 52.1 ± 1.6 0.35 �5.1 ± 2.6 17.8 ± 6.5 13.6 ± 8.7
NM-300 24 595.6 ± 56.6 0.50 �4.3 ± 0.2 20.8 ± 9.6 13.1 ± 7.6
Mesosilver 0 776.7 ± 197.8 0.47 �12.1 ± 3.4 N/A 6.3 ± 3.0
Mesosilver 24 1558.6 ± 1094.6 0.83 �6.5 ± 1.3 N/A 6.6 ± 4.7

*Values expressed as Mean ± SD (n ¼ 3).
N/A: not available.
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that NM-300 particle density was higher at 0 h than after 24 h (SI
Fig. S6 A-B, respectively) whereas this was not observed for the
Mesosilver. The presence of some agglomerates, a few microns in
size, was observed by AFM in the NM-300 sample (SI Fig. S6 B3)
after 24 h. The analysis of NM-300 size measured by TEM showed
similar size distribution although the statistical analysis of the
nanoparticle size between 0 and 24 h indicated that mean particle
size was significantly larger after 24 h in ZM/10 (Mann-Whitney U
test, p < 0.001) (SI, Fig. S7, 17.8 nm at 0 h and 20.8 at 24 h).

At time 0 h, Mesosilver showed higher Z-average (hydrody-
namic diameter size) in ZM/10 than in the absence of chloride (NaCl
0 g L�1) whereas for NM-300 this increase in sizewas observed only
after 24 h in ZM/10 (Fig. S8). The hydrodynamic diameter (Z-
average) of both AgNP types increased after 24 h in ZM/10 and
20 g L�1 NaCl indicating particle agglomeration. The hydrodynamic
diameter increased more in broth ZM/10 (75% seawater) than in
media containing only NaCl (Fig. S8). The absolute value of the
nanoparticles surface charge, measured as zeta potential, decreased
immediately upon introduction to media containing NaCl and in
ZM/10 for both NM-300 andMesosilver (Fig. S9). The polydispersity
index (PDI) > 0.5 for Mesosilver after 24 h in ZM/10 (Table 2)
indicated a broad nanoparticle size distribution. Thus the Z-average
value analysed for Mesosilver at 24 h in ZM/10 was not reliable and
the information provided by the other complementary techniques
(e.g. electronic microscopy and zeta potential) was required to
characterise the fate of Mesosilver in ZM/10.
3.1.2. Chemical speciation of AgNPs in ZM/10 media and seawater
The chemical speciation of silver dissolved from AgNPs in ZM/10

media (containing 75% seawater, equivalent to 20 g L�1 of NaCl) and
seawater (the salinity measured in the water of the microcosmwas
31 g L�1) was calculated with Visual MINTEQ (3.1, KTH, Sweden)
(Ant�onio et al., 2015). The simulation output data indicated that
Naþ, Cl� and Agþ ionic species dissolved completely in ZM/10 and
in the microcosm, even at the highest concentration of AgNPs used
during the toxicity tests in ZM/10, 1.5 mg L�1. The main silver
chloro-complexes formed in ZM/10 (based on the speciation
modelling analysis) were AgCl2� (64.06%), followed by AgCl32�

(33.78%) and AgCl (aqueous form, 2.16%) under the following con-
ditions: 1.5 mg L�1 of AgNPs, pH 7.5 (the pH in the bacterial cultures
remained above 7.5) and temperature 25 �C. The simulation output
data in the water column of the microcosm (conditions: 1 mg L�1

AgNP, salinity 31 g L�1, pH 7.9 remained constant for the 120 h
exposure, temperature 10 �C) indicated that the silver chloro-
complex AgCl32� was the most abundant chemical species formed
(52.95%), followed by AgCl2� (46.06%) and AgCl (aqueous form,
1.01%).

3.2. Effects of AgNPs on single bacterial strains

The effects of the NM-300 on bacterial growth inhibition, cell
viability and bacterial respiration was investigated with pure cul-
tures of two Gram positive and two Gram negative bacteria iden-
tified at species level based on a partial sequence of the 16S rRNA
gene (the partial sequence and the accession number of the closest
relative is available in the SI). The effects of the Mesosilver on
bacterial growth was also examined.

3.2.1. Growth inhibition
The growth of bacterial cultures under exposure to a range of

concentrations of NM-300 and Mesosilver was monitored by
measuring OD600. AgNO3 and NM-300 toxicity tests, performed in
small test tubes, showed that ionic silver (supplied as AgNO3) was
always more toxic than the NM-300. The IC50 of the AgNO3 for each
species was as follows: A. agilis IC50 < 0.01 mg L�1, C. fucicola
IC50 < 0.25 mg L�1 and P. aliena IC50 < 0.05 mg L�1. Overall, it was
observed that at increasing concentrations of the NM-300 the lag
phase was extended. In addition, the toxicity of NM-300 was
species-specific: the Gram positive strain A. agilis was the most
susceptible strain, and the Gram negative P. aliena the most resis-
tant. The IC50 (concentration that inhibited 50% growth) of NM-300,
based on the OD600 measurements, was 0.145 mg L�1 for A. agilis
(Fig. 1A) (after 21 h incubation) and 0.544 mg L�1 for C. fucicola
(Fig. 1B) (after 13 h incubation), and above 1 mg L�1 for P. aliena
(Fig. 1C) after 12 h incubation. The exposure times differed between
the bacterial strains, P. aliena had the shortest generation time. The
Mesosilver product inhibited the growth of the three strains at
lower concentrations than the NM-300, as low as 0.072 mg L�1 in
the exposures with the bacterium A. agilis. A non-linear concen-
tration-dependent effect of the NM-300 on the growth of
S. koyangensis (growth analysed as total Nitrogen mg ml�1 of cell
culture, Fig.1D) was observed, but the results obtained showed that
the growth of this Gram positive strain was reduced 52% after
exposure to 0.50 mg L�1 of NM-300 and was statistically signifi-
cantly lower than the control (t-test, p-value ¼ 0.04).

3.2.2. Bacterial cell viability after exposure to NM-300
To investigate the effects of the NM-300 on bacterial cell



Fig. 1. Growth of the (A) A. agilis, (B) F. fucicola and (C) P. aliena under different concentrations of NM-300 and Mesosilver measured with OD600 expressed as the Mean (OD
600 nm) ± SD. S. koyangensis (D) growth measured as the concentration of total Nitrogen in cell culture, expressed as the Mean ± SD (n ¼ 3), except treatment at 0.10 mg L�1 of NM-
300 (n ¼ 2).
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viability, bacterial culture aliquots were collected from the exper-
imental flasks, containing inhibitory concentrations of NM-300,
and plated on solid medium free from AgNPs. Regarding the cell
viability of A. agilis (Fig. 2A), no statistically significant differences
were found at the beginning of the exposure (t ¼ 0 h, immediately
after having added the NM-300) between the control treatment
and cell cultures exposed to 0.12 and 0.25 mg L�1 NM-300. How-
ever, cell viability decreased in the presence of NM-300 during the
course of the exposures compared to the control. A similar trend
was observed for C. fucicola (Fig. 2B).

The CFU values obtained in the treatment with 0.75 mg L�1 NM-
300 were not significantly lower (p-value < 0.05) than the CFU in
the control treatment at the beginning of the exposures (t ¼ 0 h),
although during the following hours significant differences in
bacterial viability were observed (p-value < 0.05). Cell viability of
C. fucicola exposed to 0.75mg L�1 of NM-300 recovered after 13 h of
exposure. The cell viability of P. alienawas not negatively affected at
1 mg L�1 of NM-300.

3.2.3. Respirometry assay with single bacterial strains
The respirometry assay was a quick technique to determine the

range of the inhibitory concentrations of NM-300 to single bacterial
species. The results obtained in the single culture experiments (see
SI Fig. S10) for the Gram negative strain P. aliena showed a reduced
O2 uptake rate in a concentration dependent manner. On the other
hand, for Gram positive strains (A.agilis and S. koyangesis) at low
concentrations (<0.25 mg L�1) the O2 uptake rate was higher than
the control, but at concentrations above 0.5 mg L�1 showed a



Fig. 2. Cell viability of (A) A. agilis and (B) C. fucicola expressed as the Mean ± SD of the CFU ml�1 formed in agar plates under different concentrations of NM-300 (n ¼ 3). Columns
with different letters are significantly different, (One Way ANOVA, p < 0.05). *, *** symbolizes statistically significant differences (p < 0.05), (p < 0.01) p < 0.001), respectively.
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similar response to the Gram negative species. However, owing to
the lack of replication, statistical significance could not be assessed.

3.3. Microcosm exposures: effects of NM-300 on planktonic
estuarine bacteria

3.3.1. Bacterial abundance
The viability and abundance of heterotrophic bacterial groups

inhabiting the water column of the microcosm was monitored by
the plate count method (Fig. 3A) and the total bacterial abundance
was analysed by direct counts with epifluorescence microscopy
(Fig. 3B).
Fig. 3. Abundance of heterotrophic bacterial groups in Marine Agar (A) and total bacterial
counts ml�1). Columns with different letters are significantly different, (One Way ANOVA
(p < 0.01) p < 0.001), respectively.
Both data sets show that there was a reduction of the bacterial
abundance in the presence of NM-300 (One Way ANOVA, p-value
<0.001) 24 h after the beginning of the AgNP exposures in the
microcosm. The abundance of heterotrophic groups, culturable in
marine agar, recovered at the end of the exposures (after 120 h)
whereas the total prokaryotic abundance was always statistically
significantly higher in the control treatment (TC) than for NM-300
treatment (T1).

3.3.2. Respirometry assay
The O2 uptake of the whole microbial community inhabiting the

water column was measured during the course of the microcosm
abundance in the water column (B) expressed as the mean ± SD of the log 10 (CFU or
, p < 0.05, n ¼ 4). *, **, *** symbolizes statistically significant differences (p < 0.05),
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exposures. The O2 uptake rate of natural bacterial communities did
not increase in presence of NM-300 (T1), whereas the O2 uptake
increased steadily during the first 48 h and progressively decreased
afterwards in the Control (TC) and Dispersant treatments (T2)
(Fig. 4).

4. Discussion

4.1. Nanoparticle characterization

As expected, on the basis of previous studies with metallic
nanoparticles, the particle size (Z-average) reported by the DLS in
Milli-Q water was greater than the size values reported with mi-
croscopy techniques (AFM and TEM). This is because the Z-average
refers to the value of the hydrodynamic diameter (dH) whereas
AFM and TEM measured the nanoparticle core size. Moreover, as
DLS is biased towards large particles or agglomerates, which scatter
more, the analysis of smaller nanoparticles can be overlooked due
to their relative decrease in intensity. The results obtained with the
different characterization techniques showed the following results,
where the particle size or diameter is represented by the symbol Ø:
ØDLS > ØTEM >ØAFM. Differences between TEM and AFM analysis
have been reported in previous studies and it is acknowledged that
TEM measurements can be overestimated due to observational
biases (Domingos et al., 2009). Our results are in agreement with
previous work that compared the particle size of metallic nano-
particles (Fe3O4 NPs) analysed with DLS and microscopy. The DLS
analysis always reported the largest values followed by TEM NPs
(Lim et al., 2013), while the AFM analysis provided the smallest
particle size value (Pelletier et al., 2010).

The hydrodynamic diameter of the AgNPs measured by DLS
increased (50%Mesosilver,1100% NM-300) after 24 h of exposure in
bacteria-free broth medium (ZM/10) suggesting nanoparticle
agglomeration. The pH in the experimental medium containing
bacteria remained above 7.5 throughout the experiments, therefore
observed agglomeration was due to salinity rather than pH. The
ZM/10 media contained low concentrations of peptone and yeast
extract that contributed to nanoparticle agglomeration (Millour
Fig. 4. O2 uptake rate of the microbial communities during the course of the experi-
ment expressed as the Mean value of the oxygen uptake ±S.D., n ¼ 3. The differences
between treatments where analysed with the Student's t-test for independent sam-
ples. *, **, *** symbolizes statistically significant differences at a p-value < 0.05, 0.01,
0.001 respectively.
et al., 2015). The surface charge (measured by means of zeta po-
tential) of NM-300 monitored in different media ZM/10 (75% nat-
ural seawater) and NaCl (20 g L�1, equivalent to the concentration of
chloride contained in ZM/10) decreased (absolute value) in the
same way. These results indicated that chloride was a major driver
responsible for the reduction of the electric double layer of the
AgNPs, and, as a result, the absolute value of the surface charge also
lessened. A reduction of the AgNPs zeta potential enhanced nano-
particle surface interaction and AgNPs agglomeration, and thus
reduced nanoparticle stability in suspension. Other environmental
factors such as organic matter, which may prevent nanoparticle
oxidation (Fabrega et al., 2009) and affect their agglomeration state
(Ant�onio et al., 2015), and sulphide concentration, negligible under
the aerobic conditions (Liu et al., 2011) of the present work, will
influence the fate and persistence of AgNPs.

4.2. Effects of NM-300 on marine bacteria

No information regarding the ecotoxicity of the NM-300/NM-
300K AgNPs in the marine environment has been found in the
literature with the exception of our previous study (Echavarri-
Bravo et al., 2015). Most of the available work has been developed
in freshwater or terrestrial environments (Voelker et al., 2015).

The toxicity tests with pure bacterial cultures produced useful
information relating to the sensitivity of different bacterial species
to NM-300. The knowledge gained in the individual bacterial strain
work supported the analysis of the results obtained from the
microcosm experiments, as they provided an insight into the sus-
ceptibility of natural bacterial populations to NM-300 AgNPs.

In the present study it was observed that the antibacterial
properties of AgNPs are species-specific, as described by us and
others in earlier studies, and can be associated with differences in
the bacterial envelope between Gram positive and Gram negative
species (Morones et al., 2005; Suresh et al., 2010; Tamboli and Lee,
2013). Gram positive bacteria can be more susceptible to silver ions
as they are less efficient in terms of efflux pumps (O'Shea and
Moser, 2008). P. aliena exhibited the greatest resistance to AgNPs
in the present study. In addition to being Gram negative, members
of the Pseudoalteromonas genus are known to produce exopoly-
saccharides (EPS) (Gutierrez et al., 2008) that bind to metal ions
reducing metal bioavailability and enhancing the bacterial resis-
tance to metals and also to AgNPs (Joshi et al., 2012). In the present
study P. aliena could be considered as an r-strategist or opportu-
nistic strain compared to the other strains, as it has a shorter
generation time and can grow at higher concentrations of AgNPs.

The IC50 of NM-300 calculated in the present study with marine
bacterial species is lower (A. agilis IC50 < 0.15 mg L�1; C. fucicola
IC50 < 0.6 mg L�1) than the IC50 and/or the half maximum effective
concentration (EC50, required to reduced bacterial response) of the
same nanoparticle type (NM-300 and NM-300K series) observed by
other authors (summarised in Table 3).

In the present work the total silver adhered to the walls of 50 ml
the flasks was measured at the end of the exposures in parallel
experiments (further information provided in section 4 of the SI,
Fig. S11), and accounted for up to 50% of the initial silver concen-
tration. This loss of silver from solution due to adsorption to the
flask wall is in agreement with previous work (Sekine et al., 2015).

4.2.1. Toxicity tests with single bacterial strains vs. microcosms
experiments

A recovery in the cell viability and bacterial abundance was
observed in the toxicity tests developed with single strain cultures
(e.g. C. fucicola.) and in the microcosm experiment with natural
bacterial populations after 72 h exposure. This effect, of AgNPs
inducing bacterial growth inhibition during the first hours or days



Table 3
Summary of bacterial inhibitory concentrations (IC/EC) of the NM-300/300K

Microorganism Inhibitory concentration
NM-300/NM-300K

Environmental compartment/media
type

Endpoint/assay Author

A.agilis IC50 ¼ 0.145 mg L�1 (21 h) broth ZM/10 Growth monitored by OD600nm Present study
C.fuciola IC50 ¼ 0.544 mg L�1 (13 h) broth ZM/10 Growth monitored by OD600nm Present study
Natural bacterial

communities
1 mg L�1, growth supressed
by 2 orders of magnitude (24 h)

natural estuarine water Growth/CFU counts Present study

Natural bacterial
communities

6 mg Ag kg�1 dry weight
sediments

Estuarine sediments Growth/Biolog Ecoplate (Echavarri-Bravo et al.,
2015)

Pseudomonas putida IC50 ¼ 5 mg L�1

(1 h exposure)
artificial waste water Growth/Bioluminescence assay (Mallevre et al., 2014)

Pseudomonas putida IC50 ¼ 50 mg L�1

(1 h exposure)
real crude wastewater Growth/Bioluminescence assay (Mallevre et al., 2016)

Sewage sludge
microorganisms

EC10 ¼ 27.9 mg L�1

(after 3 h)
sewage sludge Respiration assay (Schlich et al., 2013)

Arthrobacter globiformis EC50 ¼ 33.38 mg L�1 broth medium dehydrogenase activity assay (Engelke et al., 2014)
EC50 ¼ 34.16 mg L�1 broth medium þ soil dehydrogenase activity assay (Engelke et al., 2014)

Mycobacterium genus
Map K10/GFP

EC50 ¼ 5.71 mg L�1

(7 day)
broth medium Growth monitored by

fluorescence
(Donnellan et al., 2016)

S.Senftenberg 20 mg L�1

(recovery in <4 h)
broth medium Growth/CFU counts (Losasso et al., 2014).

S.Enteriditis 20 mg L�1

(recovery in 2 h)
S.Hadar 20 mg L�1

(recovery 1hr)
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of exposure followed by a later recovery in bacterial abundance, has
been reported in earlier studies in fresh water at AgNPs concen-
trations ranging between 0.05 and 0.5 mg L�1 (carboxy-function-
alized AgNP) in the water column (Das et al., 2012), in seawater at
0.05 mg L�1 of polymer-coated AgNPs (Doiron et al., 2012) and in
estuarine sediments (Antizar-Ladislao et al., 2015; Echavarri-Bravo
et al., 2015). In the present study samples were collected from a
location that has been subject to high anthropogenic pressure for
more than a century, receiving water discharges from a WWTP
servicing a highly populated area as well as historical industrial
activities associated with the mining and petrochemical industries
(Baxter et al., 2011). For this reason, owing to the continuous
exposure to metals from anthropogenic but also geological origin,
some of the species present in the natural populations such as
C. fucicola and P. aliena may exhibit higher tolerance to metals
(Knapp et al., 2011) including AgNPs.

The results obtained with C. fucicola and the recovery of the
bacterial abundance in the microcosms shows the ability of some
species to recover from acute exposure after the antibacterial agent
has been removed (the total concentration of silver was below
0.03 mg L�1 in the water column of the microcosms after 48 h
(Echavarri-Bravo et al., 2015)). Thus, the removal of the antibacte-
rial agent can reactivate the bacterial division as observed with
C. fucicolawhen exposed to the NM-300. Even though the recovery
of C. fucicola exposed to 1.5 mg L�1 of the NM-300 AgNPs was not
apparent on the basis of OD600 measurements, bacterial cells were
still viable (CFU developed on agar plates free of AgNPs) after 24 h
of exposure. The current study also shows that NM-300, at an initial
concentration of 1 mg L�1, negatively affect bacterial viability and
abundance in the water column of the microcosms and their
physiological status (O2 uptake decreased). This concentration,
1 mg L�1, is lower than the inhibitory concentrations of the NM-
300/NM-300K AgNPs observed in previous work carried out with
bacteria (Table 3). Nevertheless, IC50/EC50 found in independent
studies with different bacterial species should be compared
cautiously due, for example, to differences in the methodology
applied, and the bacterial species used as model organisms,
particularly as some species may contain silver resistance genes
(Losasso et al., 2014). The media composition used to conduct the
toxicity tests will also influence the IC50; media rich in cysteine will
complex ionic silver resulting from AgNPs dissolution, reducing
their toxicity (Li et al., 2015). There will also be differences between
real media (crude sewage sludge) and artificial waste water media,
as observed by Mallevre et al. (2014, 2016). Moreover, bacterial
species from different environmental compartments exhibit
different growth requirements (e.g. fresh water bacteria will not
tolerate the high concentration of NaCl present in seawater) and
thus the composition of the exposure media will vary according to
the chemistry of the environmental compartment. The results ob-
tained in the present study suggest that marine bacteria are sus-
ceptible to AgNPs. At high concentrations of chloride, as it is in
seawater (19.37 g L�1 of Cl� is in average seawater, total salinity
35 g L�1) and in the present work (17.16 g L�1 of Cl�) in the water
column of the microcosm, the dissolution of AgNPs and the for-
mation of soluble silver-chloro complexes (AgCl, AgCl2�, AgCl32�) is
enhanced, as calculated with Visual MINTEQ (3.1) and supported by
other authors (Levard et al., 2013). These soluble compounds are
bioavailable, can cross the bacterial membranes and decrease the
bacterial resistance to silver (Gupta et al., 1998). Therefore, wild
marine bacteria are good candidates as model organisms to assess
the hazard associated with products containing nanosilver, unlike
commercial biosensor assay kits, such as Microtox®, where EC50
values for AgNPs could not be established at concentrations in
excess of 450 mg L�1, (Beddow et al., 2014).
4.2.2. Hormesis response of marine bacteria
The respirometry assays were performed with pure bacterial

cultures of the Gram-positive bacteria A. agilis and S. koyangensis
and the Gram negative bacterium P. aliena. The Gram positive
species exhibited a different response to NM-300 exposure
compared to the Gram negative strain P. aliena (see SI Fig. S10). The
consumption of O2 by A. agilis increased at the lowest concentra-
tions of NM-300 (0.05e0.1 mg L�1) and decreased at higher con-
centrations. It was observed that S. koyangensis behaved similarly to
A. agilis in the presence of AgNPs, showing an increased O2 uptake
at low concentrations (0.1 and 0.25 mg L�1), whilst it decreased by
50% at concentrations � 0.5 mg L�1. In contrast AgNPs did not
stimulate the consumption of O2 of the Gram negative bacterium
P. aliena at low concentrations, and no differences in the O2 con-
sumptionwere observed between 0.25 and 1mg L�1. The two Gram
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positive species showed a hormesis response, increasing their O2
uptake under a low dose of NM-300 during the first 1e2 h. A
hormesis response to AgNPs has been observed in previous studies
with AgNPs (Xiu et al., 2012) similar to the effects of other antibi-
otics, such as amoxicillin (H€andel et al., 2013), and may account for
the apparent increased respiration in the present study.

4.3. Antibacterial activity of the Mesosilver product

In the present work the physicochemical properties of AgNPs
present in a commercial product, the Mesosilver Hot tub™, (which
we call ‘Mesosilver’) were characterised. Mesosilver inhibited
bacterial growth at a concentration as low as 0.072 mg L�1 and it
always inhibited bacterial growth at concentrations lower than the
values observed for NM-300. The higher antibacterial activity of
Mesosilver could be due to the initial higher concentration of ionic
silver (2.2 times higher). In addition, the analysis of the nano-
particle size by AFM showed that Mesosilver was lower than NM-
300 in bacterial broth media. Small size favours the interaction
with the bacterial membranes and previous studies indicated that
small AgNPs are more toxic (Lu et al., 2013; Morones et al., 2005).
Besides, smaller nanoparticles exhibit a higher surface area that
may also enhance dissolution (Dobias and Bernier-Latmani, 2013;
Mitrano et al., 2014; Xiu et al., 2012). The present study shows that
the use of this type of product will introduce AgNPs and ionic silver
into the urban sewage system and its potential release into estu-
aries and coastal areas if silver is not efficiently removed inWWTPs.
Our results indicate that Mesosilver is highly toxic to natural ma-
rine bacteria and highlights the need for a comprehensive risk
assessment and regulation of products of domestic use that incor-
porate AgNPs. Our work on single bacterial cultures shows that
further work is required to assess the environmental hazard of this
product in the marine environment as well as additional chemical
analysis to investigate if other toxic compounds, required for AgNPs
synthesis, are also present and not reported by the supplier.

5. Conclusion

The present study shows that the marine bacteria we have
tested are more susceptible to the antibacterial activity of AgNPs
than bacterial communities from other environmental compart-
ments, because of the different physicochemical properties of
AgNPs in seawater. In addition, AgNPs present in a household
product were characterised showing that it exhibits higher anti-
bacterial activity towards non-target marine bacteria than the NM-
300 AgNPs (OECD programme). The authors propose the use of
natural marine bacteria as model organisms (natural microbial
communities and/or single species isolates such as A. agilis) when
conducting toxicity studies to assess the environmental hazard
associated to products containing nanosilver.

Funding

This work was supported by a Heriot-Watt Environment and
Climate Change Theme PhD studentship and NERC-FENAC/2012/11/
004. We also acknowledge support from MASTS through resource
sharing with a related MASTS prize studentship in Dr Hartl's lab.

Acknowledgment

We are grateful to M. Stobie, S. McMenamy and H. Barras for
support and advice with sample collection and chemical analysis, P.
Cyphus for support with bacteriological analysis and Vicky Good-
fellow for her assistance with the Kjeldahl method.
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.marenvres.2017.08.006.

References

Antizar-Ladislao, B., Bhattacharya, B.D., Ray Chaudhuri, S., Sarkar, S.K., 2015. Impact
of silver nanoparticles on benthic prokaryotes in heavy metal-contaminated
estuarine sediments in a tropical environment. Mar. Pollut. Bull. 99, 104e111.
http://dx.doi.org/10.1016/j.marpolbul.2015.07.051.

Ant�onio, D.C., Cascio, C., Jak�si�c, �Z., Jura�sin, D., Lyons, D.M., Nogueira, A.J.A., Rossi, F.,
Calzolai, L., 2015. Assessing silver nanoparticles behaviour in artificial seawater
by mean of AF4 and spICP-MS. Mar. Environ. Res. 111, 162e169. http://
dx.doi.org/10.1016/j.marenvres.2015.05.006.

Aspray, T.J., Carvalho, D.J.C., Philp, J.C., 2007. Application of soil slurry respirometry
to optimise and subsequently monitor ex situ bioremediation of hydrocarbon-
contaminated soils. Int. Biodeterior. Biodegr. 60, 279e284. http://dx.doi.org/
10.1016/j.ibiod.2007.04.004.

Baxter, J.M., Boyd, I.L., Cox, M., Donald, A.E., Malcolm, S.J., Miles, H., Miller, B.,
Moffat, C.F. (Eds.), 2011. Scotland's Marine Atlas: Information for the National
Marine Plan (Edinburgh).

Beddow, J., Stolpe, B., Cole, P., Lead, J.R., Sapp, M., Lyons, B.P., Colbeck, I., Whitby, C.,
2014. Effects of engineered silver nanoparticles on the growth and activity of
ecologically important microbes. Environ. Microbiol. Rep. 6, 448e458. http://
dx.doi.org/10.1111/1758-2229.12147.

Bondarenko, O., Ivask, A., K€akinen, A., Kurvet, I., Kahru, A., 2013. Particle-cell contact
enhances antibacterial activity of silver nanoparticles. PLoS One 8. http://
dx.doi.org/10.1371/journal.pone.0064060.

Bradford, A., Handy, R.D., Readman, J.W., Atfield, A., Mühling, M., 2009. Impact of
silver nanoparticle contamination on the genetic diversity of natural bacterial
assemblages in estuarine sediments. Environ. Sci. Technol. 43, 4530e4536.
http://dx.doi.org/10.1021/es9001949.

Brar, S.K., Verma, M., Tyagi, R.D., Surampalli, R.Y., 2010. Engineered nanoparticles in
wastewater and wastewater sludge - evidence and impacts. Waste Manag. 30,
504e520. http://dx.doi.org/10.1016/j.wasman.2009.10.012.

Colman, B.P., Espinasse, B., Richardson, C.J., Matson, C.W., Lowry, G.V., Hunt, D.E.,
Wiesner, M.R., Bernhardt, E.S., 2014. Emerging contaminant or an old toxin in
disguise? Silver nanoparticle impacts on ecosystems. Environ. Sci. Technol. 48,
5229e5236. http://dx.doi.org/10.1021/es405454v.

Das, P., Xenopoulos, M.A., Williams, C.J., Hoque, M.E., Metcalfe, C.D., 2012. Effects of
silver nanoparticles on bacterial activity in natural waters. Environ. Toxicol.
Chem. 31, 122e130. http://dx.doi.org/10.1002/etc.716.

Dobias, J., Bernier-Latmani, R., 2013. Silver release from silver nanoparticles in
natural waters. Environ. Sci. Technol. 47, 4140e4146. http://dx.doi.org/10.1021/
es304023p.

Doiron, K., Pelletier, E., Lemarchand, K., 2012. Impact of polymer-coated silver
nanoparticles on marine microbial communities: a microcosm study. Aquat.
Toxicol. 124e125, 22e27. http://dx.doi.org/10.1016/j.aquatox.2012.07.004.

Domingos, R.F., Baalousha, M.A., Ju-Nam, Y., Reid, M.M., Tufenkji, N., Lead, J.R.,
Leppard, G.G., Wilkinson, K.J., 2009. Characterizing manufactured nanoparticles
in the environment: multimethod determination of particle sizes. Environ. Sci.
Technol. 43, 7277e7284. http://dx.doi.org/10.1021/es900249m.

Donnellan, S., Tran, L., Johnston, H., McLuckie, J., Stevenson, K., Stone, V., 2016.
A rapid screening assay for identifying mycobacteria targeted nanoparticle
antibiotics. Nanotoxicology 10, 761e769. http://dx.doi.org/10.3109/
17435390.2015.1124468.

Echavarri-Bravo, V., Paterson, L., Aspray, T.J., Porter, J.S., Winson, M.K., Thornton, B.,
Hartl, M.G.J., 2015. Shifts in the metabolic function of a benthic estuarine mi-
crobial community following a single pulse exposure to silver nanoparticles.
Environ. Pollut. 201 http://dx.doi.org/10.1016/j.envpol.2015.02.033.

Engelke, M., K€oser, J., Hackmann, S., Zhang, H., M€adler, L., Filser, J., 2014.
A miniaturized solid contact test with Arthrobacter globiformis for the
assessment of the environmental impact of silver nanoparticles. Environ. Tox-
icol. Chem. 33, 1142e1147. http://dx.doi.org/10.1002/etc.2542.

Fabrega, J., Fawcett, S.R., Renshaw, J.C., Lead, J.R., 2009. Silver nanoparticle impact on
bacterial growth: effect of pH, concentration, and organic matter. Environ. Sci.
Technol. 43, 7285e7290. http://dx.doi.org/10.1021/es803259g.

Foss Hansen, S., Heggelund, L.R., Revilla Besora, P., Mackevica, A., Boldrin, A.,
Baun, A., 2016. Nanoproducts - what is actually available to European con-
sumers? Environ. Sci. Nano 3, 169e180. http://dx.doi.org/10.1039/C5EN00182J.

Gambardella, C., Costa, E., Piazza, V., Fabbrocini, A., Magi, E., Faimali, M.,
Garaventa, F., 2015. Effect of silver nanoparticles on marine organisms
belonging to different trophic levels. Mar. Environ. Res. 111, 41e49. http://
dx.doi.org/10.1016/j.marenvres.2015.06.001.

Grand View Research, 2015. Silver Nanoparticles Market by Application (Electronics
& Electrical, Healthcare, Food & Beverages, Textiles) and Segment Forecasts to
2022 doi:978-1-68038-413-0.

Green, D.H., Llewellyn, L.E., Negri, A.P., Blackburn, S.I., Bolch, C.J.S., 2004. Phyloge-
netic and functional diversity of the cultivable bacterial community associated
with the paralytic shellfish poisoning dinoflagellate Gymnodinium catenatum.
FEMS Microbiol. Ecol. 47, 345e357. http://dx.doi.org/10.1016/S0168-6496(03)
00298-8.

http://dx.doi.org/10.1016/j.marenvres.2017.08.006
http://dx.doi.org/10.1016/j.marenvres.2017.08.006
http://dx.doi.org/10.1016/j.marpolbul.2015.07.051
http://dx.doi.org/10.1016/j.marenvres.2015.05.006
http://dx.doi.org/10.1016/j.marenvres.2015.05.006
http://dx.doi.org/10.1016/j.ibiod.2007.04.004
http://dx.doi.org/10.1016/j.ibiod.2007.04.004
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref4
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref4
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref4
http://dx.doi.org/10.1111/1758-2229.12147
http://dx.doi.org/10.1111/1758-2229.12147
http://dx.doi.org/10.1371/journal.pone.0064060
http://dx.doi.org/10.1371/journal.pone.0064060
http://dx.doi.org/10.1021/es9001949
http://dx.doi.org/10.1016/j.wasman.2009.10.012
http://dx.doi.org/10.1021/es405454v
http://dx.doi.org/10.1002/etc.716
http://dx.doi.org/10.1021/es304023p
http://dx.doi.org/10.1021/es304023p
http://dx.doi.org/10.1016/j.aquatox.2012.07.004
http://dx.doi.org/10.1021/es900249m
http://dx.doi.org/10.3109/17435390.2015.1124468
http://dx.doi.org/10.3109/17435390.2015.1124468
http://dx.doi.org/10.1016/j.envpol.2015.02.033
http://dx.doi.org/10.1002/etc.2542
http://dx.doi.org/10.1021/es803259g
http://dx.doi.org/10.1039/C5EN00182J
http://dx.doi.org/10.1016/j.marenvres.2015.06.001
http://dx.doi.org/10.1016/j.marenvres.2015.06.001
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref20
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref20
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref20
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref20
http://dx.doi.org/10.1016/S0168-6496(03)00298-8
http://dx.doi.org/10.1016/S0168-6496(03)00298-8


V. Echavarri-Bravo et al. / Marine Environmental Research 130 (2017) 293e302302
Gupta, A., Maynes, M., Silver, S., 1998. Effects of halides on plasmid-mediated silver
resistance in Escherichia coli. Appl. Environ. Microbiol. 64, 5042e5045.

Gutierrez, T., Shimmield, T., Haidon, C., Black, K., Green, D.H., 2008. Emulsifying and
metal ion binding activity of a glycoprotein exopolymer produced by Pseu-
doalteromonas sp. strain TG12. Appl. Environ. Microbiol. 74, 4867e4876. http://
dx.doi.org/10.1128/AEM.00316-08.

H€andel, N., Schuurmans, J.M., Brul, S., Ter Kuilea, B.H., 2013. Compensation of the
metabolic costs of antibiotic resistance by physiological adaptation in escher-
ichia coli. Antimicrob. Agents Chemother. 57, 3752e3762. http://dx.doi.org/
10.1128/AAC.02096-12.

Joshi, N., Ngwenya, B.T., Butler, I.B., French, C.E., 2015. Use of bioreporters and
deletion mutants reveals ionic silver and ROS to be equally important in silver
nanotoxicity. J. Hazard. Mater. 287, 51e58. http://dx.doi.org/10.1016/
j.jhazmat.2014.12.066.

Joshi, N., Ngwenya, B.T., French, C.E., 2012. Enhanced resistance to nanoparticle
toxicity is conferred by overproduction of extracellular polymeric substances.
J. Hazard. Mater. 241e242, 363e370. http://dx.doi.org/10.1016/
j.jhazmat.2012.09.057.

Kalman, J., Smith, B.D., Riba, I., Blasco, J., Rainbow, P.S., 2010. Biodynamic modelling
of the accumulation of Ag, Cd and Zn by the deposit-feeding polychaete Nereis
diversicolor: inter-population variability and a generalised predictive model.
Mar. Environ. Res. 69, 363e373. http://dx.doi.org/10.1016/
j.marenvres.2010.01.001.

Klasen, H.J., 2000. Historical review of the use of silver in the treatment of burns. I.
Early uses. Burns 26, 117e130. http://dx.doi.org/10.1016/S0305-4179(99)00108-
4.

Knapp, C.W., McCluskey, S., Singh, B.K., Campbell, C.D., Hudson, G., Graham, D.W.,
2011. Antibiotic resistance gene abundances correlate with metal and
geochemical conditions in archived Scottish soils. PLoS One 6. http://dx.doi.org/
10.1371/journal.pone.0027300.

Lebaron, P., Servais, P., Troussellier, M., Courties, C., Muyzer, G., Bernard, L.,
Sch€afer, H., Pukall, R., Stackebrandt, E., Guindulain, T., Vives-Rego, J., 2000.
Microbial community dynamics in Mediterranean nutrient-enriched seawater
mesocosms: changes in abundances, activity and composition. FEMS Microbiol.
Ecol. 34, 255e266. http://dx.doi.org/10.1016/S0168-6496(00)00103-3.

Levard, C., Mitra, S., Yang, T., Jew, A.D., Badireddy, A.R., Lowry, G.V., Brown, G.E.,
2013. Effect of chloride on the dissolution rate of silver nanoparticles and
toxicity to E. coli. Environ. Sci. Technol. 47, 5738e5745. http://dx.doi.org/
10.1021/es400396f.

Li, X., Schirmer, K., Bernard, L., Sigg, L., Pillai, S., Behra, R., 2015. Silver nanoparticle
toxicity and association with the alga Euglena gracilis. Environ. Sci. Nano 2,
594e602. http://dx.doi.org/10.1039/C5EN00093A.

Lim, J., Yeap, S.P., Che, H.X., Low, S.C., 2013. Characterization of magnetic nano-
particle by dynamic light scattering. Nanoscale Res. Lett. 8, 381. http://
dx.doi.org/10.1186/1556-276X-8-381.

Liu, J., Hurt, R.H., 2010. Ion release kinetics and particle persistence in aqueous
nano-silver colloids. Environ. Sci. Technol. 44, 2169e2175. http://dx.doi.org/
10.1021/es9035557.

Liu, J., Pennell, K.G., Hurt, R.H., 2011. Kinetics and mechanisms of nanosilver oxy-
sulfidation. Environ. Sci. Technol. 45, 7345e7353. http://dx.doi.org/10.1021/
es201539s.

Losasso, C., Belluco, S., Cibin, V., Zavagnin, P., Mi�ceti�c, I., Gallocchio, F., Zanella, M.,
Bregoli, L., Biancotto, G., Ricci, A., 2014. Antibacterial activity of silver nano-
particles: sensitivity of different Salmonella serovars. Front. Microbiol. 5 http://
dx.doi.org/10.3389/fmicb.2014.00227.

Lu, Z., Rong, K., Li, J., Yang, H., Chen, R., 2013. Size-dependent antibacterial activities
of silver nanoparticles against oral anaerobic pathogenic bacteria. J. Mater. Sci.
Mater. Med. 24, 1465e1471. http://dx.doi.org/10.1007/s10856-013-4894-5.

Luoma, S.N., Ho, Y.B., Bryan, G.W., 1995. Fate, bioavailability and toxicity of silver in
estuarine environments. Mar. Pollut. Bull. 31, 44e54. http://dx.doi.org/10.1016/
0025-326X(95)00081-W.

Mallevre, F., Alba, C., Milne, C., Gillespie, S., Fernandes, T., Aspray, T., 2016. Toxicity
testing of pristine and aged silver nanoparticles in real wastewaters using
bioluminescent Pseudomonas putida. Nanomaterials 6, 49. http://dx.doi.org/
10.3390/nano6030049.

Mallevre, F., Fernandes, T.F., Aspray, T.J., 2014. Silver, zinc oxide and titanium dioxide
nanoparticle ecotoxicity to bioluminescent Pseudomonas putida in laboratory
medium and artificial wastewater. Environ. Pollut. 195, 218e225. http://
dx.doi.org/10.1016/j.envpol.2014.09.002.

McGillicuddy, E., Murray, I., Kavanagh, S., Morrison, L., Fogarty, A., Cormican, M.,
Dockery, P., Prendergast, M., Rowan, N., Morris, D., 2017. Silver nanoparticles in
the environment: sources, detection and ecotoxicology. Sci. Total Environ. 575,
231e246. http://dx.doi.org/10.1016/j.scitotenv.2016.10.041.

Millour, M., Doiron, K., Lemarchand, K., Gagn�e, J.-P., 2015. Does the bacterial media
culture chemistry affect the stability of nanoparticles in nanotoxicity assays?
J. Xenobiotics 5, 34e36. http://dx.doi.org/10.4081/xeno.2015.5772.

Mitrano, D.M., Ranville, J.F., Bednar, a., Kazor, K., Hering, a.S., Higgins, C.P., 2014.
Tracking dissolution of silver nanoparticles at environmentally relevant con-
centrations in laboratory, natural, and processed waters using single particle
ICP-MS (spICP-MS). Environ. Sci. Nano 1, 248. http://dx.doi.org/10.1039/
c3en00108c.

Molleman, B., Hiemstra, T., 2015. Surface structure of silver nanoparticles as a model
for understanding the oxidative dissolution of silver ions. Langmuir 31,
13361e13372. http://dx.doi.org/10.1021/acs.langmuir.5b03686.

Morones, J., Elichiguerra, J., Camacho, A., Holt, K., Kouri, J., Ramirez, J., Yacaman, M.,
2005. The bactericidal effect of silver nanoparticles. Nanotechnology 16,
2346e2353. http://dx.doi.org/10.1088/0957-4484/16/10/059.

O'Shea, R., Moser, H.E., 2008. Physicochemical properties of antibacterial com-
pounds: implications for drug discovery. J. Med. Chem. 51, 2871e2878. http://
dx.doi.org/10.1021/jm700967e.

Pelletier, D.A., Suresh, A.K., Holton, G.A., McKeown, C.K., Wang, W., Gu, B.,
Mortensen, N.P., Allison, D.P., Joy, D.C., Allison, M.R., Brown, S.D., Phelps, T.J.,
Doktycz, M.J., 2010. Engineered cerium oxide nanoparticles: effects on bacterial
growth and viability. Appl. Env. Microbiol. doi:AEM.00650-10[pii]\r10.1128/
AEM.00650-10.

Pernthaler, J., Gl€ockner, F.O., Sch€onhuber, W., Amann, R., 2001. Fluorescence in situ
hybridization with rRNA-targeted oligonucleotide probes. Methods Microbiol.
30, 207e226. http://dx.doi.org/10.2105/AJPH.36.12.1446-a.

Schlich, K., Klawonn, T., Terytze, K., Hund-Rinke, K., 2013. Hazard assessment of a
silver nanoparticle in soil applied via sewage sludge. Environ. Sci. Eur. 25, 1e14.
http://dx.doi.org/10.1186/2190-4715-25-17.

Sekine, R., Khurana, K., Vasilev, K., Lombi, E., Donner, E., 2015. Quantifying the
adsorption of ionic silver and functionalized nanoparticles during ecotoxicity
testing: test container effects and recommendations. Nanotoxicology 9,
1005e1012. http://dx.doi.org/10.3109/17435390.2014.994570.

Sun, T.Y., Bornh€oft, N.A., Hungerbühler, K., Nowack, B., 2016. Dynamic probabilistic
modeling of environmental emissions of engineered nanomaterials. Environ.
Sci. Technol. 50, 4701e4711. http://dx.doi.org/10.1021/acs.est.5b05828.

Suresh, A.K., Pelletier, D.A., Wang, W., Moon, J.W., Gu, B., Mortensen, N.P.,
Allison, D.P., Joy, D.C., Phelps, T.J., Doktycz, M.J., 2010. Silver nanocrystallites:
biofabrication using shewanella oneidensis, and an evaluation of their
comparative toxicity on gram-negative and gram-positive bacteria. Environ. Sci.
Technol. 44, 5210e5215. http://dx.doi.org/10.1021/es903684r.

Taglietti, A., Diaz Fernandez, Y.a, Amato, E., Cucca, L., Dacarro, G., Grisoli, P.,
Necchi, V., Pallavicini, P., Pasotti, L., Patrini, M., 2012. Antibacterial activity of
glutathione-coated silver nanoparticles against Gram positive and Gram
negative bacteria. Langmuir 28, 8140e8148. http://dx.doi.org/10.1021/
la3003838.

Tamboli, D.P., Lee, D.S., 2013. Mechanistic antimicrobial approach of extracellularly
synthesized silver nanoparticles against gram positive and gram negative
bacteria. J. Hazard. Mater. 260, 878e884. http://dx.doi.org/10.1016/
j.jhazmat.2013.06.003.

Voelker, D., Schlich, K., Hohndorf, L., Koch, W., Kuehnen, U., Polleichtner, C.,
Kussatz, C., Hund-Rinke, K., 2015. Approach on environmental risk assessment
of nanosilver released from textiles. Environ. Res. 140, 661e672. http://
dx.doi.org/10.1016/j.envres.2015.05.011.

Xiu, Z., Zhang, Q., Puppala, H.L., Colvin, V.L., Alvarez, P.J.J., 2012. Negligible particle-
specific antibacterial activity of silver nanoparticles. Nano Lett. 12, 4271e4275.
http://dx.doi.org/10.1021/nl301934w.

Youmans, G.P., 1946. A method for the determination of the culture cycle and the
growth rate of virulent human type tubercle bacilli. J. Bacteriol. 51, 703e710.

http://refhub.elsevier.com/S0141-1136(17)30365-3/sref22
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref22
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref22
http://dx.doi.org/10.1128/AEM.00316-08
http://dx.doi.org/10.1128/AEM.00316-08
http://dx.doi.org/10.1128/AAC.02096-12
http://dx.doi.org/10.1128/AAC.02096-12
http://dx.doi.org/10.1016/j.jhazmat.2014.12.066
http://dx.doi.org/10.1016/j.jhazmat.2014.12.066
http://dx.doi.org/10.1016/j.jhazmat.2012.09.057
http://dx.doi.org/10.1016/j.jhazmat.2012.09.057
http://dx.doi.org/10.1016/j.marenvres.2010.01.001
http://dx.doi.org/10.1016/j.marenvres.2010.01.001
http://dx.doi.org/10.1016/S0305-4179(99)00108-4
http://dx.doi.org/10.1016/S0305-4179(99)00108-4
http://dx.doi.org/10.1371/journal.pone.0027300
http://dx.doi.org/10.1371/journal.pone.0027300
http://dx.doi.org/10.1016/S0168-6496(00)00103-3
http://dx.doi.org/10.1021/es400396f
http://dx.doi.org/10.1021/es400396f
http://dx.doi.org/10.1039/C5EN00093A
http://dx.doi.org/10.1186/1556-276X-8-381
http://dx.doi.org/10.1186/1556-276X-8-381
http://dx.doi.org/10.1021/es9035557
http://dx.doi.org/10.1021/es9035557
http://dx.doi.org/10.1021/es201539s
http://dx.doi.org/10.1021/es201539s
http://dx.doi.org/10.3389/fmicb.2014.00227
http://dx.doi.org/10.3389/fmicb.2014.00227
http://dx.doi.org/10.1007/s10856-013-4894-5
http://dx.doi.org/10.1016/0025-326X(95)00081-W
http://dx.doi.org/10.1016/0025-326X(95)00081-W
http://dx.doi.org/10.3390/nano6030049
http://dx.doi.org/10.3390/nano6030049
http://dx.doi.org/10.1016/j.envpol.2014.09.002
http://dx.doi.org/10.1016/j.envpol.2014.09.002
http://dx.doi.org/10.1016/j.scitotenv.2016.10.041
http://dx.doi.org/10.4081/xeno.2015.5772
http://dx.doi.org/10.1039/c3en00108c
http://dx.doi.org/10.1039/c3en00108c
http://dx.doi.org/10.1021/acs.langmuir.5b03686
http://dx.doi.org/10.1088/0957-4484/16/10/059
http://dx.doi.org/10.1021/jm700967e
http://dx.doi.org/10.1021/jm700967e
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref47
http://dx.doi.org/10.2105/AJPH.36.12.1446-a
http://dx.doi.org/10.1186/2190-4715-25-17
http://dx.doi.org/10.3109/17435390.2014.994570
http://dx.doi.org/10.1021/acs.est.5b05828
http://dx.doi.org/10.1021/es903684r
http://dx.doi.org/10.1021/la3003838
http://dx.doi.org/10.1021/la3003838
http://dx.doi.org/10.1016/j.jhazmat.2013.06.003
http://dx.doi.org/10.1016/j.jhazmat.2013.06.003
http://dx.doi.org/10.1016/j.envres.2015.05.011
http://dx.doi.org/10.1016/j.envres.2015.05.011
http://dx.doi.org/10.1021/nl301934w
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref57
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref57
http://refhub.elsevier.com/S0141-1136(17)30365-3/sref57

	Natural marine bacteria as model organisms for the hazard-assessment of consumer products containing silver nanoparticles
	1. Introduction
	2. Materials and methods
	2.1. Isolation and identification of marine bacteria
	2.2. Toxicity tests
	2.2.1. Preparation and characterization of AgNPs working suspensions
	2.2.2. Effects of AgNPs on marine bacteria
	2.2.2.1. Effects of NM-300 and Mesosilver on single bacterial strains
	2.2.2.2. Microcosm experiments with the NM-300 AgNPs
	2.2.2.3. Respirometry assay
	2.2.2.4. Exposures with single bacterial strains
	2.2.2.5. Microcosm exposures


	2.3. Nanoparticle characterization and persistence in relevant media
	2.4. Statistical analysis

	3. Results
	3.1. Physicochemical properties of NM-300 and Mesosilver AgNPs
	3.1.1. Characterization of AgNPs in Milli- Q water and bacterial broth medium (ZM/10)
	3.1.2. Chemical speciation of AgNPs in ZM/10 media and seawater

	3.2. Effects of AgNPs on single bacterial strains
	3.2.1. Growth inhibition
	3.2.2. Bacterial cell viability after exposure to NM-300
	3.2.3. Respirometry assay with single bacterial strains

	3.3. Microcosm exposures: effects of NM-300 on planktonic estuarine bacteria
	3.3.1. Bacterial abundance
	3.3.2. Respirometry assay


	4. Discussion
	4.1. Nanoparticle characterization
	4.2. Effects of NM-300 on marine bacteria
	4.2.1. Toxicity tests with single bacterial strains vs. microcosms experiments
	4.2.2. Hormesis response of marine bacteria

	4.3. Antibacterial activity of the Mesosilver product

	5. Conclusion
	Funding
	Acknowledgment
	Appendix A. Supplementary data
	References


