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Silver nanoparticles (AgNP) are integrated into various products due to their antimicrobial

characteristics and hence, the application of AgNP is increasing. During production, use

and disposal AgNP are emitted and enter the environment via several pathways. Soils

are considered a major sink of AgNP. The aim of the present study was to determine the

toxic effect of AgNP on Folsomia candida reproduction to illustrate potential impact on

terrestrial ecosystems. The AgNP-dependent reduction of F. candida reproduction was

studied in RefeSol 01-A, LUFA 2.2 and OECD soil at 0.3µg–50mg Ag kg−1. To simulate

realistic exposure pathways, effects on F. candida reproduction after the application of

AgNP via sewage sludge and after aging this treatment in the soil for up to 140 days

were studied using environmentally relevant concentrations. The OECD representative

AgNP, NM-300K, and AgNO3, as ametal salt reference, were used in all experiments. The

generated data demonstrate that the presence of AgNP in the soil in the low mg Ag kg−1

concentration range results in significant, but concentration independent inhibition of F.

candida reproduction in RefeSol 01-A and LUFA 2.2. Significant inhibition of F. candida

reproduction due to AgNPwas also observed for soil amendedwith AgNP treated sludge.

An increase in inhibition with aging of the AgNP in the soil was evident. In conclusion, our

results demonstrate that, at environmentally relevant concentrations, AgNP adsorption

to sludge and subsequent aging in soil lead to a toxic effect on soil invertebrates.

Keywords: silver nanoparticles, NM-300K, standard soil, Folsomia candida, aging, sewage sludge

INTRODUCTION

The use and application of silver nanoparticles (AgNP) is steadily rising and with it the need
to assess the potential impacts on the environment. AgNP are integrated into various products
due to their antimicrobial characteristics; these range from food packaging (de Moura et al.,
2012), paints, sportswear coatings to health care and medical applications (Benn and Westerhoff,
2008; Rai et al., 2009). During production, use and disposal AgNP can be emitted and enter the
environment via several pathways; soils are considered a major sink of NP (Keller and Lazareva,
2014). AgNP accumulate in sewage sludge of waste water treatment plants (WWTP) which is
applied to agricultural soils as fertilizer (Tourinho et al., 2012; Batley et al., 2013; Schlich et al.,
2013b). Some plant protection products and fertilizers also include AgNP and enter terrestrial
ecosystems via application to crops (Mishra and Singh, 2015).
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Several studies (e.g., Hänsch and Emmerling, 2010; Feng et al.,
2013; Schlich et al., 2013b; Simonin and Richaume, 2015) have
shown that AgNP at environmentally relevant concentrations
below 1mg Ag kg−1 cause adverse effects to soil organisms
of various trophic levels (McKee and Filser, 2016). Predicted
environmental concentrations of AgNP in soil and sludge-
amended soil differ between studies, but all lay in the ng to µg Ag
kg−1 soil range. Massarsky et al. (2014) modeled a yearly global
increase of 1.407–6.36µg Ag kg−1 sewage sludge amended soil.
Sun et al. (2014) predicted incremental increase in concentrations
in soil and sludge amended soil of 1.2 and 110 ng Ag kg−1 per
year, respectively, in the EU. In Denmark the environmental
concentration of AgNP is predicted to be 350 ng Ag kg−1 in
sludge amended soil by 2020 through accumulation since the year
2000 (Kjølholt et al., 2015). Gottschalk et al. (2009) expect a yearly
increase of 526–2,380 ng Ag kg−1 in sludge amended soil in the
United States.

The focus in ecotoxicological testing of AgNP in soil has,
thus far, been more on microorganisms (Schlich et al., 2013b;
Engelke et al., 2014; McKee and Filser, 2016), earthworms
(Heckmann et al., 2011; Shoults-Wilson et al., 2011a; Schlich
et al., 2013a; van der Ploeg et al., 2014; Novo et al., 2015),
enchytraeids (Gomes et al., 2013, 2015; Ribeiro et al., 2015;
Bicho et al., 2016) and nematodes (Roh et al., 2009; Meyer
et al., 2010). Collembola have received less attention. They are a
large and highly abundant group of arthropods which are major
contributors to decomposition processes and play important
ecological roles in soil (e.g., Filser, 2002). One of the few studies
on effects of AgNP on Collembola (Waalewijn-Kool et al., 2014)
did not detect toxic effects of paraffin-coated AgNP on Folsomia
candida survival and reproduction at very high concentrations
(673mg Ag kg−1) (Waalewijn-Kool et al., 2014). These tests were
conducted in a loamy sand soil (LUFA 2.2). In a different study
F. candida reproduction had an EC50 of >1,792mg Ag kg−1 for
PVP-coated AgNP in a Canadian agricultural sandy loam soil. In
an agricultural silt loam soil the EC50 was estimated >1,855mg
Ag kg−1 for PVP-coated AgNP (Velicogna et al., 2016). With
AgNP and LUFA 2.2 soil a dose-response pattern was detected
at the concentration range of 64–640mg Ag kg−1 for F. candida
reproduction and the EC50 was at 540mg kg−1 (Mendes et al.,
2015).

The differences in results between studies are in part
based on differences in particle characteristics and coatings.
Additionally ionic strength and composition, pH and natural
organic content of soils affect aggregation or stabilization
of AgNP in the environment (Fabrega et al., 2011). This
has effects on the fate and bioavailability of AgNP in soil
(Handy et al., 2012) and strongly influences AgNP toxicity
to earthworms (Shoults-Wilson et al., 2011a) and nitrifying
bacteria (Simonin et al., 2015). When performing toxicity tests
with AgNP most studies apply as-manufactured nanoparticles
to the soil. During the WWTP processing transformations and
modifications of the pristine AgNP take place (Kim et al.,
2010). Hence, WWTP simulations allow the nanoparticles and
ions to be exposed to possible transformation reactions, thus
providing maximum environmental relevance (Schlich et al.,
2013b).

Based on predicted environmental concentrations for the
soil compartment the present study examined concentrations of
AgNP in theµg Ag kg−1 and lowmg Ag kg−1 range. We used the
representative OECD standard silver nanomaterial NM-300K in
all our experiments to enable a comparison of effects of dose and
soil on Collembola reproduction. In addition to testing pristine
NM-300K and AgNO3 as a salt reference, sewage sludge aged
with NM-300K in soil for up to 140 days was tested for effects on
F. candida reproduction. We generally hypothesized that toxicity
should vary (a) between NM-300K and AgNO3, (b) depending
on soil type, (c) with respect to exposure duration of NM-300K
in soil and (d) after the application of NM-300K treated sewage
sludge to the soil.

MATERIALS AND METHODS

Chemicals
NM-300K was used for all studies. NM-300K is a sterically
stabilized nanosilver dispersion containing nanoparticles smaller
than 20 nm. It originates from a single batch of commercially
manufactured representative nanosilver which is used for the
measurement and testing for hazard identification, risk and
exposure assessment studies by the Joint Research Center (Klein
et al., 2011).

The NM-300K sample dispersion is yellow-brown; it is an
aqueous dispersion of nanosilver containing 10.16% w/w Ag
and the stabilizing agents polyoxyethylene glycerol trioleate and
polyoxyethylene (20) sorbitan mono-laurat (Tween 20), each
4% w/w, which prevents particle aggregation because of sterical
repulsion (Hoppe et al., 2015). A 2% w/w stock of solution in
deionized water was prepared. Before preparing the solutions
for the toxicity test with demineralized, filtered water the vial
containing the stock was sonicated (Bandelin, Sonorex AK100H)
for 15 min. The NM-300K sample dispersion as well as the stock
solution were stored in the dark at room temperature.

AgNO3 powder (≥99.0% purity) for the salt control
was purchased from Sigma-Aldrich (Munich, Germany) and
immediately before application to the soils a solution with
demineralized, filtered water was prepared.

Chemical Analyses
NM-300K characterization revealed silver particles of about
15 nm size, with 99% of the silver particles of a size below 20 nm
(Klein et al., 2011). The average specific surface area of 38.1m2

g−1 (Klein et al., 2011) was calculated from the average diameter
of 15 nm and the density of 10.5 g cm−3 (Haynes, 2012). For
TEM analyses of NM-300K refer to Klein et al. (2011). Köser
et al. performed dynamic light scattering and zeta-potential
measurements for the particle characterization in water: NM-
300K particles in demineralized H2O (10mg Ag L−1) exhibited
an average hydrodynamic diameter of about 40 nm and zeta-
potential of−15mV (Köser et al., 2013).

The NM-300K dispersion was colloidally stable for 14 days
with constant particle size distribution but an increase in zeta
potential to−24mV on day 14 (Köser et al., 2013).

The recovery of NM-300K and AgNO3 in RefeSol 01-A was
determined using Atomic Absorption Spectrometry (AAS). The
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silver content of soil samples was quantified using aqua regia
digestion (HCl:HNO3, 4:1, v:v) and subsequent measurement
by graphite furnace atomic absorption spectrometry (GF-AAS)
using anUnicam 989QZAA Spectrometer (Unicam, Cambridge,
UK) with a GF-90 plus furnace and FS-90 plus autosampler.
Approximately 1 g aliquots of the dried soil samples were
digested in 20mL digestion solution consisting of 12mL conc.
HCl, 3mL conc. HNO3 and 5mL double distilled water (ddH2O)
at 65◦C for 2 h. In case the silver content was higher than the
range of the silver AAS method (0.5–20µg Ag/L) the digestion
solution was diluted prior AAS measurement using diluted aqua
regia (100mL consisting of 11mL conc. HNO3, 44mL conc.
HCl and approximately 45mL ddH2O). The average recovery for
AgNO3 was 99.5 ± 0.5% (2 preparations, 10 samples each) and
81.4± 9.5% for NM-300K (5 preparations, 10 samples each). For
reasons of consistency nominal concentrations will be used in the
following.

A pore water extraction from 5 g of OECD soil spiked with
0.6, 15, and 375µg Ag kg−1 was performed by vacuum extraction
at 300 mbar (membrane pump VCZ 324, IMLVAG GmbH,
Ilmenau, Germany). The soil was exposed either to NM-300K
or AgNO3 for 28 days before the extraction. For the extraction
the water content was adjusted to the total pore volume of soil
packed in rings for 24 h and the pore water was then extracted
from the packed soil matrix over a 0.45µm filter (SteriFlip-HV,
Merck Millipore, Darmstadt, Germany) for 5min. The effluent
was analyzed for silver by GF-AAS (Unicam 989 QZ) with a
detection limit of 0.9µg Ag L−1.

Soil Types and Characterization
OECD soil is an artificial soil used for standardized testing of
chemicals in the Collembola reproduction test (Organisation for
Economic Co-operation Development, 2009). It is composed of
74% sand, 20% kaolin clay, 5% peat, and CaCO3 to adjust the pH
(Table 1). RefeSol 01-A and LUFA 2.2 are commonly occurring
soil types from selected areas arable land in Germany. These
standard soils are especially recommended for soil biological
tests, because they are sufficiently characterized and validated
and the variability in soil properties is reflected. The soils are
normally sampled from 0 to 20 cm depth, prepared and sieved to

TABLE 1 | Characteristics of the soils used for the F. candida reproduction

tests.

RefeSol 01-A

mean ± CV

OECD soil

mean

LUFA 2.2

mean ± SD

Sand [%] 71 76.2 81.4 ± 1.2

Silt [%] 24 9.2 12.2 ± 0.6

Clay [%] 5 14.6 6.4 ± 0.9

Ct [%] 0.88 4.53 n.a.

Corg [%] 0.878 4.51 1.61 ± 0.15

CaCO3 [%] 0.02 0.19 n.a.

pH (CaCl2) 4.6 6.5 5.4

CEC [mmol/kg] 37.9 ± 25.8 2.0 9.7 ± 0.4

Ct, total carbon; Corg, organic carbon; CEC, cation exchange capacity; n.a., not available;

CV, coefficient of variation; SD, standard deviation.

2 mm. The total carbon content, organic carbon content, CaCO3

and pH of the OECD soil and RefeSol 01-A were measured in
100 g subsamples. The electric conductivity, soil texture, cation
exchange capacity of the artificial OECD were also determined
(Table 1). The corresponding data for RefeSol 01-A and LUFA
2.2 were provided by the Fraunhofer Institute IME and LUFA-
Speyer, if available (Table 1).

Soil texture was determined via combined pipette and sieving
method after removal of organic matter and aggregate dispersion.
The total carbon content was determined via elemental analyzer
(Euro EA, Hekatech) and to measure the CaCO3 content the
DIN ISO 10693.5 was applied. From these two measurements
the organic carbon content was calculated. The cation exchange
capacity was determined by preparing an extraction solution that
was centrifuged and filtered and the cations in the supernatant
were measured by atomic absorption spectroscopy (AAS 5100,
Perkin Elmer).

Collembola Reproduction Test
The F. candida culture was originally obtained from the working
group of Prof. Achazi at the Freie Universität Berlin in the early
1990s. The miniaturized form (Filser et al., 2014) of the OECD
reproduction test with F. candida (Organisation for Economic
Co-operation Development, 2009) was used in all experiments
of this study. Four 9 to 12 day old Collembola were introduced to
10 g of dry soil. In all tests each treatment was replicated five times
and the test ran under standardized conditions (20◦C, 12:12 light:
dark) for 28 days. Once a week the moisture content was checked
gravimetrically and adjusted to 50% WHC max if needed. At the
end of the test a floatation with 100mL water and a few drops of
black ink per test vessel was performed and pictures were taken
(Canon EOS 600D). Juveniles and adults were counted with help
of the program ImageJ (National Institute of Health United States
of America, 2015) and the cell counter plugin. The results are
given as mean value and standard deviation, when the same test
was repeated several times the standard error was calculated.

In all the experiments described in the following the same
type of Collembola reproduction test was performed. The
differences between these experiments lay in soil, concentrations
and application form of NM-300K (described below in pristine
and aged experiments) and are summarized in Table 2.

Pristine NM-300K Experiments

Pristine NM-300K were added to different soils in various
concentrations, the basic set up of the reproduction tests was
however the same. Both experiments included a negative control
with demineralized water. The stock solutions with NM-300K
and AgNO3 were always freshly prepared with demineralized,
filtered water before being thoroughly mixed in the soil to ensure
homogenous distribution.

a) Concentration range of 0.3 to 30,000 µg Ag kg−1 in OECD
soil and RefeSol 01-A

Two types of soils were used: OECD soil and RefeSol 01-A. 0.3, 3,
30, 300, 3,000, and 30,000µg Ag kg−1 dry soil in form of NM-
300K; 30,000µg Ag kg−1 in form of AgNO3 and a dispersant
control (NM-300K dispersant) were added to each soil. The
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TABLE 2 | Summary of the treatments applied in 28- day Collembola reproduction tests (50% WHC max, 20◦C, n = 5).

LUFA 2.2 RefeSol 01-A OECD soil WWTP-spiked sludge

+ RefeSol 01-A

Manually spiked sludge

+ RefeSol 01-A

Pristine NM-300K 12.5–50mg kg−1 0.3–30,000 µg kg−1 0.3–30,000 µg kg−1

12.5–50mg kg−1

Aged NM-300K 16.4mg kg−1 6mg kg−1

Pristine NM-300K dispersanta 2.5 mL kg−1 1.5 mL kg−1 2.5 mL kg−1;

2.5 mL kg−1 1.5 mL kg−1

Pristine AgNOb
3 50mg kg−1 30,000 µg kg−1 30,000 µg kg−1

50mg kg−1

Aged AgNO3 4mg kg−1 6mg kg−1

The variations between the tests lay in soil, concentration and application form of NM-300K. In tests with aged silver treatments the aging period was between 32 and 140 days before

the test start. All tests included an additional water control.
aThe amount of dispersant was equal to the NM-300K treatment with the respective concentration of Ag.
bThe amount of silver was equal to the NM-300K treatment with the respective concentration of Ag.

dispersant control included the same amount of dispersant as the
highest NM-300K treatment. The pH of the soil was measured
(Jürgens, WTW, Weiheim, Germany) at the start and the end of
the experiments.

b) Concentration range of 12.5–50mg Ag kg−1 in RefeSol 01-A
and LUFA 2.2

This experiment was conducted with RefeSol 01-A and LUFA 2.2
soils. The uncontaminated soils were sieved (2mm), aliquoted
to 15 g in 50 mL disposable centrifuge tubes, autoclaved at
120◦C and stored at room temperature before use. 12.5, 25, and
50mg Ag kg−1 in the form of NM-300K and 50mg Ag kg−1 in
the ionic form of AgNO3 were applied to the soils. NM-300K
dispersant at the same concentration as in the highest NM-300K
concentration served as a dispersant control. The test with each
soil was repeated twice.

Aged NM-300K Experiments

The long-term effects of NM-300K and silver nitrate added to
RefeSol 01-A via sewage sludge was studied on F. candida. The
treated soil samples were prepared and stored at the Fraunhofer
Institute IME. The soil had been mixed with either (a) manually
spiked sludge or (b) after NP-dosage in a sewage treatment plant
simulation. Both procedures for the incorporation of NM-300K
and silver nitrate into the sewage sludge are described in detail by
Schlich et al. (2013b). This is briefly summarized below.

a) Manually spiked sludge

Sewage sludge was freshly gathered from the municipal sewage
treatment plant of Schmallenberg, Germany. NM-300K and
silver nitrate were added to the sludge under aeration and
stirring. The procedure was divided into three steps to avoid
the inhibition of sludge microorganisms. The sludge was added
to RefeSol 01-A in accordance with the German sewage sludge
ordinance, which states that 5 tons per hectare over 3 years can
be deployed onto agricultural areas (German Federal Minstry of
Justice and Comsumer Protection)1. A silver concentration of

1German Federal Minstry of Justice and Comsumer Protection German Sewage

Sludge Regulation. Available online at: http://www.gesetze-im-internet.de/
abfkl_rv_1992/ (Accessed July 25, 2016).

6.0mg Ag kg−1 dry soil was intended for both NM-300K and
AgNO3, which corresponds roughly to 3,500mg kg−1 dry matter
sludge.

b) NP-dosage via sewage treatment plant simulation (WWTP-
spiked sludge)

Simulated sewage treatment plants were conducted according
to the OECD Guideline 303A (Organisation for Economic Co-
operation Development, 2001). One negative control, NM-300K
(1.6mg L−1) and silver nitrate (0.4mg L−1) were dosed into the
denitrification section of the WWTP continuously over 10 days.
The influent concentrations led to a final silver concentrations
in the sludge of about 9.6mg Ag kg−1 dry sludge according
to Schlich et al. (2013b). The sewage sludge was homogenously
mixed into RefeSol 01-A. For the NM-300K-dosage via sewage
treatment plant simulation the targeted concentrations were
approximately 16.0mg Ag kg−1 dry soil for NM-300K and 4.0mg
Ag kg−1 dry soil for silver nitrate.

In both experiments with aged NM-300K the soil was
mixed well and stored in 20-L polyethylene containers at 20◦C.
Collembola tests were performed 32, 60, 100, and 140 days after
NM-300K application via sewage sludge. The test at 32 days
was only performed for the manually spiked sludge because
the test system with WWTP-spiked sludge was unintentionally
disturbed.

Statistical Analysis
The program R version 3.1.2 (R Core Team, 2014) was used
to analyses the data statistically. The number of juveniles per
adult per treatment were tested for normal error distribution with
Shapiro-Wilk tests (p > 0.05) and if necessary transformations
(square root, log,) were applied. Then a one-way ANOVA (p <

0.05) was run and a post-hoc Dunnett-test (p < 0.05) was
performed to compare each treatment to the respective control.

When comparing the effects of one treatment in two soils
Student t-tests (p < 0.05) were applied.

If a normal error distribution was not achieved through
transformation a non-parametric Wilcoxon test (p < 0.05) was
performed.

In addition to the above described statistical analyses a
post-hoc Dunnett test (p < 0.05) was performed to compare
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each treatment to the highest NM-300K concentration in RefeSol
01-A. Also Student-t-tests were done to compare the number of
juveniles per adult in the same treatment but different soils.

RESULTS

All results shown in the following meet the OECD guideline
validity criteria (Organisation for Economic Co-operation
Development, 2009). Adult Collembola survival was not
significantly affected in any of the tested conditions, therefore
only the reproduction data is shown.

Pristine NM-300K Experiments
In the pore water extraction only in the sample treated with
375µg Ag kg−1 1µg Ag L−1 was detected (Supplementary
Material).

a) Concentration range of 0.3 to 30,000µg Ag kg−1 in OECD
soil and RefeSol 01-A

The pH of the test soils did not differ significantly between
treatments and remained stable during the course of the
experiment (Supplementary Material). In OECD soil no
significant effect on the reproduction of F. candida in any of the
tested treatments was observed (Figure 1). In RefeSol 01-A the
treatment had a significant influence on the number of juveniles
per adult only at the highest concentration (ANOVA p < 0.01),
but no dose-response relationship was detected. No significant
effect of NM-300K dispersant or AgNO3 on the reproduction was
found in either soil (Figure 1). The reproductive output differs
significantly between OECD soil and RefeSol 01-A in the highest
NM-300K treatment. The results indicate that NM-300K and
AgNO3 inhibit F. candida reproduction at concentrations in the
mg kg−1 range, but not at lower concentrations (µg kg−1 range).
Since no effects were observed in OECD soil after application

of AgNP in the µg range, the Collembola reproduction test was
repeated in two well characterized agricultural soils in the lowmg
concentration range.

b) Concentration range of 12.5–50mg Ag kg−1 in RefeSol 01-A
and LUFA 2.2

In both RefeSol 01-A and LUFA 2.2 the presence of AgNO3

and NM-300K at concentrations from 12.5 to 50mg Ag kg−1

dry soil induced a decrease in reproduction to 60–70% of the
untreated control, but again no concentration-effect relationships
were found. No significant effect of NM-300K dispersant on
the reproduction in LUFA 2.2 and RefeSol 01-A was observed.
Comparable results were obtained for both soils (Figure 2).

Aged NM-300K Experiments
Comparing the controls with and without sludge revealed small
but not time related variability (data not shown). Hence, the
data obtained for NM-300K and AgNO3 performed with both
manually spiked sludge or WWTP-spiked sludge were always
related to the sludge control (without Ag). Significant inhibition
of the F. candida reproduction due to NM-300K and AgNO3

was observed for both WWTP and manually spiked sludge
(Figures 3, 4). Toxicity was similar in the treatments aged for
60, 100, and 140 days in the WWTP-spiked sludge (Figure 3).
An increase in inhibition with incubation time was evident for
manually spiked sludge (Figure 4). A distinct time dependence
was not observed for AgNO3-spiked sludge (Figure 4).

DISCUSSION

Pristine NM-300K Experiments
a) Concentration range of 0.3 to 30,000µg Ag kg−1 in OECD

soil and RefeSol 01-A

FIGURE 1 | Number of F. candida juveniles per adult normalized to the control (mean ± SD) after a 28-day reproduction test in OECD soil and RefeSol.

The nominal concentrations refer to NM-300K in µg Ag kg−1 and the AgNO3 treatment contained the same amount of silver as the 30,000µg Ag kg−1 NM-300K

treatment. The dispersant control contained the same amount of dispersant as the highest NM-300K treatment. Statistically significant difference between the two

soils: **p ≤ 0.01. Significant difference between the treatment and the respective control: *p ≤ 0.05.
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FIGURE 2 | Number of F. candida juveniles per adult normalized to the

control (mean ± SE) after 28-day reproduction tests in LUFA 2.2 and

RefeSol 01-A. The test was repeated twice and was performed with 5

replicates each. The nominal concentrations refer to mg Ag kg−1 and the

AgNO3 treatment contained the same amount of silver as 50mg Ag kg−1

NM-300K treatment. The dispersant control contained as much dispersant as

the highest NM-300K treatment. Statistical significances to the respective

control: ***p ≤ 0.001.

FIGURE 3 | Inhibition of F. candida reproduction in a 28-day test with

WWTP-spiked sludge compared to the corresponding sludge control.

The sewage sludge was spiked with NM-300K or AgNO3 which were

incorporated into the sludge through a simulated waste water treatment plant.

The sewage sludge was applied to soil and incubated for 60, 100, or 140 days

before the Collembola reproduction tests were performed. Reproduction per

adult is normalized to the corresponding sludge control (100%). Each column

represents mean ± SD of 5 replicates. Statistical significances to the

respective control: ***p ≤ 0.001.

We detected a significant inhibition of F. candida reproduction
in Refesol 01-A at 30,000µg kg−1 while in OECD soil no toxicity
was found within the tested concentration range (Figure 1).

The difference in observed effects in OECD and RefeSol 01-A
may be caused by the properties of the soils, which play an
important role in the speciation of the AgNP, as shown by
Shoults-Wilson et al. (2011a). For example, the oxidation rate of
AgNP depends on the soil type (Shoults-Wilson et al., 2011a,b).
In soils with low organic matter content and acidic soils Ag ions
are more available for biological uptake (Shoults-Wilson et al.,
2011a; Cornelis et al., 2012; Benoit et al., 2013). The uptake of Ag
by the earthworm E. fetida from natural sandy loam soil spiked

FIGURE 4 | Inhibition of F. candida reproduction in a 28-day test with

manually spiked sludge compared to the corresponding sludge

control. NM-300K or AgNO3 were applied to the sewage sludge by manual

spiking. The sewage sludge was applied to soil and incubated for 32, 60, 100,

or 140 days before the tests were performed. Reproduction per adult is

normalized to the corresponding sludge control (100%). Each column

represents mean ± SD of 5 replicates. Statistical significances to the

respective control: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

with PVP-coated AgNP is significantly higher than from an
artificial soil (70% sand, 20% kaolin clay, 10% peat). This natural
soil has a low cation exchange capacity, organic matter content,
clay content and pH (Shoults-Wilson et al., 2011a). OECD soil
has a pH of 6.53 and contains five times more organic matter and
a three times higher clay content than RefeSol 01-A soil (Table 1).
These soil characteristics might result in less free Ag ions in the
soil pore water and less bioavailable Ag in OECD soil.

This is in line with our results from the pore water extraction
in OECD soil where silver was only detected in a marginal
amount in the treatment with 375µg Ag kg−1. This indicates
that most of the silver is bound to particles in OECD soil and is
not bioavailable in the pore water. These concentrations of silver
are lower than those detected by Waalewijn-Kool et al. (2014)
who recovered about 1.5% Ag in the pore water of LUFA 2.2 soil
spiked with 168mg Ag kg−1 paraffin-coated AgNP and 30–60mg
Ag kg−1 AgNO3. Column leaching experiments revealed that
only a small amount of Ag was released from RefeSol 01-A after
incubation with NM-300K for 3 days (Hoppe et al., 2015). The
detected Ag release corresponded to ≤ 1% of the total amount of
Ag in the soil column (Hoppe et al., 2015). These results suggest
that NM-300K are retained in this soil. Retained AgNP might
release considerable amounts of toxic Ag ions into the soils.
However, even if released to soils, relatively large amounts of Ag
ions may be readily sorbed in the soils (Hoppe et al., 2015). It is
also known that Ag is sulfidized in soil reducing the bioavailable
fraction of silver (Levard et al., 2012).

b) Concentration range of 12.5–50mg Ag kg−1 in RefeSol 01-A
and LUFA 2.2

The similar significant inhibition of F. candida reproduction in
both RefeSol 01-A and LUFA 2.2 is probably due to similar pH
values and content of clay and organic matter in these soils
(Figure 2).
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The decrease in reproduction irrespective of the applied
concentration of NM-300K or AgNO3 may be related to the
strong adsorption to soil and complexation with organic matter.
This results in a marginal increase of free Ag ions in solution
with increasing nominal AgNP or AgNO3 quantity. The high
percentage of soil adsorption and complexation by dissolved
organic matter of added AgNP was also reported by Hoppe
et al. (2015) who investigated the sorption of NM-300K and
silver ions in 25 German arable soils with varying properties
in 24 h batch retention experiments. The adsorption of Ag ions
was consistent with the Freundlich model with high KF values,
which suggested a high retention of Ag ions. The Freundlich
model is an adsorption isotherm. It is a graphical representation
of the relationship between the amount adsorbed by a unit
weight of adsorbent (e.g., soil) and the amount of adsorbate
remaining in the medium at equilibrium. It maps the distribution
of adsorbable solute between the liquid and solid phases at
various equilibrium concentrations. The adsorption isotherm is
based on data that are specific for each system, and the isotherm
must be determined for every application. KF is the empirically
obtained constant.

Research on the partitioning of silver and chemical speciation
of free Ag in agricultural soils amended with polyacrylate
stabilized AgNP (Benoit et al., 2013) has revealed that most of
the free Ag is adsorbed onto the mineral surface of the soil
straight after application of AgNP as well as AgNO3. Soil and
water were mixed in a 1:2 ratio and Ag was measured in both
compartments. Measurements of Ag and total solution AgNP
following the addition of AgNP and AgNO3 in soil showed
that <1% of the applied silver was found in solution while
most is bound to the soil compartment and hence, is not
bioavailable. Addition of AgNP or AgNO3 in the range of 1–
100mg Ag kg−1 soil always revealed saturation curves when the
Ag in solution was plotted vs. Ag concentration measured in
the soil (Benoit et al., 2013). Hence, we hypothesize that also
in the present study further increase in the nominal NM-300K
concentrations resulted only in marginal increase of Ag ions and
NM-300K in solution and their bioavailability remained constant
in the concentration range investigated. In consequence, the
effective Ag ions or NM-300K concentration remained constant,
leading to an inhibition of the collembolan reproduction above
a certain threshold, irrespective of the applied Ag concentration.
Concentration dependent toxic effects may be detected at NM-
300K concentrations which exceed the sorption capacity of
the soil.

Aged NM-300K Experiments
When simulating a realistic exposure pathway by applying NM-
300K and AgNO3 via sewage sludge the reproduction of F.
candida was significantly reduced. This effect appeared after 60
days of aging (Figures 3, 4).

Benoit et al. (2013) showed that the addition of 25–100mg
Ag kg−1 dry soil, as either AgNO3 or AgNP, resulted in similar
concentrations of free Ag ions in solution after about a month of
equilibration. They speculate that Ag was rapidly bound to the
available ligands in the soil solution or to soil surfaces during the
first hours of exposure. Subsequently, as the system equilibrates,

Ag dissociation from the sorption sites may have resulted in
higher free Ag ions. Hence, in our experiments the increase in
toxicity on F. candida reproduction with NM-300K aging in the
soil is likely driven by Ag dissociation as well.

It has been shown in various studies that AgNP is partially
transformed to silver sulfide when passing through WWTP
(Kaegi, 2011; Lombi et al., 2013). This can reduce the bioavailable
fraction of silver in sewage sludge and the toxicity of AgNP in
short-term studies (Levard et al., 2012). In our studies with long-
term aged NM-300K in sewage sludge we however detected an
increase in toxicity with aging.

The influence of soil organic matter content on the binding
strength of AgNO3, electrostatically (citrate) stabilized and
uncoated AgNP has been investigated by Coutris et al. (2012).
In their experiments soil samples were spiked with the different
silver forms and left to age for 2 h, 2 days, 5 or 10 weeks before
they were submitted to sequential extraction. All types of silver
were more mobile in the mineral soil than in the soil rich in
organic matter, although the fractionation patterns were very
different for the three silver forms in both soils. In contrast
to AgNO3 and citrate stabilized AgNP, 80% of the uncoated
sterically stabilized AgNP was not extractable at all. The results
also showed that in contrast to soils treated with AgNO3 and
citrate stabilized AgNP, the bioaccessible fraction of silver from
uncoated AgNP increased over time, and by day 70 was between
8 and 9 times greater than that seen in the other two treatments.
These findings demonstrate that uncoated AgNP can act as a
continuous source of bioaccessible Ag ions (Coutris et al., 2012).
These results were confirmed in the present study by the time
dependent increase in inhibition of collembolan reproduction
(Figures 3, 4).

Our results also correspond to the findings of Schlich et al.
(2013b): at environmentally relevant concentrations, NM-300K
adsorption to sludge and aging in soil has a toxic effect on
soil microorganisms. Other authors have also seen a rise in
toxicity of AgNP to soil invertebrates with time when aged
in soil. van der Ploeg et al. (2014) detected lower juvenile
hatchability and survival of Lumbricus rubellus for NM-300K
than AgNO3 at 15mg Ag kg−1 in a long-term study. They
suspect that NM-300K have longer lasting toxic effects, because
of Ag ion dissolution, than AgNO3 which on the short-term
is more toxic (van der Ploeg et al., 2014). For Eisenia fetida
toxicity of uncoated AgNP also increased with aging time and
the authors suspect the same mechanism behind this (Diez-Ortiz
et al., 2015).

CONCLUSIONS

Our study shows that the presence AgNP in the concentration
range of 12.5–50mg Ag kg−1 soil results in significant, but
concentration independent inhibition of F. candida reproduction
in RefeSol 01-A and LUFA 2.2., but not in the OECD soil. Hence,
observed effects vary depending on soil type.

Significant inhibition of F. candida reproduction due to AgNP
was also observed for soil amended with AgNP treated sludge.
An increase in inhibition with aging of the AgNP in the soil
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was evident, and indicates that toxic effects depend on exposure
duration of NM-300K in soil.

In conclusion, our results demonstrate that, at
environmentally relevant concentrations, AgNP adsorption
to sludge and subsequent aging in soil lead to toxic effects on
soil invertebrates at low concentration. The consideration of
transformations and the implementation of aging tests when
performing environmental risk assessment of AgNP (and other
nanoparticles) are essential.
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