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A B S T R A C T

Standard natural Lufa soils (2.2, 2.3 and 5 M) with different organic carbon contents (0.67–1.61%) and pHCaCl2

(5.5–7.3) were spiked with ionic Ag (AgNO3) and polyvinyl pyrrolidone (AgNP-PVP) and citrate (AgNP-Cit)
coated Ag nanoparticles (NPs). Enchytraeus crypticus were exposed for 21 days to assess effects on survival and
reproduction. Soil, pore water and animals were analyzed for Ag. AgNP-Cit had a strong increasing effect on soil
pH, leading to high enchytraeid mortality at concentrations higher than 60–100 mg Ag/kg dry soil which made it
impossible to determine the influence of soil properties on its toxicity. LC50s were lower for AgNO3 than for
AgNP-PVP (92–112 and 335–425 mg Ag/kg dry soil, respectively) and were not affected by soil properties.
AgNO3 and AgNP-PVP had comparable reproductive toxicity with EC50s of 26.9–75.2 and 28.2–92.3 mg Ag/kg
dry soil, respectively; toxicity linearly increased with decreasing organic carbon content of the soils but did not
show a clear effect of soil pH. Ag uptake in the enchytraeids was higher at higher organic carbon content, but
could not explain differences in toxicity between soils. This study indicates that the bioavailability of both ionic
and nanoparticulate Ag is mainly affected by soil organic carbon, with little effect of soil pH.

1. Introduction

The numbers of consumer products that contain nanoparticles (NPs)
have been increasing dramatically recently. Silver nanoparticles
(AgNPs) are among the most widely used NPs in various products in-
cluding cosmetics, paints, textiles and many others (Vance et al., 2015).
As a consequence, there is increasing concern about their release from
products which may lead to exposure of the receiving environment and
posing harm to ecosystems. While most previous work focused on ef-
fects in aquatic environments, there is increasing concern about the
effects of AgNPs on soil organisms since recent studies showed that
washing of paints with rainwater and sedimentation (depending on the
water chemistry; Topuz et al., 2015) may lead to the spread and ac-
cumulation of AgNPs also in soils.

The stability of AgNPs is affected by the environmental conditions
in the soil solution (Klitzke et al., 2015). Therefore, evaluation of the
toxicity of AgNPS in soil should also consider their speciation in pore
water. Moreover, data on the effect of soil properties, such as organic
carbon content and pH of the soil, on the toxicity of Ag nanoparticles to
soil organisms are lacking. Since Ag may complex with organic matter,
altering its speciation and bioavailability (Cornelis et al., 2012), soil
organic matter content may affect the toxicity of AgNPs. Soil pH may

also affect the speciation of silver by its influence on the processes of
dissolution, agglomeration and adsorption (Liu and Hurt, 2010). In
addition to the effect of soil properties, there are still doubts about the
form of Ag causing toxicity. While some studies report an effect of nano-
specific properties (Colman et al., 2013; Eom et al., 2013), others are
pointing at a dominant role of ionic silver in causing the toxicity of
AgNPs (Heckmann et al., 2011; Gomes et al., 2013; van Der Ploeg et al.,
2014; Diez-Ortiz et al., 2015).

Although some studies have been performed with nematodes (e.g.,
Yang et al., 2014; Starnes et al., 2015), isopods (e.g., Tourinho et al.,
2015) and springtails (Waalewijn-Kool et al., 2014), so far most studies
have been done with earthworms to assess AgNP toxicity in soil; see
Table S1 in Supporting Information. Heckmann et al. (2011) observed
no effect of polyvinyl pyrrolidone-coated AgNPs (AgNP-PVP) on the
survival and reproduction of the earthworm Eisenia fetida at con-
centrations as high as 1000 mg Ag/kg dry soil, while LC50 of citrate-
coated AgNPs (AgNP-Cit) to Eisenia andrei was higher than 2000 mg
Ag/kg dry soil (Kwak et al., 2014). In several other studies, AgNPs
coated with different materials were found to be more toxic to different
earthworm species, leading to effect concentrations lower than
1000 mg Ag/kg dry soil (Table S1). This concerned among others re-
productive toxicity (Schlich et al., 2013) and the avoidance response of
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E. fetida to AgNP-PVP (Shoults-Wilson et al., 2011), and the responses
of the antioxidant system, acid phosphatase and ATPase of E. fetida to
AgNPs (Hu et al., 2012). The cytotoxicity of AgNP-PVP in E. fetida was
determined by Schlich et al. (2013). AgNPs with different coatings also
did affect the growth and reproduction of the earthworm Lumbricus
rubellus (van Der Ploeg et al., 2014; Makama et al., 2016).

Compared to earthworms, relatively few studies have been per-
formed on the toxicity and bioaccumulation of AgNPs in enchytraeids
(Gomes et al., 2013; Bicho et al., 2016; see Table S1). Enchytraeids are
ecologically relevant soil organisms owing to their role in decomposi-
tion and bioturbation processes in soils and are commonly preferred for
toxicity testing due to their sensitivity to a wide range of stressors
(Didden and Römbke, 2001). One of the most commonly used species is
Enchytraeus crypticus (Castro-Ferreira et al., 2012), which tolerates soils
with total organic carbon contents down to 1.5% and pH in the range of
4.3–6.8 (Vasickova et al., 2015). Moreover, metal uptake in E. crypticus
is exposure concentration dependent (He and van Gestel, 2013) and can
be higher than in earthworms exposed to the same soils (Luo et al.,
2014). It therefore is worth to investigate the toxicity and bioaccumu-
lation of Ag and AgNPs also in this species.

However, data are still lacking in the literature on: 1) the toxicity of
AgNPs with different capping agents, which have potential to affect
their fate and effects, 2) the source of Ag (Ag ions and/or AgNPs) that is
causing the toxicity, 3) the characterization of pore water and organ-
isms in terms of Ag concentrations to evaluate the possible exposure
pathways and to determine bioaccumulation levels, and 4) the effect of
organic carbon content and pH of the soil on the toxicity of AgNPs.

Therefore, this study aimed at: a) determining Ag bioaccumulation
and the lethal and reproductive toxicity of PVP and citrate coated
AgNPs to E. crypticus in three different soils, b) assessing the effect of Ag
source on Ag uptake and toxicity, including AgNO3 as a ionic Ag form,
c) relating Ag bioaccumulation and toxicity to soil properties (e.g.,
organic carbon content and pH), d) relating toxicity and Ag uptake by
the animals to the speciation of AgNPs in the soil pore water, and e)
relating toxicity to Ag body concentrations in the test animals.

2. Materials and methods

2.1. Test organisms

Enchytraeus crypticus (Enchytraeidae; Oligochaeta; Annelida) has
been cultured for over 10 years in the laboratory of the Department of
Ecological Science, Vrije Universiteit, Amsterdam, The Netherlands. E.
crypticus were cultured in agar media prepared with soil extract and
kept in a climate room at constant temperature (16 °C), relative hu-
midity (75%) and dark conditions. The culture was fed twice a week
with a mixture of oatmeal, dried baker's yeast, egg yolk powder, and
fish oil. For the experiments, adult E. crypticus with white spots in the
clitellum region were selected.

2.2. Test compounds

Polyvinyl pyrrolidone (AgNP-PVP) and Citrate (AgNP-Cit) coated
silver nanoparticles and ionic silver in the form of AgNO3 were used in
this study. AgNO3 served as an ionic control to distinguish possible
effects originating from the nanoparticles from those of the released
Ag+ ions. AgNP-Cit and AgNP-PVP were purchased from NanoSys
GmBH (Switzerland) and obtained as suspensions in water at con-
centrations of 1 g/L and 10 g/L AgNP, respectively. AgNO3 (Sigma-
Aldrich,> 99%) was dissolved in deionized water (Milli-Q). Nominal
size of AgNP-Cit and AgNP-PVP (1 g/L) provided by the manufacturer
was around 25 nm; Z-average sizes of AgNP-Cit and AgNP-PVP (1 mg/
L) in deionized water measured by DLS were 61± 0.6 nm and
42±0.4 nm, respectively. Detailed characterization of the AgNPs used
has been reported in Topuz et al. (2014).

2.3. Test Soils

To evaluate the effect of soil properties, the toxicity experiments
were conducted in three natural standard soils, namely, Lufa 2.2, Lufa
2.3 and Lufa 5 M. Lufa 2.2 is a standard soil type widely used in soil
ecotoxicology since it provides favorable conditions for toxicity studies.
Lufa 2.3 soil was selected to have different organic carbon content but
similar pH as Lufa 2.2 soil, and Lufa 5 M soil to have a different pH but
intermediate organic carbon contents. The properties of the test soils
are summarized in Table 1. Soils were air dried at 40 °C before being
used in the experiments.

2.4. Toxicity experiments

Effects of the three silver forms on the survival and reproduction of
E. crypticus were determined according to OECD (2004), but using an
exposure duration of 3 weeks as recommended by Castro-Ferreira et al.
(2012). Test concentrations were selected based on LC50/EC50 values
previously reported for earthworms and enchytraeids (see Table S1).
AgNPs was tested at 25.6, 64, 160, 400, 1000 and 2500 mg Ag/kg dry
soil.

The pHCaCl2 of soils spiked with AgNP-Cit at 400 mg Ag/kg dry soil
was around 8.50 and all organisms died in a few hours. Also 160 mg
Ag/kg dry soil led to improper conditions especially for Lufa 5 M, which
had a higher measured pHCaCl2 (7.14± 0.002) than the other soils.
Therefore, AgNP-Cit was tested only at concentrations of 25.6 and
64 mg Ag/kg dry soil.

AgNO3, which often is more toxic than AgNPs (Table S1), was tested
at 10.6, 25.6, 64, 160, 400, 1000 mg Ag/kg dry soil.

The soils were spiked in glass jars with the different Ag forms dis-
solved in demineralized water, at the same time adjusting soil moisture
content to 50% of the water holding capacity (WHC). After spiking, the
soils were mixed to achieve an as homogeneous distribution of the Ag as
possible. For the 2500 mg Ag/kg concentration of AgNP-PVP, spiking
had to be performed in steps, in between which the excess amount of
suspension was evaporated to keep the moisture content of the soil at
50% of the WHC. Control soils received demineralized water only. Four
replicates were prepared for each test concentration and control. For
each replicate, 30 g moist soil was placed in a 100 mL glass jar and
equilibrated overnight. Toxicity tests started with the introduction of 10
adult E. crypticus, with clearly visible clitella and approximately 1 cm
length, to the jars. A few grains of oat meal were added for food. The
jars were covered with perforated aluminum foil for air transfer and
incubated at 20±1 °C and 12:12 h light:dark. Water content and food
availability were checked twice a week and adjusted if necessary. After
21 days, the soil from each test jar was transferred to a plastic box
(250 mL) to collect the surviving animals, which were kept overnight in
petri dishes filled with ISO 6341 dilution solution (ISO, 1996)

Table 1
Characteristics of the Lufa soils used for the tests determining the toxicity to Enchytraeus
crypticus of silver nanoparticles and silver nitrate. Characterization was provided as
average± standard deviation by the supplier (LUFA-Speyer, Germany, 2009) (for more
detailed information, see: http://www.lufa-speyer.de/).

Parameters Soils

Lufa 2.2 Lufa 2.3 Lufa 5 M

organic carbon in % C 1.61±0.15 0.67± 0.04 0.98± 0.05
pH (0.01 M CaCl2) 5.5± 0.1 5.8± 0.7 7.3± 0.1
cation exchange capacity (meq/

100 g)
10.0±0.7 7.3± 1.0 16.1± 4.2

maximum water holding capacity (g/
100 g)

43.3±2.6 35.6± 1.7 39.8± 2.1

weight per volume (g/1000 mL) 1236±32 1334±6 1291±45
soil type (German DIN) Loamy sand Silty sand Loamy sand
soil type (USDA) Sandy loam Loamy sand Sandy loam
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containing 294 mg/L CaCl2·2H2O, 123.3 MgSO4·7H2O, 5.8 mg/L KCl,
and 64.8 mg/L NaHCO3 (Sigma Aldrich,> 99%), to empty their guts.
Then, they were stored at –18 °C for metal analysis. The animals re-
maining in the soil in the glass test jar were fixated by adding 10 mL
ethanol (VWR chemicals, 96%). After approximately 2 min, the soil was
transferred from the glass jar to a plastic box using an additional
100 mL tap water. After that, the samples were stained with 200 µL
Bengal rose (Sigma Aldrich, in 1% ethanol). The plastic boxes were
closed tightly, agitated and kept overnight at 4 °C to obtain efficient
staining of the animals. To separate soil particles from the juveniles, the
stained samples were washed with tap water and passed through a
160 µm sieve. The stained juveniles were then transferred to a special
white tray (80 × 50 cm2) to be counted under a magnifier glass (×
2.5).

Separate soil samples were mixed with 0.01 M CaCl2 (Sigma
Aldrich,> 99%) solution (5:1, w/v) and shaken at 200 rpm for 2 h.
After settling of the soil particles (overnight), pH was measured in the
overlying suspension using a pH meter (WTW, Inolab pH7110).

2.5. Silver analysis

Animals were freeze dried overnight, dry weights determined using
an analytical balance (Mettler Toledo GmbH, 1998), and transferred
into pre-cleaned Pyrex tubes. The animals were digested on a hotplate
in 300 µL of a mixture of HNO3 (Mallbaker Ultrex Ultra Pure, 65%) and
HClO4 (Mallbaker Ultrex Ultra Pure, 70%) (7:1), applying different
heating steps. Afterwards digestion, the mixture was completely eva-
porated at 180 °C. Residues were taken up in 1 mL of 1 M HCl for Ag
measurements. Analyses were conducted by graphite furnace atomic
absorption spectrophotometry (Perkin Elmer, PinAAcle 900Z).

Soil was digested with the method described in Waalewijn-Kool
et al. (2014). After drying at 40 °C for 24 h, about 0.130 g soil samples
were digested in Teflon bombs with 2 mL of a mixture of HCl (Sigma
Aldrich, 37%) and HNO3 (Sigma Aldrich, %65) (4:1). The bombs were
closed tightly and heated at 140 °C for 7 h in an oven (Binder FD). After
cooling down, 8 mL demineralized water was added and the solution
was analyzed for Ag by flame AAS (Perkin Elmer Analyst 100). To check
for the accuracy of the method, reference material (ISE sample 989 of
River Clay from Wageningen, The Netherlands) was also digested with
the samples. The recoveries of Ag in the reference material (2.8 mg Ag/
kg dry soil) were 88–94%.

For porewater extraction, 30 g dry weight equivalent of the test soil
was moistened to 100% WHC by adding deionized water and equili-
brated for 3 days. Cellulose nitrate membrane filters (0.45 µm) (S & S Ø
47 mm) were placed in between 2 round paper filters (S & S 597 Ø,
47 mm, pore size 11 µm) at the bottom of Teflon bombs. All filters were
pre-conditioned with 0.1 M Cu(NO3)2 to prevent loss due to sorption of
Ag to the filters. After introduction of the soil, they were centrifuged at
2000g at 15 °C for 45 min (Centrifuge Falcon 6/300). Approximately
5 mL of pore water was collected, which was analyzed for total Ag by
flame AAS (Perkin Elmer Analyst 100).

2.6. KF, adsorption coefficient calculations

Freundlich adsorption isotherms were used to evaluate the tendency
of Ag to bind to the soils. KF, the Freundlich constant, was calculated
and compared for the different soil types used in this study. KF values
were calculated by fitting Eq. (1) to data on total Ag concentrations
measured in the soil and in the pore water,

= KCs *Ce n
F

1/ (1)

where Cs is the concentration in soil solid phase (mg Ag/kg dry soil), Ce
is the equilibrium concentration in soil pore water (mg Ag/L) and 1/n is
the exponent of non-linearity. The goodness of fit of the curves was
expressed with R2 values.

2.7. Statistical analysis

Lethal concentrations for 50% of the test organisms (LC50) and
corresponding 95% confidence intervals were calculated with the
trimmed Spearman–Karber method (Hamilton et al., 1977). Effective
concentrations that caused 10% and 50% reduction in the number of
juveniles (EC10 and EC50, respectively) and their 95% confidence in-
tervals were obtained by fitting a 3-parameter logistic dose-response
model (Haanstra et al., 1985). EC50s for the toxicity of AgNO3 and
AgNP-PVP and in the three test soils (Lufa 2.2, Lufa 2.3 and Lufa 5 M)
were compared with a generalized likelihood-ratio test (Sokal and
Rohlf, 1995). All analysis was run in SPSS 21 for Windows.

3. Results

3.1. Soil pH, total Ag and porewater Ag concentrations

Mean soil pHCaCl2 values measured in this study (5.46, 5.47 and
7.14 for Lufa 2.2, Lufa 2.3 and Lufa 5 M, respectively, with relative
standard deviation (RSD)< 1%; n = 2) were in agreement with the
values reported by the provider (Table 1).

In the toxicity tests, pH of the spiked soils was close to that of the
control soil except for AgNP-Cit (Tables S2–S4). Tables S2–S4 show the
measured Ag concentrations in the test soils. For all Ag compounds,
recoveries of Ag from soil were 80–120%. Total Ag concentrations in
pore water strongly depended on Ag form and soil type, but in all cases
increased with increasing soil concentrations (Tables S2–S4). The
lowest Ag porewater concentrations were measured in Lufa 5 M, the
highest in Lufa 2.3 (Tables S2–S4).

The total Ag concentrations in soil and pore water fitted quite well
with Freundlich isotherms with R2>0.96 (Table S5). Freundlich ad-
sorption coefficients (KF) were significantly higher for AgNP-PVP than
for AgNO3 in all soils (Table S5). For AgNO3, KF values significantly
differed among the three soils (likelihood ratio test; p< 0.05) with the
lowest value for Lufa 2.3 and the highest for Lufa 5 M. The KF values for
AgNP-PVP showed the same trend, but the difference between soils was
not significant. In all soils, the shape parameter (1/n) of the Freundlich
isotherm was below 1 for both AgNO3 and AgNP-PVP.

3.2. Toxicity tests

The control performance of the enchytraeids satisfied the validity
criteria of the test guidelines (OECD, 2004), with adult mortality< 5%,
on average 393–584 juveniles per test jar and a coefficient of variation
of juvenile numbers of 3.3–10.3%.

Toxicity of AgNP-Cit to E. crypticus had to be reported without dose-
response curves as only few concentrations could be tested because of
its strong effect on soil pH. Based on this, it may be concluded that LC50
was higher than 58.7–102 mg Ag/kg dry soil (survival> 80% in all
soils), while no accurate EC50s could be derived (Table 2). It therefore
was impossible to evaluate the effect of soil properties on the toxicity of
AgNP-Cit.

Dose-response curves for the toxicity of AgNO3 and AgNPs to E.
crypticus are shown in Fig. 1 for effects on reproduction and survival,
respectively. Corresponding LC50, EC50 and EC10 values are presented
in Table 2.

LC50 was Ag source dependent (Table 2), and for the same Ag
compound LC50s did not significantly differ between the test soils
(Table S6). LC50 values based on total soil concentrations were sig-
nificantly higher for AgNP-PVP than for AgNO3 in all three soils.

LC50 values based on Ag concentrations in pore water (Table 2) did
not differ between soils or Ag source (Table S6).

EC50 values for the effect of AgNO3 and EC50 and EC10 for the
effect of AgNP-PVP on E. crypticus reproduction differed significantly
between different soil types (Table 2; Fig. 1). For AgNO3, EC50 was
significantly higher in Lufa 2.2 (75.2 mg Ag/kg dry soil) than in Lufa
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2.3 (26.9 mg Ag/kg dry soil) and Lufa 5 M (45.8 mg Ag/kg dry soil),
while EC50 also was significantly higher in Lufa 5 M than in Lufa 2.3
(Table S6; χ2

(1) = 25.6–37.3 (p< 0.05)). AgNO3 and EC50 of AgNP-
PVP linearly increased with increasing organic carbon content of the
test soils (Fig. 2) but did not show a relationship with soil pH.

According to EC50 values based on porewater concentrations
(Table 2; Fig. 3), AgNO3 was significantly more toxic than AgNP-PVP in
Lufa 2.3 and Lufa 5 M (χ2

(1) = 37.8–88.5, p< 0.05), but not in Lufa 2.2
soil. Porewater based EC50 for AgNO3 was significantly higher in Lufa

2.3 than in Lufa 2.2 and Lufa 5 M (χ2
(1) = 16.3–19.1, p< 0.05) (Table

S6).
Ag concentrations in E. crypticus increased with increasing exposure

concentrations for both AgNO3 and AgNP-PVP, regardless of the soil
expect for AgNO3 in Lufa 2.2 (Table 3).

E. crypticus exposed to AgNO3 or AgNP-PVP accumulated higher Ag
concentrations in Lufa 2.2 than in the other soils, with the lowest in-
ternal concentrations found upon exposure in Lufa 5 M. Ag concentra-
tions tended to be higher in E. crypticus exposed to AgNP-PVP than to
AgNO3. For E. crypticus exposed to AgNP-Cit in all soil types, measured
body Ag concentrations were similar to those in animals exposed to
similar AgNO3 and AgNP-PVP concentrations. EC50 values relating
effects on the reproduction of E. crypticus to body Ag concentrations are
shown in Table 2 and corresponding dose-response curves in Fig. 4. For
AgNO3 in Lufa 2.2, no EC50 based on internal Ag concentrations could
be calculated. No significant difference in internal EC50 values was
observed between both Ag forms and soil types (Table S6).

4. Discussion

AgNO3 and AgNPs were toxic to the survival and reproduction of E.
crypticus after 21 days of exposure in the three different test soils
(Table 2), with survival being less sensitive than reproduction. Survival
toxicity was dependent on the Ag source rather than on soil type with
AgNO3 being more toxic than AgNP-PVP. AgNO3 and AgNP-PVP were

Table 2
LC50 (lethal concentration for 50% of the animals), EC50 and EC10 (concentrations reducing reproduction by 50% and 10% compared to the control) for the toxicity of AgNO3 and two
differently coated AgNPs to Enchytraeus crypticus after 21 days exposure in three different test soils. LC50 was calculated with the trimmed Spearman–Karber method (Hamilton et al.,
1977), EC50 and EC10 with a logistic dose-response model; 95% confidence intervals are reported in brackets. Toxicity is related to total soil concentrations in mg Ag/kg dry soil,
porewater concentrations in mg Ag/L and body concentrations in the surviving animals in µg Ag/g dry body weight. All values are based on measured concentrations. EC50 values based
on soil, porewater and body concentration were derived from Figs. 1, 3 and 4, respectively. EC10s were also derived from Fig. 1.

Soil Type Ag type LC50 EC50 EC10

Soil concentration Porewater concentration Soil concentration Porewater concentration Body concentration Soil concentration

Lufa 2.2 AgNO3 111 (89.2–139) 0.132 (0.094–0.170) 75.2 (60.8–90.0) 0.101 (0.077–0.125) >137 18.3 (10.8–25.8)
AgNP-PVP 335 (267–422) 0.217 (0.086–0.348) 92.3 (76.9–108) 0.074 (0.066–0.081) 180 (53.5–304) 25.5 (16.1–34.8)
AgNP-Cit > 102b > 3.41b 51.3–102a > 3.41 >191 –

Lufa 2.3 AgNO3 112 (87.0–144) 1.86 (0.077–3.64) 26.9 (22.3–31.5) 0.139 (0.133–0.145) 26.6 (4.38–48.8) 8.29 (5.21–11.4)
AgNP-PVP 340 (271–428) 0.498 (0.297–0.70) 28.2 (19.5–36.8) 0.014 (0–0.042) 13.9 (0–41.8) 2.70 (0.320–5.07)
AgNP-Cit > 58.7b > 0.449b 30.5–58.7a 0.13–0.45a 47.3–104a –

Lufa 5 M AgNO3 92.1 (73.3–116) 0.348 (0.094–0.603) 46.0 (39.0–52.6) 0.084 (0.074–0.095) 9.76 (3.0–16.4) 11.7 (7.64–15.7)
AgNP-PVP 425 (361–501) 0.364 (0.318–0.411) 55.3 (50.5–60.0) 0.016 (0.01–0.022) 6.39 (6.02–6.76) 12.8 (10.2–15.4)
AgNP-Cit > 63.8b > 0.037b 27.4–63.8a 0.011–0.037a 4.84–6.58a –

a Toxicity test conducted with 3 (Lufa 2.2) and 2 (Lufa 2.3 and Lufa 5 M) concentration levels; juvenile numbers were reduced by more than 50% between this range.
b Less than 50% mortality at the highest concentration tested.

Fig. 1. Effects of AgNO3 and AgNP-PVP on the reproduction of Enchytraeus crypticus ex-
posed for 21 days in Lufa 2.2, Lufa 2.3 and Lufa 5 M soils. Data points show the number of
juveniles produced in the four replicates of each concentration. Effects are related to Ag
concentrations measured in soil at the end of the exposures. Solid lines show the fit of a 3-
parameter logistic dose-response model. EC50s for AgNO3 and AgNP-PVP spiked to the
same soil type did not significantly differ (Table S6).
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Fig. 2. Effect of soil organic carbon content on toxicity of AgNO3 and AgNP-PVP to
Enchytraeus crypticus after 21 days exposure in three different soils. Data points show the
EC50 and EC10 values for the effects on reproduction calculated with a 3-parameter lo-
gistic dose-response model (Table 2). Solid lines represent trend lines relating EC50 and
EC10 values to organic carbon content of the soils and R2 shows the goodness of fit. Error
bars represent the 95% confidence intervals for EC50 and EC10 values.
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equally toxic to the reproduction of E. crypticus, and soil type did affect
reproduction toxicity. Both Ag sources may cause negative reproduc-
tion effects on E. crypticus at fairly low concentrations with EC10 values
≤ 30 mg Ag/kg dry soil.

4.1. Interactions of AgNPs with the test soils

Soil pH was affected by the concentration and the type of the AgNPs
with different coating material. High concentrations of sterically coated
AgNP-PVP, which basically is uncharged, increased soil pH slightly. The
electrostatically stabilized AgNP-Cit, which is negatively charged,
caused a strong increase of soil pH (pH>9). The latter effect was very
strong and observed at lower concentrations of AgNP-Cit compared to
AgNP-PVP.

Ag concentrations in pore water were dependent on the source of
Ag. The lower total Ag concentrations in pore water (Tables S2-S4) and
higher Freundlich adsorption coefficients (KF; Table S5) showed that
AgNP-PVP might bind stronger to the soil than AgNO3. This confirms
the results of our previous study using an aqueous suspension em-
bedded in an inert sand medium, where we also found higher total Ag
concentrations in the aqueous phase for AgNO3 than for AgNP-PVP
(Topuz and Van Gestel, 2015). In addition to the Ag source, coating
material of AgNPs may have an impact on the speciation of Ag in the
soil due to differences in adsorption, release of Ag ions or agglomera-
tion depending on stabilization effects. Although porewater con-
centrations were available for only two different soil concentrations of
AgNP-Cit, the higher percentages of total Ag in pore water (2.0–3.5%)
for AgNP-Cit than for AgNP-PVP also confirm the coating material ef-
fect (percentage of Ag in pore water was calculated as the ratio of the
total amount of Ag measured in pore water and the total amount of Ag
spiked per unit of soil). The higher total Ag concentration in pore water
of soils spiked with AgNP-Cit could be explained with the results of
Navarro et al. (2014) who found a high release of Ag ions in the pre-
sence of citrate in the soil due to the complexation reaction between
citrate-carboxylate groups and AgNPs (leaving 2 or 3 negatively

Fig. 3. Effects of AgNO3 and AgNP-PVP on the reproduction of Enchytraeus crypticus ex-
posed for 21 days in Lufa 2.2, Lufa 2.3, and Lufa 5 M soils. Effects are related to Ag
concentrations measured in pore water at the end of the exposures. Data points show the
number of juveniles produced in the four replicates of each concentration. Solid lines
show the fit of a 3-parameter logistic dose-response model.

Table 3
Total Ag concentrations in Enchytraeus crypticus exposed for 21 days to different con-
centrations of AgNO3 and two differently coated AgNPs spiked to Lufa 2.2, Lufa 2.3 and
Lufa 5 M soils. Results are given as the mean (relative standard deviation) for 2 replicates
of test jars.

Nominal concentration Animal concentrations
(mg Ag/kg dry soil) (µg Ag/g dry body weight)

Lufa 2.2 Lufa 2.3 Lufa 5 M

AgNO3

10.2 103 (8.41) 22.8 (16.1) 5.67 (41.6)
25.6 105 (20.6) 19.6 (4.37) 2.83 (11.1)
64 108 (38.7) 55.6 (17.3) 16.6 (42.9)
160 150 (28.1) 47.8 (45.4)
400
1000
AgNP-PVP
25.6 115 (25.6) 19.8 (27.9) 6.51 (n.a.)a

64 204 (11.7) 61.0 (11.5) 7.56 (n.a.)
160 192 (38.7) 82.7 (30.3) 8.14 (10.1)
400 430 (18.1) 184 (10.4) –
1000 892 (1.21) 182 (22.0) 23.6 (n.a.)
2500
AgNP-Cit
25.6 38.5 (6.21) 47.3 (35.4) 6.58 (12.5)
64 191 (20.2) 104 (39.6) 4.84 (2.21)

a n.a.=not available.

Fig. 4. Effects of AgNO3 and AgNP-PVP on the reproduction of Enchytraeus crypticus ex-
posed for 21 days in Lufa 2.2, Lufa 2.3, and Lufa 5 M soils. Effects are related to Ag
concentrations measured in surviving animals. Data points show the number of juveniles
produced in the four replicates of each exposure concentration. Solid lines show the fit of
a 3-parameter log-logistic dose-response model.
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charged sites). Porewater total Ag concentrations in Lufa 2.2 soil were
also lower for paraffin-coated AgNPs (Waalewijn-Kool et al., 2014) than
for the AgNP-PVP used in this study. However, in both studies the total
Ag concentrations in pore water were below 1.5% of the soil con-
centration which is comparable with Whitley et al. (2013) and Schlich
et al. (2013).

Although less pronounced in this study, soil pH and organic carbon
content had an impact on total Ag concentrations in pore water. The
solubility of metals is much higher at low pH (Liu and Hurt, 2010),
therefore the lowest porewater concentrations would be expected for
the soil with the highest pH. This effect was indeed found for AgNO3

and AgNPs in Lufa 5 M soil, which had the highest pH. Lufa 5 M also
had the highest cation exchange capacity (CEC; Table 1) which in-
dicates a higher availability of binding sites. Although organic carbon
content of this soil is close to that of Lufa 2.3 soil, total Ag concentra-
tions in pore water indeed suggest an effect of high soil pH. Organic
matter may bind to the AgNP surface and inhibit the release of Ag to the
soil suspension (Borm et al., 2006); therefore a higher organic matter
content generally leads to lower Ag concentrations in water (Liu and
Hurt, 2010). Comparing Lufa 2.2 and Lufa 2.3, the higher total Ag
concentrations were observed in the porewater of Lufa 2.3 which had a
lower organic carbon content and similar pH. However, neither total Ag
concentrations in the porewater nor the KF values for AgNP-PVP dif-
fered significantly between the test soils, but they did for AgNO3 (Table
S5). This suggests that the binding of AgNP-PVP might be dominated by
particle interactions with the soil rather than by sorption of ionic Ag.
For further studies different soils with a wider range of organic carbon
content should be used to investigate the significance of its effect on the
speciation of Ag in pore water.

4.2. Toxicity of Ag to Enchytraeus crypticus

To the best of our knowledge, this study is the first in the literature
to report: 1) the toxicity of AgNO3 and AgNPs to E. crypticus in different
soil types with the detailed characterization of exposure in terms of Ag
concentrations in soil and pore water, and 2) the uptake of Ag by E.
crypticus from natural soils. Reproduction was more sensitive than
survival, as was also observed for L. rubellus (Van Der Ploeg et al., 2014)
and E. albidus (Gomes et al., 2013). Shoults-Wilson et al. (2011) found
that avoidance behaviour of the earthworm E. fetida exposed to AgNO3

and AgNPs was even more sensitive than survival or reproduction, with
an EC50<10 mg Ag/kg soil dry weight.

In our study, effects of AgNO3 and AgNP-PVP on the reproduction of
E. crypticus became effective at 20–30 mg Ag/kg dry soil. EC10s ob-
tained were in line with Schlich et al. (2013) and van Der Ploeg et al.
(2014), who reported NOEC values for effects on earthworms of ≤ 15
and 1.5 mg Ag/kg dry soil for AgNO3 and AgNP-PVP, respectively.
Total Ag concentrations in sewage sludge are 2–195 and 3–14 mg Ag/
kg according to USEPA (2009) and Johnson et al. (2014), respectively,
and Gottschalk et al. (2010) predicted concentrations in sewage sludge
in the range of 1.29–6.24 mg nano-Ag/kg. However, AgNPs are mostly
transformed to Ag2S NPs due to the reducing conditions present in the
WWTP (Kaegi et al., 2013; Starnes et al., 2015; Levard et al., 2012,
2013). Recent studies suggest the possibility of AgNP residuals and
potential of Ag ion release over time because of the partial sulfidation of
AgNPs (Kent et al., 2014). Therefore, EC10 values for the toxicity of
AgNPs may serve as reference values for the worst case scenarios of
environmental risk assessment studies. The use of sewage sludge as
fertilizer for agricultural land should be studied further to assess the
potential risk of exposure of soil organisms to AgNPs and other NPs.

The data on AgNO3 and AgNPs in soils with different characteristics
show that the toxicity for different endpoints may depend both on the
Ag source (ionic or nano) and on soil characteristics such as pH and
organic carbon content.

4.2.1. Effect of Ag source
One of the major questions about AgNPs is whether their toxicity is

due to ionic silver released or caused by nano-specific characteristics.
The LC50s for the effect on the survival of E. crypticus were lower for
AgNO3 (source of ionic Ag) than for AgNP-PVP (Table 2), while no
differences were found in the EC50 or EC10 values for effects on re-
production (Table 2). Significant differences between AgNO3 and
AgNP-PVP in terms of LC50 were observed in studies on E. albidus
(Gomes et al., 2013), E. fetida (Heckmann et al., 2011) and E. crypticus
(Bicho et al., 2016). Van Der Ploeg et al. (2014) and Makama et al.
(2016) also pointed at the effect of Ag source on the bioavailability of
Ag to earthworms.

The higher Ag concentrations in the pore water of AgNO3 compared
to AgNP-PVP spiked soils (Tables S2–S4) might explain the higher
toxicity of ionic Ag on survival. Therefore, the effect of AgNP-PVP on
the enchytraeid survival observed at higher soil concentrations than of
AgNO3 probably was due to the lower release rates of Ag ions from
nanoparticles (Odzak et al., 2014). The LC50s for AgNO3 and AgNP-
PVP based on porewater concentrations were similar (Table 2) sug-
gesting that the survival toxicity of AgNP-PVP and ionic Ag is similar
and more related to released Ag ions in the porewater.

Dose-response curves for the effects of AgNO3 and AgNP-PVP on
reproduction, based on total soil concentrations, overlapped perfectly
suggesting that toxicity is similar for ionic and nano forms in all soil
types. Ribeiro et al. (2014) and Schlich et al. (2013) also found similar
toxicity of AgNO3 and AgNPs to Pseudokirchneriella subcapitata and E.
andrei, respectively. This may suggest that toxicity is increased due to
the indirect, nano-specific effects of AgNPs and the accumulated frac-
tion (Ribeiro et al., 2014). Differences in toxicity mechanisms towards
survival and reproduction therefore could be the reason for the finding
of nano-specific effects on reproduction and not for survival. It is known
that reproduction can be affected by reactive oxygen species (ROS)
production, DNA damage and protein denaturation (Zhao and Wang,
2011). Ahn et al. (2014) demonstrated ROS damage for the nematode
Caenorhabditis elegans upon exposure to AgNP-PVP which was not ob-
served for AgNO3.

Dose-response curves and EC50s for the effects of AgNO3 and AgNP-
PVP on reproduction based on porewater concentrations (Fig. 3 and
Table 2), however, suggest that AgNP-PVP was more toxic than AgNO3

in all soils. Therefore, it can be speculated that AgNP-PVP could be the
major source of the reproduction toxicity, but it remains unclear whe-
ther this is a specific nanoparticle effect.

4.2.2. Effect of organic carbon and pH
The dose-response curves for the effects of AgNO3 and AgNP-PVP

were almost overlapping and LC50s did not significantly differ between
soil types (Table 2). This suggests that LC50 is not sensitive to organic
carbon content (0.6–1.6%) and pHCaCl2 (5.5–7.5) at least in the range
tested in our study.

Dose-response curves for the effect of AgNO3 and AgNP-PVP on en-
chytraeid reproduction based on soil concentrations suggest a major ef-
fect of organic carbon (Fig. 1), corresponding with the increase of the KF

values with increasing organic carbon content of the soils (Table S5). Ag
ions are known to have high affinity to organic matter (Gao et al., 2012).
In addition to the clear shifts in the dose-response curves, EC50s for
AgNO3 and AgNP-PVP were significantly different between soils (Table
S6). EC50 and EC10 values strongly correlated with organic carbon
content of the soils (Fig. 2), for both Ag forms. EC50s of AgNO3 and
AgNP-PVP to E. albidus, and AgNO3 to L. rubellus reported in other studies
(Gomes et al., 2013; van Der Ploeg et al., 2014) were higher than the
values found in our study, which could be due to the higher organic
carbon contents of the soils used by these authors (Table S1). The EC50s
of 46.9 and 80 mg Ag/kg dry soil for AgNO3 and AgNP-PVP, respectively
found for E. fetida in RefSoil (Table S1; Schlich et al., 2013) are com-
parable with the values obtained in our study for Lufa 5 M (Table 2)
which had the same organic carbon content but a higher pH (Table 1).
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Although the dose-response curves of AgNP-PVP based on pore-
water concentrations (Fig. 3) did not show an as clear pattern as the
curves based on soil concentrations, EC50s showed the similar trend of
higher toxicity of AgNP-PVP in the soil with the lower organic carbon
content. The presence of organic matter, such as low molecular weight
organic thiols in pore water, may block the active sites of AgNPs,
leading to lower toxicity (Yang et al., 2014). Higher Ag concentrations
in E. crypticus (Table 3) and the lower toxicity in Lufa 2.2 soil support
this hypothesis. Yang et al. (2014) also reported that organic matter
diminished the toxicity of Ag compounds to the nematode C. elegans.
According to the EC50s based on porewater concentrations, AgNO3 had
the lowest toxicity in Lufa 2.3 with the lowest organic carbon content.

The effect of pH was less pronounced for both survival and re-
production toxicity, when related to total soil concentrations. Soil pH
also was not as effective as organic matter content in influencing the
avoidance behaviour of E. fetida to AgNPs in the study of Shoults-
Wilson et al. (2011). However, when related to porewater concentra-
tions, it seems that Lufa 5 M is the most toxic soil, which can only be
explained from an effect of the high pH of this soil.

4.2.3. Ag uptake by Enchytraeus crypticus
Ag concentrations measured in E. crypticus were similar for AgNO3

and AgNP-PVP, but were hard to compare due to the high mortality of
the animals in soils spiked with higher exposure concentrations. Dose-
response curves for the effects of Ag compounds on enchytraeid re-
production based on body concentrations (Fig. 4) suggest that toxicity
was lowest in Lufa 2.2 soil. Diez-Ortiz et al. (2015) reported lower
EC50s for the effects on the reproduction of E. fetida (64 and 16 mg Ag/
kg dry body weight for AgNP and AgNO3, respectively) than the values
found in our study (Table 2). This suggests that E. crypticus can accu-
mulate more Ag than E. fetida before suffering from effects, leading to
higher internal EC50 for reproduction effects of Ag on E. crypticus than
for E. fetida.

Ag concentration in E. crypticus was slightly higher in the case of
exposure in Lufa 2.3 than in Lufa 5 M, but it was not possible to draw
further conclusions on the mechanism of Ag uptake and its possible
correlation with soil parameters. Ag uptake in the enchytraeids ap-
parently is mainly dominated by organic carbon content and biological
factors. It also remains unclear whether Ag measured in the animals
was in the ionic or in a particulate form.

5. Conclusions

AgNP-PVP showed much stronger binding to the test soils than
AgNO3, but sorption of the latter was more affected by soil properties.
Ag uptake in the enchytraeids was highest for the most organic soil and
lowest at the highest soil pH, but did not differ between the different Ag
forms tested. Survival toxicity of AgNPs to E. crypticus was especially
affected by ionic Ag. Both AgNP-PVP and AgNO3 had comparable re-
productive toxicity pointing at the active role of AgNPs for the re-
production toxicity since the release of Ag ions from particles was ex-
pected to be lower than from AgNO3. The reproduction toxicity of both
Ag forms was strongly and negatively corrected with organic carbon
content of the soils, but was not affected by soil pH. EC10 values for the
reproduction toxicity of AgNPs to E. crypticus were close to the pre-
dicted environmental concentrations for Ag in sewage sludge.
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