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Abstract: The production, use and disposal of nanoparticles (NPs) has been increasing continuously.
Due to its unique properties, such as a high resistance to oxidation, gold NPs (AuNPs) are persistent
in the environment, including the terrestrial, one of the major sinks of NPs. The present study aimed
to assess the effects of AuNPs (from 10 to 1000 mg/kg) on two OECD standard ecotoxicological soil
model species, Enchytraeus crypticus and Folsomia candida, based on the reproduction test (28 days)
and on a longer-term exposure (56 days), and survival, reproduction, and size were assessed. AuNPs
caused no significant hazard to F. candida, but for E. crypticus the lowest tested concentrations (10 and
100 mg AuNPs/kg) reduced reproduction. Further, AuNPs’ toxicity increased from the 28th to the
56th day mainly to F. candida, as observed in animals’ size reduction. Therefore, longer-term exposure
tests are recommended as these often reveal increased hazards, not predicted when based on shorter
exposures. Additionally, special attention should be given to the higher hazard of low concentrations
of NPs, compared to higher concentrations.

Keywords: terrestrial ecosystem; persistent pollutants; metallic nanoparticles; long-term; Enchytraeus
crypticus; Folsomia candida

1. Introduction

The production of engineered nanoparticles (NPs) has increased exponentially in the
past decades. Soil is the major sink of NPs’ release into the environment [1], in some cases
with severe release, e.g., 20,000 tons/year for TiO2NPs [2]. It is thus not surprising that,
despite the analytical difficulties of measuring NPs in complex natural matrices, NPs have
been detected in various environmental media [1,3]. Hence, due to their extensive use and
environmental persistence, metal-based NPs pose particular concern for environmental
safety [4].

Among the metallic NPs, gold nanoparticles (AuNPs) are used for a wide range of
applications, e.g., in catalysts, electronics, paints, cosmetics, cancer treatments, molecular
biology research and biomedical applications [5,6]. The mean annual predicted envi-
ronmental concentrations (PEC) of AuNPs in the soil ecosystem is 0.0059 mg/kg in the
UK [7]. PEC in sewage sludge are 0.12 and 0.15 mg/kg for UK and US, respectively, and
in sludge-treated soil up to 0.3 and 0.15 mg/kg for UK and US, respectively [8]. Due to
the extremely high resistance to oxidation, Au metal will remain insoluble under ambient
conditions [9]. Therefore, despite the fact that these concentrations can be considered low,
AuNP concentrations are expected to increase in the environment [10].

It is well shown that AuNPs can be taken up by organisms [11,12], and may even
show trophic transfer. Such Au uptake has been shown to cause both acute or longer-term
toxicity, e.g., as shown in in vitro studies, bacteria and in vivo in higher organisms [12–20].
There is still lack of knowledge, especially regarding soil invertebrates. Available infor-
mation on AuNPs in soils includes, e.g., in enchytraeids (causing no effects after 14-days
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exposure to Enchytraeus buchholzi [21]), earthworms (triggering oxidative stress and DNA
modifications [22] and reducing reproduction [23] in Eisenia fetida, and reducing survival
and reproduction of Eudrilus eugeniae after 50-days exposure [24]), nematodes (altering gene
expression [25] and reducing reproduction [26,27] in Caenorhabditis elegans) and isopods
(with no effects on Porcellio scaber [10]).

We are particularly interested here in the longer-term effects, as studies with other
NPs have shown that standard exposure duration tests underestimated the toxicity of NPs
observed after prolonged and/or multigenerational exposures. For example, multi-walled
carbon nanotubes (MWCNTs) [28] and tungsten carbide cobalt (WCCo) NPs [29] induced a
significant population decrease in Enchytraeus crypticus after an extended exposure period
of 60 days, although there was no impact after the standard 28 days. Moreover, a multigen-
erational exposure to WCCo [30] reported no significant impact in terms of survival and
reproduction at 1500 mg/kg, but a skewed size distribution was observed with relatively
more large (and medium), rather than small, organisms. Other examples include silver
(Ag) NPs (AgNM300K) where toxicity was higher in E. crypticus based on the full life cycle
test (46 days), in comparison to the standard enchytraeid reproduction test (ERT) [31].

In this study we aimed to assess the toxicological effects of AuNPs stabilized with
polyvinylpyrrolidone (PVP) over longer-term exposure (56 days), in comparison to the
standard (28 days), on survival, reproduction, and size of E. crypticus and F. candida. The
AuNPs tested are part of the repository of test materials within the EU H2020-NMBP-2017
BIORIMA project, as a nano-biomaterial (NBM) with potential applications as antimicro-
bial, X-ray contrast agent, and in photodynamic therapy. Besides being model species in
soil ecotoxicology [32,33], E. crypticus and F. candida have similar standardized one gen-
eration exposure time (around 28 days), and both also have well-developed longer-term
tests (56 days duration) [29,34]. This allows for a comparison between species at similar
exposure periods.

2. Materials and Methods
2.1. Test Organisms

The standard test species Enchytraeus crypticus (Oligochaeta: Enchytraeidae) and
Folsomia candida (Collembola) were used. E. crypticus cultures were maintained at 20 ± 1 ◦C,
under a photoperiod of 16:8 (light:dark), in petri dishes with agar, consisting of sterilized
Bacti-Agar medium (Oxoid, Agar No. 1) and a mixture of four different salt solutions at
the final concentrations of 2 mM CaCl2·2H2O, 1 mM MgSO4, 0.08 mM KCl, and 0.75 mM
NaHCO3. Individuals were fed with ground autoclaved oats twice per week. Synchronized
cultures were prepared as detailed in Bicho et al. [35], and juveniles (17–18 days) were used.
F. candida organisms were cultured at 20 ± 1 ◦C, under a photoperiod of 16:8 (light:dark),
on a moist substrate of plaster of Paris and activated charcoal (8:1 ratio). Individuals were
fed weekly with dried baker’s yeast (Saccharomyces cerevisiae). Cultures were synchronized
to obtain 10–12 days old juveniles.

2.2. Test Soil

The natural standard LUFA 2.2 soil (Speyer, Germany) was used for the experiments
and is characterized as follows: pH (0.01 M CaCl2): 5.6 ± 0.4; organic carbon: 1.71 ± 0.30%;
cation exchange capacity (CEC): 9.2 ± 1.4 meq/100 g; maximum water holding capacity
(WHCmax): 44.8 ± 2.9 g/100 g; texture: 8.0 ± 1.5% clay, 13.7 ± 1.0% silt, and 78.3 ± 1.0%
sand content.

2.3. Test Material, Characterization and Spiking Procedures

A AuNPs aqueous suspension, stabilized with PVP (provided by Colorobbia, BIOR-
IMA, Cookeville, TN, USA) was used, plus the respective dispersant alone. The AuNPs
dispersion was prepared as follows: an aqueous solution of Na3Cit was added to an
aqueous solution of PVP heated to 80 ◦C, followed by the quick addition of a solution of
HAuCl4; after cooling down, the suspension was then dialyzed with deionized water to
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remove excess PVP and citrate with a Tangential Flow membrane (Pellicon XL 10kDa PES).
Particles were ca. 40 nm in diameter and negatively charged (ξ-potential = −14.4 mV);
peak one size is 37.9 nm and peak two is 3.1 nm, with a Z-average of 27.7 nm (see Table S1
for characterization).

The tested concentrations were 0–10–100–200–1000 mg Au/kg for the AuNPs and the
equivalent to 1000 mg Au/kg for the dispersant control (i.e., using the same volume). The
selection of concentration range aimed to capture a dose–response curve for modelling
purposes, naturally above PEC, since Au has been shown not to be very toxic. Spiking
followed the OECD recommendations for nanomaterials in solution [36]. The as provided
stock aqueous dispersions were serially diluted, and the correspondent volumes were
applied with a micropipette onto the pre-moistened soil and homogeneously mixed with
a stainless-steel spatula for ca. 3 min. Spiking was carried out per individual replicate.
Moisture was adjusted to 50% of the soils’ WHCmax and soil was allowed to equilibrate
for 1-day prior to test start.

2.4. Test Procedure

Tests with enchytraeids followed the standard guideline for the Enchytraeid Reproduc-
tion Test (ERT, 28 days) [33], plus the OECD extension, as described in, e.g., Ribeiro et al. [29].
In short, the test was extended or more days (56 days in total) and extra monitoring sam-
pling times were added at days 7, 14, 21, (28) and 56. Endpoints included survival for
all sampling periods and reproduction at days 28 and 56, i.e., number of juveniles and
population, respectively. Number of replicates per treatment were one at days 7, 14 and 21,
and four at days 28 and 56.

At test start, ten synchronized age organisms (18–20 days old after cocoon laying) were
introduced in each test vessel with moist soil (�4 cm with 20 g of soil for exposure up to day
28, and �5.5 cm with 40 g of soil for exposure up to day 56) and food supply (22 ± 2 mg,
autoclaved rolled oats). Test ran up to 56 days at 20 ± 1 ◦C and 16:8 h photoperiod. Food
(11 ± 1 mg: until day 28, and 33 ± 3 mg: from 28 to 56 days) and water were replenished
weekly. On sampling days 7, 14, 21, and 28, adults were carefully removed from the soil and
counted (survival). The juveniles were counted at day 28 and 56 using a stereo microscope,
to assess reproduction. After being fixed for 24 h with ethanol and stained with Bengal rose
(1% in ethanol), soil samples were sieved through meshes with decreasing pore size (1.6,
0.5, and 0.3 mm) to separate the enchytraeids from most of the soil and facilitate counting.
For the replicates that continued until day 56, adults were carefully removed from the soil
at day 28.

Test with collembolans were performed using the standard guideline OECD 232 [32]
(28 days), plus the OECD extension, as described in, e.g., Guimarães et al. [34]. In short,
the test was extended for 28 more days (56 days in total) with adding extra monitoring
sampling times at days 7, 14, 21, (28) and 56 days. Endpoints included survival and
reproduction, i.e., number of juveniles (or population at day 56). Size of organisms was
assessed at days 28 and 56. Four replicates per treatment were performed.

At test start, ten synchronized age animals (10–12 days old) were placed in each test
vessel with moist soil (�5.5 cm, 30 g of soil) and food supply (2–10 mg, baker’s yeast).
Test ran up to 56 days at 20 ± 1 ◦C, under a 16:8 h photoperiod. Food and water were
replenished weekly. At each sampling day (7, 14, 21, 28 and 56 days), the test vessels were
flooded with water, the content was transferred to a crystallizer dish and the surface was
photographed for further analyses (count and measure (size, area)) using the software
ImageJ [37]. For the replicates that continued until day 56, after a similar flooding and
photographing procedure, the sampled juveniles at day 28 were transferred with a spoon
to a box with a layer of Plaster of Paris to absorb extra water from the spoon. After this, ten
of the biggest juveniles (ca. 11 days old) were transferred to new test vessels containing
soil (spiked at day 0), representing the F1 follow-up exposure, and the test ran under the
same exact conditions. At day 56, survival (F1) and reproduction (F2) were counted and
measured, following the previously described procedure.
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Soil pH (0.01 M CaCl2) was measured at test start (day 0) and at days 28 and 56 on
both species’ tests.

2.5. Data Analysis

One-way analysis of variance (ANOVA), followed by the Dunnet’s post-Hoc test was
used to assess differences between control and treatments for all the endpoints (survival,
reproduction and size), and between exposure time (28 and 56 days) [38].

3. Results

Results from the standard enchytraeid reproduction test (Figure 1) showed that the
test validity criteria were fulfilled, i.e., in controls adult mortality was 7.5% (<20%), number
of juveniles was 675 (>50), and coefficient of variation was 29% (<50%). There were no
significant differences between the water and dispersant controls, hence they were polled
for graphical representation and statistical analysis. No significant change in pH was
observed (full details in Table S2).
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Figure 1. Results of the reproduction test with Enchytraeus crypticus when exposed in LUFA 2.2 soil to
gold nanoparticles (AuNPs), over 56 days, in terms of number of adults and juveniles at day 28 (A),
total number of organisms at day 56 (B), and in terms of total number of organisms at days 0, 7, 14,
21, 28 and 56 of exposure (C). Values are expressed as average ± standard error (AV ± SE).

Survival and reproduction were not significantly affected by AuNPs’ exposure at
either 28 (standard) or 56 days (extension) (Figure 1). However, for E. crypticus the lowest
tested concentrations (10 and 100 mg AuNPs/kg) caused a reduced population number
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(reproduction) after 56 days (Figure 1B). It is further noted that 100 mg AuNPs/kg also
caused a drop in reproduction at day 28 (Figure 1A).

Results from the standard reproduction test with F. candida (Figure 2) showed that
the test validity criteria were fulfilled i.e., in controls mortality was 7.5% (<20%), number
of juveniles was 1041 (>100), and coefficient of variation was 5.4 (<30%). There were no
significant differences between the water and dispersant controls, hence the replicates were
polled for graphical and statistical analysis. No significant change in pH was observed
(Table S2).
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Figure 2. Results of the reproduction test with Folsomia candida when exposed in LUFA 2.2 soil to
gold nanoparticles (AuNPs), in terms of number of adults, juveniles and size at day 28 (A,B), at
day 56 (C,D), and in terms of total number of organisms at days 0, 7, 14, 21, 28 and 56 of exposure (E).
Values are expressed as average ± standard error (AV ± SE).

For the standard exposure (28 days), survival, reproduction and size were not af-
fected by AuNPs (Figure 2). For the extension (56 days) exposure, again no effects were
observed on survival or reproduction, but juveniles showed a tendency to be smaller from
200 mg/kg, although not significantly (Figure 2D). Comparing results from day 28 and
56, the number of organisms showed a general decrease (although not significant) for all
treatments (Figure 2E).

4. Discussion

No significant concentration–response effects of AuNPs were observed on survival or
reproduction for both E. crypticus and F. candida, at concentrations up to 1000 mg Au/kg soil.
However, the intermediate concentration (10 and 100 mg AuNPs/kg) caused a decrease in
reproduction in E. crypticus. This we have observed before for other NPs, e.g., Ag [31,39]
and Ni [40]. In the case of F. candida, there was approximately 30% size reduction at
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the highest concentration (1000 mg/kg, 56 days exposure), in what appeared to be a
concentration–response course. This smaller size indicates longer-term population risk,
because animals are known to require a minimum size to reproduce [41,42].

AuNPs have previously been reported as non-toxic to other soil invertebrate species.
For instance, in E. buchholzi, Patricks et al. [21] reported no effects of 14 days exposure to
AuNPs on survival and reproduction up to 37.5 mg AuNPs/kg soil (which is obviously
lower than our exposure concentrations). Similarly, no effects were observed for P. scaber
mortality, body mass, or food consumption when exposed through food [10] during 14 days
to 10 and 60 mg AuNPs/kg (cannot be directly converted to soil concentrations). A study
with the earthworm Eudrilus eugeniae, exposed to AuNPs for 50 days, reported no mortality,
but the worms were found to be less active after the 10th day [24] (here the exposure
concentration is unclear, as it is stated as 10 mg Au/box).

Other studies have shown that AuNPs can cause toxicity, e.g., while exposure of
E. fetida to 5, 20 and 50 mg Au/kg of AuNPs (20 and 55 nm) for 28 days did not affect
survival or growth, it did cause a decreased reproduction at 50 mg/kg (for the smaller
AuNPs) and at 20 mg/kg (for the larger AuNPs) [23]. The authors of [23] showed that
AuNPs accumulation in earthworms was concentration dependent for the larger NPs
(55 nm), but not for the smaller (20 nm) (with higher AuNPs internalization for lower
doses). It was hypothesized that this could be due to a high level of aggregation of the
20 nm particles to larger than 150 nm units in the higher concentration, whereas the 55 nm
AuNPs remained mono-dispersed [23]. On the other hand, for C. elegans, it was observed
that smaller (11 nm) citrate-stabilized 100 µg AuNPs/mL induced a significant decrease in
the survival and reproduction, whereas exposure to larger (150 nm) caused no significant
effects [43]. Here, the authors reported that the higher uptake of the smaller AuNPs (ca.
500 times more than the larger) was the main responsible for their higher toxicity [43]. It
is well known from other NPs that uptake and toxicity depend on size and concentration,
which also influence the agglomeration pattern [44,45].

As to our experiments, the decrease in E. crypticus reproduction at the lower concen-
trations (10 and 100 mg AuNPs/kg) could be due to the higher dispersibility, and with a
resulting enhanced availability and related toxicity. An alternative or concurrent explana-
tion could be that the size of the mouth (i.e., diameter in the opening) of the E. crypticus
adults is ca. 100 µm [46], hence ingestion of the AuNPs would only be possible for homo-
or hetero-aggregated NPs up to 100 µm (and possibly only the smaller NPs would facilitate
uptake through the animals’ gut epithelium, limiting the toxicity of larger particles). This
has been suggested before in F. candida, which was unaffected by a red organic pigment
NM exposure, but it was clear that the pigment was ingested, shown by the visible color on
the animal’s midgut [47]. F. candida’s mouth is also ca. 100 µm [48], but being a detritivore,
this species can fractionate food before ingesting it. Hence it could be hypothesized that
F. candida is able to ingest materials of larger sizes, compared to E. crypticus. The above
considerations of dispersibility and mouth sizes could be explanatory factors for the impact,
i.e., reduction of the size of the juveniles, at the highest tested concentration (1000 mg/kg)
for F. candida. However, is it obvious that 100 µm is quite large and many soil particles are
below this threshold, hence for such hetero-aggregates this would not hold.

On the other hand, when the same AuNPs were combined with activated sludge and
added to soil [49], E. crypticus reproduction increased while decreasing the organism’s size
after 56-days exposure, whereas for F. candida there was a minor decrease of the reproductive
performance and size. As stated above, a smaller size for juveniles indicates an increased
population risk, because animals are known to require a minimum size to reproduce [41,42].
When organisms are smaller, they take longer to mature (that is if they make it to maturity
within a season), and this may affect present and subsequent generations.

Hence, this suggests the importance of longer-term exposure, e.g., as multigenerational
exposure, especially for persistent materials which exert chronic effects. In line with this, a
multigeneration study with C. elegans reported that the severity of reproductive toxicity
of AuNPs in C. elegans was directly related to increased exposure time [26]. A decrease in
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the number of produced eggs after exposure to 100 µg/mL of AuNPs (11 nm) from F0 was
detected, this effect being observed at lower concentrations (10 and 50 µg/mL) from F2 [26].
Another multigenerational study [50] showed that the effects of AuNP exposure for one
generation in C. elegans (parental generation) can induce adverse effects on subsequent
generations’ reproduction, i.e., transgenerational effects. Finally, Moon et al. [27] showed
that continuous exposure of AuNPs to C. elegans impaired reproduction from F2 to F4, while
intermittent exposure caused more severe effects on F3 organisms, which may indicate that
the recovery period was not sufficient for the animal.

From a wider perspective, among NPs, the AuNPs were less toxic (mass based) to
E. crypticus than other metallic NPs e.g., CuO NMs [51] and WCCo [29], at comparable
exposure periods. For F. candida, the toxicity of AuNPs was also lower (mass based) than
reported for other metallic NPs, e.g., AgNPs [39] and ZnONPs [52]. Although some NPs
such as WCCo, CuO, organic pigment and MWCNTs, showed no toxicity to F. candida in the
standard 28 days reproduction test [47], in multigenerational exposure (four generations)
WCCo NM affected reproduction and survival from F3 onwards, while CuO NM caused
no effects [53].

5. Conclusions

Hazards caused by AuNPs for soil invertebrates seem to be concentration and ex-
posure time dependent. For E. crypticus the lowest concentration caused a reduction
in reproduction for both standard (28 days) and extension (56 days) exposures (100 mg
AuNPs/kg at day 28 and 10 mg AuNPs/kg at day 56). For F. candida, the size of animals
was reduced at the highest concentration (1000 mg AuNPs/kg) after an extension exposure
(56 days) period. Given the high persistency of AuNPs, they remain in the environment
for long periods of time, and hence can accumulate to higher levels. Therefore, longer-
term exposure tests are recommended, including multi-generational tests to assess the
risks of AuNPs to soil invertebrates. Moreover, special attention should be given to the
potential higher hazard of low concentrations of NPs, including AuNPs, compared to
higher concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https:
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pension of gold nanoparticles (AuNPs), stabilized with polyvinylpyrrolidone (PVP) used in the
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test condition, species and exposure time (day 0, 28 and 56).
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N.; Klobučar, G.I.V. Gold and silver nanoparticles effects to the earthworm Eisenia fetida–the importance of tissue over soil
concentrations. Drug Chem. Toxicol. 2021, 44, 12–29. [CrossRef] [PubMed]

23. Unrine, J.M.; Hunyadi, S.E.; Tsyusko, O.V.; Rao, W.; Shoults-Wilson, W.A.; Bertsch, P.M. Evidence for bioavailability of Au
nanoparticles from soil and biodistribution within earthworms (Eisenia fetida). Environ. Sci. Technol. 2010, 44, 8308–8313.
[CrossRef]

http://doi.org/10.1021/acs.est.1c00488
http://www.ncbi.nlm.nih.gov/pubmed/34181400
http://doi.org/10.1021/acs.est.6b05702
http://www.ncbi.nlm.nih.gov/pubmed/28157288
http://doi.org/10.1007/s00216-016-9451-x
http://www.ncbi.nlm.nih.gov/pubmed/26970748
http://doi.org/10.1002/etc.1880
http://doi.org/10.1016/j.talanta.2018.02.088
http://doi.org/10.3109/17435390.2014.889238
http://doi.org/10.1186/s12951-015-0150-0
http://doi.org/10.2113/gsecongeo.46.8.858
http://doi.org/10.1002/smll.200400093
http://doi.org/10.1021/es303333w
http://doi.org/10.1016/j.cbpc.2011.09.006
http://doi.org/10.1093/toxsci/kft081
http://doi.org/10.1002/smll.200700954
http://www.ncbi.nlm.nih.gov/pubmed/18528852
http://doi.org/10.1016/j.cclet.2017.01.021
http://doi.org/10.1016/j.bbrep.2021.100991
http://doi.org/10.3109/17435390.2011.579631
http://doi.org/10.1021/es103031a
http://doi.org/10.1016/j.apsoil.2014.08.007
http://doi.org/10.1080/01480545.2019.1567757
http://www.ncbi.nlm.nih.gov/pubmed/30945571
http://doi.org/10.1021/es101885w


Toxics 2022, 10, 153 9 of 10

24. Samrot, A.V.; Bhavya, K.S.; Sahithya, C.S.; Sowmya, N. Evaluation of Toxicity of Chemically Synthesised Gold Nanoparticles
Against Eudrilus eugeniae. J. Clust. Sci. 2018, 29, 1217–1225. [CrossRef]

25. Hu, C.C.; Wu, G.H.; Lai, S.F.; Muthaiyan Shanmugam, M.; Hwu, Y.; Wagner, O.I.; Yen, T.J. Toxic Effects of Size-tunable Gold
Nanoparticles on Caenorhabditis elegans Development and Gene Regulation. Sci. Rep. 2018, 8, 15245. [CrossRef] [PubMed]

26. Patel, M.; Siddiqi, N.J.; Sharma, P.; Alhomida, A.S.; Khan, H.A. Reproductive toxicity of pomegranate peel extract synthesized
gold nanoparticles: A multigeneration study in C. elegans. J. Nanomater. 2019, 2019, 8767943. [CrossRef]

27. Moon, J.; Kwak, J.I.; Kim, S.W.; An, Y.-J. Multigenerational effects of gold nanoparticles in Caenorhabditis elegans: Continuous
versus intermittent exposures. Environ. Pollut. 2017, 220, 46–52. [CrossRef] [PubMed]

28. Amorim, M.J.B.; Scott-Fordsmand, J.J. Plastic pollution—A case study with Enchytraeus crypticus—From micro-to nanoplastics.
Environ. Pollut. 2021, 271, 116363. [CrossRef]

29. Ribeiro, M.J.; Maria, V.L.; Soares, A.M.V.M.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Fate and Effect of Nano Tungsten Carbide
Cobalt (WCCo) in the Soil Environment: Observing a Nanoparticle Specific Toxicity in Enchytraeus crypticus. Environ. Sci. Technol.
2018, 52, 11394–11401. [CrossRef]

30. Ribeiro, M.J.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Multigenerational exposure to cobalt (CoCl2) and WCCo nanoparticles in
Enchytraeus crypticus. Nanotoxicology 2019, 13, 751–760. [CrossRef]

31. Bicho, R.C.; Ribeiro, T.; Rodrigues, N.P.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Effects of Ag nanomaterials (NM300K) and Ag salt
(AgNO3) can be discriminated in a full life cycle long term test with Enchytraeus crypticus. J. Hazard. Mater. 2016, 318, 608–614.
[CrossRef]

32. OECD 232. Test No. 232: Collembolan Reproduction Test in Soil; OECD Guidelines for the Testing of Chemicals, Section 2; OECD:
Paris, France, 2016; ISBN 9789264264601.

33. OECD 220. Test No. 220: Enchytraeid Reproduction Test; OECD Guidelines for the Testing of Chemicals, Section 2; OECD: Paris,
France, 2016; ISBN 9789264264472.

34. Guimarães, B.; Maria, V.L.; Römbke, J.; Amorim, M.J.B. Multigenerational exposure of Folsomia candida to ivermectin—Using
avoidance, survival, reproduction, size and cellular markers as endpoints. Geoderma 2019, 337, 273–279. [CrossRef]

35. Bicho, R.C.; Santos, F.C.F.; Gonçalves, M.F.M.; Soares, A.M.V.M.; Amorim, M.J.B. Enchytraeid Reproduction TestPLUS: Hatching,
growth and full life cycle test—an optional multi-endpoint test with Enchytraeus crypticus. Ecotoxicology 2015, 24, 1053–1063.
[CrossRef] [PubMed]

36. OECD. Guidance on Sample Preparation and Dosimetry for the Safety Testing of Manufactured Nanomaterials. Series on the Safety of
Manufactured Nanomaterials No. 36; OECD: Paris, France, 2012.

37. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef]

38. SigmaPlot 12.0. Statistical Package for the Social Sciences—SigmaPlot for Windows, 12th ed.; SigmaPlot 12.0: Chicago, IL, USA, 2011.
39. Mendes, L.A.; Maria, V.L.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Ag Nanoparticles (Ag NM300K) in the Terrestrial Environment:

Effects at Population and Cellular Level in Folsomia candida (Collembola). Int. J. Environ. Res. Public Health 2015, 12, 12530–12542.
[CrossRef] [PubMed]

40. Santos, F.C.F.; Gomes, S.I.L.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Hazard assessment of nickel nanoparticles in soil-The use of a
full life cycle test with Enchytraeus crypticus. Environ. Toxicol. Chem. 2017, 36, 2934–2941. [CrossRef]

41. Crommentuijn, T.; Brils, J.; Van Straalen, N.M. Influence of cadmium on life-history characteristics of Folsomia candida (Willem) in
an artificial soil substrate. Ecotoxicol. Environ. Saf. 1993, 26, 216–227. [CrossRef]

42. Amorim, M.J.B.; Pereira, C.; Soares, A.M.V.M.; Scott-Fordsmand, J.J. Does long term low impact stress cause population extinction?
Environ. Pollut. 2017, 220, 1014–1023. [CrossRef]

43. Gonzalez-Moragas, L.; Berto, P.; Vilches, C.; Quidant, R.; Kolovou, A.; Santarella-Mellwig, R.; Schwab, Y.; Stürzenbaum, S.; Roig,
A.; Laromaine, A. In vivo testing of gold nanoparticles using the Caenorhabditis elegans model organism. Acta Biomater. 2017, 53,
598–609. [CrossRef]

44. Gupta, S.; Kushwah, T.; Vishwakarma, A.; Yadav, S. Optimization of ZnO-NPs to Investigate Their Safe Application by Assessing
Their Effect on Soil Nematode Caenorhabditis elegans. Nanoscale Res. Lett. 2015, 10, 1010. [CrossRef]

45. Wu, Q.; Wang, W.; Li, Y.; Li, Y.; Ye, B.; Tang, M.; Wang, D. Small sizes of TiO2-NPs exhibit adverse effects at predicted
environmental relevant concentrations on nematodes in a modified chronic toxicity assay system. J. Hazard. Mater. 2012, 243,
161–168. [CrossRef]

46. Westheide, W.; Graefe, U. Two new terrestrial Enchytraeus species (Oligochaeta, Annelida). J. Nat. Hist. 1992, 26, 479–488.
[CrossRef]

47. Noordhoek, J.W.; Verweij, R.A.; van Gestel, C.A.M.; van Straalen, N.M.; Roelofs, D. No effect of selected engineered nanomaterials
on reproduction and survival of the springtail Folsomia candida. Environ. Sci. Nano 2018, 5, 564–571. [CrossRef]

48. GOTO, H.E. On the structure and function of the mouthparts of the soil-inhabiting collembolan Folsomia candida. Biol. J. Linn. Soc.
1972, 4, 147–168. [CrossRef]

49. Hund-Rinke, K.; Diaz, C.; Jurack, A.; Klein, J.; Knopf, B.; Schlich, K.; Fernández-Cruz, M.L.; Hernández-Moreno, D.; Manier,
N.; Pandard, P.; et al. Nanopharmaceuticals (Au-NPs) after use: Experiences with a complex higher tier test design simulating
environmental fate and effect. Ecotoxicol. Environ. Saf. 2021, 227, 112949. [CrossRef] [PubMed]

http://doi.org/10.1007/s10876-018-1440-0
http://doi.org/10.1038/s41598-018-33585-7
http://www.ncbi.nlm.nih.gov/pubmed/30323250
http://doi.org/10.1155/2019/8767943
http://doi.org/10.1016/j.envpol.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27634002
http://doi.org/10.1016/j.envpol.2020.116363
http://doi.org/10.1021/acs.est.8b02537
http://doi.org/10.1080/17435390.2019.1570374
http://doi.org/10.1016/j.jhazmat.2016.07.040
http://doi.org/10.1016/j.geoderma.2018.09.030
http://doi.org/10.1007/s10646-015-1445-5
http://www.ncbi.nlm.nih.gov/pubmed/25773650
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.3390/ijerph121012530
http://www.ncbi.nlm.nih.gov/pubmed/26473892
http://doi.org/10.1002/etc.3853
http://doi.org/10.1006/eesa.1993.1051
http://doi.org/10.1016/j.envpol.2016.11.044
http://doi.org/10.1016/j.actbio.2017.01.080
http://doi.org/10.1186/s11671-015-1010-4
http://doi.org/10.1016/j.jhazmat.2012.10.013
http://doi.org/10.1080/00222939200770311
http://doi.org/10.1039/C7EN00824D
http://doi.org/10.1111/j.1095-8312.1972.tb00693.x
http://doi.org/10.1016/j.ecoenv.2021.112949
http://www.ncbi.nlm.nih.gov/pubmed/34755633


Toxics 2022, 10, 153 10 of 10

50. Kim, S.W.; Kwak, J.I.; An, Y.J. Multigenerational study of gold nanoparticles in Caenorhabditis elegans: Transgenerational effect of
maternal exposure. Environ. Sci. Technol. 2013, 47, 5393–5399. [CrossRef] [PubMed]

51. Bicho, R.C.; Santos, F.C.F.; Scott-Fordsmand, J.J.; Amorim, M.J.B. Effects of copper oxide nanomaterials (CuONMs) are life stage
dependent—Full life cycle in Enchytraeus crypticus. Environ. Pollut. 2017, 224, 117–124. [CrossRef] [PubMed]

52. Kool, P.L.; Ortiz, M.D.; Van Gestel, C.A.M. Chronic toxicity of ZnO nanoparticles, non-nano ZnO and ZnCl 2 to Folsomia candida
(Collembola) in relation to bioavailability in soil. Environ. Pollut. 2011, 159, 2713–2719. [CrossRef]

53. Noordhoek, J.W.; Pipicelli, F.; Barone, I.; Franken, O.; Montagne-Wajer, K.; Mariën, J.; Verweij, R.A.; van Gestel, C.A.M.; van
Straalen, N.M.; Roelofs, D. Phenotypic and transcriptional responses associated with multi-generation exposure of Folsomia
candida to engineered nanomaterials. Environ. Sci. Nano 2018, 5, 2426–2439. [CrossRef]

http://doi.org/10.1021/es304511z
http://www.ncbi.nlm.nih.gov/pubmed/23590387
http://doi.org/10.1016/j.envpol.2017.01.067
http://www.ncbi.nlm.nih.gov/pubmed/28216133
http://doi.org/10.1016/j.envpol.2011.05.021
http://doi.org/10.1039/C8EN00456K

	Introduction 
	Materials and Methods 
	Test Organisms 
	Test Soil 
	Test Material, Characterization and Spiking Procedures 
	Test Procedure 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

