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SUMMARY�

Caenorhabditis elegans

C. elegans 

1. NM300K Ag NPs would be toxic to C. elegans, but the relatively low dissolution 

of these NPs would make these less toxic than AgNO3. 

2. Multigenerational exposure will lead to an adaptation towards Ag NPs at lower 

concentrations, but an increase in sensitization at higher concentrations, across 

generations. 

3. The production of reactive oxygen species (ROS) involved in the toxic 

mechanisms of Ag NPs, would trigger antioxidant defenses following exposure, 

and changes in toxic responses over generations could be related to these 

defense mechanisms.  

 



Escherichia coli

C. elegans



C. elegans 

sod-1 

sod-1

C. elegans 



SAMMENDRAG�

Caenorhabditis elegans

C. 

elegans

1. NM300K Ag NP er toksiske for C. elegans, men toksisiteten er lavere enn for 

AgNO3 fordi ioner det i relativt liten grad frigjøres ioner fra partiklene. 

2. Eksponering over flere generasjoner vil føre til en adapsjon til lave 

konsentrasjoner av Ag NP, mens høye konsentrasjoner vil medføre økt 

sensitivitet. 



3. Reaktive oksygenforbindelser (ROS) generert som resultat av Ag NP 

eksponering, vil aktivere antioksidantsystemer, og vil over generasjoner 

medføre endringer i toksiske responser relatert til forsvarsmekanismer 

mot oksidativt stress.   

C. elegans

Escherichia coli



C. elegans

sod-1

sod-1

sod-1

C. elegans
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1.�Introduction�

1.1.� Background��

Solely the dose determines that a thing is not a poison

 et al.  et al.

There is plenty of room at the bottom: An invitation to enter a new field 

of Physics  et al.

creating 

products and applications based primarily upon the synthesis of molecules in the nanoscale 

(10-9 m) size range

 et al.



 et 

al.

 et al.  et al.  et al.

 et al.

 et al.  et al.

 

et al.

Material with any external dimension in the nanoscale or having 

internal structure or surface structure in the nanoscale”

A 

natural, incidental or manufactured material containing particles, in an unbound state or 

as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the 

number size distribution, one or more external dimensions is in the size range 

1 nm – 100 nm. In specific cases and where warranted by concerns for the environment, 

health, safety or competitiveness the number size distribution threshold of 50 % may be 

replaced by a threshold between 1 % and 50 %” (European Commission, 2011). 

 et al.

 et al.



 

et al.

 et al.

1.2.� Silver�nanoparticles�

 et al.

 et al.

 et al.

 et al.

 et al.

 et al.

 et al.

 et al.

 et al.

 et al.



1.3.� Silver�nanoparticle�toxicity�to�biota�

 et 

al.  et al.

 et al.

 et al.

 et al.

 et al.  et al.  et al.

 et al.

 

et al.  et al.  et al.  et al.  et al.

 et al.

Sphaerium corneum Daphnia 

magna D. pulex and D. galeata  et al.

 et al.  et al.  et al.

D. pulex 

D. galeata )



 et al.  et al.

 et al.

 et al.  et al.  et al.

 et al.

 et al.  et al.  et al.

 et al.

 et al.

1.4.� Reactive�oxygen�species�and�oxidative�stress�

 et al.

 et al.



unwanted and toxic by-products of living in an aerobic environment” 

 et al.

 et al.

 et al.  et al.

 et al.

C. elegans,

 et al.  et al.

 et al.

 et al.



Figure 1:

C. elegans. 

1.5.

et al.

et al. et al.

et al.

et al.

et al. et al. et al. et al.

et al.

et al.

O2
-

Mitochondria

H2O2 CAT H2O + O2

GPX

GSSG

GR

2GSH

Exogenous
sources

NADP+ NADPH+ + H+



 et al.  et al.  et al.

 et al.  et al.  et al.

 et al.

 et al.  et al.

 et al.

 et al.

 et al.  et al. C. elegans 

 et al.

 et al.  et al.

Escherichia coli

 et al. Sphaerium corneum, 

 et al.

 et al. C. elegans, 

 et al.  et al.  et al.

sod-3

C. elegans

 et al.

1.6.� Adaptation�towards�stressors�

 et al.



 et al. the process of change in an 

organism to conform better with (new) environmental conditions, whereby the organism 

(or group of organisms) acquires characteristics, involving changes in morphology, 

physiology or behaviour, that improve their survival and reproductive success in the 

particular environment

 et al.

C. elegans 

 et al.  et al.

 et al.

C. elegans



 et al.

 et al.  et al.

 et al.

 et al.

 et al. C. elegans

sod-1 sod-3,



1.7.� Ag�NP�multigenerational�studies�

 et al.

 et al.  et al.

 et al.  et al.  et al.

C. elegans 

 et al.  et al.  et al.

 et al.  et al.

E. coli C. elegans

C. elegans 

E. coli

 et al.

 et al.

 et al.



 et al.  et al.

C. elegans 

 et al.

C. elegans

 et al.

 

Table 1:

Search engine Multigenerational 
studies

Multigenerational 
C. elegans studies

Multigenerational 
nanoparticle

studies

Multigenerational 
Ag NP studies

Multigenerational
Ag NP C. elegans 

studies 

Google scholar 1,280 66 38 4 3

Web of science 76 11 2 1 1

Oria 336 20 4 1 1



1.8.� Aims�and�Objectives�

C. elegans

� C. elegans

�

�

�

C. elegans

� C. elegans

�

C. elegans 

�



2.�Methodology��

2.1.� General�outline��

C. elegans,

-1
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2.2.� NM300K�stock�preparation�and�characterization��

2.2.1.� Stock�preparation�of�the�NM300K�stock�suspensions��

 et al.

2.2.2.� �Nanoparticle�characterization��

 et al.  et al.

 et al.

 et al.  et al.  et 

al.

 et al.

 et al.

 et al.  et al.



Figure 3:

2.2.3.

NM300K 
main stock 
suspension

2.56 g/l 

Toxicity test 
stock 

suspension
800 mg/l 

Population 
exposure 

suspension
0.1, 0.5 &1 

mg/l 

TEM 
suspension

250 mg/l 

TEM analysis

DLS
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exposure
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 et al.

2.2.4.� Hydrodynamic�diameter�and�zeta�potential��

 et al.

 et al.

2.2.5.� Centrifugation,�ultrafiltration�and�size�fractionation�

 et al.

 et al.  et al.

E. coli



 et al.

2.3.� Choice�of�organism��
C. elegans 

 et al.

 et al.  et al.

C. elegans 

 et al. C. 

Escherichia coli. 

.

C. 

elegans in 

vivo  et al.

C. elegans

 et al.  et al. C. elegans

 et al.

C. elegans



C. elegans

2.4.� Toxicity�test��
C. elegans

C. elegans

E. coli

 et al.

 et al.

2.5.� Exposure�and�concentrations�



2.6.� Endpoints��

2.7.� Chronic�multigenerational�exposure�

E. coli

E. coli

E. coli

E. coli

E. coli



Figure 4:

AgNO3 Control Ag NP
0.01, 0.05 or 0.1 mg/l 0.1, 0.5 or 1 mg/l 

F0

F1

F2

F4

AgNO3 Toxicity test 
0, 0.125, 0.25, 0.5, 1, 2 or 4 mg/l

Nematode population
Ag NP Toxicity test 

0, 1.25, 2.5, 5, 10, 20 or 40 mg/l

F5

F3
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2.7.1.� Cross�toxicity�test�exposure��

2.7.2.� �Sampling�

2.8.� F6�generation�toxicity�test�towards�other�toxicants��

2.9.� ROS�production�and�antioxidant�defenses�mechanisms�

2.9.1.� Nematode�strains��

C. elegan in vivo

 et al.  et al.



2.9.2.� SOD­1�

C. elegans

 et al.

C. elegans

 et al.

sod-1

sod-1  et al.

�

Figure 5:  et al.

2.9.3.� HyPer�

 et al.

�

E. coli  et al.



�

Figure 6:

 et al.

2.9.4.�GRX�

in vivo

 

et al.

b - oxidized

a - reduced

c - overlay



�

Figure 7: Grx1­roGFP2

 et al.

2.9.5.�Multigenerational�exposure�

b - oxidized

a - reduced

c - overlay



2.9.6.� Toxicity�test�and�sampling��

�

�

�

2.10.�Data�analysis��

 et al.  et al.



3.�Results�

3.1.� Paper�I.�
Characterizing� the�behavior,�uptake�and� toxicity�of�NM300K�silver�nanoparticles� in�

Caenorhabditis�elegans�

C. 

elegans



E. coli

E. coli C. elegans

.

E. coli



NM300K 
Ag NPs

AgNO3

+ +

+ +
+

+

+
+
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+
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+ +
+

+
+ +

++

++

++

+
+

+
+

+
+

++

+

+

+ +

+

+
++++

++++

Ag characterization in test media Toxicity outcome after 96 hrs

EC50 
Growth 5.02 ± 4.06 mg Ag L-1

Fertility 2.03 ± 1.62 mg Ag L-1

Reproduction 0.6 ± 0.25 mg Ag L-1

In the presence 
of organisms

Before the addition 
of organisms

Particulate Ag (single or 
agglomerated)

<3 kDa Ag+ +
+

EC50 
Growth 0.89 ± 0.66 mg Ag L-1

Fertility 0.32 ± 0.17 mg Ag L-1

Reproduction 0.09 ± 0.01 mg Ag L-1



3.2.� Paper�II.�
In�vivo�assessment�of�silver�nanoparticle� induced� reactive�oxygen�species� reveals�

tissue�specific�effects�on�cellular�redox�status�in�the�nematode�Caenorhabditis�elegans��

C. elegans

sod-1::gfp

in vivo sod-1

in vivo

E. coli 

sod-1

sod-1



�

Figure 9:�Graphical�summary�of�exposure�and�main�results�in�Paper�II.��

�

�

�
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�

�
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3.3.� Paper�III.��
Adaptive�tolerance�to�a�multigenerational�silver�nanoparticle�(NM300K)�exposure�by�

the� nematode� Caenorhabditis� elegans� is� associated� with� increased� sensitivity� to�

AgNO3��

vice versa
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3.4.� Paper�IV.��
Effects�on� the�nematode�Caenorhabditis�elegans�antioxidant�defense�and� reactive�

oxygen�species�(ROS)�metabolism�following�multigenerational�exposure�to�AgNO3�or�

NM300K�Ag�NPs�
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sod-1 
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4.�Discussion��

 et al.

 et al.

 et 

al.

 et al.

C. elegans,

C. elegans
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Errata��

�
1)� The�section�numbering�has�been�updated�in�the�table�of�contents�as�it�was�
incorrect��

2)� �
3)� Page�35,�section�2.6:�The�reference�to�the�ISO�guidelines�10972�was�
corrected�to�10872�

4)� Page�38,�section�2.6.1:� Figure�5 �has�been� Figure�4 �
5)� Following�suggestions�by�opponent�#2�two�sentences�were�added�to�Paper�IV�

to�refer�to�the�supplementary�materials,�section�3:���
i.� Page 6, Section 2.2:� For�the�assessment�of�potential�external�
damages,�cuts�or�lesions�to�the�cuticle�of�the�nematodes,�
caused�by�the�Ag�NPs,�nematodes�were�analyzed�using�the�
scanning�electron�microscope.�For�more�detail�see�
supplementary�materials,�section�3. �

ii.� Page 8, Section 3.2:� Analysis�of�Ag�NP�exposed�nematodes�
revealed�no�external�damages,�cuts�or�lesion�of�the�cuticle�of�the�
nematodes�(Figure�S4). �
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Characterizing the Behavior, Uptake, and Toxicity of
NM300K Silver Nanoparticles in Caenorhabditis elegans
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Abstract: Using Caenorhabditis elegans as a model organism, we addressed the potential linkage among toxicity of NM300K
Ag nanoparticles (AgNPs), their particle size distribution, and the presence of dissolvedAg in the testmedia. Of the 3 endpoints
assessed (growth, fertility, and reproduction), reproduction was the most sensitive, with the 50% effect concentration (EC50)
ranging from 0.26 to 0.84mgAgL�1 and 0.08 to 0.11mgAgL�1 for NM300K and AgNO3, respectively. Silver uptake by
C. eleganswas similar for both forms of Ag, whereas bioaccumulationwas higher in AgNO3 exposure. The observed differences
in toxicity between NM300K and AgNO3 did not correlate with bioaccumulated Ag, which suggests that toxicity is a function of
the type of exposing agent (AgNPs vs AgNO3) and its mode of action. Before addition of the food source (Escherichia coli), size
fractionation revealed that dissolved Ag comprised 13 to 90% and 4 to 8% of total Ag in the AgNO3 and NM300K treatments,
respectively. No dissolved Ag was detectable in the actual test media due to immediate Ag adsorption to bacteria. The results
of the present study indicate that information on behavior and characterization of exposure conditions is essential for
nanotoxicity studies. Environ Toxicol Chem 2018;37:1799–1810. �C 2018 SETAC

Keywords: Toxic effects; Nanoparticles; Bioaccumulation; Characterization; Reproducibility

INTRODUCTION

Due to their antibacterial properties, silver nanoparticles
(AgNPs) are among the most commonly used nanomaterials in
consumer products such as clothing or sports equipment, with
increasing applications inmedical devices. In part because of the
well-established toxicity of ionic Ag, the environmental release
of AgNPs and their potential toxicity to organisms has attracted
a great deal of attention in both terrestrial and aquatic toxicity
testing in recent years (Ratte 1999; Sørensen and Baun 2015).
Demarcation of particles and ion effects highlights the impor-
tance of detailed characterization of both the particles and the
exposure media, before and during the tests. Furthermore,
because the relationship between toxic effect and particle
characteristics remains unclear, it is vital to measure a range of
potentially significant aspects, such as surface chemistry, charge,
size, shape, and chemical composition (Jiang et al. 2009).

Knowledge of the dispersion state and its controlling
parameters is of great importance when one is preparing
nanoparticle suspensions for toxicological studies. Nanopar-
ticles are known to have a high propensity to form agglomerates
or aggregates, both of which have the potential to severely
impact the interaction of the particles with the organisms in
question (Jiang et al. 2009). The degree of aggregation and/or
dissolution and subsequent ionic releases will depend on the
exposure media used in toxicity testing. Factors such as pH,
salinity, or the presence of humic substances play a significant
role in toxicokinetics (Wasmuth et al. 2016). These well-known
influences of exposure media on particle chemistry call for more
harmonized nanospecific approaches to toxicity testing, such as
the European Union NanoReg Standard Operating Procedure
for nanomaterials (Jensen et al. 2016).

Both the initial particle characteristics and the associated
transformations of the particles have the potential to significantly
impact the interaction of the particles with biological systems
(Montes-Burgos et al. 2010). A range of studies have suggested
that the observed toxic effects of AgNPs can be largely, or solely,
attributed to Ag ion release following particle dissolution,
whereas others provide evidence for particle-specific effects, for
example, from reactive oxygen species generated on the surface
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of the particle (Borm et al. 2006; Carlson et al. 2008). Thus,
monitoring of particle dissolution, for instance by means of
ultrafiltration, needs to be taken into consideration, and to be
followed as a function of time to identify the source of the toxic
response measured (Sørensen and Baun 2015).

The AgNP NM300K used in the present study is a
representative Ag nanomaterial provided by the European
Commission Joint Research Centre and is thus one of the best
characterized sources of AgNPs available. However, despite
well-developed synthesis methods and thorough characteriza-
tion by the supplier, physicochemical changes such as agglom-
eration, aggregation, and surface charge variations arise during
the preparation of stock suspensions and additions to the
exposure media (Lundqvist et al. 2008). Thus, further characteri-
zation during these stages is essential.

To date, NM300K AgNPs have been used in a wide variety of
studies ranging from investigations into speciation, to charac-
terization, to textile retention time (Voelker et al. 2015). K€oser
et al. (2017) suggested that the high dispersion and redox
stability of NM300K AgNPs in a series of different ecotoxicity
media could partly be attributed to the coating of the particles.
They also showed that the initial Ag ion concentrations
measured in the media originated from Ag ions present in the
dispersant and found no evidence for further particle dissolution.

Furthermore, the toxicity of NM300K AgNPs has been
studied in a range of species, including Daphnia magna
(Poynton et al. 2012), the gram-negative bacterium Pseudomo-
nas putida (Mallevre et al. 2016), themarine diatomChaetoceros
curvisetus, the Enchytraeid Enchytraeus crypticus (Gomes et al.
2017), and an earthworm Lumbricus rubellus (van der Ploeg et al.
2014;Gomes et al. 2017). To our knowledge, this is the first study
to have explored the toxic effects of NM300K on the nematode
Caenorhabditis eleganswith the aim of investigating the linkage
between characterization and toxicity.

Living in the soil porewater, the nematode C. elegans is a
relevant model organism for a range of environmental contam-
inants. Detailed knowledge about its physiology and biology
allows for extensive measurements of a wide range of toxicologi-
cal endpoints, including fecundity, reproduction, and develop-
ment (O’Reilly et al. 2014; Hunt 2017). As a result of its short life
cycle (96h at 20 8C),C. elegans represents a perfect in vivomodel
for nanoparticle toxicology because exposure time is minimized
and thus aging effects of the particles are reduced (Handy et al.
2012). Furthermore, the impact of different test media and
impacts on the particle toxicity to C. elegans have been
recognized, and different media have been proposed, such as
the low-ionic-strength US Environmental Protection Agency
moderately hard reconstituted water (Cressman and Williams
1997; Tyne et al. 2013). However, despite increased use of these
low-ionic-strength media in toxicity tests, particles are still rarely
characterized in media in the actual test. More importantly,
information is lacking on speciation and fractions of silver
(irrespective of the original source) as well as the associated
dynamical behavior.

Therefore, the present study aims to ascertain the potential
linkage between toxicity of the AgNPs NM300K to the
nematode C. elegans and the behavior of the particles before

and after deposit into the test medium. The approach consisted
of measuring standardized endpoints (survival, growth, fecun-
dity, and reproduction), in combination with monitoring of
particle behavior in stocks and exposure media over time. The
experiment consists of a series of 3 experiments set up over 3
consecutive years using the same standard toxicity test, but 2
different stock preparation methods. This allowed us to
investigate the reproducibility of these toxicity tests, as well as
the influence of stock preparation methods on particle size.

MATERIALS AND METHODS

Experimental design

Caenorhabditis elegans were exposed to NM300K AgNPs
and silver nitrate (AgNO3) in 3 separate experiments (experi-
ments 1–3 in Table 1, hereafter termed E1, E2, and E3) following
the International Organization for Standardization (ISO, 2010)
10872 guideline with some modifications, including changes in
exposure media. Stocks of wild-type nematodes N2 Bristol
(Caenorhabditis Genetic Centre, Minneapolis, MN, USA) were
kept in liquid cultures before a synchronized culture was
obtained by treating gravid hermaphrodites with hypochlorite
to extract eggs. Eggs were hatched on agar plates overnight to
obtain synchronized L1 stage larvae before the start of the
exposure.

All 3 experiments were carried out as standard 96-h toxicity
tests at 20 8C in the dark, in 24-well culture plates, gently shaken
to ensure sufficient oxygenation. Each well contained 495mL of
the bacteria Escherichia coli OP50 resuspended in moderately
hard reconstituted water (US Environmental Protection Agency
2002), 5mL of C. elegans at the L1 larval stage in liquid medium
M9 (density 11� 5.5 L1/mL), and 500mL AgNO3 solution or
AgNP suspension in moderately hard reconstituted water (at
twice the nominal concentration). The nematodes were exposed
in triplicate to AgNPs and AgNO3. In experiments 1 and 2, a
concentration range of 0.1 to 4mgL�1 was chosen for both
AgNO3 and AgNP to match concentrations for both exposures
(Table 1). In an attempt to reach similar toxic effects for AgNP
and AgNO3 exposures, the concentration range of AgNP in
experiment 3 was increased (Table 1). In addition, separate
exposure plates were set up for the characterization of exposure
suspensions, with sampling performed at 0 and 96h for E1, at 0,
20, and 96h for E2, and at 96 h for E3. The experiments were
carried out over a time span of 3 y, allowing us to investigate
reproducibility over time.

The potential effects of the stabilizing agents present in the
NM300K AgNP material (NM300K DIS) were tested sepa-
rately. No effects were observed at concentrations equivalent

TABLE 1: Nominal exposure concentrations of AgNO3 and NM300K
silver nanoparticles (AgNPs) in 3 separate experiments

Experiment AgNO3 (mgAgL�1) AgNPs (mgAgL�1)

1 0.1, 0.5, 1, 2, and 4 0.1, 0.5, 1, 2, and 4
2 0.1, 0.25, 0.5, 1, 2, and 4 0.1, 0.25, 0.5, 1, 2, and 4
3 0.125, 0.25, 0.5, 1, 2, and 4 0.9, 1.8, 3.6, 7.3, 14.5, and 29
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to those found in the highest NM300K AgNP exposure
concentrations.

The toxicity tests were terminated by addition of 0.5mL of
Rose Bengal (300mgL�1) to all wells and heating at 80 8C for
10min. Survival, growth, fertility, and reproduction were
assessed using a stereomicroscope (Leica M205C) equipped
with a camera, andpictureswere analyzed using the open source
image processing program ImageJ or the Leica software (LAS
Ver 4.4.0). Nematodes were considered fertile when they
contained at least one embryo.

Preparation and characterization of Ag
suspensions

The nanomaterial used in all 3 experiments was the
Organisation for Economic Co-operation and Development
(OECD) representative AgNP NM300K (Fraunhofer IME). These
are spherical Ag nanoparticles dispersed in a mix of 2 stabilizing
agents, 4% each of polyoxyethylene glycerol trioleate and
Tween 20. The average particle size is reported to be 15nm, with
90% of the particles <20 nm. Silver nitrate (pro analysis Merck)
was used to compare the toxicity and behavior of AgNPs with
those of a Ag salt. In E1, the AgNP stock suspension with a
concentration of 400mgAgL�1 was prepared under anaerobic
conditions (in a glove box) by adding the original NM300K
suspension to Milli-Q water (15MV/cm) and mixing by gentle
resuspensions with the pipette. The AgNP stock suspension in
E2 and E3 was prepared according to Jensen et al. (2016).
Briefly, a 2.56gAgL�1 stock suspension was prepared by
dispersing the original NM300K suspension in Milli-Q water
and sonicating for 13min at 15% amplitude (depositing
7.35�0.05W) using a 400-W Branson Sonifier S-450D (Branson
Ultrasonics) equipped with a standard 13-mm disruptor horn
(model 101-147-037). In all experiments, the subsequent
suspensions were all prepared from the stock suspension.

Transmission electron microscope. Transmission electron
microscope (TEM; Morgagni 268, FEI) was used to assess the
core diameter of AgNPs in the stock suspension, in E2 and E3.
Ten mL of AgNP stock suspension (E2) or of a diluted stock
suspension to obtain an optimized particle concentration on the
grid (250mgL�1; E3) were added to a 400-mesh Cu-coated
Piloform film (Agar Scientific), and the specimens were allowed
to air dry. The TEM images were acquired with the instrument
operating at 80 keV. Analysis of the TEM images was performed
using the iTEM software (Olympus), according to the protocol by
Mast and de Temmeman (2016). The particle size provided is the
Ferret minimum defined as the minimum distance of parallel
tangents at opposing particle borders.

Dynamic light scattering. Dynamic light scattering measure-
ments were performed on aMalvern Zetasizer ZS equipped with
a laser source with wavelength 633nm. Zeta-average hydrody-
namic diameters and size distributions were determined using
the “multiple narrow modes (high resolution)” algorithm
supplied by Malvern. Measurements were done in triplicates
of 3 to 5 runs with autocorrelation functions of 10 s.

Measurements of the hydrodynamic diameter were performed
on stock suspensions, as well as exposure suspensions both
with and without E. coli present, throughout the duration of the
experiments.

The same instrument was used for the measurements of
electrophoretic mobility, and the Smoluchowski approximation
was used for determining zeta-potentials (in E1 and E3). Three
measurements with 5 runs per measurement were obtained.

An aggregation experiment was conducted to explore
the aggregation rates of Ag particles in moderately hard
reconstituted water in both NM300K and AgNO3 exposures.
Aggregation rates were measured using time-resolved dy-
namic light scattering. Stock suspensions were directly mixed
with moderately hard reconstituted water in a 1:20 proportion,
followed by mixing 1:1 or 1:10 in moderately hard recon-
stituted water (so that the final concentrations were 1 and
10mgAg L�1), immediately mixed on a vortex shaker for 10 s,
and measured with fixed attenuator and measurement
position. The time until the first measurement was completed
was recorded. A variable number of time points of 10-s
autocorrelations were taken for the study.

Nanoparticle tracking analysis. Nanoparticle tracking analy-
sis was used to assess the hydrodynamic diameter of individual
particles. The nanoparticle tracking analysis measurements of
the hydrodynamic diameter were carried out on a NanoSight
LM10 device. The light source was a solid-state, single-mode
laser diode (radiation output maximum power <50mW, 635-nm
continuous wave, maximum power <35mW). The standard
camera Marlin F-033B (Allied Vision Technologies) was used. All
data were analyzed using the instrument software (NanoSightTM

Ver 2.2). The nanoparticle tracking analysis was done on 5 videos
each 1min long. The measurements with nanoparticle tracking
analysis were performed on the samples from the final day of E1
after mild centrifugation (�1000g).

Total and dissolved Ag. Total and dissolved (defined as
<3 kDa) Ag were determined by inductively coupled plasma–
mass spectrometry (ICP–MS; Agilent 8800). For determination of
total Ag concentrations, 200mL of the samples were collected
before being digested and measured by ICP–MS according to
the specifications in the Supplemental Data, Table S1. Dissolved
Agwas determined by filtration through a preconditioned 3-kDa
Amicon cellulose membrane filter (Amicon Millipore), centrifu-
gation at 14 000g for 30min, and subsequent collection of
200mL of the filtrate for digestion and ICP–MS measurements.
To avoid clogging of the filter in the presence of organisms, the
nematodes and E. coli were removed by centrifugation (2000g,
15min) prior to 3-kDa filtration. The supernatant of the
centrifugation prior to 3-kDa filtration was also sampled and
measured by ICP–MS in E3.

All samples were digested with acid and appropriately
diluted before ICP–MS measurements. In E1, all samples were
digested in a solution of aqua regia (40%HNO3 and 11%HCl v/v)
at high temperature (260 8C) and pressure (120 bar; UltraCLAVE
3, Milestone) before diluting to suitable concentrations for ICP–
MS measurements. Because this was subsequently found to be
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unnecessary to achieve complete dissolution, in E2 and E3,
samples were digested in ultrapure HNO3 (sample:HNO3

volume ratio of 1:5 in E2 and 1:7.5 in E3) at 80 8C for 4 h, before
dilution to a final acid concentration of 10 vol %.

Uptake of Ag

For determination of the potential uptake of AgNPs, Agþ,
and/or transformation products by the nematodes, an uptake
study was conducted during E2. Nematodes were exposed in
triplicates to NM300K and AgNO3 for 65 h before ICP–MS
analysis. To measure total uptake (including gut content), half of
the nematodes were washed twice in moderately hard
reconstituted water without further depuration. To assess the
Ag fraction tightly/stably bound to organisms, the other half of
the nematodes were subjected to 2 h of depuration on agar
plates seeded with E. coli. Subsequent to depuration, nemat-
odes were recovered from the agar plates by carefully flushing
them from the dish into an Eppendorf tube using moderately
hard reconstituted water. All samples (undepurated and
depurated organisms) were washed thoroughly with moderately
hard reconstituted water followed by a gentle centrifugation
(250g) and supernatant removal. This step was repeated twice.
Samples were then evaporated to dryness, 1.5mL ultrapure
HNO3 (65%) was added to them, and they were heated at
90 8C for 2 h. Following the digestion, samples were diluted to
reach 10 vol% HNO3 and analyzed by ICP–MS. To produce
concentrations as ng Ag mg�1 wet weight nematode, the ICP–
MS results in ng Ag were divided by the exact number of
nematodes in each of the 3 replicate dishes (average 12, range
7–20) and thenmultiplied by thewet weight of a nematode using
the formulaW¼ (L�D2)/(1.6� 106), whereW is themass (wet wt
in mg) per individual, L is the nematode length (mm), andD is the
greatest body diameter (mm; Andrassy 1956).

Estimation of effect concentrations

The estimation of effect concentrations at 10 and 50% (EC10
and EC50) on growth, fertility, and reproduction was performed
using the free software RegTox developed by Eric Vindimian
(2016). The values used for estimating EC10 and EC50 were the
average values from all replicate wells (n¼ 3–8) expressed as %
of controls. The Hill model was used for the estimation, the
model parameters were calculated by nonlinear regression, and
their confidence intervals (CIs) were estimated using a Monte
Carlo simulation. The values reported are the optimal values for
EC10 and EC50 with their 95% CIs.

RESULTS AND DISCUSSION

Ag characterization in exposure media

TEM and dynamic light scattering analysis of NM300K in
stock suspensions. To assess the particle size, surface charge,
and hydrodynamic diameter distributions, the NM300K stock
suspensions (in Milli-Q water) of each experiment were analyzed
by TEM and/or dynamic light scattering. The TEM analysis
showed good agreement with manufacturers’ specifications
(15 nm), whereas the dynamic light scattering measurements
indicated a higher mean particle size.

As measured by TEM, the mean particle size of the stock
suspension was 12.5� 4.1 nm (mean� standard deviation [SD],
n¼70) in E2 and 16.7�6.5 nm (mean�SD, n¼32241; Table 2
and Supplemental Data, Figure S1). However, aggregates/
agglomerates, varying in size, were also present in the samples.
The presence of aggregates/agglomerates was also indicated
by the difference in zeta-average particle size and numbermean,
as well as the polydispersity index in the size measurements
conducted with dynamic light scattering (Table 2). Interestingly,
dynamic light scattering measurements suggested a higher
aggregation of the NM300K in the sonicated stock suspensions
(E2 and E3) than the stock suspension that was homogenized by
repeated pipetting. For suspensions that are produced from
powders, sonication might help to break down larger aggre-
gates, but dispersions that have been synthesized in liquid
media can be induced to aggregation by the addition of
sonicating power (Handy et al. 2012; Petersen et al. 2014).
However, the E1 stock was less concentrated than the E2 and E3
stocks, potentially also influencing the zeta-average hydrody-
namic diameter.

Ag characterization in exposure media without organ-
isms. Although characterization of stock suspensions can give
information about the initial particle size, shape, charge, and so
on, several of these parameters change when the particles are
added to the exposure medium used in a toxicity test. Thus,
efforts were made to understand the behavior of NM300K
AgNPs in the exposure medium.

To gain information on the influence of moderately hard
reconstitutedwater on theAgNP size inNM300Kexposures, and
on the formation of AgNPs or other Ag(I) complexes in AgNO3

exposures, a range of concentrations of either form of Ag were
analyzed by dynamic light scattering. The results showed that
the mean zeta-average particle size in the higher exposure
concentrations was close to that seen in the stock suspension
(Table 3 and Figure 1). In the low exposure concentration

TABLE 2: Size characterization of stock suspensions measured by DLS and TEMa

Experiment
Stock

concentration (g L�1)
Z-average

diameter (nm)
Number mean
diameter (nm)

Polydispersity
index

Zeta potential
(mV)

TEM diameter Ferret
min (nm)

1 0.02 33.8�1.7 ND 0.461�0.005 –1.02 ND
2 2.56 82.0�6.0 28�5.0 0.293�0.010 ND 12.5�4.1
3 2.56 71.7�0.6 28�8.6 0.272�0.003 –7.32 16.7�6.5

aResults are provided as mean� 1 standard deviation.
DLS¼dynamic light scattering; TEM¼ transmission electron microscopy; ND¼ not determined.
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(0.5mgL�1), the zeta-average particle size was significantly
larger than in the stock suspension. In samples containing more
than one size population of particles or aggregates, dynamic
light scattering tends to overestimate themean particle size, due
to the higher intensity signals reflected by larger particles. This
artifact is even more evident at lower particle concentrations,
and hence increases uncertainties in the measurements (Handy
et al. 2008). Measurements of change in particle size over time
showed that the intermediate concentrations (2 and 4mgL�1)
were stable over time, whereas in both the lowest (0.5mgL�1)
and highest (10mgL�1) concentrations, the particles were less
stable, and a time-dependent increase in zeta-average particle
size was observed (Figure 1). The presence of larger particles or
Ag complexes (e.g., AgCl(s)) in AgNO3 exposures was evident

from the dynamic light scattering results, which also showed
higher polydispersity than in the NM300K exposures (Table 3).

Time-resolved dynamic light scattering measurements of the
zeta-average diameter of NM300K performed over a period of a
few minutes showed an initial high degree of instability before
stabilizing at approximately 30 nm, and a polydispersity index of
approximately 0.450 in all suspensions tested (Figure 2 and
Supplemental Data, Figure S2). These polydispersity indices
indicate the presence of larger aggregates, which was also the
case for the starting material. However, no increase in the
hydrodynamic diameter was observed even at 10mgL�1, which
indicates no contribution of collision-induced aggregation
(Gallego-Urrea et al. 2016). The aggregation experiment in
moderately hard reconstituted water did not show any increase
in diameter during a lapse of 10min when 10mgL�1 NM300K
was added. Interestingly, the AgNO3 solution containing 10 and
1mgAgL�1 in moderately hard reconstituted water showed an
increase in the particle size and reached a steady-state value
after a few minutes; the value of the steady-state hydrodynamic
diameter varied with the initial AgNO3 concentration
(Figure 2A and B) and mixing ratios with the medium. This
behavior can be explained by the formation of AgCl particles,
which is consistent with the speciation calculations performed
with visual Minteq (see the next section, Ag inorganic speciation
modeling usingMinteq) and was also observed by other authors
in media containing chloride ions (GonScalves et al. 2017).

Ag inorganic speciation modeling using Minteq. The
results also showed the importance of characterizing not only
the AgNP exposure suspensions, but also the Ag salt solutions.
Although the assumption is often that these represent an ionic
exposure, Ag speciation is also affected by the chemical
conditions of the media, and particles and colloids can also
be formed, as shown by dynamic light scatteringmeasurements.
To control for possible formation of inorganic solid-phase
species (e.g., AgCl(s)), chemical speciation of Ag(I) withMinteq in
moderately hard reconstituted water without organisms
revealed the possible formation of AgCl0 after approximately
100mgL�1 of free Ag ion was added to the medium. The
dissolved Ag, which in this case means all forms of silver other

TABLE 3: Particle size (mean�1 standard deviation) measured by DLS in exposure suspensions prior to addition of Escherichia coli or
Caenorhabditis elegans

Suspension Nominal Ag concentrations (mgL�1) Z-average diameter (nm) Number mean diameter (nm)a Polydispersity index

NM300K 0.2b 121�22 51�4 0.219�0.034
0.5c 104�37 NA 0.166�0.033
1b 79�3 43�8 0.253�0.036
2ac 71�14 NA 0.126�0.011
4 107�84 NA 0.186�0.058
4b 74�1 43�5 0.304�0.014
10c 34�0.4 NA 0.461�0.007

AgNO3 0.2b 893�108 154�11 0.811�0.086
1b 425�36 205�8 0.444�0.023
4b 404�8 276�12 0.375�0.020

aCalculated using general purpose algorithm (normal resolution) in Malvern Zetasizer software.
bData from experiment 2.
cData from experiment 1.
DLS¼dynamic light scattering; NA¼ not available.

FIGURE 1: Zeta-average diameters obtained from dynamic light
scattering measurements in experiment 1 (E1) without organisms for
the NM300K silver nanoparticle exposures. Averages of 3 replicated
measurements are presented, and error bars represent 1 standard
deviation.
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than AgCl(s), remained relatively constant (concentrations
between 100 and 500mgL�1) when the total Ag was below
2000mgL�1. In moderately hard reconstituted water in the
absence of organisms, the results indicate that most of the
nondissolved Ag corresponds to AgCl(s).

Ag characterization in exposure media in the presence of
organisms. The presence of the test organisms in a toxicity test
system (in the present study, the nematodesC. elegans and their
food source the bacteria E. coli) influenced the test system,
including Ag speciation and particle behavior. In the present
study, an additional characterization of the actual exposure
system was thus performed to address possible changes in
Ag speciation and provide insight into time-dependent changes
in particle aggregation and dissolution. This included size

measurements using dynamic light scattering and nanoparticle
tracking analysis, as well as total and <3 kDa Ag concentrations
using ICP–MS.

In an attempt to gain information on NM300K behavior as
well as the formation of AgNPs and other Ag complexes in the
AgNO3 exposures under toxicity test conditions, dynamic light
scattering measurements were performed on exposure suspen-
sions. As expected, E. coli strongly affected the analysis, even at
the highest exposure concentrations, and did not produce
intelligible data about the actual particle size (Supplemental
Data, Figure S3).

The nanoparticle tracking analysis measurements of the
exposure suspensions after 96 h of exposure were all in
accordance with the dynamic light scattering measurements
with regard to the presence of large material, but also showed

FIGURE 2: Time-resolved dynamic light scattering measurements performed on AgNO3 solutions in moderately hard reconstituted water (A and B)
and NM300K in moderately hard reconstituted water (C and D). (A) and (C) correspond to measurements done at 10mgAgL�1, and (B) and (D) at
1mgAgL�1. Zeta-averagehydrodynamic diameters (dH) were obtained as explained in the sectionPreparation and characterization of Ag suspensions,
and duplicate values are presented with the markers. The dotted lines correspond to the corresponding color-matched standard deviation (SD)
obtained from polydispersity index (PDI) values assuming a Gaussian profile distribution (SD¼ (dH

2�PDI)0.5).
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that the presence of small particles (<200nm) in the exposure
media with NM300K was significantly greater than in the control
(Figure 3). The presence of particulatematerial in the control was
probably due to organic particles coming from the organisms.
The 2mgL�1 AgNO3 exposure suspension contained a large
amount of particles in the 200-nm range (Figure 3) compared
with the control, probably originating from AgCl(s) formed in the
medium.

In AgNO3 treatments, the measured concentration of total
Ag at the beginning of the exposure was within a 10% deviation
(0–8%) from nominal concentrations (Supplemental Data,
Table S2 and S3). In NM300K treatments, the measured
concentration of total Ag at the beginning of the exposure
was within a 5 to 33% deviation from nominal concentrations. In
both AgNO3 and NM300K treatments, there was a reduction in
measured total Ag after 96 h at low concentrations (<1mgAg
L�1). In general, the recovery was decreasing with decreasing
concentrations (Supplemental Data, Table S2 and S3).

The size fractionation showed that the initial concentration of
dissolved Ag (<3 kDa) varied among treatments. In AgNO3

treatments, the dissolved Ag content varied between 13 and
90% of the total Ag measured in exposure media without E. coli
(Supplemental Data, Table S2). In contrast, the <3 kDa Ag
fraction was reduced to less than the limit of detection within 2 h
after addition of E. coli (Supplemental Data, Table S3). In
NM300K treatments, the initial <3 kDa Ag fraction was 4–8% of
the total Ag concentration in the absence of bacteria in the
medium (Supplemental Data, Table S2). These results are
consistent with previous investigations of the behavior of
NM300K in various test media, showing an initial input of
dissolved Ag from NM300K of <8% in all tested media (K€oser
et al. 2017). In that study, the highest dissolved Ag fraction was
found in the medium with the lowest Cl– concentration
(Steinberg medium), a medium with a composition and Cl–

content similar to the moderately hard reconstituted water used
in the present study. K€oser et al. (2017) reported that the
dissolved Ag was present in the original stock suspension
provided by the manufacturer, bound to the dispersant agents,
and was therefore not a result of further particle dissolution.

Furthermore, the same authors suggested that after this initial
release of dissolved Ag, the dispersants would help to prevent
any further release of Ag(I) from the particles by limiting the
access of O2 to the surface of AgNPs. They thus concluded that
NM300K toxicity attributed to ionic Ag was related to the ionic
fraction found in the dispersion before the start of the toxicity
test, and could not be related to the further oxidation of the
particles and subsequent ionic releases (K€oser et al. 2017). As a
consequence of the work of K€oser et al. (2017), oxidation and
subsequent release of Ag(I) from NM300K would not be
expected during short-term exposure periods. In the present
study, exposure suspensions were continuously shaken to
maintain sufficient O2 levels, which are necessary for the
metabolism of C. elegans. The constant oxygenation together
with the presence of E. coli and C. elegans might influence the
protective effects of the dispersants, and potentially even
enhance the dissolution of AgNPs. However, the initial dissolved
Ag fraction (<3 kDa) in the exposure suspensions containing
E. coli and C. elegans was very low (<0.65mgL�1) in all AgNO3

and NM300K treatments (Supplemental Data, Table S3), and
remained so during the whole duration of the experiment
(Supplemental Data, Tables S3 and S4). This finding strongly
suggests an interaction between dissolved Ag and E. coli
present in the exposure suspensions. Silver ions are well known
for their antibacterial properties, which are closely connected to
their ability to interact with the negatively charged bacterial
surface and translocate to the interior cell where they interfere
with enzymatic functions and metabolic processes (Yamanaka
et al. 2005). Mullen et al. (1989) reported that 89% of a
108mgL�1 Ag(I) solution was removed from solution by binding
to bacteria. This interaction is highly efficient and is a likely
explanation for the low dissolved Ag content found in the
present study.

Uptake and toxicity

Ag uptake by nematodes. Toxicity of NPs to C. elegans is
highly dependent on the uptake and residence time, both of
which are related to surface chemistry and particle size (Meyer

FIGURE 3: Particle size distribution in exposure media in experiment 1 containing 0, 0.1, 0.5, and 2mgAgL�1, 96h after addition of NM300K (left) or
AgNO3 (right). Complete lines correspond to average values of 5 videos of 60 s each. Error bars represent the 95% confidence interval among the
videos.
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et al. 2010; Ellegaard-Jensen et al. 2012). Image analysis has
shown that NP uptake occurs predominantly via ingestion, and
that coated monodispersed NPs are taken up by intestinal cells
(Meyer et al. 2010). However, there are few or no quantitative
data on the uptake of AgNPs. To further characterize the
bioaccumulation of Ag, we thus devised an experiment to
quantify the uptake of Ag in C. elegans from NM300K and
AgNO3 exposures. The uptake was measured after 65 h of
exposure to avoid the interference of offspring. The digestion
process in C. elegans is very rapid, and it has been shown that
the residency time for E. coli is on average 2min, with defecation
on average every 50 s (Ghafouri and McGhee 2007). Thus, to
determine the Ag fraction retained, the exposed nematodes
were depurated by feeding on uncontaminated food for 2 h. This
would facilitate the removal of any unbound Ag from the
intestinal lumen and enable depuration of Ag that might be
removed by other defense mechanisms. The remaining Ag
should thus be incorporated in the nematode.

In undepurated nematodes, ICP–MS measurements showed
that the concentration in nematodes was correlated with the
exposure concentrations for bothNM300KandAgNO3 (Table 4).
The same dose dependency was observed for the depurated
nematodes. However, the overall Ag content (given as ngmg�1

wet wt) in the nematodes after depurationwas reducedby>98%
in bothNM300K andAgNO3 exposures (Table 4). The remaining
0.6 to 2% fraction was retained in the organisms, indicating a
strong binding into tissues and possibly translocation into cells
from the intestinal lumen. Yang et al. (2014) exposed C. elegans
to AgNO3 at 0.3mgAgL�1 and to citrate-stabilized AgNPs at
10mgAgL�1 for 24 h in moderately hard reconstituted water
and reported internal concentrations 3 to 10 times higher than
reported in the present study, but suggested that their ICP–MS
measurements were dominated by AgNPs retained in the gut.
Through TEM analysis, the authors also identified damage to
intestinal epithelial cells and effects to cell organelles like
mitochondria and lysosomes. However, translocation of Ag into
the cells is not prerequisite for toxicity of nanomaterial.
Formation of reactive oxygen species as a consequence of
oxidation of the AgNP surface has been associated with
oxidative stress in the intestine leading to toxicity (Yang et al.
2012). It should be mentioned that such oxidation of the AgNP
surface also involves release of Ag(I), which again could partly be
the cause of the toxicity seen in the NM300K exposures. Despite
observed uptake of the citrate-stabilized AgNPs into cells, most

of the AgNPs remained in the intestinal lumen in the study by
Yang et al. (2014).

Toxicity. The toxicity of NM300K AgNPs and AgNO3 was
assessed by measuring the effects on the standardized
endpoints growth, fertility, and reproduction after 96 h of
exposure in moderately hard reconstituted water. Dose-
dependent effects were observed for all endpoints in both
NM300K and AgNO3 exposures (Figure 4), with reproduction as
the most sensitive endpoint. The toxic effects of AgNO3 were
consistent for all the experiments (E1–E3), indicating reproduc-
ibility of the experimental setup. The nematode development
was assessed in a stereomicroscope after 96 h, and it was evident
that exposure to both AgNO3 and NM300K affected the growth
of C. elegans. It appeared that development was delayed and
that all nematodes reaching the adult stage were fertile and able
to reproduce, although the number of offspring per adult was
reduced. However, the fertility results were characterized by a
very abrupt EC10 to EC50 dose response over a narrow
concentration range in both AgNO3 and NM300K exposures.
This finding indicates that fertility might be highly vulnerable to
interexperimental variation and not as robust an endpoint as
growth or reproduction.

Weobserved a stimulation of reproduction byNM300K at the
lowest exposure concentration, and a stimulation of growth by
both AgNO3 and NM300K lowest exposure concentrations.
Such compensatory effects are frequently reported when
organisms like C. elegans are challenged by low-level environ-
mental stressors, including Ag (Cypser and Johnson 2002).
Overall, AgNO3 induced toxicity at lower exposure concen-
trations compared with NM300K, with the EC50 for growth,
fertility, and reproduction 2 to 9 times lower for AgNO3

compared with NM300K (Table 5). The wide range is due to
the higher variation in NM300K-induced toxic effects among
experiments. This is particularly visible on EC10 values for
reproduction, where very little variation was seen across the
years for AgNO3 treatments (0.06–0.08mgAgL�1) compared
with NM300 treatments (0.09–0.52mgAgL�1). Previous studies
on the toxicity of AgNPs toC. elegans in aqueous exposures (Kþ

medium or moderately hard reconstituted water) have reported
EC50 values for growth, reproduction, and mobility ranging
from 0.09 to 50mgAgL�1 (Ellegaard-Jensen et al. 2012;
Yang et al. 2012; Starnes et al. 2015). Not surprisingly, the
toxicity of AgNPs as well as AgNO3 was higher in moderately

TABLE 4: Measured Ag concentrations in undepurated and depurated nematodes for NM300K and AgNO3 exposures during experiment 2a

Ag concentration in exposure media Ag concentration in nematodes

Exposure Nominal (mgL�1) Measured (mgL�1) Undepurated (ngmg�1 wet wt) Depurated (ngmg�1 wet wt)

NM300K 0.1 0.08 134�13.8 <LOD
0.5 0.40 1053�31 7�2
2.0 1.56 3250�292 21�12

AgNO3 0.1 0.10 223�11 <LOD
0.5 0.52 945�65 15�3
2.0 2.03 NA NA

aConcentrations in nematodes are given as mean� standard deviation.
NA¼ not applicable, no surviving nematodes; LOD¼ limit of detection¼2.7 ng Ag mg�1 wet weight nematode.
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hard reconstitutedwater, which has a lower chloride content and
a lower conductivity than Kþ medium.

To our knowledge, the present study is the first to report EC
values for C. elegans exposed to NM300K. K€oser et al. (2017)
reported EC50 values for NM300K in other organisms:
growth inhibition in Pseudokirchneriella subcapitata at 0.62�
0.37mgAgL�1 and in Lemna minor at 0.50mgAgL�1 (95% CI

0.19–1.11mgAgL�1); and immobilization of Daphnia magna at
0.04� 0.01mgAgL�1.

The toxicity induced by NM300K tended to be higher in E1
compared with E2 and E3, particularly when compared with
AgNO3 toxicity (with E1 showing at most a factor of 3 between
EC50 values for NM300K and AgNO3, compared with a factor of
6–9 in E2 and E3; Table 5). It is possible that the observed

FIGURE 4: Growth, fertility, and reproduction of Caenorhabditis elegans after 96h exposure to AgNO3 and NM300K, expressed as percentage of
controls. E1, E2, E3¼experiments 1, 2, and 3, respectively.

TABLE 5: Effect concentration 10 and 50% (EC10 and EC50) on growth, fertility, and reproduction for NM300K and AgNO3 exposures in
experiments 1 to 3 (E1–E3)a

NM300K AgNO3

Endpoint EC10 (mgAgL�1) EC50 (mgAgL–) EC10 (mgAgL�1) EC50 (mgAgL�1)

Growth E1 0.37 (0.28–0.73) A 1.45 (1.33–1.87) A 0.36 (0.16–0.41) B 0.47 (0.43–0.59) A
E2 0.85 (0.51–1.38) A 2.91 (2.37–3.90) B 0.07 (0.05–0.11) A 0.38 (0.32–0.47) A
E3 2.43 (1.54–3.63) A 10.70 (8.91–12.71) C 0.87 (0.79–1.28) C 1.82 (1.64–1.96) B

Fertility E1 0.45 (0.38–0.75) A 0.56 (0.48–0.77) A NA NA
E2 0.80 (0.65–0.94) A 1.23 (1.05–1.36) B 0.08 (0.05–0.13) A 0.15 (0.11–0.20) A
E3 3.64 (3.18–3.79) B 4.29 (3.90–4.39) C 0.38 (0.35–0.41) B 0.49 (0.47–0.49) B

Reproduction E1 0.09 (0.01–0.35) A 0.26 (0.09–0.44) A 0.07 (0.042–0.094) A 0.11 (0.078–0.121) A,B
E2 0.52 (0.22–0.82) A 0.74 (0.48–0.92) B 0.06 (0.057–0.066) A 0.08 (0.072–0.080) A
E3 0.18 (0.15–0.49) A 0.84 (0.69–1.18) B 0.08 (0.074–0.076) A 0.09 (0.086–0.091) B

aResults are provided with their 95% confidence interval (CI) in parentheses. Parameter estimations were based on nominal concentrations and calculated using the Hill
model. For each endpoint, EC values with overlapping CIs are indicated by similar capital letters.
NA¼ not available.
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difference could in part be ascribed to the protocol used for the
preparation of NM300K stock suspension, which had a lower
particle size in E1, but because this size difference did not carry
over to the exposure suspensions, it could also reflect differ-
ences in nematode batch sensitivity. There was no obvious
correlation between toxicity and measured concentrations or
size distribution in the exposure solutions.

Linking exposure, uptake, and toxicity

Speciation of molecular form and size fractionation in
exposure characterization for organisms like C. elegans is of
upmost importance because their normal feeding behavior
entails ingesting bacteria and particles in the size range 100nm
to 3mm from the water column (Yang et al. 2012). Although the
initial particle size in the present exposure was between 8 and
23 nm as measured by TEM, and thus<100nm, the presence of
larger particle aggregates (�200nm) was well within the feeding
range of C. elegans. There were clear differences between the
AgNO3 andNM300K exposures with respect to particle size and
the presence of <3 kDa Ag in suspension (in the absence of E.
coli and C. elegans; Figure 1 and Supplemental Data, Table S2).
As expected, nanosized particles could be identified in NM300K
exposures (Figures 1–3 and Table 3). However, AgNO3

exposures also contained larger particulate matter (Figures 2
and 3 and Table 3), which indicates formation of Ag complexes.

Prior to the addition of E. coli to the exposure suspensions,
the <3 kDa Ag fraction was significantly lower in NM300K
treatments (4–8% of total Ag) than in AgNO3 treatments
(13–90% of total Ag; Supplemental Data, Table S2). However,
at the actual beginning of the toxicity test (i.e., after addition of
E. coli) no <3 kDa Ag was found, suggesting rapid affiliation of
ionic Ag with the bacteria (Supplemental Data, Table S3). The
fact that a significant proportion of Agwas associatedwith E. coli
indicates that bacteria act as a vehicle to promote the uptake of
ions, and possibly also AgNPs, via ingestion. The observed
differences in particle size, the presence of aggregates, and the
<3 kDa Ag difference between NM300K and AgNO3 exposures
were not reflected in the Ag concentrations accumulated in
C. elegans (Table 4). Although incorporated Ag (still present in
nematodes after depuration) was very similar in AgNO3 and
NM300K treatments, toxicity correlated strictly with exposure
concentration. The fact that similar levels of Ag uptake in the
nematodes caused significantly different effect levels showed
that toxicity was most likely determined by the type of exposing
agent (NM300K vs AgNO3). The toxicity associated with Ag
uptake fromAgNO3 exposures (both total and incorporated Ag)
was higher than that associated with NM300K exposures
(Table 4). This observation is consistent with previous reports
indicating that AgNPs act mostly in the intestine (Yang et al.
2014), whereas Ag(I) is probably more effectively taken up into
the intestinal cells where it interferes with enzymes and organelle
functions.

In line with this model, reproduction, the most sensitive
endpoint measured in the present study, was already strongly
affected at the lowest AgNO3 concentration (44–95% reduction
at 0.1mgAgL�1). In contrast, similar effects on reproduction

were only observed from 0.5 to 1mgAgL�1 in NM300K
exposures (Figure 4). This could potentially be linked to the
initial differences seen in the <3 kDa Ag fraction. The higher
concentration of <3 kDa Ag in AgNO3 exposures presumably
led to a higher concentration of Ag associated with the bacteria
E. coli. As the food source for nematodes, E. coli act as vehicles,
enhancing the bioavailability of Ag(I) and consequently also the
toxicity. Likewise, the toxicity observed in NM300K exposures
could potentially also be directly related to the concentration of
dissolved Ag, either through dissolution of NM300K (Yang et al.
2012), or release of Ag(I) bound to the surfactants in the original
NM300K nanomaterial (K€oser et al. 2017). Although NM300K
AgNPs have been reported to be relatively stable over short
exposure periods, the physicochemical environment and
processes in the digestive tract of C. elegans (e.g., an acidic
environment with pH values of 3.6–6.0; Chauhan et al. 2013)
could potentially speed up the release of Ag(I). However, as
discussed previously and supported by size fractionation
measurements, dissolution of Ag(I) from the nanoparticles is
not necessarily or likely the sole explanation for the observed
differences in toxicity. A nanospecific toxicity (e.g., oxidative
stress generated from the formation of reactive oxygen species
on the surface of the nanoparticles) is another mechanism of
toxicity (Yang et al. 2012). In the present study we unfortunately
cannot offer firm conclusions on the mechanistic pathways
leading to toxicity.

CONCLUSIONS

The last decade of nanotoxicity research has generated a
large number of published, available toxicity data. However, due
to the lack of harmonized testing, the data are often not
considered as reliable for risk assessment (Kos et al. 2016).
Standardized operating protocols (ISO or OECD) used for
traditional soluble chemicals with high reproducibility do not
work as well for nanotoxicity studies. These questions have been
addressed in several European Union projects (CO-NANOMET,
NANoREG, Nanofate, NanoTest), but the lack of harmonized
protocols is still a problem. Although the 3 separate experiments
(E1–E3) reported in the present study did not follow a fully
harmonized testing protocol, they were conducted in the same
way with respect to key points such as experimental media,
temperature, type of Ag nanoparticles, experimental setup,
strain of C. elegans, and so on. Despite some variation in EC
values, the present study showed a relatively good agreement
among the different experiments, with EC values in the same
order of magnitude. Especially in terms of the most sensitive
endpoint, reproduction, the EC values were similar over a period
of 2 or 3 yr for both AgNO3 and NM300K exposures.
Characterization of the exposure solutions for both AgNPs
and AgNO3 treatments suggested that, in this case, variations in
toxicity did not appear to be correlated with differences in
particle size, aggregation, or dissolution among the 3 experi-
ments. In addition, differences in AgNP and AgNO3 exposure
could not be explained solely by differences in Ag speciation.

Although 3 studies performed by the same laboratory
provides far from enough data to form conclusions about
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reproducibility, it is clear that the differences in reproducibility
of tests between laboratories, both in the same and across
different species, cannot be analyzed without information on
the behavior and characterization of the exposure media.
Likewise, understanding differences between NP and ion
mechanisms requires that characterization also be carried out
on ion exposure solutions, which is often overlooked in
nanotoxicity tests.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4144.

Acknowledgment—The present study was funded by the
Research Council of Norway through the NANoREG (grant
310584) and NANOCHARM (grant 221391) projects. The
authors thank K.A. Jensen and S. Lohne for assistance with the
ICP-MS measurements and E. Maremonti for technical support
in the laboratory.

Data availability—Research data pertaining to this article are
accessible by request to the authors (merethe.kleiven@nmbu.no
or deborah.oughton@nmbu.no).

REFERENCES

Andrassy I. 1956. Die rauminhalts-und gewichtsbestimmung der fa-
denw€urmer (Nematoden). Acta Zool Hung 2:1–5.

Borm P, Klaessig FC, Landry TD, Moudgil B, Pauluhn J, Thomas K, Trottier R,
Wood S. 2006. Research strategies for safety evaluation of nanomaterials,
Part V: Role of dissolution in biological fate and effects of nanoscale
particles. Toxicol Sci 90:23–32.

Carlson C, Hussain SM, Schrand AM, Braydich-Stolle LK, Hess KL, Jones RL,
Schlager JJ. 2008. Unique cellular interaction of silver nanoparticles: Size-
dependent generation of reactive oxygen species. J Phys Chem B
112:13608–13619.

Chauhan VM, Orsi G, Brown A, Pritchard DI, Aylott JW. 2013. Mapping the
pharyngeal and intestinal pH of Caenorhabditis elegans and real-time
luminal pH oscillations using extended dynamic range pH-sensitive
nanosensors. ACS Nano 7:5577–5587.

Cressman CP,Williams PL. 1997. Reference toxicants for toxicity testing using
Caenorhabditis elegans in aquatic media. In Environmental Toxicology
and Risk Assessment: Modeling and Risk Assessment, Vol 6. ASTM
International, Philadelphia, PA, USA.

Cypser JR, Johnson TE. 2002. Multiple stressors in Caenorhabditis elegans
induce stress hormesis and extended longevity. J Gerontol Ser A Biol Sci
Med Sci 57:B109–B114.

Ellegaard-Jensen L, Jensen KA, Johansen A. 2012. Nano-silver induces dose-
response effects on the nematode Caenorhabditis elegans. Ecotoxicol
Environ Saf 80:216–223.

Gallego-Urrea JA, Hammes J, Cornelis G, Hassell€ov M. 2016. Coagulation
and sedimentation of gold nanoparticles and illite in model natural
waters: Influence of initial particle concentration. NanoImpact 3:67–74.

Ghafouri S, McGhee JD. 2007. Bacterial residence time in the intestine of
Caenorhabditis elegans. Nematology 9:87–91.

Gomes SI, Roca CP, Scott-Fordsmand JJ, Amorim MJ. 2017. High-
throughput transcriptomics reveals uniquely affected pathways: AgNPs,
PVP-coated AgNPs and Ag NM300K case studies. Environ Sci Nano
4:929–937.

GonScalves SF, D Pavlaki M, Lopes R, Hammes J, Gallego-Urrea JA, Hassell€ov
M, Jurkschat K, CrossleyA, Loureiro S. 2017. Effects of silver nanoparticles
on the freshwater snail Physa acuta: The role of test media and snails’ life
cycle stage. Environ Toxicol Chem 36:243–253.

Handy RD, von der Kammer F, Lead JR, HassellovM,Owen R, CraneM. 2008.
The ecotoxicology and chemistry of manufactured nanoparticles.
Ecotoxicology 17:287–314.

Handy RD, Cornelis G, Fernandes T, Tsyusko O, Decho A, Sabo-Attwood T,
Metcalfe C, Steevens JA, Klaine SJ, Koelmans AA, Horne N. 2012.
Ecotoxicity test methods for engineered nanomaterials: Practical
experiences and recommendations from the bench. Environ Toxicol
Chem 31:15–31.

Hunt PR. 2017. The C. elegans model in toxicity testing. J Appl Toxicol 37:
50–59.

International Organization for Standardization. 2010. Water quality: Deter-
mination of the toxic effect of sediment and soil samples on growth,
fertility and reproduction of Caenorhabditis elegans (Nematoda).
Geneva, Switzerland.

Jensen KA, Booth A, Kembouche Y, Boraschi D. 2016. Validated protocols for
test item preparation for key in vitro and ecotoxicity studies. NANoREG
deliverable D2.06. Dutch National Institute for Public Health and the
Environment (RIVM), Bilthoven, The Netherlands.

Jiang JK, Oberdorster G, Biswas P. 2009. Characterization of size, surface
charge, and agglomeration state of nanoparticle dispersions for
toxicological studies. J Nanopart Res 11:77–89.

Kos M, Kahru A, Drobne D, Singh S, Kal�c�kov�a G, K€uhnel D, Rohit R, Gotvajn
A�Z, JemecA. 2016. A case study to optimise and validate the brine shrimp
Artemia franciscana immobilisation assay with silver nanoparticles: The
role of harmonisation. Environ Pollut 213:173–183.

K€oser J, Engelke M, Hoppe M, Nogowski A, Filser J, Thoming J. 2017.
Predictability of silver nanoparticle speciation and toxicity in ecotoxico-
logical media. Environ Sci Nano 4:1470–1483.

Lundqvist M, Stigler J, Elia G, Lynch I, Cedervall T, Dawson KA. 2008.
Nanoparticle size and surface properties determine the protein corona
with possible implications for biological impacts. Proc Natl Acad Sci U S A
105:14265–14270.

Mallevre F, Alba C, Milne C, Gillespie S, Fernandes TF, Aspray TJ. 2016.
Toxicity testing of pristine and aged silver nanoparticles in real
wastewaters using bioluminescent Pseudomonas putida. Nanomate-
rials 6:pii E49.

Mast J, de Temmeman P-J. 2016. Protocol(s) for size-distribution analysis of
primary NM particles in air, powders, and liquids. NANoREG deliverable
D2.10. Dutch National Institute for Public Health and the Environment
(RIVM), Bilthoven, The Netherlands.

Meyer JN, Lord CA, Yang XY, Turner EA, Badireddy AR, Marinakos SM,
Chilkoti A, Wiesner MR, Auffan M. 2010. Intracellular uptake and
associated toxicity of silver nanoparticles in Caenorhabditis elegans.
Aquat Toxicol 100:140–150.

Montes-Burgos I, Walczyk D, Hole P, Smith J, Lynch I, Dawson K. 2010.
Characterisation of nanoparticle size and state prior to nanotoxicological
studies. J Nanopart Res 12:47–53.

Mullen M, Wolf D, Ferris F, Beveridge T, Flemming C, Bailey G. 1989.
Bacterial sorption of heavymetals.Appl EnvironMicrobiol 55:3143–3149.

O’Reilly LP, Luke CJ, Perlmutter DH, Silverman GA, Pak SC. 2014. C. elegans
in high-throughput drug discovery. Adv Drug Deliv Rev 69:247–253.

Petersen EJ, Henry TB, Zhao J, MacCuspie RI, Kirschling TL, Dobrovolskaia
MA, Hackley V, Xing B, White JC. 2014. Identification and avoidance of
potential artifacts and misinterpretations in nanomaterial ecotoxicity
measurements. Environ Sci Technol 48:4226–4246.

Poynton HC, Lazorchak JM, Impellitteri CA, Blalock BJ, Rogers K, Allen HJ,
Loguinov A, Heckman JL, Govindasmawy S. 2012. Toxicogenomic
responses of nanotoxicity in Daphnia magna exposed to silver nitrate
and coated silver nanoparticles. Environ Sci Technol 46:6288–6296.

Ratte HT. 1999. Bioaccumulation and toxicity of silver compounds: A review.
Environ Toxicol Chem 18:89–108.

Starnes DL, Unrine JM, Starnes CP, Collin BE, Oostveen EK, Ma R, Lowry GV,
Bertsch PM, TsyuskoOV. 2015. Impact of sulfidation on the bioavailability
and toxicity of silver nanoparticles to Caenorhabditis elegans. Environ
Pollut 196:239–246.

Sørensen SN, Baun A. 2015. Controlling silver nanoparticle exposure in algal
toxicity testing: A matter of timing. Nanotoxicology 9:201–209.

TyneW, Lofts S, SpurgeonDJ, Jurkschat K, Svendsen C. 2013. A newmedium
for Caenorhabditis elegans toxicology and nanotoxicology studies
designed to better reflect natural soil solution conditions. Environ Toxicol
Chem 32:1711–1717.

US Environmental Protection Agency. 2002. Methods for measuring the
acute toxicity of effluents and receiving waters to freshwater and marine
organisms, 5th ed. EPA 821-R-02-012. Office of Water, Washington, DC.

Behavior, uptake, and toxicity of AgNP in nematodes—Environmental Toxicology and Chemistry, 2018;37:1799–1810 1809

�C 2018 SETACwileyonlinelibrary.com/ETC



van der Ploeg MJ, Handy RD, Waalewijn-Kool PL, van den Berg JH,
Herrera Rivera ZE, Bovenschen J, Molleman B, Baveco JM, Tromp P,
Peters RJ. 2014. Effects of silver nanoparticles (NM-300K) on
Lumbricus rubellus earthworms and particle characterization in
relevant test matrices including soil. Environ Toxicol Chem 33:
743–752.

Vindimian E. 2016. RegTox. [cited 2017 June 15]. Available from: http://www.
normalesup.org/~vindimian/en_index.html

Voelker D, Schlich K, Hohndorf L, KochW, Kuehnen U, Polleichtner C, Kussatz
C, Hund-Rinke K. 2015. Approach on environmental risk assessment of
nanosilver released from textiles. Environ Res 140:661–672.

Wasmuth C, Rudel H, During RA, Klawonn T. 2016. Assessing the suitability of
the OECD 29 guidance document to investigate the transformation and

dissolution of silver nanoparticles in aqueous media. Chemosphere 144:
2018–2023.

YamanakaM, Hara K, Kudo J. 2005. Bactericidal actions of a silver ion solution
on Escherichia coli, studied by energy-filtering transmission electron
microscopyandproteomicanalysis.ApplEnvironMicrobiol71:7589–7593.

Yang X, Jiang C, Hsu-Kim H, Badireddy AR, Dykstra M, Wiesner M, Hinton
DE, Meyer JN. 2014. Silver nanoparticle behavior, uptake, and toxicity
in Caenorhabditis elegans: Effects of natural organic matter. Environ Sci
Technol 48:3486–3495.

Yang XY, Gondikas AP, Marinakos SM, Auffan M, Liu J, Hsu-Kim H, Meyer
JN. 2012. Mechanism of silver nanoparticle toxicity is dependent on
dissolved silver and surface coating in Caenorhabditis elegans. Environ
Sci Technol 46:1119–1127.

1810 Environmental Toxicology and Chemistry, 2018;37:1799–1810—M. Kleiven et al.

�C 2018 SETAC wileyonlinelibrary.com/ETC



Supporting information 1 

Characterizing NM300K silver nanoparticles behavior, uptake and toxicity in2 
Caenorhabditis elegans3 

 4 

Merethe Kleivena*, Lisa M. Rossbacha, Julian A. Gallego-Urreaab, Dag Anders Bredea, Deborah H. 5 
Oughtona and Claire Coutrisc 6 

a Norwegian University of Life Sciences, Faculty of Environmental Sciences and Natural Resource 7 
Management, Center for Environmental Radioactivity (CERAD CoE), P.O. Boxs 5003 NMBU, 1432 Ås, 8 
Norway 9 

b Department of Marine Sciences, University of Gothenburg, Kristineberg 566, SE-45178 Fiskebäckskil 10 
Sweden  11 

c Division of Environment and Natural Resources, Norwegian Institute of Bioeconomy Research, 12 
Høgskoleveien 7, 1431 Ås, Norway 13 

 * Corresponding author email address: merethe.kleiven@nmbu.no or deborah.oughton@nmbu.no 14 

 15 

Contains 2 tables and 3 figures  16 



TABLES17 

Table S1. Sample preparation and ICP-MS measurement parameters for E1, E2 and E3.  18 

 E1 E2 E3 
Sample volume 400 μL 200 μL 200 μL 
Volume ratio 
sample:acid for 
digestion 

5:4(HNO3):1(HCl) 1:5 1:7.5 

Digestion conditions 260 °C, 120 bar 80 °C, 4 h 80 °C, 4 h 
Digestion method Microwave 

(UltraClave 3, 
Milestone Ltd.) 

Heating cabinet Heating cabinet 

Final acid 
concentration 

2-4 vol % HCl 
6.5 % HNO3 

10 vol % HNO3 10 vol % HNO3 

Ag Isotopes 107, 109 107, 109 107, 109 
Limit of detection 0.04 μg L-1 0.65 μg L-1 0.007 μg L-1 
Limit of quantification 0.135 μg L-1 1.94 μg L-1 0.02 μg L-1 
Internal Standard Indium Indium none 
Online standard Rhodium Rhodium Rhodium 
Gas mode Oxygen Oxygen Oxygen 

  19 



Table S2. Silver concentrations (total and <3 kDa) in AgNO3 and NM300K treatments, in E1, at the start 20 
(without bacteria), and end of the experiment. ND: not determined. 21 
 22 

  Start (0 h) without E.coli End (96 h) 

E1 Nominal 
(μg L-1) 

Total  
(μg L-1) 

% deviation 
from nominal 
concentration 

<3 kDa 
(μg L-1) 

% of total 
Ag 

Total  
(μg L-1) 

<3 kDa 
(μg L-1) 

AgNO3 
 

100 93 -8 79 86 75 <0.135 
500 475 -5 110 23 435 <0.135 

1000 975 -3 123 13 ND ND 
2000 2000 0 1794 90 1950 1 
4000 3750 -6 2178 58 ND ND 

NM300K 

100 105 5 4 4 75 <0.04 
500 525 5 33 6 415 <0.135 

1000 1325 33 72 5 ND ND 
2000 2375 19 104 4 2500 1 
4000 4875 22 397 8 ND ND 

Control 0 <0.04 - <0.04 - <0.04 <0.04 
 23 

Table S3. Silver concentrations (total and <3 kDa) in AgNO3 and NM300K treatments, in E2, at the start 24 
(with bacteria), after 20 h (E2)and end of the experiment. ND: not determined. 25 
 26 

  Start (2 h) with E.coli After 20 h End (96 h) 

E2 Nominal 
(μg L-1) 

Total  
(μg L-1) 

% deviation 
from nominal 
concentration 

<3 kDa 
(μg L-1) 

% of total 
Ag 

Total  
(μg L-1) 

<3 kDa 
(μg L-1) 

Total  
(μg L-1) 

<3 kDa 
(μg L-1) 

AgNO3 
 

100 95 -5 <0.65 ND 67 <0.65 57 <0.65 
500 518 4 <0.65 ND 423 <0.65 427 <0.65 

2000 2027 1 <0.65 ND 1960 <0.65 2045 <0.65 

NM300K 
100 81 -19 <0.65 ND 79 <0.65 72 <0.65 
500 397 -21 <0.65 ND 387 <0.65 317 <0.65 

2000 1555 -22 <0.65 ND 1614 <0.65 1584 <0.65 
 27 

  28 



Table S4. Silver concentrations (total and <3 kDa) in AgNO3 and NM300K treatments at end of the 29 
experiments (E1-3). ND: not determined. 30 
 31 

  End (96 h) 

E3 Nominal 
(μg L-1) 

Total  
(μg L-1) 

After 
centrifugation* 

% of total 
Ag 

<3 kDa 
(μg L-1) 

% of total 
Ag 

AgNO3 
 

250 185 100 54 0.11 0.06 
1000 760 85 11 0.14 0.02 
4000 3967 566 14 0.93 0.02 

NM300K 
1800 1400 221 16 0.68 0.05 
7300 4200 723 17 0.59 0.01 

29000 14667 1586 16 0.42 <0.01 
*2000×g, 15 min 32 

  33 



FIGURES34 

 35 

Figure S1. TEM image of NM300K AgNPs suspended in MilliQ water. 36 



37 
Figure S2. Time resolved DLS measurements performed on NM300K suspensions in MilliQ water. A 38 

corresponds to measurements done at 10 mg Ag L-1, and B at 1 mg Ag L-1. Zeta-average hydrodynamic 39 

diameters, dH, were obtained as explained in the text and duplicate values are presented with the 40 

markers. The dotted lines correspond to the corresponding color-matched standard deviation obtained 41 

from polydispersity-index, PDI, values assuming a Gaussian profile distribution (SD = (dH
2.PDI)0.5). 42 



  43 

Figure S3. Zeta-average diameters obtained from DLS measurements (in E2) of NM300K AgNPs (left) and 44 

AgNO3 (right) exposure suspensions, in presence of bacteria E. coli. Averages of three replicated 45 

measurements are presented and error bars represent one standard deviation. Black symbols 46 

correspond to the same sample measured after resuspension. 47 
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Figure 2. C. elegans
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Figure 6. C. elegans
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Adaptive tolerance to multigenerational silver nanoparticle (NM300K)
exposure by the nematode Caenorhabditis elegans is associated with
increased sensitivity to AgNO3
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ABSTRACT
Toxic effects of silver nanoparticles (Ag NPs) are, in most cases, measured within a single gener-
ation, while information regarding multigenerational exposure remains scarce. The current study
assessed changes in toxic response (reproduction, fertility, and development) towards Ag NPs
(NM300K; uncoated, 16.7 ±6.5 nm) compared to AgNO3 over six generations, following chronic
exposure of the model organism Caenorhabditis elegans. This revealed that AgNO3 exposure was
associated with no changes in susceptibility to Ag. In contrast, multigenerational exposure to
sub-lethal concentrations of Ag NPs resulted in persistent delayed development, but rendered
increased tolerance to Ag NP with respect to fertility and fecundity. The results thus permit
inference of a difference in toxic mode of action of the two forms of Ag, which instigate differ-
ent response patterns. Results reveal a novel mechanism for the adaptation toward Ag NPs,
where increased reproductive fitness occurs at the expense of somatic growth. This adaptive
mechanism was, however associated with increased susceptibility to AgNO3 with respect to
growth, fertility and reproduction. The current study thus demonstrates that a nano-specific
resistance can be developed by C. elegans. Importantly, this adaptation renders increased vulner-
ability to another environmental stressor, and thus exposure to a second contaminant could be
detrimental to such populations.
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Introduction

Due to their wide range of applications, silver nano-
particles (or Ag engineered nanomaterials) have
become one of the most widely used nanomaterial in
industry and consumer products. A range of studies
relate silver nanoparticle (Ag NP) toxicity to their rela-
tively high solubility and consequent ionic releases
(Meyer et al. 2010; Yang et al. 2012; Starnes et al.
2015; Recordati et al. 2016). However, clear differen-
ces in toxicity between ionic Ag and Ag NPs have
been observed (Navarro et al. 2008; Kleiven et al.
2018). Such differences are related to particle-specific
effects linked to oxidative stress mechanisms that
produce adversity ranging from DNA damage and
genetic changes to inhibition of physiological proper-
ties, such as growth and reproduction (Kim et al.
2009; Roh et al. 2009; Hackenberg et al. 2011; V€olker
et al. 2015). Furthermore, lesions and bursts to the

outer cuticle of nematodes exposed to Ag NPs have
been reported (Kim, Nam, and An 2012). Nanoparticle
toxicity has been reported in a wide range of aquatic
and terrestrial species; however, most studies only
cover a limited timescale of an organisms’ life stage,
rather than the whole lifespan, and few have looked
at impacts across generations (Goussen et al. 2013).
Therefore, effects resulting from multigenerational,
chronic exposures are relatively unknown.

Ecotoxicology aims to translate effects, such as
embryonic death or decreased fertility, observed at an
organism level, to alterations in population size and
structure (Anderson and Wild 1994). However, some
exposures, particularly long term, may result in heritable
impacts, with effects only materializing in successive
generations (Anderson and Wild 1994; Yu et al. 2013).
This is of particular importance for nanoparticle toxicity,
due to their intracellular uptake and intergenerational
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transfer (Meyer et al. 2010; Choi et al. 2014), as well as
hereditary adverse effects in response to nanoparticle
exposure (Kim, Kwak, and An 2013).

The nematode Caenorhabditis elegans is, due to
its short life span, high fecundity and short gener-
ation time, a suitable model organism for ecotoxico-
logical studies, in particular for multigenerational
exposures (Handy et al. 2012; Goussen et al. 2013).
Additionally, the short generation time of C. elegans
also prevents aging effects of the nanomaterials
(Handy et al. 2012). Generally, C. elegans will repro-
duce hermaphroditically; however, in response to
stressors, genetic diversity may be facilitated by
cross-fertilization with males (occurrence increased
through starvation of populations), increasing adap-
tation (Morran, Parmenter, and Phillips 2009).

Adaptive responses have been observed in a var-
iety of organisms including C. elegans, where the
adaptation is defined as the ability to cope with
higher concentrations or doses, when previously
exposed to lower concentrations or doses of the
same agent (Yanase et al. 1999; Dutilleul et al. 2014).
Decreases in fertility, lifespan and mortality have
been observed following a four generational expos-
ure to three different sizes of Ag NPs, where nemato-
des showed acclimation to lower concentrations and
cumulative damage at higher concentrations
(Contreras et al. 2014). Schultz et al. (2016) found an
increased sensitivity in the second generation in
response to both Ag NP and AgNO3 exposure over a
range of concentrations with no recovery or resist-
ance development for 10 generations, implying
significant transgenerational epigenetic effects.
Furthermore, following transgenerational exposure
of the bacteria Escherichia coli to PVP coated Ag NPs,
Luo et al. (2016) measured significant decreases in
life span and reproduction, however, a recovery was
observable after four generations. Additionally,
Dutilleul et al. (2014) concluded that C. elegans are
able to develop increased resistance to pollutants fol-
lowing only a few generations, however, with strong
dependency on exposure and pollutant type.
Likewise, it has been shown that cumulative effects
from continuous exposures may have major impacts
on an organisms’ ability to cope with the toxicity of
Ag NPs (Contreras et al. 2014).

Thus, the main hypothesis of the present study is
that the adaptive ability of C. elegans to continuous
chronic exposure to either AgNO3 or Ag NPs will

depend on the concentration as well as the type of
silver. The continuous chronic exposure to low con-
centrations will result in rapid adaptation of succes-
sive generations. Exposure to higher concentrations
will cause a deteriorating effect over generations.
Therefore, a multigenerational exposure to sub-
lethal concentrations of either AgNO3 or the Ag NP
NM300K was conducted to determine whether this
would alter the sensitivity to silver by assessing toxic
effects in reproduction, fertility and development.

Materials and methods

Silver nanoparticle preparation and
characterization

Nanoparticles used in the current study were the
OECD representative Ag nanomaterial NM300K
(Fraunhofer IME, Munich, Germany) and stocks were
prepared according to a Standard Operating
Procedure developed by EU NanoReg (Jensen et al.
2016). Briefly, a 2.56 g L�1 stock was prepared in
ddH2O (15 MX�cm) using a probe sonicator (Branson
S-450 D sonicator, disruptor horn 13 mm) for 13 min
at 15% amplitude. Fresh stocks were prepared, char-
acterized and appropriately diluted immediately prior
to exposure of each population or for toxicity tests.

For the characterization of the nanoparticles, a
range of tools was employed. Dynamic light scatter-
ing (DLS, Malvern PN3702 Zetasizer Nanoseries,
Malvern Inc., Malvern, UK) for hydrodynamic diam-
eter and zeta potential, and transmission electron
microscopy (TEM, Morgagni 268) for core diameter
was carried out on stock solutions. Assessment of
the size fractionation and particle dissolution after
96 h of exposure was carried out by ultrafiltration
(14,000 g for 30 min) of the exposure media using
<3 kDa Millipore Centrifugal filters (Amicon,
Millipore, Billerica, MA) at F0, F2 and F5. Triplicate
samples of the exposure media were first centri-
fuged (2000 g for 5 min) to remove Escherichia coli
and larger particle aggregates, with subsequent
ultrafiltration of the supernatants following pre-con-
ditioning of the filters.

Concentrations for the multigenerational expos-
ure of the populations were selected to be sub-
lethal, ranging from 0.1, 0.5, and 1 mg Ag L�1 for
nanoparticles, and 0.01, 0.05, and 0.1 mg Ag L�1 for
the AgNO3 exposures. Concentrations for toxicity
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testing were 1.25, 2.5, 5, 10, 20, and 40 mg Ag L�1

and 0.125, 0.25, 0.5, 1, 2, and 4 mg Ag L�1 for Ag
NPs and AgNO3, respectively. To confirm the expos-
ure, triplicate samples for total Ag determination
were taken at each generation. All Ag concentra-
tions were determined by Inductively Couple
Plasma Mass Spectrometry (ICP-MS, Agilent 8800,
Mississauga, ON, Canada), using oxygen as a colli-
sional gas, tuned using manufacturer tuning solu-
tion (#5188-6564, Agilent Technologies, Mississauga,
ON, Canada), measuring two Ag isotopes (107 and
109), at a detection limit of 0.003 ppm.

Caenorhabditis elegans culture and maintenance

N2-stock of nematode was obtained from
Caenorhabditis Genetic Centre, Minneapolis, MN.
Liquid populations were kept for two months prior to
the experiment to maintain a healthy stock. To
obtain synchronized populations, gravid hermaphro-
dites were treated with alkaline hypochlorite to
extract eggs (Stiernagle 2006). Eggs were immedi-
ately transferred to previously Ag spiked NGM agar
plates, seeded with an E. coli OP50 lawn. Plates were
continuously monitored for development of nemato-
des into L4 stage and the onset of egg laying. A
stereo microscope (Leica M205C) was used for all
monitoring, imaging and assessment of C. elegans.

Multigenerational exposure

Prior to experiment, triplicate founder populations
were generated, which were used to establish three
biological replicate populations for each exposure
condition. Multigenerational exposures (Figure 1)
were carried out with 250 nematodes per culture
plate in triplicate, for each of the population expos-
ure concentrations (controls, 0.01, 0.05, and 0.1 mg
L�1 AgNO3 or 0.1, 0.5, and 1 mg L�1 Ag NPs), on 3 ml
NGM agar plates, seeded with 300 ml of fresh 10 �
concentrated E. coli OP50 lawn. On the day of trans-
fer to new generations, 300 ml Ag stock solutions
were added on top of E. coli lawn on the agar plates,
and allowed to air dry for 2 h inside a laminar flow
cabinet, before the addition of the new population.
Concentrations were chosen according to previously
conducted pilot experiments, in order to avoid lethal-
ity, on a wide range of concentrations of either Ag
NPs (0.1–100 mg Ag L�1) or AgNO3 (0.01–50 mg

Ag L�1). All generations were continuously exposed
from egg stage.

Following 72 h of exposure, nematode size was
recorded, before washing of each plate using 3 ml of
moderately hard reconstituted water (MHRW; 1.14
mM NaHCO3, 0.44 mM CaSO4�2H2O, 0.5 mM MgSO4

and 0.05 mM KCl; pH 7.6) (United States
Environmental Protection Agency 2002) allowing
only eggs to remain on the plate. Half of the eggs
were transferred onto new, previously prepared cul-
ture plates, for the continuation of the population.
The remaining eggs were allowed to hatch on the
plate for 12 h at 20 �C for subsequent toxicity testing.

Toxicity testing and cross toxicity test exposure

Standard 96 h toxicity tests were carried out at 20 �C
in the dark in 24 well cell culture plates at each gen-
eration for all populations. Each well contained 1 ml
of MHRW with ca. 5	109 E. coli and 11 ± 5.7 L1 stage
nematodes. Nematodes were exposed in triplicate to
1.25, 2.5, 5, 10, 20, and 40 mg Ag L�1 and 0.125, 0.25,
0.5, 1, 2, and 4 mg Ag L�1 of Ag NPs or AgNO3,
respectively. Additionally, at F3 and F4, nematodes
previously exposed to AgNO3 were also subject to an
Ag NP toxicity test, and vice versa, to establish
whether any changes in toxicity response would
apply to both forms of Ag (from here on referred to
as the cross-toxicity test). To terminate the test, wells
were stained using 0.5 ml of Rose Bengal, and placed
at 80 �C for 10 min, before the assessment of the
endpoints. Further, samples were collected for total
Ag concentrations, and, at F0, F2, and F5 for <3 kDa
fractionation of the exposure medium. At the end of
toxicity tests, nematodes on all plates were measured
for size, and counted for total number of offspring
per recovered adult and number of pregnant nemat-
odes using a hand-held tally counter (International
Organization of Standardization 2010).

Statistical analysis

One-way ANOVA was applied to assess for simple
group comparison when error terms were normally
distributed, using MinitabVR 18 (Minitab Inc. 2010). The
remaining analyses were done in JMP Pro v14 (SAS
institute, Cary, NC). Within each generation, reproduc-
tion toxicity test measurements were normalized to
measured Ag concentrations, and data presented as
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relative to respective toxicity test controls (Yu et al.
2012; Moon et al. 2017). Toxic effects on the three
responses (percent fertility, offspring counts (repro-
duction), and body length) were checked for optimum
curve fitness. Different logistic curves, including the
Hill equation, showed best fit to data (lowest AIC/BIC
values and highest R-square). The body size data could
in some instances be analyzed in a linear model, but
not always. Poisson regression (generalized linear
model with over dispersion) was eventually chosen for
the analysis of all responses to simplify comparisons
between different outcomes, with either concentra-
tion or generation as continuous regressors, and either
population or cross-toxicity group as class variable.
Values were considered significantly different at p-val-
ues lower than 0.05. Curves in figures are the mean

response of each population within one entire toxicity
test (± SEM), with a lambda of 0.05, to emphasize the
group differences and are not the regression curves
from the Poisson model.

Effect concentration (EC10 and EC50) were calcu-
lated with the open source software RegTox, using
the Hill model (Vindimian 2016) and are reported as
the optimal value for EC10 and EC50 with corre-
sponding 95% confidence intervals.

Results

Nanoparticle characterization and exposure
concentrations

Stocks and exposure solutions were characterized for
particle size distribution and total Ag concentration

Figure 1. Experimental design of the continuous exposure to three concentrations (mg Ag L�1) of either AgNO3 or NM300K Ag NPs,
or controls (no added Ag), was carried out on NGM agar plates, seeded with E. coli. Offspring from each generation was either trans-
ferred onto the next generation or employed in toxicity testing (dashed lines) to a range of concentrations of either AgNO3 or Ag NPs
with subsequent measurements of growth, fertility and reproduction. Cross-toxicity tests (dotted lines) were conducted at F3 and F4.
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to both confirm the concentration of Ag in exposure
solutions and to follow any changes in speciation
during exposure. Transmission Electron microscopy
(TEM) of the NM300K SOP ddH2O stock suspensions
showed that the nanoparticles were spherically
shaped with a median particle size of 16.7 ± 6.5 nm
(median ± SD), with a small fraction of > 1 mm sized
agglomerates or aggregates (Figure S1).

Dynamic light scattering (DLS) of the same stock
solutions showed an average size of 73 ± 1.1 nm,
and a zeta potential of �5.5 ± 2.7 mV for the 800
mg L�1 toxicity test stocks and 74.5 ± 2.1 nm
(mean ± SD) and a zeta potential of �4.27 ± 0.4
mV (mean ± SD) for the population exposure stocks
(Figure S2). This indicates a relatively low electro-
statical stability of the particles in ddH2O, and a
consequent agglomeration and settlement of aggre-
gates was observed within few hours. Therefore,
stocks were diluted immediately after sonication.

To monitor behavior of silver during the expos-
ure, all Ag-stocks and toxicity test exposure media
were assessed using ICP-MS or -OES. AgNO3 solu-
tions showed 61 ± 1.6 and 100% (± SD) recovery
compared to nominal concentrations, for popula-
tion exposure stocks (0.01, 0.05, and 0.1 mg Ag L�1)
and toxicity stocks (80 mg Ag L�1), respectively,
while Ag NP solutions showed 79.2 ± 8.1 and 72 ±
5.5% (± SD) recoveries for population exposure
stocks (0.1, 0.5, and 1 mg Ag L�1) and toxicity test
stocks, respectively. Consequently, Ag NP toxicity

exposure concentrations are reported as measured
concentrations hereafter. Total concentrations of Ag
in toxicity test exposure solutions decreased signifi-
cantly over 96 h with recoveries of 68.7 ± 18.7 and
65.2 ± 14.2% (± SD) for AgNO3 and Ag NPs, respect-
ively (ANOVA, p > 0.05) (Table S1), indicating sig-
nificant aggregation, precipitation, and sorption to
well surfaces during the 96 h exposure period.

Changes in total Ag concentrations were consist-
ent with fractionation analysis of toxicity test media
samples. At 96 h of exposure, low (<1.5%) levels of
dissolved Ag were recovered in the <3 kDa fraction,
for both AgNO3 and Ag NPs (Figure 2). Since most
of the Ag was removed with the E. coli centrifuga-
tion (either due to sorption or aggregation of col-
loids) the suspended fraction of Ag in most samples
was low at 30.6 ± 20.5% (± SD) total Ag. With
respect to Ag NP, approximately 67 ± 22% (± SD)
of the Ag was aggregated or associated with E. coli.
Furthermore, dissolved Ag (<3 kDa) comprised 0.09
± 0.2% (± SD) of the total and 0.3 ± 0.3% (± SD) of
the suspended Ag fractionations for AgNO3 and Ag
NPs, respectively. Due to higher Ag concentrations
within the pre-filtrate, results show much more reli-
able recoveries in terms of total Ag levels. However,
results indicate a lower relative fraction of low
molecular mass (LMM) Ag in the form of dissolved
Ag (<3 kDa), and a decrease in dissolved Ag with
increased pre-filtrate Ag concentrations. In conclu-
sion, the formation of larger particles and sorption

Figure 2. Aggregated (Agg), suspended (Susp), and dissolved (<3 kDa) Ag fraction of exposure media containing either AgNO3

(A) or NM300K Ag NPs (B), after 96 h of exposure in MHRW containing E. coli and nematodes. For suspended Ag fraction E. coli
was removed. Note, dissolved (<3 kDa) Ag fraction was in most cases too low to be visible in the graph.
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to E. coli effectively removed LMM Ag
from solution.

Multigenerational exposure

In order to assess the ability of an organism to
develop an adaptive response toward AgNO3 or Ag
NPs, the nematode C. elegans was exposed for six
consecutive generations to either form of Ag.
Further, to identify potential differences between
toxic mechanisms from the two forms of Ag, a cross
toxicity test exposure was set up. Across the gener-
ations a slight increase in size and reproduction
was observed from control populations (data not
shown); however, Poisson regression showed that
the set up and the data were consistent for the
entire experiment, with no significant differences in
development of control populations (p = 0.9).

Multigenerational Ag exposure caused no impact
on subsequent generations’ performance in unex-
posed control conditions

Since Ag NP exposed nematodes showed delayed
development compared to the control and AgNO3

populations, we anticipated that this could poten-
tially influence the performance of their offspring.
However, all organisms in toxicity test control con-
ditions, across all generations and independent of
previous exposure conditions (control, AgNO3, or
Ag NPs), showed a uniform average size of 1.2 ±
0.05 mm, as well as no significant differences
(Poisson regression model. p = 0.26) in fertility and
reproduction at 96 h development (Figure S3).

Developmental delays due to multigenerational Ag
NP exposure

In the current exposure regime, the onset of egg
laying was unaffected in control or AgNO3 exposed
populations. Egg laying in the N2 hermaphrodite
cultured on NGM-agar with OP50 as food source
has been shown to start at �65 h at 20 �C (Byerly,
Cassada, and Russell 1976). Therefore, at 72 h, there
were sufficient amount of eggs, to allow the culture
transfer to subsequent generations, as well as pro-
vide synchronized L1 offspring for toxicity testing.
Relative to the control, AgNO3 exposed nematodes
showed normal growth and reproduction patterns.

In contrast, chronic population exposure to sub-
lethal Ag NPs resulted in a substantial delayed
onset of egg laying (Table S2), and therefore, the
0.1 and 0.5 mg L�1 Ag NP populations could only
be transferred to the next generation at 120 h at F2
to F3. For all subsequent generations, populations
were transferred at 96 h. A similar delay in repro-
duction was observed for the 1 mg L�1 Ag NP
population with F2 transfer at 144 h, followed by a
slight recovery to 120 h at F3 and 96 h for F4 and
F5 generations. Consistently, the NP exposed nem-
atodes were visibly less mobile on the population
plates (data not shown).

Minor impact on toxic responses following multi-
generational chronic AgNO3 exposure

The current study was aimed at developmental and
reproductive effects. We observed an increase in
total body length of all AgNO3 populations across
the generations (linear regression model, p >

0.001), irrespective of population exposure (Figure
3(a)). However, rather than an adaptation toward
the AgNO3 exposure, this might signify a recovery
from the initial decrease in growth seen in the
F1 generation.

Developmental changes were monitored using
the total body length of nematodes (Figure S4). The
growth of all AgNO3 populations showed a consist-
ent dose–response relationship in the AgNO3 tox-
icity test, with 45.3 ± 18.7% (mean ± SD, n = 50)
decreased body size for all nematodes exposed to 4
mg L�1 compared to controls, independent of gen-
eration and the concentration of the population
exposure (Figure 3(a)). The fact that nematodes pre-
viously exposed to 0.01 and 0.1 mg L�1 AgNO3

were significantly smaller than controls across gen-
erations (linear model, p = 0.02 and p = 0.005,
respectively) (Figure 3(a)), can most likely be attrib-
uted to the increased sensitization at the F1 gener-
ation, followed by a subsequent recovery in
generations F2–F5.

Toxicity tests indicated a general increased ability
to maintain reproduction in the AgNO3 exposure
from F0 to F5 for all populations, however, not stat-
istically significant (linear model, p = 0.07), but all
exposure populations remained below or equal to
the control populations (Figure 3(b)). Nematodes
derived from control populations (no previous Ag
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exposure) produced offspring up to 0.25 mg L�1

AgNO3 in F0 to F2, while in the F3 and F4 gener-
ation produced offspring at concentrations as high
as 0.5 mg L�1 AgNO3. Notably, all populations
showed a transient increased sensitivity towards
AgNO3 in the second generation (F1). At this gener-
ation, all populations only produced offspring at
the lowest AgNO3 concentrations (Figure S5).

As measured by reproduction, no statistically sig-
nificant change in sensitivity towards AgNO3 of con-
trol populations was found (linear regression, p =
0.16) in the F0 to F5 generations (Figure 3).

Furthermore, AgNO3 populations showed compar-
able reproductive capacity in all generations in rela-
tion to control populations, with only minor
changes in susceptibility relative to controls observ-
able (Figure 3). Additionally, mean effect concentra-
tion (EC50) values showed that for all generations,
AgNO3 exposed nematodes were equally sensitive
as controls (Table 1). The 0.01 mg L�1 nematode
populations showed a decrease in sensitivity toward
AgNO3 at F3 and F4, with nematodes exposed to
concentrations as high as 1 mg L�1 still producing
offspring (Figure S5). In contrast, the 0.1 mg L�1

Figure 3. Mean response of individual populations (either Control, AgNO3, or Ag NPs), in standard toxicity test. Each curve repre-
sents the average response of exposed and unexposed nematodes within one entire standard toxicity test, in terms of body
length or number of offspring per adult nematode, as measured by growth (mm, ± SEM, n¼ 21) and reproduction (normalized to
toxicity test controls, ± SEM, n¼ 21), of C. elegans across six successive generations. Individual toxicity tests were normalized to
their toxicity test controls. Toxicity test concentrations were either AgNO3 or Ag NPs. Note the 1mg L�1 Ag NP group produces
more offspring, despite smaller size in F5.
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AgNO3 populations exhibited an increased sensitiv-
ity where the levels of offspring remained similar or
marginally lower than control populations (Figure S5).
At F5, a decrease in offspring production was observed
for all populations.

The number of pregnant nematodes was used as
a measure of fertility (Figure S6). The number of
pregnant nematodes challenged with AgNO3

showed a similar trend to reproduction, where
pregnant nematodes were only found in concentra-
tions up to 0.5 mg L�1 at F0 and up to 1 mg L�1 at
F3 and F5 (Figure S6). To investigate whether nem-
atodes were able to modulate their fertility in
response to AgNO3 exposure over time, fertility was
compared across generations with a Poisson regres-
sion analysis. In generations F0–F5, no increased
fertility was measured (p = 0.98). Nevertheless, a
clear increase in fertile nematodes is seen in the F5

generation from smaller (0.8–1 mm) organisms from
the 0.01 and 0.1 mg L�1 AgNO3 populations,
compared to controls within the same size range
(Figure 4). However, despite fertile nematodes at
this size range, no reproduction was observed for
these populations.

Chronic multigenerational Ag NP exposure results
in adaptation toward Ag NPs

A substantial decreased development was observed
for all nematodes in the 14.9 and 28.8 mg L�1

exposure concentrations, and specifically for the
populations exposed to 1 mg L�1 Ag NPs (Figure
S7). Across all generations, the 0.1 and 1 mg L�1 Ag
NP population nematodes were significantly shorter
than the control population (linear model, Tukey’s
HSD, p = 0.01 and p = 0.02, respectively) (Figure 3).

Figure 4. Normalized reproduction and fertility relative to body length (mm) for F5 nematode populations exposed to either
AgNO3 or Ag NPs in a standard toxicity test. Vertical lines indicate minimum size (1mm) of control nematodes needed for repro-
duction and the lower limit (0.8mm) where reproduction was measured in the current exposure regime.
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With respect to reproduction, the Ag NP exposed
populations during generations F0 to F3 appeared
to develop an initial increased sensitivity, compared
to control nematodes, but this effect was not
statistically significant (Poisson regression, p = 0.8)
(Figure S5). Both the 0.1 and 0.5 mg L�1 popula-
tions behaved similar to the control population
(Figure S8). In contrast, F5 showed a significant
increase in offspring produced at higher Ag NP tox-
icity test concentrations with numbers exceeding
control populations reproduction (Poisson regres-
sion model, p = 0.01) (Figure 3(d)). As anticipated,
the observed adaptive responses were dependent
on the populations’ exposure concentrations.

Following six generations (F5) of exposure, nem-
atodes from the 1 mg L�1 Ag NP population
showed a 425% and 283% increase in reproduction,
in toxicity test concentration 1.9 and 3.7 mg L�1,
respectively. At lower concentrations, the reproduction
was equal to the control populations (Figure S8). This
was further corroborated by the calculated reproduc-
tion EC50 values, which demonstrate an overall adap-
tation, signifying a decrease in sensitivity of the Ag
NP exposed population nematodes to reproductive
toxicity of Ag NP (Table 1).

For all generation, independent of population
concentration, pregnant nematodes were present at
concentrations up to 3.7 mg L�1 (Figure S9).

Figure 5. Cross-toxicity test with AgNO3. Growth, fertility, and reproduction of C. elegans from the cross-toxicity test exposure at
F3 and F4, taken from either the AgNO3, Ag NPs, or control populations, exposed to six concentrations of AgNO3 in a standard
toxicity test. Curves are cubic spline fits. The concentrations of Ag in either population did not influence nematodes performance
in the toxicity test, and hence AgNO3 or Ag NP exposed populations were pooled (p> 0.9).
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Fertility showed no change in generations F0–F3,
for neither AgNO3 nor Ag NP exposed populations.
At the later generations F4 and F5, the numbers of
pregnant nematodes were consistent and compara-
tively higher than in previous generations.
Interestingly, at the F5 generation, the 1 mg L�1 Ag
NP population exhibited higher fertility and repro-
duction than controls at a substantially smaller
body size (0.8–1 mm) (Poisson regression model, p
= 0.006) (Figure 4). Moreover, fertility and reproduc-
tion at this size interval were significantly higher in
the Ag NP than in the AgNO3 exposed population
(Poisson model, p = 0.006).

Multigenerational AgNO3 exposure results in
increased resistance towards Ag NP while Ag NP
exposure exacerbates sensitivity to AgNO3

In order to investigate whether multigenerational
AgNO3 or Ag NP exposure instigate different adap-
tive changes to the C. elegans populations, a cross-
toxicity test was performed. There was no significant
effect of the population exposure concentration, for
neither Ag NP nor the AgNO3 on the response of
the nematodes in the cross-toxicity test (Poisson
model, p > 0.9), hence all AgNO3 or Ag NPs popula-
tions were pooled (Figures 5 and 6). For growth, the
AgNO3 toxicity tests revealed that Ag NP exposed
populations were significantly more sensitive than
the controls or AgNO3 populations (p < 0.0001) in
the F3 generation (Figure 5). Likewise, a similar sig-
nificant decrease in fertility was observed (p =
0.0002). In the F4 generation, neither growth (p =
0.8) nor fertility (p = 0.4) was significantly impacted
by population exposure. On the other hand, repro-
duction measurements showed a statistically signifi-
cant decrease between the Ag NP population and
the AgNO3 population in both F3 (p = 0.0002) and
F4 (p = 0.02) (Figure 5). Nematodes previously
exposed to Ag NPs showed increased sensitization,
where offspring was only produced at the lowest
(0.125 mg L�1) AgNO3 concentration, while AgNO3

and control populations produced offspring at con-
centrations as high as 3.6 mg L�1.

The Ag NP cross toxicity test data revealed a
statistically significant increase in growth by the
AgNO3 populations compared to the Ag NP popula-
tions for F3 (p = 0.03), but not F4 (p = 0.6) genera-
tions (Figure 6). Furthermore, a significant (p = 0.02)

increase in fertility from the F3 AgNO3 populations,
compared to the Ag NP populations was found. No
such difference was found for the F4 generation
(0.2) (Figure 6). A statistically significant increase in
reproduction was found for the AgNO3 population
compared to the Ag NP population, in the F3 (p <

0.0001) and F4 (p = 0.04) generations (Figure 6).
Control populations as well as the AgNO3 popula-
tions were able to produce offspring at concentra-
tions as high as 3.6 mg L�1 Ag NP in the toxicity
test, while the Ag NP populations were incapable of
producing offspring at 1.8 mg L�1 Ag NP exposure.
Thus, confirming that pre-exposure to AgNO3 ren-
dered nematodes less sensitive to Ag NP exposure,
while Ag NP pre-exposure exacerbated the effects
of AgNO3.

Discussion

Due to their longevity and continuous release into
the environment, the study of multigenerational
effects of Ag NPs presents a realistic exposure scen-
ario. Further, understanding the behavior and toxic
modes of action of such contaminants is vital for
safe use and management of nanoparticles. To this
end, we devised a scenario where the effects of sub-
lethal exposures to either Ag NP or AgNO3 were
investigated over the course of six generations. We
thus hypothesized that the effects caused by Ag NP
would be significantly different from AgNO3.

The results showed that the overall effect pat-
terns on AgNO3 and Ag NP exposed populations
were characterized by several important differences
between the two forms of Ag. A commonality, for
all exposed populations across all generations, was
the fact that they performed equal to the control
populations in clean environments, represented by
the toxicity test control conditions. This was true for
all measured parameters including growth, fertility,
and reproduction (Figure S3). This indicates a high
capacity to recover from environmental stress by C.
elegans populations.

Interaction of Ag with E. coli an important
facilitator of Ag uptake by C. elegans

To investigate whether the differences in effects
could be related to uptake, size characterization of
the Ag NPs was conducted (16.7 nm ± 6.5 nm;
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mean ± SD). Speciation by size fractionation ana-
lysis showed changes in Ag speciation during the
96 h of exposure for both AgNO3 and Ag NP
(Figure 2). It has been suggested that ionic silver
released from the Ag NPs could account for a high
degree of any toxic effect observed (Meyer et al.
2010; Beer et al. 2012; Li et al. 2015). However, in
the current study, both forms of Ag showed trans-
formations to larger particles (<30 nm) and only
low proportions of dissolved Ag complexes (<3
kDa) remained after 96 h, in the toxicity test expos-
ure media. These observations are consistent with
observations from a previous study that showed
that both AgNO3 and Ag NP were found to be

predominantly associated with E. coli during expos-
ure (Kleiven et al. 2018). Kleiven et al. (2018) also
investigated the uptake and depuration of Ag NP
compared to AgNO3. This indicated that AgNO3 and
Ag NP uptake was equal, but AgNO3 retention by
the nematodes was much higher. Additionally,
results from K€oser et al. (2017) only detected low
levels of dissolved Ag when testing NM300K in a
range of different test media. However, the authors
suggested ions present in the exposure media, to
be associated to the stock dispersant, rather than
dissolution from the NPs, where the dispersant hin-
ders the further oxidation of the particles when
introduced in the test media (K€oser et al. 2017).

Figure 6. Cross-toxicity test with Ag NP. Growth, fertility, and reproduction of C. elegans from the cross toxicity test exposure at
F3 and F4, taken from either the AgNO3, Ag NPs, or control populations, exposed to six concentrations of Ag NPs, in a standard
toxicity test. Ag NPs or control populations, exposed to six concentrations of AgNO3 in a standard toxicity test. Curves are cubic
spline fits. The concentrations of Ag in either population did not influence nematodes performance in the toxicity test, and hence
AgNO3 or Ag NP exposed populations were pooled (p> 0.9).
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Thus, this could explain low ionic fractions observed
in the current experiment. Alternatively, rapid
adsorption of free ions to the E. coli (Kleiven et al.
2018) might account for the low detection of dis-
solved Ag (<3 kDa) in the current exposure.

These results, together with the toxic response
developments from F0 to F5 generations and
results from the cross-toxicity exposure (Figures 5
and 6), consistently point towards different mode of
action (MoA) from AgNO3 versus Ag NPs. To further
investigate the differences in toxic MoA and nature
of the potential adaptive responses we investigated
whether exposure to Ag NP would affect tolerance
to AgNO3 and vice versa.

Pre-exposure to Ag NPs induced increased
resistance toward Ag NP toxicity

We hypothesized that exposure to high levels of Ag
NP that cause significant effects in F0 would cause
progressively increased severity of effects during
the successive generations. Conversely, we hypothe-
sized that low level Ag NP would facilitate an
increased tolerance to Ag NP. The effects of multi-
generational Ag NPs, in general, reveal increased
sensitivity during F1 to F3 generations regardless of
exposure regime. This trend changed profoundly
from F4. The low and medium level pre-exposures
resulted in slight adaptation with respect to growth,
accompanied with moderately improved tolerance
to Ag NP with respect to reproduction in F4, and
pronounced higher reproduction compared to con-
trol in F5 (Figures S7 and S8). The highest level of
pre-exposure caused severe persistent impairment
of growth throughout all generations (Figure 3).
Nevertheless, despite the reduced growth, nemato-
des were able to maintain their reproductive status,
possibly due to energy reallocation.

Other multigenerational exposure scenarios
(Goussen et al. 2013;l Schultz et al. 2016), report an
increasing resistance from control groups, which
may be explained by an adaptation toward the
experimental conditions. We did not observe any
significant change in control population behavior
and sensitivity to the exposure scenario (Figure 3).
Thus, the increasing adaptation of the Ag NP popu-
lations to the Ag NP exposure was not due to accli-
mation towards exposure conditions but was actual
adaptive response toward the NPs.

Similar to findings by Schultz et al. (2016), the
increased sensitization of the F1 generation in the
current study is also in accordance with the trans-
generational study conducted by Yu et al. (2013)
(Figures 3). Exposure to Cd, Cu, Pb, and Zn induced
significant inhibitory effects in the parent gener-
ation, with increased severity of effects and sensi-
tization in the subsequent daughter generation (Yu
et al. 2013). However, and contrary to the current
study, Schultz et al. (2016) did not observe recovery
of neither the PVP-coated Ag NP nor the AgNO3

exposed nematodes in successive generations.
Despite the reduced growth the fertility and

reproduction of both Ag NP and AgNO3 popula-
tions recovered by F5 (Figures 3, S5, S6, S8, and S9).
Notably, the 1 mg L�1 Ag NP population showed
the highest fecundity of all populations in the F5
generation (Figure 3). Moreover, at F5, smaller
nematode (0.8–1 mm), from either AgNO3 or Ag NP
populations, expressed fertility (p = 0.02), but only
the NP population nematodes produced offspring,
compared to control with no fertility or reproduc-
tion observed at this larval size interval (Figure 4).
This implies that C. elegans is capable of adapting
their reproductive strategy to the presence of Ag
NP and AgNO3, at the expense of growth. This fur-
ther supports the need to study multigenerational
exposure scenarios, where significant effects of the
toxicant remain unaccounted for, rather than single
generation exposures.

The results of toxicity tests and calculated EC50
values consistently showed that the continuous
chronic exposure to AgNO3 resulted in a slightly
increased sensitization of C. elegans towards AgNO3,
with respect to growth, fertility and reproduction
(Tables 1 and S2). It thus appears that C. elegans
was less capable of adapting to AgNO3, at least
within the number of generations and the exposure
set up applied in the current study. It is thus con-
ceivable that an adaptive response might occur at
lower AgNO3 exposure concentrations, than applied
in the current study.

Luo et al. (2016) showed that ingested PVP-
coated Ag NPs (25 nm) were effectively transferred
to offspring and further generations, where a recov-
ery from toxic effects was only observed after four
generations. Contrasting this, the current results
suggest no heritable effects, since nematodes were
able to maintain normal reproduction despite
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parental exposure to any of the three Ag NP con-
centrations (Figure S8). This may be explained by
differences in surface chemistry, or uptake and
retention of the Ag NPs by the nematodes (Kleiven
et al. 2018). The study by Kleiven et al. (2018)
showed that less than �0.6% of the NM300K par-
ticles were retained by C. elegans. This could poten-
tially explain why NM300K renders toxicity primarily
to the directly exposed generation and allows for
adaptive development of tolerance (Figure 3).

The aforementioned observations imply a distinct
difference in toxic response of the nematodes to
the two forms of Ag. The distinction in response
seen in the cross-toxicity exposure tests support the
notion that there are important differences in toxic
MoA and effects of the Ag NPs compared to
AgNO3. Such differences indicate that AgNO3 and
Ag NP affect growth, development and reproduc-
tion by either difference in uptake, as shown by
Kleiven et al. (2018), and/or toxic MoA mechanisms.

The developmental delays observed in all nano-
particle exposed populations throughout the six
generations (Figure 6) could potentially be related
to transgenerational toxicity. The fact that the Ag
NP exposed nematode populations suffered signifi-
cant developmental delays necessitated adjustment
of the experimental protocol for generational trans-
fers. Such delays may inadvertently result in the
selection of less sensitive offspring, thus inducing
tolerance in a yet unexplained manner. Therefore,
increased adaptive responses may be due to selec-
tion induced by the Ag NP, allowing individuals
with more suitable detoxification mechanisms to
remain and successively dominate the population.

While resistance within a population to a pollu-
tant may be seen as a positive development, it
often comes at an associated physiological cost,
affecting the performance of a population (Medina,
Correa, and Barata 2007). The accumulation and
possible ROS production by the particles inside the
cells is likely to result in an energy reallocation by
the organism and in turn increase developmental
time or reduced reproduction (�Alvarez et al. 2005).
Furthermore, as shown in the current study, the
resistance development can come at the expense of
increased vulnerability toward another environmen-
tal stressor, with potentially negative impacts on
the population. It is important when discussing
adaptation of a species to a toxicant, to distinguish

between acclimation (physiological adaptation) and
genetic adaptation through genetically inherited
tolerance selection (Medina et al. 2007). Genetic
changes, such as micro-evolution, where the expos-
ure to a toxicant causes alterations to the genetic
code, may occur after just a few generations
(Medina et al. 2007). While Ellegaard-Jensen, Jensen,
and Johansen (2012) concluded that C. elegans are
not able of adaptive response to a pollutant,
Dutilleul et al. (2014) showed rapid resistance devel-
opment after just a few generations to depleted
Uranium and NaCl. Schultz et al. (2016) suggest epi-
genetic changes as a possible explanation for their
findings of increased sensitization with no recovery.
The resistance pattern observed in the current
study hints at acclimation rather than genetic adap-
tation due to rapid changes of initial increased sen-
sitivity in earlier generations to an increased
resistance at later generations. However, due to the
possibility of the selection of more resilient individ-
uals in generational transfers, a definite conclusion
cannot be reached. Nevertheless, this pattern is
consistent with previous observations from uranyl
nitrate and gold nanoparticles (Goussen et al. 2013;
Moon et al. 2017). Additionally, when removed from
the exposure, as in the toxicity test control, all pop-
ulations performed equally with respect to growth,
fertility, and reproduction.

Conclusion

In the current study, we address toxic effects of Ag
NPs NM300K compared to AgNO3 during six con-
secutive generations to investigate whether the
nematode C. elegans would become sensitized or
develop a resistance. Despite the fact that low
chronic exposure to Ag NP resulted in developmen-
tal delays, we provide evidence strongly suggesting
that exposure to either form of Ag resulted in adap-
tive response towards Ag NP, after a few genera-
tions. In contrast, the nematodes showed no such
adaptive response towards AgNO3. The current
study highlights novel mechanisms for the adapta-
tion toward Ag NPs, where reproductive capacity
occurs at the expense of somatic growth, which is
characterized by the fertility and higher reproduc-
tion in smaller nematodes. Furthermore, the current
study confirms the difference in toxic mechanisms
between the two forms of Ag (AgNO3 or
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nanoparticulate), possibly resulting from differences
in exposure, due to a high degree of interaction of
the dissolved Ag with the E. coli, facilitating the Ag
uptake by the nematode. Importantly, we show
that the adaptation to Ag NPs, leaves nematodes
more vulnerable towards other environmental stres-
sors. Findings of this study will aid to further
improve the understanding of the toxicity of nano-
particles, as well as contribute to our knowledge
about the physiological consequences of C. elegans
in response to toxicants.
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Figure S1: Transmission Electron microscopy image and size distribution of the NM300K silver 

nanoparticles in ddH2O with a median particles size of 16.7 ± 6.5 nm. 

 

Figure S2: Size distribution of the NM300K Silver nanoparticles applied in the current study for generations 

F0 – F5, in ddH2O, as measured by Dynamic Light Scattering (DLS). 
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Table S1: Total Ag (either AgNO3 or Ag NPs) concentrations (± SD) following 96 hrs of exposure of the 

nematode C. elegans in MHRW containing E. coli, measured in generation F0, F2 and F5. Concentrations 

are given as a mean of triplicate samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

AgNO3 Ag NP

Generation Nominal Ag 
(mg/l)

Ag 
recoveries at 

96 hrs
SD Nominal Ag 

(mg/l)
Ag recoveries 

at 96 hrs SD

F0 
0.25 0,18 0,01 2.5 1,40 0,08

1 0,76 0,02 10 4,20 0,14
4 3,97 0,09 40 14,67 2,05

F2
0.25 0,13 0,01 2.5 1,09 0,15

1 0,61 0,02 10 5,60 1,13
4 3,53 0,09 40 16,33 1,70

F5
0.25 0,01 0,00 2.5 1,40 0,16

1 0,03 0,00 10 5,20 0,64
4 0,14 0,00 40 14,33 0,94
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Figure S3: Total body length, fertility and reproduction of C. elegans� offspring� from� chronic� exposure�

populations�(�either�0.01, 0.05 or 0.1 mg L-1 AgNO3 or  0.1, 0.5 or 1 mg L-1 Ag NPs)�in toxicity test control 

conditions (no Ag added). Results present means ± SEM.  
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Figure S4: Effect� on� growth� of�C. elegans� offspring� from� chronic� exposure� populations� to�AgNO3� during� six�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�test�

exposure� to� size� concentrations� of� AgNO3� in� MHRW� containing� 1� ml� E. coli� re­suspended,� with� 10�

nematodes/exposure�well.��

Ctrl 0.125� 0.25 0.5� 1 2�

G
ro
w
th
�(%

�o
f�c
on
tro
l)

0

20

40

60

80

100

120

Exposure�concentration�(mg/l)

Ctrl 0.125� 0.25 0.5� 1 2� 4

G
ro
w
th
�(%

�o
f�c
on
tro
l)�

0

20

40

60

80

100

120

Exposure�concentration�(mg/l)

Ctrl 0.125� 0.25 0.5� 1 2� 4

G
ro
w
th
�(%

�o
f�c
on
tro
l)

0

20

40

60

80

100

120

F4�Ag+�+\­�SEM

Exposure�concentration�(mg/l)�

Ctrl 0.125� 0.25 0.5� 1 2� 4

G
ro
w
th
�(%

�o
f�c
on
tro
l)

0

20

40

60

80

100

120

CTRL�
0.01�mg/l�
0.05�mg/l�
0.1�mg/l�

F1�Ag+�+\­�SEM

Exposure�concentration�(mg/l)

Ctrl 0.125� 0.25 0.5� 1 2�
G
ro
w
th
�(%

�o
f�c
on
tro
l)�

0

20

40

60

80

100

120
CTRL�
0.01�mg/l�
0.05�mg/l�
0.1�mg/l�

F3�Ag+�+\­�SEM

Exposure�concentration�(mg/l)

Ctrl 0.125� 0.25 0.5� 1 2� 4

G
ro
w
th
�(%

�o
f�c
on
tro
l)�

0

20

40

60

80

100

120
CTRL�
0.01�mg/l�
0.05�mg/l�
0.1�mg/l�

F4 F5

F3

F1F0

F2

0.1�mg/l�0.05�mg/l�0.01�mg/l�CTRL�

AgNO3



7 
 

 

 

Figure S5: Effect�on�reproduction�of�C. elegans�offspring�from�chronic�exposure�populations�to�AgNO3�during�six�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�test�

exposure� to� size� concentrations� of� AgNO3� in� MHRW� containing� 1� ml� E. coli� re­suspended,� with� 10�

nematodes/exposure�well.�
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Figure S6: Effect� on� fertility� of� C. elegans� offspring� from� chronic� exposure� populations� to� AgNO3� during� six�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�test�

exposure� to� size� concentrations� of� AgNO3� in� MHRW� containing� 1� ml� E. coli� re­suspended,� with� 10�

nematodes/exposure�well. 
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Figure S7: Effect�on�growth�of�C. elegans�offspring�from�chronic�exposure�populations�to�Ag�NP�during�siz�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�

test�exposure�to�size�concentrations�of�Ag�NP�in�MHRW�containing�1�ml�E. coli�re­suspended,�with�10�

nematodes/exposure�well.�
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Figure S8: Effect�on�reproduction�of�C. elegans�offspring�from�chronic�exposure�populations�to�Ag�NP�during�siz�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�test�

exposure� to� size� concentrations� of� Ag� NP� in� MHRW� containing� 1� ml� E. coli� re­suspended,� with� 10�

nematodes/exposure�well.�
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Figure S9: Effect� on� fertility� of� C. elegans� offspring� from� chronic� exposure� populations� to� Ag� NP� during� siz�

generations.�Results�represent�mean�of�triplicates�±�SD,�normalized�to�controls,�using�a�standardized�96�h�toxicity�test�

exposure� to� size� concentrations� of� Ag� NP� in� MHRW� containing� 1� ml� E. coli� re­suspended,� with� 10�

nematodes/exposure�well.  
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