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Nanosilver suppresses growth and induces
oxidative damage to DNA in Caenorhabditis
elegans
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ABSTRACT: Studies on the effects of nanomaterial exposure in mammals are limited, and new methods for rapid risk
assessment of nanomaterials are urgently required. The utility of Caenorhabditis elegans cultured in axenic liquid media
was evaluated as an alternative in vivo model for the purpose of screening nanomaterials for toxic effects. Spherical silver
nanoparticles of 10 nm diameter (10nmAg) were used as a test material, and ionic silver from silver acetate as a positive
control. Silver uptake and localization, larval growth, morphology and DNA damage were utilized as endpoints for toxicity
evaluation. Confocal reflection analysis indicated that 10nmAg localized to the lumen and tissues of the digestive tract of
C. elegans. 10nmAg at 10mgml–1 reduced the growth of C. elegans larvae, and induced oxidative damage to DNA as mea-
sured by 8-OH guanine levels. Consistent with previously published studies using mammalian models, ionic silver suppressed
growth in C. elegans larvae to a greater extent than 10nmAg. Our data suggest that medium-throughput growth screening and
DNA damage analysis along with morphology assessments in C. elegans could together provide powerful tools for rapid toxicity
screening of nanomaterials. Published 2013. This article is a US Government work and is in the public domain in the USA.
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Introduction
Nanomaterials can be produced in a variety of sizes and shapes
and with a multitude of coatings, giving them unique properties
which permit their use in a variety of applications in many
commercial markets. As a consequence, the probability for
human exposure to nanomaterials from a variety of sources is
growing rapidly. Nanoparticle size and coating have been
associated with specific toxic effects in a number of in vivo and
in vitro systems (Choi & Hu, 2008; Ellegaard-Jensen et al., 2012;
Kvıtek et al., 2008; Lok et al., 2007; Meyer et al., 2010; Zhang
et al., 2003), and it has been reported that the shape of
nanomaterials can greatly influence their biological activity
(Pal et al., 2007). It is therefore imperative that rapid and efficient
means of nanomaterial toxicity screening be developed so that
each individual type of nanoparticle can be assessed for safety.
While some information on human toxicity can be gathered
after the fact from accidental toxic exposures (Fung & Bowen,
1996), most toxicity data are gathered either from in vitro testing
using model systems such as cell culture, or in vivo using model
organisms such as rats and mice. Questions about the lack of
correlation between in vitro and in vivo studies (Parry et al.,
2010; Sayes et al., 2007), and the high cost and long duration
of rodent studies (Lee et al., 2012), make small invertebrate
models such as Caenorhabditis elegans attractive in vivo alterna-
tives for risk assessment. Additionally, Congress has mandated
that alternative test methods which replace mammals with
‘phylogenetically lower animal species‘ be developed and
validated (Congress, 2000). To address this mandate, several
government agencies including the National Institutes of Health
J. Appl. Toxicol. 2013 Published 2013. This article is a US Government
and the U.S. Food and Drug Administration are collaborating to
assess the predictive capacity of economically efficient model
systems for toxicity testing (HHS/NIH, HIEHS/NTP, NHGRI/NCGC,
EPA/ORDFDA, 2010).
The advantages of using the nematode C. elegans as an

alternative toxicological testing model include its small size,
short generation time and ease of culture, which allow the rapid
generation of data on a large number of test animals at low cost.
Additionally, the C. elegans transparent external cuticle allows
observation of internal organs and individual cells in live animals
work and is in the public domain in the USA.
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for efficient morphology analyses. C. elegans lack a respiratory
system and their external cuticle is quite tough, limiting their
usefulness in predicting toxicity from inhalation or dermal routes
of exposure. However, their very simplicity and the fact that they
continuously intake environmental liquid and suspended particles
via a pharyngeal pumping mechanism (Avery & You, 2012), make
them a potential model for oral exposure.

A simple model organism will only prove useful for risk
analyzes if test results can predict outcomes in more complex
organisms. Given that C. elegans homologs have been identified
for 60 to 80 percent of human genes and many key regulatory
proteins and signal transduction pathways are conserved
(Kaletta & Hengartner, 2006; Kawasaki et al., 1999), and that
significant correlations have been found between toxicity
ranking in C. elegans and rat (Boyd et al., 2010a; Cole et al.,
2004; Ferguson et al., 2010; Hunt et al., 2012; Williams &
Dusenbery, 1988), this small nematode is likely to prove an
excellent model in which to screen nanomaterials for toxicity.

Nanosilver has bacteriocidal and bacteriostatic properties
(Morones et al., 2005; Sondi & Salopek-Sondi, 2004), and inhibits
the formation of biofilms (Percival et al., 2007) which can act as
barriers to antimicrobial agents and host immune responses.
Because of these antibiotic activities, nanosilver is the largest and
fastest growing class of nanomaterials used in consumer products
(Fabrega et al., 2011; Wijnhoven et al., 2009). However, there is
increasing evidence that the use of nanosilver is not without risk.
Toxic effects associated with in vitro nanosilver exposure include
the induction of DNA damage in mouse embryonic stem cells
and fibroblasts (Ahamed et al., 2008) and reduced mitochondrial
function and membrane integrity in rat liver cells (Hussain et al.,
2005). In vivo nanosilver effects have been observed in fish, with
increased mortality and delayed hatching in nanosilver exposed
Danio rerio (zebrafish) (Asharani et al., 2008), and cellular and
DNA damage as well as expression of stress response genes in
Oryzias latipes (medaka) (Chae et al., 2009).

It is important to distinguish between nanosilver and ionic
silver. Nanoparticles are defined as objects that are between 1
and 100 nm in at least one dimension. Nanosilver is a cluster of
silver atoms that can be manufactured in various sizes and
shapes. Ionic silver consists of silver atoms missing a single
electron, giving them a crystal ionic radius of approximately
0.1 nm. While utilized in medical applications for centuries
(Alexander, 2009), ionic silver is known to be toxic to humans
(Berger et al., 1976; Drake & Hazelwood; 2005; Fung & Bowen,
1996). Ionic silver causes hypoactivity in mice (Rungby & Danscher,
1984) and reduced growth and eventually death in rats (Matuk
et al., 1981). Both ionic silver and nanosilver bioaccumulate, and
are excreted in urine and feces (Dziendzikowska et al., 2012; Fung
& Bowen, 1996). The antibiotic activity of nanosilver has been
shown to be as effective, or more effective, than ionic silver in
several previous studies (Choi & Hu, 2009; Fabrega et al., 2009;
Sotiriou & Pratsinis, 2010), making nanosilver an attractive
alternative antibiotic.

In order to facilitate the risk assessment process, it is imper-
ative that potential hazards associated with nanosilver expo-
sure be investigated further (Bonner, 2010; Foldbjerg et al.,
2011). DNA damage in cultured mammalian cells is induced
by silver nanoparticles in the 6 to 25 nm range (Ahamed
et al., 2008; Asharani et al., 2009a), and for mouse lymphoma
cells treated with 5 mgml–1 of 5-nm silver, this damage was
shown to be oxidative in nature (Mei et al., 2012). The number
of published reports on the in vivo toxic effects from the oral
Published 2013. This article is a US Governwileyonlinelibrary.com/journal/jat
ingestion of nanosilver in mammals is limited (Dziendzikowska
et al., 2012; Loeschner et al., 2011). In one rat study, ingestion of
60-nm silver at 30, 300 or 1000mg kg–1 body weight per day
did not affect body weight, however, there was evidence of
slight liver damage at the intermediate and high doses (Kim
et al., 2008). In another rat study that only looked at distribution
after 9mgkg–1 body weight per day of either 14-nm silver or ionic
silver, organ distribution was similar for the two types of silver,
however, absolute silver concentrations in tissues were lower in
the nanosilver treated group than in the ionic silver treated group,
whereas fecal silver concentrations were higher in the nanosilver-
treated group, indicating reduced bioabsorption of nanosilver
relative to ionic silver (Loeschner et al., 2011). Additionally, a
recent rat study found that while 9mgkg–1 body weight per day
of 14-nm silver had no effect on weight gain over a 28-day
period, equimolar ionic silver from silver acetate did significantly
reduce weight gain (Hadrup et al., 2012). Together these data
indicate that lower doses of nanosilvermay be safe formammalian
consumption, that ionic silver is more toxic than nanosilver and
that oxidative DNA damage induced by smaller species of
nanosilver may still be a concern. We hypothesized that these
findings of reduced toxicity of nanosilver relative to ionic silver
and nanosilver induced oxidative damage to DNA and would be
replicated in C. elegans.

The standard laboratory method of culturing C. elegans
utilizes agar plates seeded with a lawn of Escherichia coli as a
food source (Brenner, 1974). With this standard method,
cultured worms are transferred individually to treatment plates
using a microscope and a very small probe, and later scored
one-by-one for endpoints such as growth or lifespan. Given
the antimicrobial activity of nanosilver and the fact that antibi-
otics can extend the lifespan of C. elegans cultured by this
method (Garigan et al., 2002), we instead utilized liquid axenic
media for this study. The use of liquid culture along with
microfluidics technology also allowed us to analyze the growth
of thousands of C. elegans per treatment condition instead of a
few dozen as is common with standard techniques (Sprando
et al., 2009). For the purpose of developing a panel of assays
to evaluate potential nanomaterial toxicity, silver particles of
10-nm diameter (10nmAg) were chosen as a test material for
exploratory work. Oxidative damage to DNA was assessed using
gas chromatography/tandem mass spectrometry. Additional
endpoints of toxicity assessed in this study included 10nmAg
uptake and distribution, and morphological changes.
Materials and Methods

Reagents and Test Materials

Nanosilver (10 nm; concentration of 1mgml–1 in citrate buffer)
was purchased from NanoComposix, Inc. (San Diego, CA, USA).
Endotoxin contamination was measured by the manufacturer
using a kinetic turbidity assay with endotoxin detection sensitiv-
ities of 0.001 EU ml–1 in diluted samples. The absence or
presence of endotoxin was confirmed via the gel clot assay
(Pyrosate LAL Kit; Associates of Cape Cod Inc., East Falmouth,
MA, USA) using both negative (LAL-free water) and positive
(endotoxin-spiked samples) controls. Control standard endotoxin
was purchased from Associates of Cape Cod, Inc.. ReagentPlus
grade silver acetate was purchased from Sigma-Aldrich (St. Louis,
MO, USA).
J. Appl. Toxicol. 2013ment work and is in the public domain in the USA.
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Caenorhabditis elegans Culture and Dosing

The Caenorhabditis Genetics Center, which is funded by the
NIH National Center for Research Resources, provided the C.
elegans wild-type N2 Bristol strain used in these experiments.
Worm cultures were maintained in C. elegans habitation
medium (CeHM), an axenic liquid culture media containing
C. elegans habitation reagent (CeHR) (Rao et al., 2005) and
non-fat cows’ milk (Sprando et al., 2009), in vented tissue
culture flasks and maintained in incubators at 20.5 �C on
shakers set to 60 rpm. Synchronized cultures of first larval
stage (L1) worms were obtained by bleaching gravid adult
worms, collecting the eggs and allowing the eggs to hatch
in M9 buffer (Nass & Hamza, 2007). At no point have we
observed untreated wild-type C. elegans grown in liquid
culture for less than 2weeks to be immobile, therefore worms
that did not move during 30 s of continuous observation in a
microscope were scored as dead. Preparation and dosing of C.
elegans larvae was conducted as previously described
(Hunt et al., 2012; Sprando et al., 2009). Briefly, nanosilver
and equimolar silver in the form of silver acetate
(1.55 mgml–1 silver acetate in water provides 1 mgml–1

Ag+ ions) were diluted in water to 2� the highest con-
centration used in each experiment and then mixed in a
ratio of 2:3:5 (cows’ milk)/(CeHR)/(treatment solution in
water or just water for controls).

C. elegans were divided into five experimental groups for this
study. The first group (Group 1) was utilized to assess the effect
of silver nanoparticles on the growth and development of larvae
from the L1 stage; Group 2 assessed the effect of silver ions from
silver acetate on the growth and development of L1 larvae; Group
3 assessed the effects of silver nanoparticles or silver ions on DNA
integrity; Group 4 assessed the effect of purified endotoxin on the
growth and development of L1 larvae; Group 5 assessed the effect
of endotoxin-free silver nanoparticles in the presence of purified
endotoxin on the growth and development of L1 larvae; and
Group 6 assessed the effect on the morphology of adult C. elegans
treated from the second larval (L2) stage of exposure to
endotoxin-free silver nanoparticles vs. silver nanoparticles
contaminated with endotoxin during manufacture. Group 1
nematodes were exposed for three consecutive days from
L1 to 0, 1, 5, 10, 25 and 50 mgml–1 of endotoxin-free 10nmAg
nanoparticles. Group 2 were exposed under identical
conditions to 0, 1, 5, 10, 25 and 50 mgml–1 of silver ions from
silver acetate. Group 3 were exposed for 7 or 24 h from the
third larval stage to 0, 10 or 50 mgml–1 of silver nanoparticles
or 50 mgml–1 of silver ions. Group 4 were exposed for three
consecutive days from L1 to 0, 10, 25, 50, 100 and 200
Eu ml–1 of purified endotoxin. Group 5 was used to assess
the effects on C. elegans larval growth from combined
exposure of purified endotoxin and nanosilver. Group 5
nematodes were divided into five experimental dose
groups and exposed for three consecutive days to both
10nmAg at a concentration of 50 mgml–1 and increasing
concentrations of endotoxin (10, 25, 50, 100 and 200 Eu ml–1).
There were two control treatments for Group 5: the first control
group was not exposed to either test article, whereas the second
control group was exposed to nanosilver at a concentration of
50mgml–1 but not endotoxin. Group 6 was treated for three
consecutive days from L2 with 0, 10, 25 or 50mgml–1 of either
endotoxin-free silver nanoparticles or silver nanoparticles contam-
inated with endotoxin during manufacture.
J. Appl. Toxicol. 2013 Published 2013. This article is a US Government work an
COPAS Analysis of Growth

The mean COPAS BiosortTM (Complex Object Parametric
Analyzer and Sorter; Union Biometrica, Holliston, MA, USA)
values for the time-of-flight (TOF, an indication of axial length)
parameter were used to evaluate growth on a minimum of
2500 worms per treatment condition per experiment. GP Control
Particles (Union Biometrica) were utilized to calibrate the sample
pressure so that 15–20 particles pass the sensors per second,
and this pressure of 4.95 instrument specific units was utilized
in all experiments. Treated C. elegans cultures were washed
3 times in M9 (Brenner, 1974) prior to assessment. To distinguish
data from background noise, cutoff points for the gating of
COPAS data were assessed empirically using the COPAS selec-
tion feature (Hunt et al., 2012). Using just hatched L1 C. elegans,
worms were selected by the COPAS at TOF values of 30 instru-
ment specific units and above, indicating that values below 30
are detections of crystals, bubbles or other elements in the
media. Using a control culture after 3 days of post-L1 growth,
8 to 10 worms were selected when sorting for 5 units with TOF
values above 800, indicating that readings above 800 were
actually measuring multiple C. elegans passing the sensors
simultaneously. Therefore, all COPAS analyzes were limited to
readings with TOF values of 30 to 800 inclusive.
Characterization of 10nmAg in water or CeHM by dynamic
light scattering and transmission electron microscopy

Dynamic light scattering (DLS), Zeta potential measurements
and transmission electron microscopy (TEM) characterization
were performed on the 10nmAg solutions utilized in the study.
DLS was performed on a Malvern Zetasizer Nano ZS (Malvern,
UK). All cuvettes were triple rinsed with filtered deionized water
prior to use. Samples were run at the relevant dosing concentra-
tions. Samples were allowed to equilibrate for 2min at 25 �C
prior to analysis. Analysis was at general resolution with solutions
corrected for viscosity and refractive index. Each sample was run
in triplicate, with the Zave and polydispersity index (PDI) results
presented as an average of the three measurements. Zeta
potential measurements were performed on a Malvern Zetasizer
Nano ZS, with conditions as noted above, but in pre-rinsed folded
capillary cells.
TEM was performed on a JEOL 100CX and a JEOL JEM1400

(JEOL, Japan) at 80 kV. Grids were prepared by dropping 15–20ml
of sample solution onto a holey carbon-coated copper grid. For
dilute samples, a second drop of sample was applied to allow for
sufficient particle loading for measurement. At least 5 images
were taken for each sample, and all particles in frame (~ 20–60)
were measured.
Evaluation of nanosilver uptake and distribution
in C. elegans

For inductively coupled plasma mass spectroscopy (ICP-MS)
measurements, C. elegans were treated for 3 days from the L1
stage. For each condition, 5 replicate flasks containing 10 000
C. elegans each were pelleted and washed three times in M9
buffer, and then frozen at –20� C for subsequent evaluation.
Pellets were digested in PFA vessels with 2ml of nitric acid in a
Milestone Ultraclave (Milestone Inc., Shelton, CT, USA) microwave
digestion system (digestion program: 20min ramp to 200�C,
20min hold at 200�C). Next, 0.5ml of 10% (volume fraction) HCl
d is in the public domain in the USA. wileyonlinelibrary.com/journal/jat
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was added to digested samples followed by dilution to 50ml
with DI water. Samples were analyzed for total silver using an
Agilent 7500ce ICP-MS (Agilent Technologies, Santa Clara, CA,
USA). Data were collected for silver at m/z 107 using Pd as an
internal standard.

Distribution of 10nmAg in treated and control worms was
analyzed using confocal microscopy. Treated and control worms
placed on agar-coated glass slides were anesthetized with
sodium azide and observed using a Leica TCS SP5 II confocal
microscope (Leica Microsystems, Wetzlar, Germany). All reflection
and bright-field images were captured at identical settings. From
these images, individual worms were outlined in ImageJ (National
Institutes of Health, USA) for size analysis, and then the corre-
sponding region in the reflection image was analyzed for mean
pixel intensity within the area of the worm body. For every image,
a background value was obtained for a similar area. Background
subtraction was deemed unnecessary as in all images background
mean pixel intensity values (measured at 0.008 to 0.012) were less
than 10% of the average control mean pixel intensity of 0.192
(ImageJ specific units).
Total DNA extraction from C. elegans

The extraction of DNA from C. eleganswas based on the previously
published and validated protocols of Meyer and colleagues (Boyd
et al., 2010b; Meyer, 2010; Meyer et al., 2010). These protocols,
which utilize freezing and grinding of C. elegans in liquid nitrogen,
have been shown to minimize excess oxidation of DNA even
although some low level of background oxidation is to be
expected. However, the nominal background oxidation level can
be accounted for through the use of proper controls during both
DNA extraction and DNA analysis (Rodriguez et al., 2000). Briefly,
after exposure, C. elegans were washed three times in M9 to
remove residual exposure medium, and centrifuged to form a
pellet. C. elegans pellets were frozen in liquid nitrogen, crushed
in a liquid nitrogen cooled cryopulverizer, ground in a liquid
nitrogen cooled cell crusher and subsequently dissolved in G2
buffer and homogenized in a dounce homogenizer using 5 strokes
each of loose and tight fitting plungers. Lysed worm bodies were
treated with RNAse A (Qiagen, Venlo, Netherlands) then digested
by proteinase K (Qiagen). Residual debris was removed by centri-
fugation and the DNA was isolated from the resultant supernatant
using Qiagen Gene-tip columns following the manufacturer’s
suggested protocols for loading, washing and elution. Isolated
DNA was precipitated with the subsequent addition of saturated
sodium chloride and ice-cold absolute ethanol. DNA pellets were
washed three times with ice cold 70% (volume fraction) ethanol
and once with ice-cold absolute ethanol to remove residual salts.
The clean DNA pellets were dried under Speed Vac and stored at
-20�C with desiccant until analysis by mass spectrometry.
Gas chromatography/tandem mass spectrometry (GC/MS/MS)
measurement of oxidatively induced DNA damage

Isotope-dilution GC/MS/MS determination of oxidatively modified
DNA bases (DNA lesions) in C. elegans DNA extracts using multiple
reaction monitoring (MRM) mode quantification was conducted
based on modifications to the selected ion monitoring (SIM)
mode gas chromatography/mass spectrometry (GC/MS) meth-
odology originally developed at NIST (Dizdaroglu, 1984,
1985; Dizdaroglu et al., 2002). In the current MRM mode
methodology, specific reaction transitions for nine lesions
Published 2013. This article is a US Governwileyonlinelibrary.com/journal/jat
[4,6-diamino-5-formamidopyrimidine (FapyAde), 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyGua), 8-hydroxyguanine
(8-OH-Gua), 8-hydroxyadenine (8-OH-Ade), 5-hydroxycytosine
(5-OH-Cyt), thymine glycol (TG), 5-hydroxyuracil (5-OH-Ura), 5-
hydroxy-5-methylhydantoin (5-OH-5-MeHyd), 5-hydroxymethyluracil
(5-OH-MeUra)], as well as for their stable isotopically-labeled
analogues (FapyAde-13C,15N2, FapyGua-

13C,15N2, 8-OH-Gua-
15N5,

8-OH-Ade-13C,15N2, 5-OH-Cyt-
13C,15N2, TG-d4, 5-OH-Ura-

13C4,
15N2,

5-OH-5-MeHyd-13C,15N2 and 5-OHMeUra-13C2, d2) were identified
and optimized on the basis of the original SIM ions. The
isotopically-labeled lesion analogs function as internal standards
(ISTDs) for lesion quantification. Additional details regarding the
GC/MS/MS methodology and instrumental details can be found
in the supplemental section. Brief enzymatic hydrolysis and analy-
sis details for the extracted C. elegans DNA pellets follow (all
analyzes were conducted using six biologically independent
samples). DNA pellets were re-dissolved in distilled, deionized
water (ddH2O) and the DNA concentration was determined
by spectrophotometric absorbance at 260 nm (absorbance of
1 = 50 mg of DNA per ml). Sample aliquots containing 50 mg
DNA were prepared from each C. elegans extract and the nine
lesion ISTDs were added to each sample. The samples were
dried under vacuum and then stored at 4 �C prior to enzymatic
digestion. Subsequent to enzymatic digestion, samples were
dissolved in a buffer consisting of 50mmol l–1 sodium phos-
phate, 100mmol l–1 potassium chloride, 1mmol l–1 EDTA and
100 mmol l–1 dithiothreitol (pH 7.4). To this solution, 2 mg each
of E. coli formamidopyrimdine DNA glycosylase - Fpg (Trevigen)
and E. coli endonuclease (III) - EndoIII (Trevigen) were added and
the sample was digested at 37 �C for 1 h. Hydrolysis using these
enzymes prevents artifactual formation of DNA lesions because
it only releases modified bases; consequently, there is no intact
DNA nor unmodified base present during the trimethylsilylation
step. The digestion was terminated with the addition of ice-cold
absolute ethanol in combination with sample storage at –20�C.
Samples were centrifuged at 14 000 g for 30min, supernatant
fractions containing the excised DNA lesions were transferred
to glass vials and the solvent was removed under Speed Vac.
Samples were solubilized in ddH2O, lyophilized, and then
trimethylsilylated using bis(trimethylsilyl)trifluoroacetamide) /
1% trimethylchlorosilane in pyridine (120 �C for 30min). After
derivatization, samples were analyzed by GC/MS/MS and the
final results were reported in terms of the number of lesions
quantified / 106 DNA bases.

Statistical analysis of DNA lesions were conducted using
Graphpad Prism software (Graphpad Software Inc., La Jolla, CA,
USA). Outliers were removed using Grubb’s outlier test and
accounted for ~5% of the data collected. Data from different
conditions were compared using ANOVA followed by Dunnett’s test
when multiple conditions were examined or Student’s t-test when
comparing two conditions (a=0.05).

Results

Physicochemical properties of 10nmAg in water or CeHM

All silver samples tested in water by DLS were ~14–16 nm in
diameter (Zave) with a PDI of 0.15–0.17. Zeta potentials ranged
from –42 to –48mV (Fig. 1A). TEM analysis indicated that the
particles in water were roughly spherical (Fig. 1B) with an
average diameter of ~ 8–9 nm. A wide particle size distribution
was noted, with both larger (> 20 nm) and smaller particles
J. Appl. Toxicol. 2013ment work and is in the public domain in the USA.
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Figure 1. Silver nanoparticle characterization. (A) Representative intensity-weighted dynamic light scattering (DLS) measurement of 10nmAg
dispersed in water, showing a single peak centered around~ 15 nm. (B) Representative transmission electron microscopy (TEM) of 10nmAg dispersed
in water. Particles were generally dispersed as primary particles and were roughly spherical in shape. (C) 10nmAg stability in C. elegans habitation
medium (CeHM). Left panel: initial UV-Vis absorption spectrum of 10nmAg as received (50 mgml–1). Middle panel: monitoring of 50mgml–1 10nmAg
stability in CeHM over 48 h. Exposure conditions were conducted up to 24 h in culture (yellow absorption peak) showing decreased localized surface
plasmon resonance (LSPR) absorption but little evidence of particle agglomeration. Right panel: comparison of LSPR maximum absorption (dark circles,
left Y-axis) to absorption at 550 nm (white circles, right Y-axis). Uncertainties are standard deviations (n≥ 3).
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Figure 2. Ten nanometer silver particles (10nmAg) inhibit the growth of
Caenorhabditis elegans larvae, but not as strongly as ionic silver (Ag+).
10nmAg at concentrations of 10mgml–1 and above inhibit the growth
of C. elegans larvae, as indicated by reduced mean COPAS (Complex
Object Parametric Analyzer and Sorter) TOF (time-of-flight) values (dark
gray bars). Ag+ from silver acetate (hatched bars) had a greater effect
on growth than 10nmAg. Bars represent means� standard deviation
from each of three replicates. Each COPAS test replicate evaluated a
minimum of 2500 animals. *P< 0.05, **P< 0.005, as compared by the
t-test to the 0mgml–1 control.

Nanosilver suppresses growth and induces oxidative damage to DNA
(< 5 nm) present. We were unable to use DLS sizing of particles
dispersed in CeHM, the axenic liquid growth media utilized in
these experiments, as the media itself had protein peaks in the
same size range as the 10nmAg. TEM analysis indicated that the
10nmAg in CeHM substantially remained as primary particles, with
little agglomeration noted upon addition to the media. UV/VIS
analysis (Fig. 1C) further suggested that 10nmAg are stabilized
by protein adsorption in CeHM (Supplmentary Information). This
J. Appl. Toxicol. 2013 Published 2013. This article is a US Government work an
stability is most probably due to protein opsonization on the
surface of the 10nmAg. Such stabilization has been noted in cul-
ture media for other noble metal nanoparticles (Keene & Tyner,
2011).
Exposure to 10nmAg inhibits the growth of
C. elegans larvae

The COPAS BiosortTM system automates the analysis, sorting and
dispensing of hundreds of nematodes per minute. The time-of-
flight, or TOF, parameter is an indication of length. Mean TOF
values steadily increase as C. elegans develop from larvae to
adult (Sprando et al., 2009). The growth and development of
the control worms were similar to that previously reported by
our laboratory (Sprando et al., 2009), whereas mean COPAS TOF
values obtained in triplicate from a minimum of 2500 worms per
replicate indicated that 10nmAg at 10, 25 and 50mgml–1 reduced
the axial length by 15%, 17% and 32%, respectively (Fig. 2, dark
gray bars). Length differences at 1 and 5mgml–1 were not statisti-
cally significant. Using nanoparticle-free supernatant obtained by
centrifuging 10nmAg nanoparticles for 5 h at RFC 65 800 g at a
volume equal to that used to obtain the 50mgml–1 10nmAg
treatment condition, we found no change in growth relative to
controls (data not shown), suggesting that soluble impurities were
not the cause of growth inhibition.
Ionic silver is more toxic to C. elegans larvae than 10nmAg

Silver ions (Ag+) from silver acetate had a much greater effect on
growth than the 10nmAg, with 5 and 10mgml–1 Ag+ reducing
the axial length by 33% and 68%, respectively (Fig. 2, hatched
bars). Increased concentrations of 25 and 50mgml–1 Ag+ did
d is in the public domain in the USA. wileyonlinelibrary.com/journal/jat
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not further reduce growth, however most of the 10mgml–1 Ag+

treated C. elegans were still alive and moving, whereas about half
of those treated with 25mgml–1 Ag+ were not moving and
assumed dead (data not shown). Nearly all of the observed worms
treated with 50mgml–1 Ag+ appeared to be dead (Fig. S1).
Uptake and localization of 10nmAg in C. elegans

Excitation of surface plasmons and reflection of light by
nanosilver aggregates allowed us to investigate the uptake
and distribution of 10nmAg in C. elegans by confocal microscopy
(Akimov et al., 2007). If reflection was observed in controls, it was
usually found at very low levels in the grinder region of the
posterior pharyngeal bulb (Fig. 3A). In C. elegans treated for
3 days from the first larval stage with 10mgml–1 of 10nmAg,
reflective punctate structures were observed, mostly in the
lumen and tissues of the pharynx and intestine (Fig. 3B). Increas-
ing the 10nmAg concentration to 50 mgml–1 did not appear to
increase reflection or alter localization patterns (Fig. 3C, top).
Consistent with COPAS TOF findings, C. elegans treated with
50 mgml–1 of 10nmAg appeared to be both smaller than controls
and at an earlier stage of development (Fig. 3C, middle). We
confirmed the size difference at 50mgml–1 10nmAg by measuring
the relative whole body area of each worm from images using
ImageJ software (Fig. 4A, light gray bars). We also measured pixel
10µg/mL 10nmAgcontrol

50 µm

A B

Figure 3. Confocal reflection analysis of developing larvae indicates 10nmA
reflection are detected in the grinder of the posterior pharyngeal bulb (arrow
10nmAg is associated with a large increase in reflective puncta clustered
treated with 50mgml–1 10nmAg have similar overall brightness and localiz
consistent with COPAS (Complex Object Parametric Analyzer and Sorter) T
smaller than the controls, with less developed gonadal structures (asterisk
on the brightfield image; Middle: confocal brightfield image; Bottom: the s
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intensity over the area of the whole worm body and found similar
increases in pixel intensity at 10 and 50mgml–1 10nmAg, indicat-
ing a limit to the uptake of 10nmAg (Fig. 4A, dark gray bars). These
results were confirmed by ICP-MS analysis, which found similar
levels of silver in C. elegans treated with 10 and 50mgml–1 of
10nmAg for 3 days from L1 (Fig. 4B, dark gray bars). Silver uptake
after treatment with 10mgml–1 Ag+ from silver acetate was
comparable to 10nmAg (Fig 4B, hatched bars). However,
C. elegans larvae treated with 50 mgml–1 Ag+ had far lower
levels of silver uptake than those treated with 50mgml–1 10nmAg.
This is probaly due to the fact that most of the C. elegans from
the 50mgml–1 Ag+ treatment populations were dead before the
experiment was completed.
Exposure to 10nmAg induces oxidative damage to DNA
in C. elegans

Third larval stage C. elegans were exposed to 10nmAg or Ag+ in
CeHM for 4 or 24 h. Subsequent to freezing in liquid nitrogen,
DNA was extracted and DNA lesion formation and accumulation
was assessed via GC/MS/MS analysis (Supplementary Methods).
Four-hour exposure yielded no evidence of increased DNA
damage, but 24-h exposure to 10mgml–1 10nmAg produced a
75% increase in the levels of 8-OH-Gua (Fig. 5). 8-OH-Gua is an
established biomarker of oxidative stress and a mutagenic lesion
50µg/mL 10nmAg

*

C

g concentration in pharyngeal and intestinal tissues. (A) Very low levels of
head) in control day-3 post-L1 C. elegans. (B) Treatment with 10 mgml–1

in pharyngeal (arrow) and intestinal (diamonds) tissues. (C) C. elegans
ation patterns of reflection as those treated with 10 mgml–1. However,
OF (time-of-flight) data, observed worms in this treatment group were
). Top: overlay of the head or head and tail region outlined in yellow
ame field detecting reflected light.
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FeSNTA/H2O2

10 µg/mL 10nmAg

50 µg/mL 10nmAg

50 µg/mL Ag+

Figure 5. Formation of 8-OH-Gua in Caenorhabditis elegans exposed to
10nmAg. 8-OH-Gua levels were measured at two different exposure time
points. Iron II sulfide–nitrilotriacetic acid / hydrogen peroxide (FeSNTA/
H2O2) reagent was used as a positive control for DNA damage and generated
increased lesion levels at both 4- and 24-h exposures.10nmAg exposure
resulted in increased 8-OH Gua levels after 24h at 10mgml–1, but not the
50mgml–1 concentration, whereas Ag+ exposure did not result in increased
oxidative DNA lesion levels. Asterisks indicate statistically significant results
compared with the untreated samples using one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test. One or two aster-
isks indicate P< 0.05 or P< 0.01, respectively. All data represents the mean
of six independent measurements. Uncertainties are standard deviations.
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Figure 4. Analysis of silver uptake in C. elegans. (A) ImageJ analysis of whole worm relative size (area) and pixel intensity from confocal brightfield and
reflection images indicates a decrease in the size of C. elegans larvae treated with 50mgml–1 10nmAg, and similar increases in reflection in those
treated with 10 and 50mgml–1 10nmAg. Bars represent means� standard deviations (SD) of the relative area or pixel intensity over the whole worm
body. 10nmAg concentration and the number of individuals evaluated is indicated. (B) ICP-MS analysis of silver uptake in C. elegans after 3 days of larval
treatment with 10nmAg or Ag+ at 0, 10 and 50mgml–1. Bars represent means� standard deviation (SD) of the mass of silver (ng) in 10 000 triple-
washed worms from each of five samples per treatment. **P< 0.005, as compared by the t-test to the 0 mgml–1 control.

Nanosilver suppresses growth and induces oxidative damage to DNA
causing G -> T transversionmutations (Cooke et al., 2003). Interest-
ingly, neither 50mgml–1 Ag+ from silver acetate nor 50mgml–1 of
10nmAg induced the accumulation of lesions whereas they both
exhibited strong signs of toxicity as indicated by inhibited growth.
Endotoxin contamination of 10nmAg associated with
increased toxicity

An unexpected finding of this study was that some lots of
10nmAg from the same manufacturer were more toxic than
others (Fig. 6A). 10nmAg lots with increased toxicity were later
identified by the manufacturer as containing 22 Eu ml–1 endo-
toxin. All 10nmAg lots were then tested in house by the
gel clot assay, and results confirmed the manufacture’s
assessment of endotoxin status. In an effort to understand
the contributing factors to increased toxicity, we tested the
J. Appl. Toxicol. 2013 Published 2013. This article is a US Government work an
growth of C. elegans in the presence of 0 to 200 Eu ml–1 of
purified endotoxin and found no effect on growth (Fig. 6B)
or morphology (data not shown). We then tried mixing 0 to
200 Eu ml–1 of purified endotoxin with 50 mgml–1 of 10nmAg
and again found no difference in growth inhibition with or
without endotoxin (Fig. 6C). Comparison of DLS, Zeta potential
measurements and TEM analyzes for the endotoxin-free and
endotoxin contaminated 10nmAg lots indicated that they
were similar in composition (Fig. 7).
ICP-MS analysis indicated that endotoxin status of individual

10nmAg lots did not influence uptake levels (data not shown).
However, the presence of endotoxin contamination of 10nmAg
did have a strong effect on vulval morphology in C. elegans. We
observed no protruding vulva in 150 control adult C. elegans
(Fig. 8A–C), and very few in those treated with endotoxin free
lots of 10nmAg for 3 days from L2. In contrast, over half of
the C. elegans treated for 3 days from L2 with 50 mgml–1 endo-
toxin contaminated 10nmAg had protruding vulva (Fig. 8A, D
and E). In some animals with gross vulval abnormalities,
retained eggs hatched inside the parent. This may an adaptive
response to stressful conditions, allowing progeny to consume
the parent from within and develop inside the protected
environment of the adult cuticle, as is known to occur in
low nutrient environments (Chen & Caswell-Chen, 2004). It
is important to note that observations of confocal reflection
in the pharynx of internally hatched larvae (Fig. 8E, arrow)
do not necessarily indicate tissue transfer of nanosilver
through the adult intestine, pseudocoelom and uterus, to
developing progeny. Rather, localization of nanosilver to
internally hatched larvae may be due to matrotrophy, or to
nanosilver entry into the uterus from the environment
through the damaged vulva.
At this point, we had exhausted our supply of the endotoxin

contaminated 10nmAg and the manufacturer could not supply us
with additional material from the same lot. We were therefore
unable to identify the specific component(s) which had induced
the higher level of toxicity. While our data is incomplete, we feel that
it is important to report the data we have as it indicates that findings
of nanomaterial toxicity in the absence of endotoxin testing may be
due to the presence of contaminants rather than the nanomaterial.
d is in the public domain in the USA. wileyonlinelibrary.com/journal/jat
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Figure 6. Endotoxin contamination of 10nmAg was associated with
increased toxicity. (A) 10nmAg that was later discovered to contain
22 Eu ml–1 endotoxin, represented here by lot# JME1102, had a
greater effect on Caenorhabditis elegans growth than endotoxin-free
preparations. (B) Purified endotoxin did not reproduce the growth
inhibition effect of endotoxin-contaminated 10nmAg. (C) Adding
0 to 200 Eu ml–1 purified endotoxin to 50 mgml–1 10nmAg (endotoxin
concentration in Eu/ml, and 10nmAg concentration in mg/ml on the
bottom row) also did not alter the growth response. Bars in (A)
represent the means from single samples evaluating COPAS (Complex
Object Parametric Analyzer and Sorter) TOF (time-of-flight) for a
minimum of 2500 animals per sample, bars and error bars in (B)
and (C) represent means� standard deviation (SD) from each of
three replicates.
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Discussion

In spite of the rapid growth of nanomaterial-containing consumer
products available, there is limited information on the interaction
of nanomaterials with biological systems or the potential health
ramifications of exposure (Asharani et al., 2008; Laboratory, 2010;
Nel et al., 2006). Available data on nanomaterial toxicity come from
a variety of different model systems utilizing small numbers of
specific nanomaterial types, making it difficult to compare data
from one study to another. In order to improve nanomaterial
risk characterization, there is a need for the development of
standardized rapid screening protocols to assess the toxicity
of nanoparticles. As nanosilver is the fastest growing category of
nanomaterial on the market (Fabrega et al., 2011; Wijnhoven et al.,
2009), we utilized 10nmAg as a model nanomaterial to evaluate
the utility of rapid nanomaterial toxicity assays in C. elegans for
growth, tissue distribution, DNA damage and morphology.

In several published studies, nanosilver has demonstrated
similar or enhanced antibacterial activity relative to silver ions
(Choi & Hu, 2009; Fabrega et al., 2009; Lok et al., 2006; Sotiriou
& Pratsinis, 2010). We found that 10nmAg was far less toxic than
ionic silver to C. elegans larvae. This is consistent with a recent
report which found reduced body weight gain in rats treated
with silver acetate but not in those treated with 14-nm
polyvinylpyrrolidone-coated nanosilver (Hadrup et al., 2012).
We also found that 10nmAg induced mild dose-dependent
growth suppression at concentrations of 10 mgml–1 and above.
This finding is consistent with a recent in vitro study which found
that 10nmAg was associated with slight but significant dose-
dependent decreases in the viability of adipogenic stem cells
at 10, 50 and 100mgml–1 (Samberg et al., 2012). Taken together,
these findings suggest the possibility that in comparing
nanosilver and ionic silver, the equally or potentially more
effective antibacterial agent is the less toxic one, and that as a
model for toxicity screening, C. elegans may have potential in
predicting nanomaterial toxicity ranking for mammals.

We used confocal reflection analysis to infer nanosilver locali-
zation (Akimov et al., 2007) within C. elegans. Very little if any
reflection was observed in untreated worms, whereas those
treated with either 10 or 50 mgml–1 of 10nmAg had similarly
high levels of reflection in digestive tract tissues. It must be
noted that nanosilver distribution in both zebra fish (Danio rerio)
and rats after environmental and oral application, respectively,
indicated extensive transport to multiple tissues including the
brain (Asharani et al., 2008; Loeschner et al., 2011). Thus, it may
be that vertebrate models will be better predictors of
nanomaterial distribution and damage to specific human organs
or tissues. Additionally, given biological and methodological
constraints, it is unlikely that C. elegans will prove useful in
predicting safe vs. toxic dose levels for humans. However, the
goal of large-scale, rapid toxicity screening is to identify
potentially harmful compounds for further investigation. Signifi-
cant correlations between toxicity ranking in rat and C. elegans
have been found (Boyd et al., 2010a; Cole et al., 2004; Ferguson
et al., 2010; Hunt et al., 2012; Williams & Dusenbery, 1988), and
with this work, we have identified correlations between
responses to nanosilver exposure among rat, cell culture and
C. elegans models. Thus, a 3-day C. elegans larval growth
screen with the potential to identify nanomaterials likely to
cause harm to humans and the environment may useful in
determining how best to allocate limited funding for further,
more in-depth risk evaluation.
J. Appl. Toxicol. 2013ment work and is in the public domain in the USA.



Figure 7. Summary of characterization of endotoxin-free and endotoxin-contaminated 10nmAg by dynamic light scattering (DLS), Zeta potential
measurements and transmission electron microscopy (TEM).
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Figure 8. Endotoxin positive lots of 10nmAg were associated with vulval abnormalities and internal hatching in Caenorhabditis elegans. (A) After a
3-day treatment beginning at L2 with 0 to 50 mgml–1 10nmAg with and without endotoxin contamination, fifty larvae were evaluated for vulval
morphology from each of three replicate flasks for each treatment. Bars represent means� standard deviation (SD) of the percent of C. elegans with
protruding vulva. (B) Very low levels of reflection were detected by confocal microscopy in control adult C. elegans. (C) The enlarged region from (B)
shows normal vulval morphology (asterisk). (D) Confocal reflection in adult C. elegans after 3 days of treatment from the second larval stage with
50 mgml–1 endotoxin-contaminated 10nmAg was mostly confined to the pharynx (arrow) and intestine (diamonds). Endotoxin contamination of
10nmAg was associated with protruding vulva and internal hatching. (E) Enlarged region from (D) shows a grossly abnormal vulva (asterisk), and
reflection in both the parental intestine (diamond) and in retained hatched larvae (arrow). Yellow dotted squares indicate enlarged regions.

Nanosilver suppresses growth and induces oxidative damage to DNA
Oxidatively generated DNA lesions may arise as a result of
imbalance in the redox environment of the cells and are criti-
cally important to understanding the genotoxic potential of
nanomaterials (Petersen & Nelson, 2010). This damage can lead
to a variety of genotoxic outcomes such as such as DNA strand
J. Appl. Toxicol. 2013 Published 2013. This article is a US Government work an
breaks, gene miss-translation and mutations (Cooke et al.,
2003). In humans, oxidatively generated lesions accumulate in
a number of disease states including cancer, Alzheimer’s
disease (Tuna et al., 2011), atherosclerosis (Jaruga et al., 2012)
and others (Evans et al., 2004). The identification and quantitative
d is in the public domain in the USA. wileyonlinelibrary.com/journal/jat
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determination of DNA lesions using mass spectrometry-based
techniques is a promising alternative to assays widely used in
molecular toxicology, such as the Ames test or comet assay,
which have been confounded by artifacts arising from DNA-
nanoparticle interactions in previous nanotoxicology studies
(Karlsson, 2010, Rajapakse et al., 2012, Lin et al., 2009).

Nanosilver exposure has been associated with chromosomal
aberrations and DNA damage in mammalian cell cultures
(Asharani et al., 2009a, 2009b; Foldbjerg et al., 2011; Mei et al.,
2012). We found that 10nmAg at 10mgml–1 after a 24-h exposure
resulted in significantly increased 8-OH Gua levels. This highly
mutagenic lesion is found at elevated levels in patients with various
cancers and degenerative disorders (Cooke et al., 2003). Neither
50mgml–1 of 10nmAg nor 50mgml–1 Ag+ produced oxidative
damage, although both treatments clearly inhibited growth. There
are a number of hypotheses for why this effect was observed. One
possible explanation is that worms with inhibited development are
more resistant to DNA damage. Previous studies have demon-
strated that C. elegans DNA repair processes decline with develop-
ment, and inhibited developmentmay stall worms at an early stage
with more active DNA repair (Meyer et al., 2007). Alternatively, the
chromatin in the developing C. elegans germ line of late stage
larvae may provide a pool of DNA that is more vulnerable to
oxidative damage. If this is the case, then the DNA damage may
not be seen at 50mgml–1 of 10nmAg or Ag+ because these animals
are still at an earlier stage of gonadal development.

Endotoxin, or lipopolysaccharide, is a component of bacterial
cell walls. We found that endotoxin contamination of some
1 0nmAg lots was associated with vulval protrusion, retention
of eggs, and internal hatching. As C. elegans larvae that hatch
internally are known to consume parental tissues (Chen & Caswell-
Chen, 2004), detection of 10nmAg in internally hatched larvae may
be the result of matrotrophy. Alternatively, environmental
nanosilver may be able to enter the uterus via the damaged vulva.
Thus, nanosilver localization to internally hatched larvae cannot
necessarily be taken to indicate tissue transfer to progeny. Our pub-
lished (Hunt et al., 2012) and unpublished observations (data not
shown) suggest that vulval abnormalities and retained eggs are a
C. elegans response to many different types of toxins. It has been
proposed that facultative vivipary, in which the progeny consume
the parent from the inside, is an adaptive strategy for species sur-
vival in cyclical low nutrient environments (Chen & Caswell-Chen,
2004). To this theory, we add the idea that the same or similar
genetic mechanisms may be activated in C. elegans in the presence
of some toxins, providing progeny with an opportunity to develop
inside the protected environment of the parental cuticle.

We also found that endotoxin contaminated lots of 10nmAg
had a greater adverse effect on C. elegans larval growth than
endotoxin-free preparations, stressing the need for endotoxin
testing of all nanomaterials. We did not observe an effect on larval
growth or morphology after exposing C. elegans larvae to purified
endotoxin, nor did pre-incubating endotoxin-free 10nmAg with
pruified endotoxin appear to increase toxicity, supporting the
proposition that detection of endotoxin in sterile nanomaterial
preparations may act as a marker for the presence of other
unidentified contaminants introduced during nanomaterial
synthesis (Oostingh et al., 2011).

Conclusion
Exposure to 10nmAg reduced growth and development in C.
elegans larvae at environmental concentrations of 10 mgml–1
Published 2013. This article is a US Governwileyonlinelibrary.com/journal/jat
and above. Consistent with rat data, 10nmAg was significantly
less toxic to C. elegans than Ag+. Confocal reflection analysis
suggests that 10nmAg localized primarily to digestive tissues
in C. elegans. As previously found in several unrelated studies
using mammalian cell cultures, C. elegans exposure to 10nmAg
induced DNA damage, detected here as increased levels of
8-OH Gua. Together, these findings suggest that screens using
C. elegans may prove a useful component in risk assessment
protocols for nanoparticle toxicity.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article.
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