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Abstract

The increased bioavailability of nanoparticles engineered for good dispersion in water may have 

biological and environmental impacts. To examine this issue, the authors assessed the biological 

effects in nematodes as they relate to exposure to silver nanoparticles (AgNPs) of different sizes at 

low (1 mg/L Ag), medium (10 mg/L Ag), and high concentrations (100 mg/L Ag). Over multiple 

generations, the authors found that the smallest particle, at 2 nm, had a notable impact on 

nematode fertility. In contrast, the largest particle, at 10 nm, significantly reduced the lifespan of 

parent nematodes (P0) by 28.8% and over the span of 3 generations (F1–F3). In addition, a 

computer vision system automatically measured the adverse effects in body length and motility, 

which were not size-dependent.
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INTRODUCTION

Ecotoxicological studies on degenerative or adaptive behaviors of animal populations may 

provide the most critical information about adverse effects of trace metals from 

nanoparticles. There is a reasonable expectation that toxicity may be more pronounced after 

multiple generations, resulting in either acclimation or toxicity from cumulative damage. In 

addition to multigenerational studies, measurements of multiple fitness endpoints, such as 

lifespan, fertility, growth, and locomotion parameters (flex, amplitude, wavelength, and 

velocity), can further illustrate the biological impacts on animals and off-spring. [1]. 

Recently, we published a multigenerational study in which we assessed the use of 
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Caenorhabditis elegans to study the adverse effects on fitness from exposures to CdSe/ZnS 

particles (or quantum dots) [1]. We believe the present study to be the first toxicity study 

with C. elegans that spans 4 generations [1]. In the present study, C. elegans was used as an 

animal model to assess the toxicity of engineered silver nanoparticles (AgNPs) over 4 

generations.

With the short lifespan and large brood size per nematode of C. elegans, multigenerational 

studies with this species provided a potential screening tool to monitor fitness and health 

after exposure to toxicants. Nematodes reside in all types of soil and may come into contact 

with material waste. Potential waste from consumer products makes the testing of biological 

effects in nematodes relevant. A number of toxicity studies with C. elegans, investigating 

the impact of many types of nanoparticles, have been reported [1–5]. However, none of the 

prior work addressed the impacts from exposure to AgNPs over the span of 4 generations.

We continued our investigation using AgNPs, engineered nanoparticles commonly found in 

consumer products, to further support previous studies with C. elegans [2–5]. The AgNPs 

were prepared in the laboratory and had no antibacterial properties and no effect on the food 

source because of the thiolated polyethylene glycol (mPEG-SH) polymer coating that also 

rendered them water-soluble. Thus, these particular mPEG-SH–coated AgNPs provided the 

opportunity to examine true particle effects in nematodes as opposed to impacts that are the 

result of substantial amounts of leaching Ag ions [6,7].

Because the surface coating was the same, we attribute any toxicity to the different sizes of 

AgNPs. Size dependence in the mode of toxicity of AgNP has been reported in previous 

studies [3,8–11]. In fact, particle effect (or size dependence) is a common mode of toxicity 

in vitro and in vivo and occurs from the actual presence of a hard chafing material 

physically embedded within the organism that causes significant structural damage and 

infections without remedy [12,13]. Some studies showed that larger AgNPs (50 nm) in C. 

elegans caused irreparable epidermal abrasions and infections and eventually death 

[1,2,7,8,10], whereas other studies showed how smaller particles (of 10 nm or less) can 

easily transfer through nematode embryonic cell walls, tissues, and organs, causing 

offspring death [3,8–11].

Because nanoparticles can be introduced easily into the environment, the present 

multigenerational study becomes more critical for sublethal concentrations. In the present 

study, we evaluated the biological effects of AgNPs in C. elegans for 4 generations. When 

AgNPs were introduced over multiple generations, adverse effects on nematode lifespan and 

fertility were size-dependent; in terms of developmental and neurological measurements, 

however, size dependence was not noted, suggesting a different toxicity mechanism.

MATERIALS AND METHODS

Silver nanoparticle preparation and characterization

To control for size and stability, AgNPs were prepared as recently described with AgClO4 

and an oleic acid coating [14,15]. Briefly, for monodispersed AgNPs, AgClO4 was reduced 

by oleylamine at varying temperatures to produce different sizes and coated in situ with 
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oleic acid for stability. These materials were made water soluble by coating with mPEG-SH 

(Mn = 5000; Sigma) through a ligand exchange reaction. After a phase transfer into water, 

the mPEG-SH surface coating limited the dissolution of ionic silver.

The size and chemical composition of AgNPs were carefully measured using several 

characterization tools (Figure 1). The silver core diameter was determined by transmission 

electron microscopy (Jeol 2010 TEM). Dynamic light scattering (Malvern Zetasizer Nano-

ZS) was used to characterize the hydrodynamic diameter and zeta potential of the 

nanoparticles in solution (Figure 1). The silver ion concentration was determined by 

inductively coupled plasma–mass spectrometry (ICP-MS). All concentrations were based on 

milligrams of silver ion in solution. Three AgNP treatments at the sublethal concentrations 

of 1 mg Ag/L, 10 mg Ag/L, and 100 mg Ag/L were set. All reagents were of analytical 

grade and were supplied by Sigma Aldrich.

C. elegans maintenance

The Caenorhabditis Genetics Center (at the University of Minnesota, St. Paul, MN, USA) 

provided the wild-type N2 strain, which was maintained in 24-well plates at 20 °C on 1mL 

of nematode growth medium (NGM)–agar and a bacterial lawn of Escherichia coli OP50 as 

food following standard protocols [16]. To obtain a synchronized population, gravid 

hermaphrodites were collected and treated with hypochlorite [16]. Nematode populations 

were synchronized and allowed to mature into the fourth larval (L4) stage for assessment.

Assessment of E. coli viability

To measure the impact of AgNPs on OP50 E. coli, the food source for C. elegans, AgNPs 

were added to the bacterial lawn as described previously, except that no C. elegans were 

placed on the lawn [15,17]. In 24-well plates maintained at 20 °C, a 30-µL treatment for 

each sample was added to the bacterial lawn for 24 h for homogenous exposure. After the 

inoculation time, the bacteria were washed with 1mL sterile H2O to make serial dilutions. 

To a 6-cm LB plate, 20 µL of each dilution was added, and the plates were incubated 

overnight at 37 °C. Bacterial viability was determined by counting the colonies and 

calculating the initial concentration of live bacteria in solution.

In a preliminary concentration range-finding study (results shown in Figure 2), equivalent 

amounts of ionic silver (Ag+), as a reference toxicant from AgNO3 and AgClO4 solutions, 

were also assessed in E. coli. Ionic silver has antibacterial properties at extremely low 

concentrations, which would induce bacterial death (and then nematode death by starvation).

Multigenerational toxicity study

Experiments were carried out in 24-well plates. Each well consisted of 1 mL NGM–agar and 

was seeded with 10 µL of fresh overnight-cultured E. coli OP50 for 3 d to form the bacterial 

lawn. To the surface of each well, 30 µL of AgNP solution was aliquoted onto a dry, solid 

agar surface using a wide range of exposure concentrations (1–100 mg/L) that have been 

shown to be successfully internalized by feeding [1]. After approximately 30 min at 20 °C, 1 

L4 stage nematode (parent [P0]) was randomly selected, placed into each well, and 
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cultivated in 20 °C incubators. We chose to expose C. elegans on agar plates to reduce stress 

and to provide food.

Parent nematodes (P0) were continuously treated for the entire lifespan from L4 to death. 

During the lifespan of P0, its progeny and subsequent generations (F1, F2, and F3) were the 

first to be exposed to AgNPs beginning in the egg stage. In subsequent generations, C. 

elegans L4s were randomly selected from first-day progeny. Every 24 h during treatment, all 

animals were transferred to freshly dosed wells for continuous exposure. Only nematodes 

that reached adulthood by day 4 were measured.

Quantification of internalized silver

The silver concentration within N2 nematodes (ng Ag/worm), as shown in Figure 3, was 

measured by ICP–MS (Perkin Elmer, ELAN9000).

Quantification included collecting 100 young adult (L4) nematodes and washing them to 

remove bacteria and excess chemicals. The nematodes were placed in preweighed glass 

tubes and 1 mL of 70% HNO3, followed by heat digestion in a block heater at 90 °C for 4 h, 

and left overnight to cool. The solution was then diluted with ultrapure water to achieve a 

final acid concentration of 1%.

Lifespan and fertility measurement

A dissecting microscope (Unitron) was used to record fertility and lifespan. Fertility was 

measured by counting the number of L4 offspring per nematode (brood size) 3 d after 

hatching. An untreated wild-type N2 nematode will produce approximately 300 offspring in 

4 d. After the addition of 30 µL of AgNP solution to each well of a 24-well plate, a single L4 

nematode was placed in each well. After every 24 h, nematodes were moved to a freshly 

dosed well on the next row of the same plate to allow the nematode to lay eggs and for 

continuous exposure to AgNP for its entire lifespan. Moving the nematodes every day 

controlled the number of eggs in each well to avoid depleting the bacterial lawn after the 

eggs hatched. The experiment was repeated 3 times for each treatment.

Lifespan consisted of the number of days between egg and death of the nematode. Each well 

was freshly dosed daily before adding a population of 10 L4 nematodes into each well. 

Changes in population were carefully recorded daily, and death of a nematode was noted 

after a gentle tap resulted in no movement. Nematodes were continuously exposed to AgNP 

by moving the population into a freshly dosed well every 24 h. This also provided sufficient 

amounts of food to avoid starvation. The experiment was repeated twice.

Body length and locomotive behavior

Sublethal concentrations of AgNPs may cause adverse developmental and neurological 

responses. Body length and locomotive behavior were measured at a constant temperature of 

20 °C by a worm tracker built in our laboratory. The worm tracker consisted of a dissecting 

microscope (Unitron) with a motorized stage (Prior) and a Firewire camera (Fire-I; 

Unibrain) [18].
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Four days after hatching, first-day adult nematodes were randomly chosen [18]. On a 10-cm 

NGM–agar plate with fresh OP50 E. coli, a single nematode was tracked and recorded in a 

4-min video. From the video, body length and 4 locomotive behaviors (flex, amplitude, 

wavelength, and velocity) were quantitatively analyzed. For each treatment, 10 individual 

nematodes were tracked. The experiment was repeated twice.

Statistical analysis of variance

For every fitness endpoint, untreated nematodes were measured for each generation for 

comparison with nematodes exposed to AgNPs. One-way analysis of variance (ANOVA) 

post hoc Tukey’s test at a 99% confidence interval was calculated by using OrginPro 8.5.1 

(OriginLab) on all samples compared with untreated controls (Supplemental Data, Tables 

S1–S7).

In Figures 4–10, each vertical bar represents the mean difference against the untreated 

control (ANOVA and post hoc Tukey test with 99% confidence interval). If the interval 

excluded 0, then the difference was considered significant (red marker) for that pairwise 

comparison. The bolded vertical bars in Figures 4–10 represent no data, as F3 nematodes did 

not survive exposure.

Figures 7–10 show measurements of neurological behaviors (flex, amplitude, wavelength, 

and velocity) for multigenerations after treatment at low (1 mg Ag/L), medium (10 mg 

Ag/L), and high (100 mg Ag/L) concentrations. An A represents multigenerational data in 

which the effect in subsequent generations is different from that of the first generation. An X 

indicates continual adverse effects over multiple generations.

RESULTS AND DISCUSSION

In the present study, C. elegans were exposed to 3 different AgNPs with diameters from 1 

nm to 10 nm, small and highly monodispersed particles (Figure 1). Before nematodes were 

treated, bacterial lawns were dosed with freshly prepared AgNPs to test particle stability.

Effects of ionic silver versus AgNP on the growth of E. coli

The preliminary concentration range-finding study (Figure 2) showed that extremely low 

concentrations of Ag salt solutions were acutely toxic to the food source. In the present 

study, Ag ions are indisputably antibacterial, as has been shown in the literature [17]. The 

well-known antibacterial property of silver has been exploited in medicinal textiles and in 

many other consumer products [19]. According to the literature, free ion dissociation from 

AgNPs is acutely toxic and can cause ionic gradient changes across membranes and 

malfunctioning organelles, as well as disruption of peptide function because of oxidative 

stress [5–7,9]. In the present study, AgNP treatments were set at 1 mg Ag/L, 10 mg Ag/L, 

and 100 mg Ag/L to obtain a large test range. Any dissolution of ionic silver from AgNPs 

would destroy the bacterial lawn and cause secondary adverse effects in C. elegans, from 

developmental defects to death by starvation [20].

The AgNPs with an mPEG-SH coating that we used had no effect on E. coli and nematode 

food source (Table 1). Table 1 shows that at the highest exposure concentration of 100 mg 
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Ag/L, E. coli remained viable with no significant changes compared with untreated control 

(Table 1). The absence of a bactericidal effect throughout the experiment also shows the 

stability of AgNPs. The polymer surface coating in fact decreased dissolution, and any 

adverse effect from exposure to AgNPs was not from starvation.

AgNP uptake and quantification of Ag+

Caenorhabditis elegans do not discern between bacteria and nanoparticles of 5 µm or less 

when feeding [21]. Contreras et al. [1] showed that the main route of exposure was through 

the digestive tract. Total silver body burden was assessed quantitatively by ICP–optical 

emission spectrometry (Figure 3). The exposure concentration in nematodes exposed since 

the egg stage (F1) was 100 mg Ag/L. A lesser amount of Ag+ was internalized in C. elegans 

exposed to Ag particles of 2 nm compared with larger particles of 5 nm and 10 nm (Figure 

3). For 2-nm AgNP exposures, the internalized silver concentration was 1.30 ± 0.2 ng/

nematode. The Ag ion concentrations were 1.80 ± 0.1 ng/nematode for nematodes exposed 

to 5-nm particles and 1.84 ± 0.2 ng/nematode for nematodes exposed to 10-nm particles. 

This range of Ag ion concentrations in C. elegans was in agreement with that found by Choi 

et al. [22] who treated zebrafish with 120 mg Ag/L AgNP and measured a silver 

concentration of 2.4 ng Ag/liver. We speculate that a smaller diameter increased particle 

mobility out of the body or into eggs, [3] whereas larger sized particles accumulated longer 

inside the body. Additional biokinetic studies that address the rates of uptake and depuration 

are in progress.

Multigenerational toxicity response

Lifespan assay—The cumulative adverse effect on mean lifespan was size-dependent at 

100 mg Ag/L (Figure 4). For untreated C. elegans, the mean lifespan and reference was 14.2 

d [23]. At 100 mg/L, AgNPs of 2-nm and 5-nm diameter caused no significant change in 

parent (P0) lifespan (Figure 4A and B). In contrast, at 100 mg/L, 10-nm AgNPs caused the 

most adverse effect: they decreased the mean lifespan for P0 nematodes by 28.8%; and over 

the span of 3 generations, 10-nm Ag particles continued to significantly decrease (p < 0.01) 

mean lifespan compared with smaller sized AgNPs (Figure 4C).

We speculate from information in the literature that particles larger than 10 nm can also 

cause exogenous stress [2,8]. Kim et al. [2] introduced larger particles of 50.6-nm citrate-

coated AgNPs to C. elegans by feeding and showed by numerous scanning electron 

microscopy images that AgNPs fractured the epidermis, resulting in death. The cuticle of C. 

elegans became physically rigid from exposure to AgNPs, which prevented molting and 

caused bursting, becoming lethal [2]. No images were taken in the present study to further 

support the work of Kim et al. [2]; instead, we focused on a novel screening method to 

assess quickly and quantitatively the biological impacts of nanoparticles in nematodes using 

an automated Worm Tracker and a compound microscope.

For subsequent generations, all Ag particles in the present study caused a significant 

decrease in mean lifespan (Figure 4). For example, at 100 mg Ag/L, when the impact at 

different sizes was compared, 10-nm AgNPs reduced lifespan in more generations, including 

P0, than 5-nm particles (Figure 4B and C). For first-generation progeny (F1), the mean 
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lifespan of nematodes exposed to 10-nm AgNPs (100 mg/L) continued to decrease 

significantly (p < 0.01), by 58.7%, whereas exposure to 2-nm and 5-nm AgNPs decreased 

mean lifespan by 30.8% and 34.6%, respectively (Figure 4). For second-generation progeny 

(F2), AgNPs of 2 nm and 5 nm reduced F2 mean lifespan by 21.5% and 49%, respectively 

(Figure 4). Also at 100 mg Ag/L, the change in mean lifespan for 5-nm AgNP for F1 and F2 

was much more significant than for 2-nm particles, whereas the F2 results from 5 nm-AgNPs 

at 100 mg/L (49% reduced mean lifespan) was comparable to results from 10-nm particles 

(52% reduced mean lifespan). However, 10-nm particles adversely effected P0 and F1 

generations faster and more significantly than other sizes (Figure 4C).

After 3 generations (F3) of chronic exposure to 100 mg/L, AgNPs caused a significant 

decrease in population with any treatment of different-sized AgNPs (Figure 4, red lines). We 

speculate that AgNPs lethally damaged the exterior cuticle, as recently described by Kim et 

al. [2,21]. In addition to exogenous stress to the epidermis [2], endogenous stress from 

internalized smaller AgNPs accumulated over multiple generations. Smaller nanoparticles 

would have increased bioavailability, because they are easier to absorb than larger 

nanoparticles and translocate more easily within and between cells and tissues in nematodes, 

resulting in higher toxicity as shown by parent sterility or death [10,11] or in offspring 

developmental delay or death [4].

Fertility assay—In contrast to lifespan, 2-nm AgNPs caused the greatest adverse effect on 

fertility over 3 generations, in comparison with larger sized AgNPs (Figure 5A). An 

untreated (control) single worm has approximately 300 offspring over its lifetime in the span 

of 4 d [23]. At 10 mg Ag/L, the adverse effect on C. elegans brood size was size-dependent. 

For example, the smallest (2-nm) AgNPs at 10 mg/L significantly decreased (p < 0.01) all 

nematode populations for P0, F1, and F2 generations to an average of 185 nematodes (Figure 

5A). For 5-nm AgNPs at 10 mg/L, change in brood size was smaller, and the number of F2 

surviving offspring was significantly decreased (p < 0.01) to 197 nematodes (Figure 5B). 

Lastly, 10-nm AgNPs at 10 mg/L did not adversely affect brood size for 3 generations 

(Figure 5C). This is in agreement with Meyer et al. [3], who illustrated how smaller AgNPs 

transferred past embryonic cell walls, causing transgenerational toxicity, developmental 

delays, or death in progeny.

For this reason, smaller nanoparticles have also been found to be more toxic than larger 

nanoparticles because of increased total surface area, which is especially true for ZnO 

particles [10]. Greater total surface area allows for increased reactivity that can damage 

proteins and organelles in vivo. Also, extensive damage occurs when smaller nanoparticles 

diffuse through the transmembrane pore cells and embryos [24]. Lee et al. described how, 

once internalized, small-sized AgNPs can aggregate with other nanoparticles into clots, 

becoming lethal [24]. This intracellular clotting prevented AgNPs from diffusing out, which 

caused developmental delays, deformities, and offspring death in zebrafish [24]. In addition 

to particle effect, toxicity was also dose-dependent from 0 mg Ag/L to 100 mg Ag/L, which 

caused an increase in adverse effects.

At 100 mg Ag/L, reduced brood size for 3 generations was cumulative and size-dependent 

(Figure 5). For smaller particle sizes, 2 nm caused brood size to decrease from 56.8% for P0 
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to 98.9% by F2 at a decrease rate of 64 nematodes/generation (Figure 5A). For 5-nm AgNP, 

brood size decreased at a rate of 77 nematodes/generation (Figure 5B). Exposure to the 

largest AgNP (10 nm) caused a significant decrease (p < 0.01) in brood size of 26.4% for P0 

to 98.2% by F2, with a decrease rate of 108 nematodes/generation (Figure 5C). For all 

AgNPs tested, the F2 brood size was similar, and F3 extinction occurred because of either 

low or no sample size (Figure 5, F3 red lines). We speculate that these size-dependent 

toxicities for both lifespan and brood size accumulated with each generation, leading to 

serious F3 mortality rates. In the present study, parameters such as lifespan and fertility gave 

more distinct and linear results from AgNP exposure than growth and locomotion [25].

Growth assay—When exposed to 5-nm and 10-nm AgNPs, the body length of first-day 

adults was adversely affected at high concentrations, but these adults acclimated at low 

exposure concentrations (Figure 6B and C). For example, acclimation at the low exposure 

concentration of 1 mg Ag/L occurred when F1 progeny body length was significantly greater 

(p < 0.01) than average; but by generation F2, body length had returned to normal (Figure 

6B and C). Another example of physiological acclimation occurred at 10 mg Ag/L: 5-nm 

AgNPs caused shorter body lengths in F2 progeny, but length had returned to normal by 

generation F3 compared with untreated controls (Figure 6B). However, cumulative adverse 

effects, at the high concentration of 100 mg Ag/L, occurred when multiple generations were 

chronically exposed to 2-nm, 5-nm, and 10-nm AgNPs, which increasingly caused 

developmental delays and stunted the growth of offspring (Figure 6) [3,11]. To summarize, 

the adverse effect on growth (body length) was not size-dependent, as with lifespan and 

fertility.

Locomotion assay—In the same way, adverse effects on locomotion (flex, amplitude, 

wavelength, and velocity) were not size-dependent (Figures 7–10). With the exception of 1 

amplitude endpoint for 2-nm AgNPs, at the highest sublethal concentration (100 mg Ag/L) 

for all sizes, significant impacts (p < 0.01) and cumulative adverse effects on amplitude, 

wavelength, and velocity occurred, with no acclimation (Figures 8–10, denoted as X). That 

is, nematodes exposed for multiple generations to the highest exposure concentration of 100 

mg Ag/L had decreased body movement and forward trajectory. These sublethal 

impediments to locomotion behaviors could result from adverse epidermal damage to the 

cuticle by AgNPs, limiting movement, or from neurotoxicity [2].

In contrast, at lower exposure concentrations of 1 mg Ag/L and 10 mg Ag/L of 2-nm 

AgNPs, acclimation in nematode progeny occurred with all locomotion endpoints measured 

(denoted as A in Figures 7–10), except for amplitude (Figure 8A). Specifically, acclimation 

occurred when P0 locomotion became impaired, but then returned to normal in progeny. For 

example, when the flex parameter (number of times that the body bends) was monitored, F1 

progeny were seen to acclimate, and flex behavior returned to normal compared with 

untreated nematodes (Figure 7A).

When nematodes were exposed to 5-nm AgNPs, the amplitude cumulatively worsened in a 

dose-dependent manner in F2 and F3 generations (Figure 8B). In contrast, at 1 mg Ag/L, 

nematodes acclimated by F3 to AgNP chronic exposures, but at 10 mg Ag/L, the opposite 

was true (Figure 8B). At 10 mg Ag/L, amplitude began to decrease after 2 generations of 
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chronic exposure, as with 100 mg Ag/L (Figure 8B). Another example of dose-dependent 

adverse effects on fitness occurred with velocity (Figure 10).

It is possible that some element of randomness occurred in these endpoints, but the data also 

suggest the possibility of long-term cumulative adverse effects after exposure for multiple 

generations to water-soluble nanoparticles with increased bioavailability and health risks. 

Ultimately, toxicity in C. elegans can have a dire effect on fitness, the food web, and the 

ecosystem.

CONCLUSIONS

In the present study, we introduced a potentially fast screening method to quantitatively 

measure a number of fitness endpoints in C. elegans that were sensitive to AgNP exposures. 

For 4 generations, C. elegans and E. coli were continuously exposed to AgNPs of 3 different 

sizes, 2 nm, 5 nm, and 10. The AgNPs caused no adverse effects on E. coli or on the food of 

C. elegans, demonstrating no immediate bactericidal effects from leaching Ag ions [15]. 

However, these nanoparticles had a size-dependent effect on lifespan and fertility of C. 

elegans after exposure for multiple generations. At 100 mg Ag/L, the largest diameter 

AgNPs significantly shortened the lifespan of C. elegans, causing the most lethal damage, 

whereas the smallest diameter AgNPs significantly affected fertility. When growth and 

neurodegenerative endpoints were measured, AgNPs had some adverse effects that were not 

size-dependent. Instead, nematodes acclimated at lower concentrations but suffered 

cumulative damage at higher exposure concentrations.

The results from the present study are far from conclusive, and future research should 

consider a variety of assays, from physiological endpoints to genotoxicity, to elucidate the 

mechanism of toxicity. For example, to defend against lethal stresses and to acclimate to a 

toxic environment, C. elegans have the ability to produce metal-binding proteins, such as 

metallothionein, to purge their bodies of trace metal contaminates. They can also increase 

protein scavengers, such as glutathione peroxidase and superoxide dismutase, to remove 

stress-induced reactive oxygen species and decrease internal damage [26]. Measuring 

proteins is a common method of monitoring environmental threats and issues. Another 

coping mechanism consists of regulating the trade-off between fertility and lifespan, for 

example, to maintain [4,27]. The fitness endpoints measured in the present study, along with 

future nanobiotoxicology studies that are under way, can further unravel complex modes of 

toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Silver nanoparticle (AgNP) characterization (A) of 2-nm, (B) 5-nm, and (C) 10-nm silver 

particles. The core diameter was determined from transmission electron microscopy (TEM) 

images coated with thiolated methoxy-polyethylene glycol (mPEG-SH; nonaggregated, 0.12 

mV). From this, the surface area in nm2 was calculated. The addition of mPEG-SH via a 

ligand exchange was measured by dynamic light scattering (DLS) in the organic and 

aqueous (aq) solutions.
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Figure 2. 
The 24-h dose-dependent viability curve for Escherichia coli exposed to 2 silver ion 

sources, AgClO4 and AgNO3. The median lethal dose for AgClO4 was 0.02 mg Ag/L, and 

that for AgNO3 was 0.06 mg Ag/L.
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Figure 3. 
The uptake profile based on body burden of internalized silver for each Ag nanoparticle 

(AgNP) using inductively coupled plasma–mass spectrometry. The exposure concentration 

was [Ag] = 100 mg/L. Data shown are mean ± standard error (n = 4).
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Figure 4. 
Lifespan measurement for multiple generations at different concentrations for each 

treatment of (A) 2-nm, (B) 5-nm, and (C) 10-nm diameter Ag nanoparticles (AgNPs). 

Adverse effects from exposure to AgNPs were size-dependent. P0 = parent generation; F1 = 

first-generation progeny; F2 = second-generation progeny; F3 = third-generation progeny. 

[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure 5. 
Brood size significantly decreases over multiple generations after exposure to Ag 

nanoparticles (AgNPs) of (A) 2-nm, (B) 5-nm, and (C) 10-nm diameter. Size-dependent 

toxicity is evident at higher exposure concentrations. P0 = parent generation; F1 = first-

generation progeny; F2 = second-generation progeny; F3 = third-generation progeny. [Color 

figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure 6. 
Length in nematodes was measured in the present multigeneration study using a worm 

tracker. Quantitative analysis showed significant changes in length and development, but no 

size dependence after exposure to (A) 2-nm, (B), 5-nm, and (C) 10-nm diameter Ag 

nanoparticles (AgNPs) was immediately noted. P0 = parent generation; F1 = first-generation 

progeny; F2 = second-generation progeny; F3 = third-generation progeny. [Color figure can 

be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure 7. 
Flex measurements in nematodes quantifying the number of times the body bends. After 

exposure to Ag nanoparticles (AgNPs) of (A) 2-nm, (B) 5-nm, and (C) 10-nm diameter for 

multiple generations, an adverse effect was seen in parent (P0) nematodes before 

acclimation. P0 = parent generation; F1 = first-generation progeny; F2 = second-generation 

progeny; F3 = third-generation progeny. [Color figure can be viewed in the online issue 

which is available at wileyonlinelibrary.com]
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Figure 8. 
Amplitude measurement of nematode sinusoidal movement after exposure to different Ag 

nanoparticle (AgNP) treatments of (A) 2-nm, (B) 5-nm, and (C) 10-nm diameter AgNP. P0 

= parent generation; F1 = first-generation progeny; F2 = second-generation progeny; F3 = 

third-generation progeny. [Color figure can be viewed in the online issue which is available 

at wileyonlinelibrary.com]
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Figure 9. 
Wavelength measurement of nematode sinusoidal movement at each generation and after 

treatment of (A) 2-nm, (B) 5-nm, and (C) 10-nm diameter Ag nanoparticles (AgNPs). 

[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure 10. 
The velocity of nematodes changed significantly after exposure to treatment of (A) 2-nm, 

(B) 5-nm, and (C) 10-nm diameter Ag nanoparticles (AgNPs). P0 = parent generation; F1 = 

first-generation progeny; F2 = second-generation progeny; F3 = third-generation progeny. 

[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Table 1

Bacterial (OP50 Escherichia coli) viability after 24-h exposure to nanoparticles or silver saltsa

Sample Ag (mg/L) Log CFU p value

Control 0 9.0 —

2 nm 1 9.0 0.78

10 9.0 0.93

100 8.9 0.08

5 nm 1 9.1 0.73

10 9.1 0.76

100 8.9 0.12

10 nm 1 9.0 0.18

10 9.0 0.17

100 9.1 0.67

a
No silver nanoparticles showed antimicrobial activity. With median lethal dose (LD50) values of 0.06 mg Ag/L for AgNO3 and 0.02 mg Ag/L for 

AgClO4 (Figure 2), toxicity of silver ions was evident. However, no effects were observed with silver nanoparticles up to 100 mg Ag/L compared 

with untreated control (p < 0.05).

CFU = colony-forming unit.
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