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ABSTRACT 12 

The booming nanotech industry has raised public concerns about the environmental health and 13 

safety impact of engineered nanomaterials (ENMs). High-throughput assays are needed to obtain 14 

toxicity data for the rapidly increasing number of ENMs. Here we present a suite of high-15 
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throughput methods to study nanotoxicity in intact animals using Caenorhabditis elegans as a 16 

model. At the population level, our system measures food consumption of thousands of animals 17 

to evaluate population fitness. At the organism level, our automated system analyzes hundreds of 18 

individual animals for body length, locomotion speed, and lifespan. To demonstrate the utility of 19 

our system, we applied this technology to test the toxicity of 20 nanomaterials under four 20 

concentrations. Only fullerene nanoparticles (nC60), fullerol, TiO2, and CeO2 showed little or no 21 

toxicity. Various degrees of toxicity were detected from different forms of carbon nanotubes, 22 

graphene, carbon black, Ag, and fumed SiO2 nanoparticles. Aminofullerene and UV irradiated 23 

nC60 also showed small but significant toxicity. We further investigated the effects of 24 

nanomaterial size, shape, surface chemistry, and exposure conditions on toxicity. Our data are 25 

publicly available at the open-access nanotoxicity database www.QuantWorm.org/nano. 26 

  27 
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■ INTRODUCTION 28 

Nanotechnology has generated remarkable scientific advances across many disciplines with 29 

applications in key sectors of the economy like healthcare, transportation, and energy. 30 

Worldwide research and commercial interests in engineered nanomaterials (ENMs) have led to 31 

rapid growth in their production, however, our limited understanding of the environmental health 32 

and safety aspect of ENMs (i.e., nano-EHS) remains a major barrier for future growth of 33 

nanotechnology.
1
 A key challenge in nano-EHS is the enormous diversity of ENM structures that 34 

could potentially adversely affect human health and the ecosystem.
2
 High-throughput toxicity 35 

screening is considered as a leading paradigm to tackle this challenge by prioritizing ENMs for 36 

more relevant but costly vertebrate models as well as developing quantitative structure-activity 37 

relationships, which lay the foundation for safe design.
3
 Several high-throughput screening 38 

(HTS) methods have been developed for ENM toxicity tests.
4
 While successful in generating 39 

toxicity data at a high speed, most of these HTS methods are biochemical or cell-based assays. 40 

These assays cannot detect complex toxicity such as organism-level toxicity that involves 41 

different tissues and organs or population-level toxicity that involves multiple animals. 42 

Therefore, it is necessary to develop high-throughput toxicity assays using intact animals. 43 

The nematode Caenorhabditis elegans has become an emerging whole animal model for 44 

toxicology studies owing to its prevalence in the natural environment, extensive genetic and 45 

molecular toolbox, and easy and inexpensive maintenance. C. elegans toxicity assays have been 46 

validated as good predictors for the adverse effects of many chemicals in mammalian species.
5
 47 

While high-throughput assays using C. elegans have been widely applied in genetic and 48 

chemical screens
6-8

, no C. elegans HTS has been reported on nanomaterial toxicity. Several low-49 

throughput studies employed C. elegans to examine the toxicity of carbon and metal-based 50 
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ENMs using endpoints like survival, lifespan, growth, reproduction, locomotion, metabolism, 51 

and gene expression (for details, see review by Zhao et al.
9
, and Table S1). Despite their initial 52 

success in the nano-EHS field, these studies used low-throughput methods to test a handful of 53 

ENMs at a time. While the qualitative conclusion of whether an ENM is toxic may be similar 54 

from different studies, the widely differed exposure methods and screening procedures (Table 55 

S1) make it difficult to integrate scattered literature data into a comprehensive toxicology library 56 

to enable quantitative toxicity comparison of all ENMs. Such library is critical for regulation and 57 

strategic prioritization. Furthermore, the bulk of ENMs tested in these studies were metal-based 58 

(Table S1). Only a few studies investigated the potential toxicity of carbon-based ENMs.
10-12

 59 

Carbon nanotubes (CNTs) and hydroxylated fullerene were reported to pose toxicity toward C. 60 

elegans using lifespan, growth, and reproduction endpoints.
10, 11, 13

 On the other hand, graphite 61 

nano-platelets with a concentration up to 250 mg/L had no adverse effects on lifespan and 62 

reproduction.
12

 Considering the wide applications and fast-growing production of carbon-based 63 

ENMs, additional toxicity screening, particularly HTS, is critical. 64 

In this study, we present a high-throughput system to measure population- and organism-level 65 

toxicity using C. elegans. The system quantifies population fitness, lifespan, growth, and 66 

locomotion. We applied this system to analyze 20 ENMs including 15 popular carbon-based 67 

ENMs such as single-walled (SWNT) and multi-walled carbon nanotubes (MWNT) with 68 

different size, shape, and surface functionality; fullerene C60 and its derivatives; graphene; 69 

graphene oxides; and carbon black. To our knowledge, this study is the first large-scale high-70 

throughput toxicity screening of ENMs using an intact animal. Our results demonstrated the 71 

potential of our high-throughput system in generating cohesive dataset for nano-EHS. Our data 72 

are publicly available at www.QuantWorm.org/nano. 73 
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 74 

■ MATERIALS AND METHODS 75 

Nanomaterial Suspension Preparation. General information regarding the 20 ENMs tested 76 

in this study, including the source, size, and shape information provided by vendors, is 77 

summarized in Table 1. Aqueous suspensions of fullerol, graphene, graphene oxide (GO), 78 

reduced graphene oxide (RGO), TiO2 nanoparticles, TiO2 nanotubes, nano-Ag, fumed SiO2, 79 

CeO2, and aminofullerene were prepared at 1000 mg/L by sonicating the dry powder in 80 

deionized water generated by a Barnstead EPure system (Thermo Fisher Scientific, Waltham, 81 

MA) in a centrifuge tube using a sonicating cup horn (Sonics & Material, Newtown, CT) 82 

operated at 100W for 30 min. Suspensions of nC60 and UV irradiated nC60 were prepared using 83 

previously reported methods
14

 and later concentrated to 200 mg/L using 30K MWCO centrifugal 84 

filters (Amicon Ultra, Millipore, Massachusetts) (see supporting information for details). 85 

Aqueous CNT stock suspensions (1000 mg/L) were prepared by dispersing 400 mg nanomaterial 86 

powder in 400 mL deionized water using a sonicating probe (Vibra-Cell VCX 500, Sonics & 87 

Material, Newtown, CT) at 100W for 30 minutes in an ice bath. As several carbon-based 88 

nanomaterials (SWNT, MWNT-15-5, amine functionalized MWNT (MWNT-NH2), MWNT-30-89 

5, MWNT-15-20, hydroxylated MWNT (MWNT-OH), and graphene) were unstable in 90 

deionized water, they were also prepared in 200 mg/L tannic acid (TA). Carbon black (CB) 91 

cannot be dispersed in either deionized water or TA solutions; it was prepared in 0.05% SDS at 92 

1000 mg/L and subsequently diluted using deionized water to 200 mg/L (in 0.01% SDS). The 93 

stock suspensions were diluted to desired concentrations and autoclaved. The sterilized 94 

nanomaterial suspensions were stored in dark until use. 95 
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ENM Characterization. Particle size and electrophoretic mobility of the nanomaterials were 96 

determined by dynamic light scattering (DLS) and phase analysis light scattering (PALS) using a 97 

ZEN 3600 ZetasizerNano (Malvern, Worcestershire, UK). All measurements were performed 98 

within 6 months after stock preparation. Immediately before the measurements, the stock 99 

suspensions were sonicated in the cup horn at 100W for 5 min, and diluted to 10 mg/L using the 100 

corresponding background solutions (deionized water, 0.01% SDS, 200 mg/L TA, and S-101 

media
15

). For particle size measurement, each sample was analyzed at least 5 times consecutively 102 

with 10 runs in each measurement. Electrophoretic mobility was measured at unadjusted pH in 103 

the S-media, and at pH 3, 4, 5, 6, 7 and 8 in other background solutions, with the pH adjusted 104 

using HCl and NaOH. Three measurements were performed for each sample and each 105 

measurement consisted of 10 runs. It is noted that the light scattering from all the background 106 

solutions used (i.e., S-media, tannic acid and SDS) was negligible compared to that from the 107 

ENMs. Therefore, the size and electrophoretic mobility measured represent those of the 108 

dispersed ENMs. 109 

C. elegans Cultivation. We used the wild-type N2 strain obtained from the Caenorhabditis 110 

Genetics Center (CGC). Worms were grown on NGM (Nematode Growth Medium) plates.
15

 111 

Synchronized L1 larvae were obtained as described.
15

 The Escherichia coli strain OP50 was used 112 

as worm food. 113 

ENM Exposure. Worms were exposed to nanomaterials in aqueous or solid media (Table 2). 114 

Nanomaterial suspensions were sonicated for 2 min at 35% amplitude (total ~12,420 Joules 115 

applied) using a Vibra-Cell sonicator prior to application.  116 

Tests in aqueous media were conducted in 24-well plates with 1 mL exposure media in each 117 

well. Overnight E. coli culture was centrifuged for 10 min at 3,700 g, and resuspended in S-118 
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medium
15

. Bacterial concentration was measured as optical density at 595 nm (OD595). The 119 

exposure media contained E. coli (OD595 = 1.5 for the fitness assays; OD595 = 1.0 for the body 120 

size assays) and nanomaterial (final concentration 1, 5, 25, or 50 ppm) in S-medium. 121 

Assays on agar plates were conducted using 6-well plates. Each well was filled with 6 mL 122 

NGM agar and seeded with E. coli. 100 L nanomaterial suspension of 20, 50, 100, or 200 ppm 123 

was added to each well. As most nanomaterials we tested were unlikely to diffuse through agar, 124 

we calculated the exposure concentration as g/cm
2
 agar surface. The four tested concentrations 125 

were 0.21, 0.52, 1.04, and 2.08 g/cm
2
. 126 

Toxicity Assays. The fitness assay was adapted from Ramani et al.
16

 and used ~50 L1 127 

larvae/well. The plates were sealed with breathable films and placed on a 20C shaker for 7 days. 128 

Aliquots were taken daily to measure OD595. 129 

Three different controls were included in the assay: (1) nanomaterial alone without E. coli or 130 

worms, (2) nanomaterials with E. coli but without worms, and (3) E. coli and worms without 131 

nanomaterial. Some nanomaterials themselves have OD595 readings. Therefore, control (1) was 132 

used to establish the baseline for OD595 readings. The baseline reading was subtracted from 133 

measured OD595 of the test solutions, and the subtracted OD595 values were used in fitness 134 

calculations.  135 

Lifespan and locomotion assays used ~70 L1 larvae/well. When the animals reached the L4 136 

larval stage, 25 mol/L agar FUdR (5-fluorodeoxyuridine, catalog# AAAL16497-ME, VWR 137 

International) was added to kill the next generation of worms. Once the animals became adults, 138 

images and 30-second videos were taken daily using the QuantWorm system.
17

 139 
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The body size assay used ~ 200 L1s/well for the aqueous media assay and 70 L1s/well for the 140 

solid media assay. Animals were cultured at 20C for three days, transferred to unseeded agar 141 

plates, killed with 15 L/well of 1 M sodium azide, and imaged using the QuantWorm system. 142 

At least two independent trials were conducted for each assay. In each trial, at least two 143 

replicates were tested for each sample. Detailed experimental protocols can be found at 144 

www.QuantWorm.org/nano. 145 

■ RESULTS 146 

Nanomaterial Characterization. The hydrodynamic diameters and electrophoretic mobility 147 

of ENMs are summarized in Table 1. In deionized water, the measured sizes of nano-Ag and 148 

fumed silica were close to their labeled monomer sizes. Other metal-based ENMs and some 149 

oxidized carbon-based ENMs (fullerenes and derivatives, carboxylated MWNT (MWNT-150 

COOH), GO, and RGO) were relatively stable in deionized water, which could be attributed to 151 

their high surface charge and hydrophilicity. On the other hand, unfunctionalized carbon-based 152 

ENMs including SWNT, MWNT-15-5, MWNT-30-5, MWNT-15-20, and graphene were 153 

unstable in water due to their hydrophobic graphitic surfaces. MWNT-OH and MWNT-NH2 154 

dispersed better than unfunctionalized nanotubes, but still aggregated fairly quickly. In general, 155 

the electrophoretic mobility of the ENMs was consistent with the surface functional groups or 156 

dispersant on the ENM surface. However, across different ENM samples, electrophoretic 157 

mobility was not a good indicator for the stability of ENM suspension (see detailed 158 

electrophoretic mobility data in Figure S1 and the online database), and in many cases, hydration 159 

forces induced by surface hydrophilicity seem to be the dominant stabilization mechanism, 160 

especially for stable ENMs with low surface charge. 161 
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Due to the high ionic strength, all CNTs aggregated and settled quickly in the S-media despite 162 

the use of tannic acid; other carbon-based ENMs except fullerol and aminofullerene also 163 

experienced significant aggregation and notable sedimentation within 24 hours. Nano-Ag, SiO2, 164 

CeO2, TiO2 nanoparticles, TiO2 nanotubes, fullerol, and aminofullerene were stable with no 165 

noticeable sedimentation in the S-media within 24 hours. However, with the exception of SiO2, 166 

their mean particle sizes were notably larger than those in deionized water. These changes were 167 

in general consistent with the changes in their electrophoretic mobility as a result of double layer 168 

compression due to the high ionic strength and the adsorption of citrate on the ENM surface. It is 169 

noted that, the particle size and electrophoretic mobility measured in the S-media still may not 170 

represent those during the exposure to C. elegans as the presence of E. coli could significantly 171 

alter ENM dispersion. Accurately determining ENM dosage and aggregation state under 172 

complex exposure conditions remains a major challenge.  173 

Because leaching of metal impurities in CNTs may interfere with toxicity assays, the toxicity 174 

of CNT leachate was tested using E. coli. No discernible toxic effect was found (Figure S2) 175 

suggesting negligible toxicity by leachable impurities.  176 

High-Throughput Toxicity Assays. To fully exploit C. elegans as a high-throughput 177 

nanotoxicity model, we developed a pipeline to quantify ENM toxicity in C. elegans (Figure 1). 178 

To monitor the toxicity at the population level, we used a fitness assay to evaluate the overall 179 

health of a population of thousands of animals by measuring their food intake, which can be 180 

quantified in liquid media using the optical density of E. coli. To measure the toxicity at the 181 

organism level, we selected three endpoints (Table 2) to evaluate different aspects of ENM 182 

toxicity: body size to screen for development and metabolism effects, locomotion to identify 183 

behavioral effects, and lifespan to monitor long-term effects. To enable high-throughput 184 
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measurements of these endpoints, we used the QuantWorm imaging system to automatically 185 

analyze these parameters.
17

 To facilitate toxicity comparison across different endpoints, values 186 

for all endpoint measurements were normalized by the control values. 187 

The Fitness Assay is Highly Effective in Toxicity Detection. The rationale behind the fitness 188 

assay was that healthier animal populations generate more progeny and consume more food.
16

 189 

Therefore food consumption reflected the fitness of a population (Figure 2A). Unconsumed 190 

bacterial food was measured by OD595, and fitness was thus calculated as decrease in OD595 191 

values over time. If a nanomaterial negatively impacted the health of the population, worms 192 

consumed less food, and a smaller decrease in OD595 values was observed (Figure 2B). The 193 

fitness index F was defined as F = ODENM / ODControl, where ODENM and ODControl were the 194 

decrease of OD595 values over time for the ENM-exposed and control group respectively. 195 

Despite its success as a genetic screen,
16

 the fitness assay has not been reported in toxicity 196 

studies. Therefore, it was necessary to evaluate its utility as a toxicity assay. We found the fitness 197 

assay to be both sensitive and reproducible, generating similar toxicity measurements in multiple 198 

independently conducted trials. For example, 50 ppm SWNT significantly reduced fitness in two 199 

trials (Student’s t-test p < 0.0001, Figure 2C). Fitness was also the most sensitive endpoints 200 

among all the endpoints we examined (see data in Figure 3 and online database). 201 

A Large Number of ENMs Have Toxicity. Using the high-throughput technologies, we 202 

examined the toxicity of twenty nanomaterials at four concentrations. Only five nanomaterials, 203 

nC60, fullerol, TiO2 nanoparticles, TiO2 nanotubes, and CeO2, showed little or no toxicity under 204 

all test conditions. The fitness assay, our most sensitive assay, detected dose-dependent toxicity 205 

for most nanomaterials including CB, SWNT, MWNTs, graphene, GO, nano-Ag, and fumed 206 

SiO2 (Figure 2D). Such toxicity was often confirmed by other endpoints (Figure 3). 207 
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Effects of Constituent Elements, Shape, and Size on Nanotoxicity. As an example of 208 

toxicity affected by nanomaterial constituent elements, we found that nano-Ag and fumed SiO2 209 

were more toxic than TiO2 and CeO2 nanoparticles. Nano-Ag and fumed SiO2 greatly reduced 210 

fitness and body length at 50 ppm and altered locomotion speed at 2.08 g/cm
2
 (Figure 3A). In 211 

contrast, TiO2 and CeO2 nanoparticles showed little or no effects on all endpoints (Figure 3A). 212 

Both TiO2 nanoparticles and TiO2 nanotubes showed no significant toxicity in all tests (Figure 213 

3B), suggesting that toxicity in this case was determined by the constituent elements not the 214 

shape of the nanomaterials. A different case was observed in carbon-based nanomaterials. While 215 

the semi-spherical nC60 showed no significant toxicity, SWNT, MWNT, and graphene showed 216 

strong toxicity in fitness, body length, and speed (Figure 3B). 217 

We also compared MWNTs of three different sizes (Figure 3C). Since MWNTs had poor 218 

dispersion in the absence of surfactants, we compared their toxicity at the lower exposure 219 

concentration of 5 ppm to minimize the effects of aggregation. At 5 ppm, MWNT-30-5 showed 220 

slightly more toxicity than MWNT-15-5 and MWNT-15-20 in mean fitness and body length, 221 

however, the differences were not significant (Student’s t-test, p > 0.05). Therefore, a wider 222 

range of inner/outer diameters and lengths needs to be tested to understand the relationship 223 

between toxicity and MWNT size. 224 

Effects of Surface Chemistry on Nanotoxicity. Toxicities of MWNT-15-5 with the 225 

functional group of -OH, -COOH, or -NH2 were compared (Figure 3D). Amine functionalized 226 

MWNT showed the most toxicity whereas hydroxylated MWNT had the least toxicity. 227 

Significant differences in fitness, body length, and lifespan were found between MWNT-OH and 228 

MWNT-NH2 (p < 0.01, student's t-test). 229 
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We also compared toxicities of graphene, GO, and RGO (Figure 3D). Fitness assays revealed 230 

that GO was the most toxic (p = 0.02 between GO and RGO, student’s t-test), and RGO was 231 

similar to graphene. No significant differences were detected in other assays. 232 

In addition, we compared the nanotoxicity among fullerene and its derivatives: fullerol, 233 

aminofullerene, and UV irradiated nC60 (Figure 3D). While nC60 and fullerol showed little or no 234 

toxicity, aminofullerene and UV irradiated nC60 showed small but significant toxicity (Student’s 235 

t-test p < 0.0001) at the highest test concentration of 50 ppm in fitness assays. Such subtle 236 

toxicity was not detected using other endpoints. 237 

Toxicity Interactions Between Tannic Acid and Carbon Nanotubes. To examine the effects 238 

of dispersion on nanotoxicity, we tested carbon nanotubes with and without tannic acid (TA). TA 239 

is a naturally occurring polyphenol that is known to stabilize certain carbon nanotubes (CNTs), 240 

and often used as a surrogate of dissolved organic matter.
18, 19

 For nanomaterial samples with TA, 241 

a background solution with the same concentration of TA was used as the control in all toxicity 242 

assays. A concentration of 5 ppm nanomaterials was chosen for comparison as significant 243 

aggregation was observed in higher concentrations even with TA. 244 

The presence of TA significantly enhanced the toxicity of MWNT but reduced the toxicity of 245 

SWNT on fitness and body size (Figure 3E). The dosage response curve also lost its linearity in 246 

the presence of TA (Figure 4A). 247 

The complicated effect of TA was partly because TA itself is toxic to worms. TA has been 248 

reported to be toxic to C. elegans, the barnacle Balanus amphitrite, rats, mice, and rabbits.
20-22

 249 

TA (50 ppm) was used as our dispersant and itself significantly decreased the animal fitness 250 

(Figure 4B). Therefore, the combined toxicity in our study was from both TA and the 251 

nanomaterial. The combined toxicity could be a result from TA-CNT interactions: TA could 252 
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have enhanced CNT toxicity by increasing CNT dispersion, or CNTs could have absorbed TA, 253 

resulting in less available TA in solution
18

 and thus reducing toxicity from TA. 254 

The different effects of TA on MWNT and SWNT toxicity (Figure 3E) could be caused by 255 

their different capabilities to absorb TA, different dispersion statuses, and/or different toxicity 256 

mechanisms. 257 

Effects of Solid and Aqueous Media on Nanotoxicity. The exposure media can affect 258 

nanotoxicity in multiple ways. For example, in comparison to aqueous media, solid media can 259 

promote worm-nanoparticle contact and thus increase toxicity, but solid media can also promote 260 

aggregation and decrease toxicity. Our body size assay was in both aqueous and solid media, 261 

enabling us to evaluate the overall effects of exposure media on toxicity. Most of the 262 

nanomaterials used in this study likely accumulated on the agar surface instead of diffusing 263 

throughout the agar, making it difficult to assess their effective concentration. For example, all 264 

CNTs we used had lengths greatly exceeding the agar pore size
23, 24

 (Table 1). If they could 265 

penetrate a 1 mm layer of the agar, the effective exposure concentration for the highest 266 

concentration we tested (2.08 g/cm
2
) would be 23.4 ppm. We thus compared CNT toxicity 267 

between the 25 ppm group in aqueous media and the 2.08 g/cm
2 

group on solid media. The two 268 

concentrations were also comparable using other measurements such as mass per well (25 269 

g/well aqueous vs. 20 g/well solid), mass per worm (0.13 g/worm aqueous vs. 0.29 g/worm 270 

solid). More severe toxicity was observed when worms were exposed to nanomaterials in 271 

aqueous media than solid media (Figure 4C). Such difference could be a result of more CNT 272 

aggregation on solid media, or higher bioavailability and enhanced interactions between 273 

nanotubes and internal structures of the worms in aqueous media. It is also possible that worms 274 

were more stressed in liquid culture and that stress exacerbates CNT toxicity. 275 
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Open-Access Nanotoxicity Database. All of our data are publicly available at 276 

http://www.QuantWorm.org/nano. The website provides toxicity data, nanomaterial 277 

characterization data, experimental protocols, and software downloads (Figure S3, S4).  278 

■ DISCUSSION 279 

Fitness Assay for Toxicity Assessment. The fitness assay provided toxicology data of intact 280 

animals at the throughput of cell-based assays. However, our fitness assay has several 281 

advantages over cell-based assays in evaluating nanotoxicity. First, this assay examined 282 

nanotoxicity on an extremely large animal population. The starting control group population of 283 

50 worms normally grew to over 10,000 animals by the end of the assay, enabling detection of 284 

toxicity on a small percentage of animals. Second, the fitness assay measured long-term 285 

exposure over multiple generations of worms. As C. elegans has a life cycle of 3 days, the 6-day 286 

assay was enough time for not only the initial animals and their children to become reproducing 287 

adult worms, but also the third generation to hatch to L1 worms. Finally, fitness was a highly 288 

inclusive endpoint. The assay captured not only lethality but also sublethal effects such as 289 

reproductive issues, developmental defects, and eating disorders. All these features made the 290 

fitness assay extremely sensitive in detecting nanotoxicity. 291 

Although the fitness assay does not distinguish whether the primary toxicity was on worms or 292 

bacteria, several factors indicate that it likely reflects a direct toxicity on worms. The S-medium 293 

used in the assay does not support bacteria proliferation, as bacteria OD595 remained at constant 294 

levels in S-medium. OD595 also stayed flat over time in all our controls where E. coli was placed 295 

with nanomaterials without worms, suggesting that even if nanomaterials had toxicity on bacteria, 296 

the toxicity was not reflected on OD595 readings. Therefore, the measured OD595 changes 297 

completely depend on worm consumption. Furthermore, bacteria killed by ENMs were unlikely 298 
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to affect worm fitness. Worms fed on dead bacteria have similar appearances and brood sizes as 299 

those fed on live bacteria and show similar lifespan as those fed on non-dividing live bacteria.
25, 

300 

26
 301 

Nanomaterial Toxicity. Some of the twenty nanomaterials tested have been investigated 302 

previously in different toxicology assays.
27, 28

 Overall, the results are consistent with ours, 303 

confirming the accuracy of our high-throughput system. For example, nano-Ag was generally 304 

more toxic than TiO2 nanomaterials in bacteria, algae, crustaceans, and fish,
27

 and nC60 was less 305 

toxic than SWNT, MWNT, and SiO2 nanoparticles to alveolar macrophages in a cytotoxicity 306 

assay.
29

 While previous studies compared only a handful of ENMs, this study allowed 307 

quantitative toxicity comparison across all 20 ENMs because high-throughput technologies 308 

enabled toxicity screening of large sample set under the same experimental conditions. The low-309 

cost high-throughput approach is also critical for constructing the nano-EHS database (see our 310 

online database) for regulation and green design. 311 

The screening data suggested that the adverse effects of nanomaterials were determined by 312 

multiple chemical properties, as well as their dispersion state. Chemical composition and 313 

dissolution proved to be the two major factors controlling toxicity of metal-based ENMs. Metal-314 

based ENMs with intrinsically toxic constitutes that can be readily dissolved in aqueous phase 315 

were more toxic to C. elegans. Nano-Ag is a prime example, and similar results have been 316 

reported by several studies.
30-32

 On the other hand, TiO2 nanoparticles and TiO2 nanotubes, 317 

despite their size and shape differences, both have low toxicity in tested conditions likely owing 318 

to their relatively safe chemical composition.  CNTs were found to be toxic in C. elegans at low 319 

dosages, in line with literature reports.
11

 There is no clear correlation between their size/shape 320 

and toxicity. This could be partially attributed to the formation of aggregates in aqueous phase, 321 
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which masks their differences in physical dimensions. Surface functionality of carbon-based 322 

ENMs influences both their dispersion state and the interactions between ENMs and worms. 323 

Among MWNTs with similar dimensions (i.e., MWNT-15-5, MWNT-OH, MWNT-COOH, and 324 

MWNT-NH2), only MWNT-COOH forms suspension with long-term stability. Nevertheless, it 325 

had similar toxicity as MWNT-15-5 and MWNT-OH. On the other hand, MWNT-NH2 was 326 

significantly more toxic than other MWNTs, indicating the important role of ENM-worm 327 

interactions. Similarly, amide-functionalized CNTs were reported to facilitate the cellular uptake 328 

by C. elegans.
11

 Another category of carbon-based ENMs, fullerene and its derivatives, has 329 

limited toxicity in C. elegans despite the surface functionality. Fullerol with sizes around 4.7 and 330 

40.1 nm at 100 mg/L was reported to induce apoptosis-mediated toxicity in C. elegans, 331 

significantly reducing survival, body size, and reproduction.
33

 The low toxicity of fullerol found 332 

in this work is likely caused by the large particle size (148.5 ± 22.0 nm) and low exposure 333 

concentrations. The toxicity of graphenes correlates well with their extent of surface oxidation 334 

(GO > RGO > graphene). GO was reported to disturb functions of both primary and secondary 335 

targeted organs through oxidative stress, enhanced intestinal permeability, and suppressed 336 

defecation in C. elegans.
34

 Losing of surface oxides could alter the interactions between GO and 337 

bio-interfaces, potentially reducing its translocation across biological barriers. Consistently, 338 

graphite nano-platelets were non-toxic in C. elegans.
12

 339 

 340 
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Table 1. List of Nanoparticles Studied 455 

abbreviation nanomaterial size 
aggregate 

size (nm)
a
 

electrophoretic 

mobility 

(μm/(V/cm)-s)
 

source 

aminofullerene 

amine 

functionalized 

fullerene 

N/A
b
 

212.860.3
c 

531.886.3
d 

+0.520.04
e
 

-1.140.06
d 

Prof. Pedro 

Alvarez’s lab, 

Rice University 

CB carbon black diameter: 42 nm 272.221.1
f 

-2.490.04
e
 

Fisher 

Scientific #50-

901-08775, 

Waltham, MA 

CeO2 
cerium oxide 

nanopowder 
diameter: < 25 nm 

90.96.0
c
 

688.393.3
d 

+2.410.16
e
 

-1.100.09
d 

Aldrich 

#544841, St. 

Louis, MO 

fullerol 

fullerol 

(C60(OH)x(ONa)y

, x+y=24,y=6-8) 

N/A 
148.522.0

c
 

376.138.5
d 

-0.820.04
e
 

-0.230.05
d 

MER, Tucson, 

AZ 

GO graphene oxide N/A 601.252.2
c 

-2.630.10
e 

Prof. Ajayan’s 

lab, Rice 

University 

graphene graphene N/A 342.426.2
g 

-2.680.12
e 

Prof. Ajayan’s 

lab, Rice 

University 

MWNT-15-5 
multi-walled 

carbon nanotubes 

outer diameter: 

155 nm; length: 

1-5 μm 

483.937.1
g 

-2.670.05
e Nanolab, 

Waltham, MA 

MWNT-15-20 
multi-walled 

carbon nanotubes 

outer diameter: 

155 nm; length: 

5-20 μm 

606.440.7
g 

-2.540.04
e Nanolab, 

Waltham, MA 

MWNT-30-5 
multi-walled 

carbon nanotubes 

outer diameter: 

3015 nm; length: 

1-5 μm 

411.650.2
g 

-2.670.05
e Nanolab, 

Waltham, MA 

MWNT-

COOH 

carboxylated 

multi-walled 

carbon nanotubes 

outer diameter: 

155 nm; length: 

1-5 μm 

75.910.6
c 

-2.970.09
e 

Nanolab, 

Waltham, MA 

MWNT-NH2 

amine 

functionalized 

multi-walled 

carbon nanotubes 

outer diameter: 

155 nm; length: 

1-5 μm 

361.118.7
g 

-2.500.09
e Nanolab, 

Waltham, MA 

MWNT-OH 

hydroxylated 

multi-walled 

carbon nanotubes 

outer diameter: 

13-18 nm; length: 

1-12 μm 
383.331.7

g 
-2.630.08

e 
Cheap Tubes, 

Brattleboro, 

VT 

nano-Ag nano Ag 
diameter: 1-70 

nm
35

 

19.42.6
c
 

289.628.9
d 

-2.380.25
e
 

-0.390.02
d 

Novacentrix, 

Austin, TX 

nC60 
fullerene 

nanoparticles 
N/A 101.940.4

c 
-3.360.06

e MER, Tucson, 

AZ 

RGO 
reduced 

graphene oxide 
N/A 684.490.4

c 
-2.530.10

e 

Prof. Ajayan’s 

lab, Rice 

University 

SiO2 silica, fumed 
diameter: 200-300 

nm 

221.817.7
c
 

166.312.7
d 

-1.190.02
e
 

-0.410.06
d 

Sigma #S5505, 

St. Louis, MO 
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abbreviation nanomaterial size 
aggregate 

size (nm)
a
 

electrophoretic 

mobility 

(μm/(V/cm)-s)
 

source 

SWNT 
single-walled 

carbon nanotubes 

outer diameter: 

~1.5 nm; length: 

1-5 μm 
678.689.8

c 
-2.350.11

e Nanolab, 

Waltham, MA 

TiO2 

nanoparticle 

titanium dioxide, 

P25 
diameter: < 25 nm 

222.150.7
c
 

296.716.9
d 

-0.850.15
e
 

-0.980.05 

Aldrich 

#637254, St. 

Louis, MO 

TiO2nanotube 
titanium dioxide 

nanotubes 

inner diameter: 

~200 nm; wall 

thickness: ~20 

nm; length: 10-

100 μm 

408.277.0
c
 

497.691.5
c 

-0.150.15
e
 

-1.190.12
d 

Prof. Jun Lou’s 

lab, Rice 

University 

UV irradiated 

nC60 

UVA-irradiated 

fullerene 

nanoparticles 

N/A 109.47.2
c14

 -1.130.05
e MER, Tucson, 

AZ 

 456 

All measurements were performed in the same background solution in which the stock ENM 457 

suspensions were prepared as well as in the S-media used in the toxicity tests. 
a
Number mean 458 

hydrodynamic diameter (nm). 
b
Not available. 

c
Measured in deionized water. 

d
Measured in S-459 

media filtered through 0.22 μm syringe filters. 
e
Measured in deionized water at ~pH 5. 460 

Measurements at other pHs can be found in the SI and the online database. 
f
Measured in 0.01% 461 

SDS; 
g
Measured in 200 mg/L tannic acid; other materials were in deionized water. 462 

 463 

  464 
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 465 

 466 

Table 2. Experimental Conditions and Toxicity Endpoints 467 

assay 

test condition toxicity endpoints 

exposure 

media 
duration [ENM

a
] endpoints unit 

fitness aqueous 1 week 
1, 5, 25, and 50 

ppm 

optical density (OD595) 

fitness 

N/A
b
 

N/A 

lifespan solid ~4 weeks 

0.21, 0.52, 1.04, 

2.08 g/cm
2
 well 

surface 

survival curve 

mean lifespan 

% alive over time 

day 

body size 

 

 

aqueous 

 

3 days
c
 

1, 5, 25, and 50 

ppm 

average body length 

 
m 

 solid 

 

 

3 days 

 

 

0.21, 0.52, 1.04, 

2.08 g/cm
2
 well 

surface 

 

locomotion solid ~2 weeks 

0.21, 0.52, 1.04, 

2.08 g/cm
2
 well 

surface 

average speed m/sec 

 
468 

a
Engineered nanomaterials. 

b
Not available (no unit). 

c
Chemicals with tannic acid were 469 

incubated for 4 days. Otherwise, incubation time was 3 days. 470 

  471 
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 472 

Figure Legend 473 

Figure 1. A high-throughput pipeline for toxicity assays. First larval stage (L1) worms were 474 

exposed to nanomaterials (ENMs) in aqueous or solid media. A microplate reader was used for 475 

the fitness assay. The QuantWorm system was used for imaging and measuring body length, 476 

locomotion, and lifespan. 477 

Figure 2. C. elegans populational fitness is a sensitive endpoint for nanotoxicity. (A) The fitness 478 

assay is based on the concept that healthier populations have more progeny and eat more food. 479 

Brown indicates the presence of bacterial food. Without ENMs, all food was consumed by Day 6; 480 

With toxic ENMs, little food was consumed. (B) OD595 changed over time in two independent 481 

fitness assays. Bars and error bars indicate means and standard deviations. Sample size was n = 3 482 

wells for SWNT or n = 12 wells for control in both trials. (C) F values for the two trials in B. 483 

Bars and error bars represent mean and 95% confidence intervals. (D) Toxicity survey of 20 484 

different nanomaterials at four concentrations. Fitness index F displayed as a heat map with blue 485 

and yellow indicating fitness lower and higher than control values respectively. Red box marks 486 

the data point shown in B and C. Same heat map scale is used throughout the paper. 487 

Figure 3. Different chemical properties affect nanomaterial toxicity. Toxicity was impacted by 488 

nanomaterial constituent elements (A), shape (B), size (C), surface chemistry (D), and exposure 489 

media (E). Heat maps represent fitness at four different concentrations of nanomaterials. Bar 490 

charts represent means and 95% confidence intervals for each endpoint at selected exposure 491 

concentrations: the concentrations for the fitness and body length charts are marked by a red box 492 

in each heat map; the concentrations for all lifespan and speed charts is 2.08 g/cm
2
 well surface. 493 
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Aqueous and solid indicate the type of exposure media for each assay. Sample size: n  5 wells 494 

for fitness, n  101 worms for body length, n  195 worms for lifespan, and n  71 tracks for 495 

locomotion.  496 

Figure 4. Exposure media affect nanotoxicity. (A) The effects of four concentrations of MWNT-497 

15-20 with and without tannic acid (TA) on animal fitness. Sample size was n  6 wells for each 498 

condition. (B) Toxic effect of TA on animal fitness. Sample size was n = 8 wells for each 499 

condition. * p < 0.05; ** p < 0.01; *** p < 0.001; p value, Student’s t-test. (C) Comparison of 500 

body length between aqueous and solid medium exposure. Bars and error bars stand for mean 501 

and 95% confidence intervals. 502 
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Figure 1. A high-throughput pipeline for toxicity assays. First larval stage (L1) worms were 

exposed to nanomaterials (ENMs) in aqueous or solid media. A microplate reader was used for 

the fitness assay. The QuantWorm system was used for imaging and measuring body length, 

locomotion, and lifespan. 
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Figure 2. C. elegans populational fitness is a sensitive endpoint for nanotoxicity. (A) The fitness 

assay is based on the concept that healthier populations have more progeny and eat more food. 

Brown indicates the presence of bacterial food. Without ENMs, all food was consumed by Day 6; 

With toxic ENMs, little food was consumed. (B) OD595 changed over time in two independent 

fitness assays. Bars and error bars indicate means and standard deviations. Sample size was n = 3 

wells for SWNT or n = 12 wells for control in both trials. (C) F values for the two trials in B. 

Bars and error bars represent mean and 95% confidence intervals. (D) Toxicity survey of 20 

different nanomaterials at four concentrations. Fitness index F displayed as a heat map with blue 

and yellow indicating fitness lower and higher than control values respectively. Red box marks 

the data point shown in B and C. Same heat map scale is used throughout the paper. 
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Figure 3. Different chemical properties affect nanomaterial toxicity. Toxicity was impacted by 

nanomaterial constituent elements (A), shape (B), size (C), surface chemistry (D), and exposure 
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media (E). Heat maps represent fitness at four different exposure concentrations of 

nanomaterials. Bar charts represent means and 95% confidence intervals for each endpoint at 

selected ENM concentrations: the concentrations for the fitness and body length charts are 

marked by a red box in each heat map; the concentration for all lifespan and speed charts is 2.08 

g/cm
2
 well surface. Aqueous and solid indicate the type of exposure media for each assay. 

Sample size: n  5 wells for fitness, n  101 worms for body length, n  195 worms for lifespan, 

and n  71 tracks for locomotion.  
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Figure 4. Exposure media affect nanotoxicity. (A) The effects of four concentrations of MWNT-

15-20 with and without tannic acid (TA) on animal fitness. Sample size was n  6 wells for each 

condition. (B) Toxic effect of TA on animal fitness. Sample size was n = 8 wells for each 

condition. * p < 0.05; ** p < 0.01; *** p < 0.001; p value, Student’s t-test. (C) Comparison of 

body length between aqueous and solid medium exposure. Bars and error bars stand for mean 

and 95% confidence intervals. 
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