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Abstract 13 

The increased use and incorporation of engineered nanoparticles (ENPs) in consumer products 14 

requires a robust assessment of their potential environmental implications. However, a lack of 15 

standardized methods for nanotoxicity testing has yielded results that are sometimes contradictory. 16 

Standard ecotoxicity assays may work appropriately for some ENPs with minimal modification, 17 

but produce artifactual results for others. Therefore, understanding the robustness of assays for a 18 

range of ENPs is critical. In this study, we evaluated the performance of a standard Caenorhabditis 19 

elegans (C. elegans) toxicity assay containing an Escherichia coli (E. coli) food supply with 20 

silicon, polystyrene, and gold ENPs with different charged coatings and sizes. Of all the ENPs 21 

tested, only those with a positively charged coating caused growth inhibition. However, the 22 

positively charged ENPs were observed to heteroagglomerate with E. coli cells, suggesting that 23 

the ENPs impacted the ability of nematodes to feed, leading to a false positive toxic effect on C. 24 

elegans growth and reproduction. When the ENPs were tested in two alternate C. elegans assays 25 

that did not contain E. coli, we found greatly reduced toxicity of ENPs. This study illustrates a key 26 

unexpected artifact that may occur during nanotoxicity assays. 27 

Introduction 28 

An ever-increasing number of nano-enabled products and processes suggest that engineered 29 

nanoparticles (ENPs) may be released into various environmental matrices. This has spurred 30 

researchers to study the potential toxicological effects of ENPs on environmental and biological 31 

systems at an ever increasing pace and resulted in more than 10 000 papers published on 32 

nanotoxicology by 2013.1 However, properly testing ENPs in relevant exposure scenarios using 33 

appropriate controls can be complicated due to the unique physiochemical nature of ENPs. This 34 



has resulted in a request for robust, “standardized” assays that can be used to assess the potential 35 

ecological or human health impacts of ENPs.2-6 36 

Evaluation of ecotoxicity test guidelines from the Organisation for Economic Co-operation and 37 

Development (OECD) for use with ENPs indicated that the majority of OECD test guidelines for 38 

toxicological testing are generally applicable for ENPs but adaptations may be needed because 39 

these tests were designed mainly for chemicals that readily dissolve in water.6,7 One key challenge 40 

in using previously developed ecotoxicity tests with ENPs is that the ENPs may cause unexpected 41 

artifacts in nanoecotoxicity assays, such as the adsorption of key micronutrients in the test media, 42 

thus resulting in an indirect toxic effect. However, it is generally challenging to predict a priori 43 

which ENPs will cause artifacts because different ENPs may cause artifacts in various assays. To 44 

assess the robustness of a nanoecotoxicity assay, it is thus important to evaluate its performance 45 

across a range of ENPs that vary in size, surface chemistry, surface charge, and elemental 46 

composition spanning the broad array of properties for commercially produced ENPs. One 47 

approach to identify artifacts in toxicity assays that has been frequently used in algae and human 48 

cell viability nanotoxicity assays is the use of similar toxicity methods (e.g., assessing cell viability 49 

using both an assay based on metabolic activity and microscopic analysis).8-10 In the absence of 50 

artifacts or biases, the results using similar methods should be comparable. However, this approach 51 

has rarely been applied to nanotoxicity assays involving multicellular organisms. 52 

In this study, we examined the performance of an International Standardization Organization (ISO) 53 

Caenorhabditis elegans (C. elegans) assay (ISO 10872), a standardized method that has been 54 

widely used in the literature,11-13 using silicon (Si), polystyrene (PS), and gold (Au) ENPs with a 55 

range of sizes (30 nm to 100 nm), surface coatings (polyvinylpyrrolidinone (PVP), polyethylene 56 

glycol (PEG), citrate (CIT), dendrimers, and branched polyethylenimine (bPEI)) and surface 57 

charges (positive, neutral, and negative). The Au ENPs were selected based on the commercial 58 

availability of nanoparticles with a range of surface coatings. The PS ENPs enabled comparisons 59 

to the results from our previous study13 and the Si ENPs are a NIST reference material (RM) which 60 

enables other researchers to use these particles to directly compare their results to those obtained 61 

in this study. In the ISO assay, growth and reproduction are measured after a 4 d exposure during 62 

which Escherichia coli (E. coli) serves as a food source. To elucidate the extent to which potential 63 

interactions between ENPs and the E. coli food source in the ISO assay impacted the toxicity 64 

results, we also tested these particles using two assays that do not require a bacterial food source:  65 

a 6 d axenic toxicity assay with a fully defined medium14 (Table S1) and a 24 h survival assay in 66 

M9.15 67 

Methods 68 

ENP characteristics and preparation 69 

Most of the 30 nm, 60 nm, and 100 nm Au ENPs were purchased from nanoComposix (San Diego, 70 

CA), except for the 30 nm and 60 nm citrated coated particles which were NIST RMs as described 71 



below. The characteristics of these commercial Au ENPs, as provided by the manufacturer, are 72 

given in Table S2. These Au ENPs had four different coatings:  polyvinylpyrrolidinone (PVP), 73 

polyethylene glycol (PEG), citrate (CIT), and branched polyethylenimine (bPEI). Zeta potential 74 

(Z-P) and dynamic light scattering (DLS) measurements of the Au ENPs were obtained on the 75 

Zetasizer Nano (Malvern Instruments, Westborough, MA) as described in depth in the Supporting 76 

Information (SI). All of the Au ENPs were received suspended in deionized (DI) water. They were 77 

inverted several times before use to ensure homogeneity and then mixed with the relevant media 78 

to dilute them for dosing in the toxicity experiments as described in the “Toxicity assays” section 79 

below.  80 

The citrate coated 30 nm National Institute of Standards and Technology (NIST) Reference 81 

Material (RM) 8012 Au ENP and 60 nm NIST RM 8013 Au ENP were purchased from NIST 82 

(Gaithersburg, MD) and have been used in studies on Au ENP uptake by C. elegans16 and in 83 

mammalian cell cytotoxicity studies.17 Dendron-encapsulated (PCD) Au ENPs were synthesized 84 

in house by the reduction of chloroauric acid in the presence of sodium borohydride and thioctic-85 

tri-(PEG[600]-NMe3).
18 The particles have a hydrodynamic diameter of 16.3 nm ± 0.5 nm (mean 86 

± standard deviation) in DI water.18  87 

The Si ENPs tested were modified from NIST RM 8027 (2 nm nominal diameter Si ENPs). Si 88 

ENPs were reconstituted into an aqueous solvent using hydrosilylation under UV-excitation.19 89 

Hydrosilylation allows for the exchange of the hydrophobic surface coating with positively 90 

(amine) charged moieties, rendering Si ENPs stably suspended in water. The reconstituted Si ENPs 91 

were dialyzed against DI water for three days with a 3 kD dialysis membrane prior to use. The pH 92 

was reduced from 10.6 to 7.2 using acetic acid. The concentration of the resulting suspension was 93 

measured via UV-VIS at an absorbance of 340 nm as described previously.20 Polystyrene 94 

nanoparticles (PS ENPs) were purchased from Bangs Laboratories Inc. (Fishers, IN, USA). 95 

Characterization data for all ENPs tested is provided in Table S2. 96 

Toxicity assays 97 

ISO 10872 Assay. A detailed description of C. elegans culturing and the standard toxicity assay 98 

can be found in ISO 10872.21 Wild type C. elegans nematodes and the OP50 strain of E. coli were 99 

purchased from the Caenorhabditis Genetics Center (CGC, University of Minnesota). C. elegans 100 

were maintained on nematode growth medium (NGM) with E. coli as feed. For the toxicity assay, 101 

eggs were obtained from gravid nematodes on mixed stage culture plates via bleaching. Briefly, 102 

to bleach mixed culture plates, 0.5 mL of 5 N NaOH and 1 mL bleach are added to a 10 mL conical 103 

centrifuge tube containing mixed stage nematodes and eggs. The tube was vortexed every 2 104 

minutes for a total of 10 min. The tube was then centrifuged to pellet the eggs, the supernatant was 105 

removed, the egg pellet was rinsed with sterile water, vortexed, and the process was repeated twice 106 

more. Eggs were allowed to hatch overnight in DI water in a 20 °C incubator. An overnight culture 107 

of E. coli was pelleted and resuspended in M9 medium three times; M9 is a buffer containing 3.0 108 

g KH2PO4, 6.0 g Na2HPO4, 0.5 g NaCl, 1.0 g NH4Cl, in 1 L of DI water. The toxicity test was 109 



conducted in 12-well plates, each well containing 10 juvenile nematodes, 500 µL of a 1000 110 

formazin attenuation unit (FAU) suspension of E. coli, and 500 µL of the test solution/suspension. 111 

To prepare the test solution/suspension, ENPs or the reference chemical control were added to DI 112 

water at twice the desired concentration in 15 ml centrifuge tubes, mixed by inverting the tube, 113 

and added to the corresponding well containing 500 µL of the E. coli suspension. 114 

Benzylcetyldimethylammonium chloride (BAC-C16) was used as a reference chemical control 115 

and DI water was used as a negative control. Concentrations of ENPs in the ISO assay were ≈ 25 116 

mg/L for all Au ENPs, 20 mg/L for Si ENPs, and 60 mg/L for PS ENPs. These concentrations 117 

were chosen as follows:  the PS ENP concentration was chosen based upon results in our previous 118 

publication,13 while the concentration for the other ENPs was based on the highest dose we could 119 

achieve using the ISO assay protocol for most of the ENPs:  a 1:1 (volume: volume) dilution of the 120 

stock suspension concentration to yield a concentration of ≈ 25 mg/L. The selected BAC-C16 121 

concentration was 15 mg/L based on the reported EC50 reported in the ISO assay. After plating, 122 

the remaining juveniles not used in the assay were heated at 80 °C in an oven to kill and straighten 123 

the nematodes. The length of 30 nematodes was measured to obtain an average length. The test 124 

plates were placed in an incubator at 20 °C for 4 d (96 h) to allow for growth and reproduction. 125 

After 4 d, nematodes were heat killed at 80 °C. Entire wells were imaged under bright field 126 

microscopy using a CoolSNAPHQ2 CCD camera (Photometrics, Tucson, AZ) coupled to an 127 

automated Zeiss microscope (Axio Vert.A1, Carl Zeiss Microscopy, Oberkochen, Germany) with 128 

Zen software (Carl Zeiss Microscopy, 2012 Blue Edition). Images were stitched together in Zen. 129 

The length of adult hermaphrodites was measured and juveniles were counted using ImageJ (1.47v, 130 

Wayne Rasband, NIH, USA) to quantify growth and reproduction during the assay. More detailed 131 

information about the assay protocol, calculation of the percentage inhibition of growth or 132 

reproduction, and imaging procedure are provided in the SI and our previous publication.13 133 

To further examine the interactions between Au ENPs and E. coli, enhanced darkfield microscopy 134 

was also employed. Au ENPs were mixed with an equal volume of M9 or E. coli (at 1000 FAU) 135 

in M9 and imaged using an enhanced dark-field condenser (CytoViva, Auburn, AL) attached to 136 

an Olympus BX-41 upright microscope with a 40X, 0.75 numerical aperture (NA) objective, 2X 137 

magnifier (total 80X magnification). This microscope system is capable of locating high scattering 138 

nanoscale objects such as metal nanoparticles.22-24 A DAGE XL color CCD camera was used to 139 

collect images of the samples and understand the influence of media on particle agglomeration and 140 

to determine if E. coli cells and particles interact. To remove any organic residue and particulate 141 

matter prior to imaging, slides and cover slips were cleaned by bath sonication (20 min for each 142 

sonication step) in 1 % sodium dodecyl sulfate solution (v/v), rinsed with 18 MΩ cm DI water, 143 

bath sonicated in cold piranha solution (7:3 volume ratio of concentrated sulfuric acid and 30 % 144 

pure hydrogen peroxide), rinsed with 18 MΩ cm-1 DI water, then sonicated, rinsed and stored in 145 

ethanol (100 % pure, The Warner-Graham Company, Cockeysville, MD). For imaging of only the 146 

Au ENPs, a 5 µL droplet of the stock suspension (concentrations of the stock suspensions are listed 147 

in Table S2) was added to the slide and a cover slip was immediately placed over the droplet. For 148 

imaging of Au ENP mixed with E. coli, the solutions were mixed in a microfuge tube for the 149 



specific incubation time and then a 5 µL droplet was added to the slide/cover slip for imaging. A 150 

micrometer scale ruler was imaged under reflecting bright field conditions to calibrate the spatial 151 

dimensions of the CCD pixels. The CCD camera color response (color channel gain) was white 152 

balanced to the response of scattered white light from air dried NaCl crystals (acting as a ‘white 153 

card’ target for typical white balance adjustments), and these settings were fixed for the entire 154 

experiment. The CCD exposure time was set on a sample-by-sample basis from 1 ms to 300 ms to 155 

remain in a linear regime and not oversaturate the pixel values based upon the image histogram 156 

profile. Image analysis was performed using Fiji open source image analysis software.25 The 24-157 

bit color image was separated into a red, green, and blue image channel. An image that is the ratio 158 

value of red (R) to blue (B) was generated by dividing the red image channel by the blue image 159 

channel. The R/B ratio images for the homogeneous reference samples were used to create the 160 

appropriate threshold segmentation for particle size analysis and then applied to segmenting the 161 

R/B ratio values to distinguish between Au ENP / E. coli particle identity in heterogeneous 162 

samples. 163 

Axenic Assay. For the axenic assay, nematodes were cultured as described by Samuel et al.14 The 164 

toxicity assay was conducted in 12-well plates using time-synchronized eggs from bleached 165 

nematodes, similar to the ISO assay. However, for this assay, each well contained 350 µL of 2X 166 

modified C. elegans Habituation and Reproduction medium (mCeHR) (containing 400 µg/mL 167 

tetracycline-HCl, to avoid bacterial contamination), 150 µL of milk (Horizon Organic Fat Free 168 

Milk, Broomfield, Colorado, USA), and 500 µL of the test suspension. This mixture is similar to 169 

the recipe noted in Table S1, yet the medium prior to addition of the ENPs is double the 170 

concentration, tetracycline was added to avoid bacterial or fungal contamination, and milk was 171 

reduced from 20% of the total medium volume to 15% to allow for better imaging. Because only 172 

ten nematodes were present in each well, this reduction in milk did not impact growth and by the 173 

end of the assay, milk was still present in the medium by a colorimetric visual determination, 174 

indicating the nematodes did not consume it entirely. To prepare the test solution/suspension, 175 

ENPs or the reference chemical control were added to DI water at twice the desired concentration 176 

in 15 mL centrifuge tubes, mixed by inverting the tube, and 500 µL was added to the corresponding 177 

well containing 500 µL of mCeHR and milk mixture. BAC-C16 was used as a reference chemical 178 

control and DI water was used as a negative control for comparison with the other assays. All ENP 179 

concentrations were the same as the ISO assay except PS ENPs, which was increased to 200 mg/L, 180 

based on reduced toxicity of the BAC-C16. Additionally, the BAC-C16 concentration was 181 

increased to 50 mg/L to achieve a similar growth inhibition effect as the 15 mg/L used in the ISO 182 

assay. Ten juvenile nematodes were added to each well and the plates were placed in a 20 °C 183 

incubator for 6 d to allow for growth and reproduction. After 6 d, nematodes were heat killed at 184 

80 °C, imaged, adult hermaphrodites were measured, and juveniles were counted with bright field 185 

imaging as described above. This assay required a longer incubation time than the ISO assay (6 d 186 

instead of 4 d) due to the slower growth of nematodes in axenic medium compared to those fed 187 

bacteria.26 188 



Acute Survival Assay. The survival assay was conducted in 96-well plates containing L3 189 

nematodes, 50 µL of M9 medium, and 50 µL of the test solution/suspension. BAC-C16 was also 190 

used as a chemical control. L3 nematodes were obtained by bleaching a mixed nematode plate, 191 

plating the eggs on an E. coli lawn, and allowing the plate to incubate at 20 °C for 24 h. Nematodes 192 

were then harvested by gently washing the plate with M9, being careful not to collect any E. coli 193 

in the nematode suspension. Five nematodes were added to each well of a 96-well plate containing 194 

the test suspensions. To prepare the test solution/suspension, ENPs or BAC-C16 were added to DI 195 

water at twice the desired concentration in 1.5 mL microcentrifuge tubes, mixed by inverting the 196 

tube, and added to the corresponding well containing 50 µL of M9. BAC-C16 was used as a 197 

reference chemical control and DI water was used as a negative control for comparison with the 198 

other assays. BAC-C16 concentration was decreased to 5 mg/L and 7.5 mg/L because all 199 

nematodes died after being exposed to a 15 mg/L concentration for 24 h. Plates were incubated at 200 

20 °C for 24 h, at which point nematodes were scored as live or dead. Dead nematodes were 201 

normally straight but, if needed, nematodes were prodded to ensure mortality. All assays (ISO, 202 

axenic, and survival) were performed twice to confirm the reproducibility of the results. 203 

Statistical analysis 204 

Effects between groups for each C. elegans assay were compared (V 6.04, GraphPad Software, 205 

Inc.) using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test (α = 0.05). For the 206 

ISO and axenic assays, at least six replicates were tested for each condition, while at least three 207 

replicates were tested for the survival assay. Statistical significance testing on the bacteria 208 

agglomerate sizes was performed on image analysis data (V 6.04, GraphPad Software, Inc.) using 209 

a one-way ANOVA test followed by Tukey’s multiple comparison test after log transforming the 210 

data. 211 

 212 
Results and Discussion 213 

Using the toxicity assay described in the ISO 10872 standard, the majority of ENPs tested had 214 

little to no impact on nematode growth or reproduction, suggesting low toxicity (Figure 1A and 215 

B). However, ENPs with positively charged coatings, such as bPEI (Au ENPs) or amine terminated 216 

(PS or Si ENPs), resulted in significant toxic effects in C. elegans (p < 0.05) as demonstrated by a 217 

greater than 50 % reduction in growth. Reproduction was also nonexistent for nematodes exposed 218 

to these positively charged (bPEI or amine) coated particles. In previous studies, surface charge 219 

has been implicated as one of the main factors influencing ENP toxicity with some studies 220 

suggesting that positively charged particles can be more toxic than negative or neutral particles,27-221 
31 while other researchers have found either no toxicity from positively charged Au ENPs18 or that 222 

negatively charged ENPs were more toxic than neutral or positively charged particles.32 In our 223 

previous study using the ISO 10872 assay and the positively charged polystyrene ENPs tested 224 

within this study,13 feeding with dead bacteria instead of live bacteria resulted in a complete lack 225 

of growth inhibition of C. elegans up to a nanoparticle concentration of 60 mg/L, the concentration 226 

tested in this study. This suggests that the toxicity is not due to the positively charged ENPs 227 



themselves but their interaction with the bacteria, which does not occur if the bacteria are dead. If 228 

any of the positively charged ENPs caused bacterial toxicity, this would be expected to decrease 229 

their toxicity to C. elegans as a result of decreased heteroagglomeration. Therefore, the 230 

toxicological effects to the C. elegans observed for the positively charged ENPs were not from 231 

bacterial toxicity. 232 

Large agglomerates were visualized by microscopy in wells containing the positively charged 233 

ENPs after conducting the ISO assay (Figure 2), and there was a general trend of larger 234 

agglomerates with increasing ENP concentration (Figure S1). These agglomerates were not 235 

observed in the control wells or the wells after exposure to negative or neutral ENPs (Figure 2). 236 

Enhanced darkfield imaging was used to confirm and monitor the process of positively coated 237 

bPEI Au ENP agglomeration with E. coli over time. We observed agglomeration for bPEI coated 238 

Au ENPs incubated with E. coli (Figure 3A). Initial agglomeration appears as many small 239 

agglomerates (≈ 10 µm2) at early time points and then becomes fewer large size clusters (> 100 240 

µm 2) by the 24 h time point with few observable single (i.e., non-agglomerated) Au ENPs or E. 241 

coli. In contrast, we observed no interaction or agglomeration for the neutral or negative coated 242 

Au ENPs as shown in the representative image for 30 nm PEG coated Au ENP and E. coli (Figure 243 

3B and S2). Rather, the image shows primarily single Au ENPs (faint green) and E. coli (bright 244 

white). Image analysis was employed to segment the bacteria particle size and report the 245 

percentage of particles greater than 3 µm2, the area larger than one single E. coli cell (Figure 3C). 246 

This shows that for all bPEI coated Au ENPs sizes (30 nm, 60 nm, and 100 nm), approximately 247 

80 % of all E. coli had at least formed small-scale agglomerates by the 60 min exposure time. 248 

Analysis of average agglomerate size shows a gradually slower increase in the overall size of the 249 

bPEI – E. coli heteroagglomerates by the 24 h time point (Figure 3D). The average agglomerate 250 

size after 24 h appears to depend on the size of the bPEI coated Au ENPs with the 100 nm ENPs 251 

forming statistically larger agglomerates than the 30 nm or 60 nm ENPs (Figure 3D). In contrast, 252 

incubation of 30 nm PEG coated Au ENP with E. coli shows no increase in percent agglomeration 253 

or agglomerate size at any time point. The initial fast process of small agglomeration followed by 254 

a slow process of large cluster formation is consistent with previously described processes of 255 

particle heteroagglomeration.33,34 In addition, the agglomerate sizes reported here were measured 256 

without solution agitation and were also in media without C. elegans. 257 

We used color-based image analysis to confirm that the agglomerated clusters, shown in Figure 258 

3A, consisted of both bPEI Au ENPs and E. coli particles (Figure 4). This color channel ratio 259 

analysis has been successfully employed before to detect protein binding to Au ENPs,35 but it does 260 

not appear to have been used to characterize interactions between ENPs and cells. We imaged 261 

homogenous mixtures of all studied Au ENP coatings (PEG, PVP, CIT, and bPEI) and sizes (30 262 

nm, 60 nm, and 100 nm) (Figure S2B). Subsequently, the red (R) channel of the color image was 263 

divided by the blue (B) channel to produce an image of R/B ratio values, and these R/B ratios were 264 

measured for each particle. The range of R/B ratios for each of the 30 nm, 60 nm, and 100 nm Au 265 

ENP sizes and E. coli bacteria were distinct (Figure 4B). Therefore, image thresholding using the 266 



R/B ratios enabled identification of the particles and bacteria in images. The R/B ratios interpreted 267 

from Mie scattering theory36 (Figure 4C) are in good agreement with those for Au ENPs measured 268 

here, except for CIT-Au ENPs (Figure 4D). All sizes of CIT-Au ENPs have similar R/B ratios to 269 

the 100 nm Au ENP size. Qualitatively, most Au particles in the CIT images appear similarly 270 

yellow-orange in color, but it is not clear why the CIT coating influences the particle color (data 271 

not shown). For both non-agglomerated and agglomerated heterogenous mixtures, the distinct R/B 272 

ratios for Au ENPs and E. coli, respectively, allow for image segmentation based upon particle 273 

identity (Figure 4E). Here, the 60 nm PEG coated Au ENPs with E. coli sample is used as a 274 

representative non-agglomerated mixture for neutral or negative coated Au ENPs where the 275 

particles are clearly visualized as being separate and non-interacting to demonstrate the efficacy 276 

of the R/B image segmentation procedure on this ‘reference’ sample.  The analysis method is then 277 

applied to the 60 nm bPEI coated Au ENPs and E. coli sample after 24 h incubation, which is 278 

representative of a highly agglomerated mixture for positively charged ENPs. This analysis 279 

suggests the images of agglomerated clusters, in Fig 3A, are composed of 100 nm bPEI Au ENPs 280 

and E. coli according to their R/B ratios, when measured separately as homogeneous solutions. 281 

This behavior was also observed for the 60 nm bPEI Au ENPs (Figure 4E) and for the 30 nm bPEI 282 

Au ENPs (Figure 4B) but was not observed for the other Au ENPs (e.g., 30 nm PEG Au ENPs 283 

Figure 3B). This data suggests that bPEI Au ENP do not form significant homoagglomerates while 284 

interacting with E. coli. For all other neutral or negative Au ENP particle coatings (PVP, PEG, 285 

CIT) at all studied sizes (30 nm, 60 nm, and 100 nm) no observable agglomeration or interactions 286 

were observed when exposed to E. coli (Figure 3B and S2). 287 

The finding in our study that bPEI Au ENPs heteroagglomerate with E. coli cells is in accordance 288 

with a previous study that showed interactions with positively charged PEI and negatively charged 289 

E. coli cells.37 Based upon the findings from this prior study, we hypothesize that the cells and 290 

polymer-coated Au ENPs flocculate via adsorption coagulation, which results in charge reversal 291 

and creates patchy surface charge, thus attracting more bPEI Au ENPs and more E. coli cells into 292 

the agglomerate. Other studies have reported flocculation of bacterial cells with positively charged 293 

ENPs that corresponded with toxicity.38,39 However, some researchers refer only to the charge 294 

interaction that may cause physical damage or lead to ENPs entering the bacterial cells and report 295 

greater toxicity for positively charged ENPs compared to other ENPs.30 C. elegans growth may 296 

have been inhibited in our study due to their inability to consume E. coli cells that were in these 297 

large agglomerates. C. elegans eat by pharyngeal pumping and normally consume E. coli cells that 298 

are approximately 2 µm in diameter. However, these agglomerates were much larger than 2 µm 299 

and we microscopically observed nematodes struggling to break off pieces of the agglomerates, 300 

suggesting that they were not able to feed properly (video S1). This decreased feeding is proposed 301 

as the mechanism that caused growth and reproduction inhibition. 302 

To further evaluate this hypothesis, we examined the effect of ENPs on C. elegans in two assays 303 

without E. coli. In the axenic assay, none of the ENPs impacted growth of nematodes at the 304 

concentrations tested (25 mg/L for all Au ENPs and at 20 mg/L and 200 mg/L for the Si ENPs and 305 



PS ENPs, respectively) except for the 2 nm Si ENPs (Figure 1C). Si ENPs inhibited growth by 306 

29.0 % ± 13.5 % at 20 mg/L compared to the control (data reported for the axenic and ISO methods 307 

are mean ± standard deviation values; n ≤ 6). However, other positively charged ENPs showed no 308 

impact on growth compared to the control. In fact, 50 mg/L BAC-C16 only reduced growth by 309 

12.6 % ± 12.3 % in the axenic assay, compared to 15 mg/L of BAC-C16 inhibiting growth by 310 

31.3 % ± 11.1 % in the ISO assay even though nematode length in the negative control groups was 311 

similar for both assays (ISO: 1437 µm ± 236 µm (n=140), axenic: 1305 µm ± 261 µm (n=90); data 312 

are mean ± 1 standard deviation value). Reproduction was highly variable compared to growth 313 

and, in many cases, ENP exposed nematodes had increased reproduction (exhibited in Figure 1D) 314 

compared to the control as indicated by the negative reproduction inhibition values. This result 315 

may stem from the worms utilizing the ENP coatings as a food source, a result previously observed 316 

for Daphnia magna exposed to lipid-coated carbon nanotubes.40 Si ENPs were the only ENPs that 317 

significantly inhibited reproduction (Figure 1D). It is unclear if this effect is due to the very small 318 

size of the Si ENP (e.g. 2 nm). Agglomerates were also observed in the wells containing each of 319 

the positively charged ENPs, but they were much smaller than those observed in the ISO assay 320 

and did not appear to impact growth. The exact composition of the agglomerates is unknown due 321 

to the large number of components in the axenic media. Although our results show greatly reduced 322 

toxicity of BAC-C16 and no toxic impacts of any ENPs except for Si ENPs, multiple studies have 323 

demonstrated toxicity of dissolved organic and inorganic chemicals to C. elegans in axenic 324 

media,41-43 thus indicating that an axenic assay is valuable for C. elegans toxicity testing. 325 

We also examined toxicity via a short-term survival assay with only M9 and ENPs (no bacteria or 326 

nutrients) to avoid coating of the particles by constituents of the axenic media and 327 

heteroagglomeration of ENPs and bacteria. In these assays, we observed no toxicity for any ENPs 328 

after exposure for 24 h, but the nematodes were more sensitive to BAC-C16 than in the ISO assay 329 

even though both assays used M9 media (Figure 1E). At 5 mg/L of BAC-C16, only 68.9 % ± 14.3 330 

% of nematodes survived, compared with little to no effect in the ISO assay at this concentration 331 

(data not shown), potentially due to the lack of food in the survival assay thereby making the 332 

nematodes more sensitive to the chemical. The lack of toxicity of any ENPs tested in this assay 333 

suggests that the interaction between the positively charged ENPs and E. coli exhibited in the ISO 334 

assay were the cause of the apparent toxicity of the positively charged ENPs. Several studies have 335 

used 24 h survival assays with C. elegans to assess toxicity of various substances 44,45, but this has 336 

been conducted less frequently with ENPs.15 Similar to our findings for BAC-C16, C. elegans 337 

were more sensitive to Ag and Ag ENPs in a 24 h study in the absence of food 15 compared to a 338 

72 h growth assay where a food source was present.46 The sensitivity of nematodes in different life 339 

stages may have impacted our results as nematodes in the 24 h assay were L3 larva (hatched and 340 

molted twice) and those in the growth and reproduction assays were L1 (hatchlings) that later grew 341 

into adults. However, Donkin and Williams [47] tested various parameters in 24 h and 96 h 342 

survival assays with C. elegans and found that neither developmental stage nor the presence of E. 343 

coli impacted toxicity of ionic Cd, Pb, Cu, or Hg. 344 



Environmental Implications  345 

While ENPs with positively charged amine or bPEI coatings reduced growth and reproduction of 346 

C. elegans in the ISO assay, toxicity assays in the absence of E. coli contradicted these results, 347 

except for the Si ENPs, and did not show a toxicological effect. Microscopic analysis revealed that 348 

interactions between positively charged ENPs and E. coli in the ISO assay created large 349 

heteroagglomerates. This may have led to a decrease in the availability of food which, in turn, 350 

inhibited the growth and reproduction of nematodes. Conducting nanoecotoxicity testing using 351 

axenic medium allowed us to avoid the interaction of ENPs with E. coli, resulting in no impact on 352 

C. elegans growth or reproduction for all of the ENPs except for the Si ENPs. However, results in 353 

axenic assays had higher variability compared to ISO assay results, especially for reproduction. 354 

Survival assays conducted in half-strength M9 with no food source over 24 h indicated no toxicity 355 

from any ENPs tested and an increased sensitivity to the reference chemical control, BAC- C16. 356 

The simplicity, lack of bacterial or media component interactions with ENPs, and sensitivity to the 357 

control detergent make the 24 h survival assay attractive as a potential standard ENP toxicity assay. 358 

In addition, the surface coating of ENPs can change in the environment as a result of either 359 

adsorption of natural organic matter which is ubiquitous in the natural environment or from 360 

adsorption of biomolecules after passage through organisms,6,48 and thus the initial surface coating 361 

may not be the coating that organisms are exposed to in the natural environment.  362 

The interaction between positively charged ENPs and E. coli in our study highlights the need to 363 

evaluate standardized toxicity assays for use with a broad range of ENPs. Unexpected ENP 364 

interactions during these assays may lead to test artifacts and false positives or negatives, similar 365 

to what we found in our study. In addition to assessing the robustness of the assay by testing a 366 

broad range of ENPs, there are additional approaches that can be taken to uncover potential 367 

artifacts in an ecotoxicity assay and improve its robustness for use with ENPs. Cause-and-effect 368 

analysis can be used to identify the impact of changes in an assay protocol, which are often needed 369 

when testing ENPs to accommodate the different behaviors of ENPs compared to dissolved 370 

chemicals, on its results and which assay steps contribute the most to the total variability.49,50 Based 371 

on the results from cause-and-effect analysis, intermediate control measurements can be 372 

incorporated into the assay protocol to yield insights into the assay performance (e.g., how well 373 

were cells pipetted for cell-based assays) each time it is run and to monitor for changes in results 374 

of the assay process across time using control charting.49-51 Interlaboratory testing can be critical 375 

for understanding the robustness of a protocol, because varying interpretations of a step in a 376 

protocol could lead to variable results and the ability to get harmonized results (e.g. within 377 

laboratory variability is equal to between laboratory variability) confirms that the assay can yield 378 

comparable results in different laboratories.51-53 Given the substantial literature on potential 379 

artifacts in nanotoxicity assays, it is critical to conduct extensive control experiments to investigate 380 

if any artifacts observed in previous studies are encountered.54,55 Building upon the results obtained 381 

in this study, other assays that rely upon feeding the organisms such as the Daphnia magna 382 

reproduction assay (OECD test 202) may also be impacted by heteroagglomeration between the 383 



food source and the added ENPs. Lastly, conducting similar toxicological assays (e.g. evaluating 384 

cell viability using two different assays) to assess if comparable results are obtained can build 385 

confidence in the assay results if the assays operate on different principles since it is unlikely that 386 

they both would be impacted by the same biases.51,56 Overall, robust, standardized toxicity assays 387 

will help ensure comparability between studies thereby supporting the successful application of 388 

nanoinformatics approaches, and decrease the potential for test result artifacts. 389 
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Figure Captions 587 

Figure 1. Toxicity of ENPs to C. elegans. A) Impacts of ENPs on growth and B) reproduction 588 

using ISO 10872 assay. Nematodes were exposed to ENPs for 96 h with E. coli as a food source 589 

in half-strength M9. For conditions where no juvenile worms were observed in any of the wells, 590 

error bars could not be included because there was 100 % reproduction inhibition for all replicates. 591 

C) Impacts of ENPs on growth and D) reproduction in axenic medium. Nematodes were exposed 592 

to ENPs for six days in an axenic nutrient medium to avoid interactions with E. coli. E) Impacts 593 

of ENPs on survival. Nematodes were exposed to ENPs for 24 h in M9 with no food or added 594 

nutrients present. Data are presented as mean inhibition of growth ± 1 standard deviation, n ≥ 6 595 

wells per ENP, each containing 10 adult nematodes for ISO and axenic assays. For the survival 596 

assay, n = 3 wells per ENP, each containing five nematodes. Bars with the same letter are not 597 

significantly different from one another; Dunn’s multiple comparisons test, p ≤ 0.05. 598 

Figure 2. During the ISO assay, positively charged ENPs produced large agglomerates on the 599 

bottom of the wells, and these agglomerates were not seen in wells containing neutral or negatively 600 

charged ENPs or in the negative control wells. The same concentrations were used for the different 601 

ENPs as were used in Figure 1. These images were taken of wells from the 12-well plates after 602 

conducting the ISO assay. 603 

Figure 3. Enhanced darkfield imaging of positively charged Au ENP / E. coli agglomeration. A) 604 

Representative images of 100 nm bPEI coated Au ENPs incubated with E. coli and monitored over 605 

time show immediate heteroagglomeration which led to increasingly large agglomerates across the 606 

24 h period. bPEI Au ENPs appear bright yellow and E. coli appear faint white. A 10 µm scale bar 607 

is in the upper right corner. B) Representative image of control experiment, shown here with 30 608 

nm PEG Au ENP incubated with E. coli displays no observable interaction or agglomeration of 609 

bacteria with neutral/negative charged particles at any time. Au ENPs appear faint green, E. coli 610 

appear bright white. A 10 µm scale bar is in the lower right. C) Plot showing small scale 611 

agglomeration for bacteria/Au ENP by measuring percentage of particles > 3 µm2 in area for each 612 

time point and bPEI Au ENP size. Control experiment is 30 nm PEG Au ENP / E. coli sample. D) 613 

Plot of average agglomerate spatial area measured for each bacteria / bPEI Au ENP size 614 

combination and time point.  Control comparison is 30 nm PEG Au ENP w/ E. coli.  For both C) 615 

and D) the plotted error bars are ± 1 standard deviation, n = 3 images, and ANOVA with Tukey’s 616 

post hoc analyses for the 24 h data. Bars with the same letter are not significantly different from 617 

one another; Tukey’s multiple comparisons test, p ≤ 0.05. 618 



Figure 4.  Enhanced darkfield imaging analysis using the ratio of the red (R) and blue (B) channels 619 

of a color CCD camera to distinguish between gold nanoparticles and E. coli in uniform and mixed 620 

solutions. A) Darkfield images of individual solutions of PEG coated Au ENPs (30 nm, 60 nm, 621 

and 100 nm in diameter) and E. coli. Thirty nm and 60 nm ENPs appear green, 100 nm ENPs 622 

appear yellow-orange, and E. coli appear white. B) Average R/B ratio for each particle is 623 

performed by image analysis and reported as a cumulative distribution plot for the image of PEG 624 

coated Au ENPs and E. coli bacteria. C) Mie theory calculation of Au ENP scattering as a function 625 

of wavelength for 30 nm, 60 nm, and 100 nm sized particles overlaid with the center wavelength 626 

for the R and B channels of color camera used for these experiments. D) Table of the R/B ratio 627 

values (± 1 standard deviation, n > 500 particles) for Au ENP sizes as calculated by Mie theory 628 

and measured for several Au ENP coatings: PEG, PVP, CIT, and bPEI. The measured R/B ratio 629 

for E. coli is 1.00 ± 0.11. E) Application of using the distinct R/B ratios for Au ENPs and E. coli 630 

measured in uniform solutions to segment the images of heterogenous combinations of Au ENPs 631 

and bacteria. For a representative non-agglomerated mixture: 60 nm PEG coated Au ENPs and E. 632 

coli shortly after mixing, a reference image is shown alongside a processed image where Au ENPs 633 

are colored red at R/B ratio of 1.44 ± 0.32 and bacteria are colored blue at R/B ratio of 1.00 ± 0.11. 634 

For a representative agglomerated mixture: 60 nm bPEI coated Au ENPs and E. coli after 24 h 635 

incubation, a reference image and processed image are shown where the processed image displays 636 

agglomerates containing red and blue coloration corresponding to R/B ratios for 60 nm bPEI Au 637 

ENPs and E. coli. 638 
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